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  Introduction 

    Dear Readers, as I write this book, scientifi c institutes, universities and 
industries across the world are undergoing spectacular transformations as 
new semiconductor nanomaterials emerge, and journals publish cutting-
edge research which disrupts established technologies at a pace never seen 
before. Nanostructured semiconductors and their surface interfaces are 
attracting increasing interest not only among researchers, but also from 
industrial communities. In fact, the entire semiconductor industry hinges on 
tight control of their interfaces and surfaces. The established business titans, 
such as Intel, Motorola, Sony and Kodak, are being profoundly impacted 
upon by developments in newly discovered nanomaterials and technologies. 
These are enabling small ‘start-up’ companies and scientifi c groups to lever-
age and capitalise on state-of-the-art results, leaving former Goliaths to 
be hindered by their multi-billion dollar supply chains and infrastructure. 
Indeed, we are well and truly in the nanomaterials age! 

 Nanomaterials are becoming ubiquitous: in medical diagnostics, drug 
development and delivery within the human body, electronics and wireless 
communications (a subject for another great book), advanced functional 
materials and their applications; from fuel and solar cells and super-
capacitors up to specifi c selective sensing electrodes for use in a variety 
of highly-sensitive detecting devices. 

 When we look ahead, the transition from one age to the next may not be 
so obvious, especially for those burdened with inertia from legacy busi-
nesses. With hindsight, however, it ’ s usually obvious. Specifi cally, nanostruc-
turing of semiconductors and their interfaces can enhance the performance 
of these important functional materials with a reduction in size conferring 
upon them unique properties that do not exist in their bulk form. The 
exceptional qualities of nanostructured semiconductors when compared to 
their bulk counterparts include:

   •   increased surface-to-volume ratio, which provides more surface and 
interface area for both chemical and physical interactions;  

  •   signifi cantly altered surface energies that allow tuning and engineering 
of the material ’ s properties, as atomic species near the surface have 
different bond structures than those embedded in the bulk; and  
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  •   quantum confi nement effects, due to the inherently small size of nano-
structured materials which signifi cantly infl uences charge transport, 
electronic band structure and optical properties.    

 Disruption from new nanomaterials and nanotechnologies is on so many 
fronts. For example, functional devices based on those nanostructures 
are more than 10 times faster in their performance than their traditional 
counterparts. They are cheaper in comparison with conventional devices, 
owing to the very small quantity of nanomaterials utilized in construction. 
They are also much more convenient, as they open new capabilities never 
used before. 

 Since 2010, substantial progress in the development of a new class of 
nanostructured semiconductors – two-dimensional (2D) nanocrystals – has 
been made. 2D semiconductors, which can be obtained by the exfoliation 
of MoS 2 , MoO 3 , WO 3  and Nb 2 O 5 , are of special interest for an enormous 
number of applications – fl exible electronics, electronic circuits, electro-
actuators, optics, catalysts, super-capacitors, solar cells, fuel cells and chemi-
cal and bio-sensors – due to their multifaceted structural and outstanding 
functional properties. These properties of 2D nanocrystals can be further 
modifi ed by chemical or molecular doping, by application of strain, 
shear or pressure, and by intercalation with different types of atoms and 
molecules. Thus, a new class of 2D artifi cial materials can be created that 
do not exist in nature and whose parameters we can and will control. The 
potential outcome of such development would be a large portfolio of new 
2D materials available for a so-called ‘ material-on-demand ’ strategy for 
novel complex 3D architectures, where the 2D structures with precisely 
tailored properties will be combined into 3D structures for existing and 
emerging technological applications. 

 It ’ s been said that incumbents do not see disruptive technologies and 
nanomaterials coming, which is absolutely not the case. For example, Kodak 
invented the digital camera, yet failed to capitalize on the idea before the 
eventual shift to digital photography. Why do they fail? 

 It very well known that large companies and institutions are weighed 
down by inertia. Their desire to change is stifl ed by the fact that the newly 
developed hybrid nanomaterials or composites, technologies and innova-
tions and/or devices based on those innovations generate less revenue. 
Today, nanomaterials and nanotechnologies are disrupting every industry. 
Apple Inc. is currently worth more than a few countries combined. The 
future of many industries is for companies such as Apple, which has 
embraced new nanostructured functional materials, software, innovations 
and better business models, to lead innovation by creating new products 
and services based on nanotechnology. In doing so, they produce technology 
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that has the potential to improve our wellbeing and also open opportunities 
for other businesses to follow. 

 The future of using nanomaterials in everyday functional devices looks 
bright. The next generation of nano-electronics could produce a new wave 
of light-weight, extremely high-performance and highly reliabile (by virtue 
of tightly controlled fabrication parameters) devices which could have a 
very positive impact on our lives. These devices will have useful properties 
such as reduced power consumption and reduced weight; the miniaturiza-
tion trend will continue; wearable and fl exible electronics will be available; 
and we will see the integration of electronics into new items such as cloth-
ing, glasses and miniaturized healthcare functional devices. 

 In this book, dear readers, we can fi nd only a glimpse of what semicon-
ductor nanotechnology is being achieved, and what nanostructured semi-
conductors are capable of in current and future applications.  

  Dr Serge Zhuiykov  
  CSIRO  

  Melbourne, Australia, 2013     
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1

    1 
  Electrons and holes in a semiconductor  

 DOI : 10.1533/9781782422242.1

     Abstract :   The chapter begins with the general theory of semiconductors. 
It then reviews the science of the mechanism of  n - and  p -type 
conductivity, factors infl uencing conductivity. It continues with an 
explanation of electrons and holes in semiconductors. The chapter 
includes some aspects of band theory and state-of-the-art 
characterization techniques for nanostructured semiconductors.  

   Key words :   semiconductor  ,   nanostructures  ,    n - and  p -type conductivity  , 
  characterization techniques         

  1.1     Order and disorder in semiconductor crystals 

  1.1.1     Types of defects 

 Identifi cation of native (or intrinsic) defects during preparation and/or 
modifi cation of semiconductor materials is of primary importance since so 
many electronic and structural properties critically depend on the presence 
of such defects. On the one hand, it is preferable to use ordered nanocrys-
talline semiconductors. However, many practical applications, for example, 
microelectronics technology, use such materials that are weakly or strongly 
disordered by careful doping. On the other hand, many of the challenging 
problems within solid-state physics and nanochemistry today are in some 
way or other connected to disorder. Therefore, all the macroscopic proper-
ties of semiconductor crystals can be grouped into two main classes. The 
fi rst represents all characteristics which are determined by the periodicity 
of the semiconductor crystal, and for which the small defects accumulated 
in any real lattice play a negligible role. These properties can be considered 
as  structure-independent . The second class contains features determined by 
local violations of the periodicity of the semiconductor crystal lattice. In 
this case, the defects are of signifi cant importance, as the functional proper-
ties of the semiconductor have been manipulated through deliberate intro-
duction of defect and grain boundaries, as well as through the partitioning 
of very low concentration of dopant species to these localized regions of 
semiconductors.  1,2   These properties are known as  structure-sensitive . The 
electrical conductivity of a semiconductor crystal containing small traces of 
impurities within the moderate temperature range is a clear example of a 
structure-sensitive aspect. As temperature increases towards the higher 
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range, the conductivity loses its sensitivity to impurities and structural 
defects and becomes a structure-independent property (intrinsic 
conductivity). 

 Another example is the absorption spectrum of a semiconductor crystal. 
Absorption bands at relatively low frequencies are structure-sensitive 
(impurity absorption), while absorption bands in the high-frequency region 
have proven to be structure-independent (intrinsic absorption).  3   Adsorp-
tion is always accompanied by a reduction of the free energy  Δ  G , and 
therefore it is an exothermal process:  Δ  G   =   Δ  H   −   T  Δ  S ,  4   where  H  is enthalpy
(J/mol),  T  is absolute temperature (K) and  S  is entropy (J mol  −   K  − 1 ). Adsorp-
tion continues up to the point when the equilibrium between the gaseous 
(liquid) phase and the surface of the semiconductor crystal is established. 
Chemisorptive and catalytic properties of semiconductors constitute 
another typical example of structure-sensitive properties. They depend on 
the pre-history of the sample and can be changed by introducing impurities 
into the lattice. 

 To provide further insight into the interaction between semiconductor 
lattice and defects, the theoretical interpretation of both the structure-
independent and structure-sensitive properties requires various approaches. 
In the fi rst case, the interpretation can proceed from the theory of the ideal 
crystal lattice. However, in the second case, the deviations of a real crystal 
structure from the ‘ideal’ structure should be taken into account because 
all structure-sensitive properties retreat completely to the background 
within the ideal crystal theory. Weak disorder may be defi ned as a perturba-
tion of the perfect crystalline order. To this category belong defects, vacan-
cies and dislocations which are frequently observed in semiconductors. In 
polycrystalline materials, the grain boundaries display a more disordered 
confi guration of atoms compared to the grains. 

 The defects represented in any real semiconductor lattice can be 
classifi ed as either  macroscopic  or  microscopic . A macroscopic defect is an 
imperfection in the periodic structure that involves a region considerably 
larger than the lattice constant and can cause strong disorder. Strong dis-
order signifi es a marked departure from crystalline order.  5   Inhomogeneous 
materials, such as nanocomposites, multiphase nanomaterials and porous 
semiconductors can be regarded as disordered and homogeneous on 
suffi ciently large length scales, and these inhomogeneities lead to more local 
strong disorder on mesoscopic (nm– μ m) length scales. As most of the 
modern semiconductors are nanostructured and their surface morphology 
usually represents uniformed structures, macroscopic defects will be 
excluded from further detailed consideration. In contrast, microscopic 
defects are imperfections whose size in most cases is of the same order of 
magnitude as an individual cell. Therefore, the main types of such micro-
scopic defects can be divided as follows:
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   •   an unoccupied lattice position (a vacancy) in a semiconductor crystal 
formed as the result of extracting an atom or ion from the ideal lattice;  

  •   a lattice atom or ion forced into interstitial position;  
  •   a foreign atom placed in interstitial position;  
  •   a foreign atom placed at lattice site, i.e. replacing a lattice atom.    

 Figure  1.1  graphically displays microscopic defects in semiconductor 
materials. 

  The fi rst two types of defects are known as  structural defects . Usually 
these fl aws do not change the chemical composition of the semiconductor 
while, in a multicomponent lattice, they may change the stoichiometry. As 
clearly presented in Fig.  1.1 , these defects are presented in a one-component 
lattice of the crystal (i.e. consist of atoms of only one type). The other two 
types of defects could be interpreted as  chemical defects , which usually 
change the chemical composition in the semiconductor crystal. Chemical 

  1.1      Microstructural defects in semiconductors.    

Vacancy

Foreign atom at
lattice site

Lattice atom in
interstitial space
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defects are introduced into the crystal from the outside – in most cases, they 
occur in the lattice owing to a particular processing of the sample (for 
example, intercalation by H  +   or Li  +   atoms of the developed nanostructured 
semiconductor confi guration in order to reduce its bandgap).  6,7   It is impor-
tant to remember that structural defects may not only be introduced via 
the different technological processes, but could also appear as a result of 
heating the lattice.  8   Larger defect aggregates, clusters and complexes can 
also be included in the microscopic defect category. 

 It has long been established that for metal surfaces  9   the coordination of the 
surface atoms (the cations and anions in the case of oxides) and the surface 
chemical reactivity depends upon which crystal planes are exposed to the 
reactants. Although the surface arrangements can often be deduced from the 
orientation of the surface plane with respect to the three-dimensional (3D) 
surface lattice, the infl uence of surface microscopic defects or even surface 
reconstruction has not been fully investigated. Most research into the surface 
reactivity of semiconductor crystals (predominantly oxides) has been under-
taken using poly-dispersed samples where several crystal planes may be 
exposed simultaneously to the reactants. This hinders the identifi cation of 
active sites. Unlike in the case of metals, where different surfaces can be 
chosen by cutting the crystal appropriately, this is very diffi cult to achieve for 
most of the semiconductors. There is also a lack of spectroscopic data from 
adsorption on the defi ned single crystal surfaces of both oxides and chalco-
genides.  10   Although several oxides, such as ZnO, TiO 2 , RuO 2 , etc.,  11–13   were 
investigated thoroughly in terms of obtaining high-resolution electron 
energy loss and vibration data, the single crystal phase approach has signifi -
cantly simplifi ed the interpretation of the spectra obtained.  14   The alternative 
approach, where the properties of defects and the presence of active sites are 
taken into account, needs to be investigated.  

  1.1.2     Properties of defects 

 Microscopic defects in semiconductors can be point and line defects, surface 
and volume defects, edge and screw dislocations and planar defects.  15   Con-
sidering the general properties of microscopic defects in semiconductors 
independent of their concrete nature, they can be divided into fi ve groups 
as follows:

   1.   When defects interact with each other, they are capable of forming 
compounds, clusters and various groups, which must be considered as 
new defects generally possessing completely different properties. For 
example, impurity atoms in semiconductors and integrated epitaxial 
structures such as quantum wells (QW) or quantum dots (QD) are 
regarded as point defects. However, when they react with metalloid and 
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metallic vacancies in the lattice, leading to the development of new 
formations having different nature and properties, they should be 
considered separately. Interactions between adjacent defects may be 
exothermic or endothermic and can proceed with activation or without, 
depending on the nature of the reacting defects.  

  2.   In the semiconductor, nanocrystal lattice defects generally serve as 
attractive centres for free electrons or holes, i.e. they localize these 
entities near themselves. For instance, dislocations can emit or absorb 
vacancies and interstitial atoms (native point defects). They can then act 
as sources or sinks for these defects, respectively. Edge dislocations incor-
porate point defects at the edge of the extra half-plane. This lowers the 
energy of the dislocation plus vacancy or interstitial. It creates jogs so 
dislocation becomes ragged. The mission or absorption of point defects 
produces ‘climb’ of the dislocation line up or down out of the slip plane.  

  3.   Defects in which the mobility is temperature-dependent (the mobility 
increases with a rise in temperature). The system energy of the semi-
conductor varies periodically, as the defect moves in any direction either 
along the lattice or inside the different atomically-thin layers – energy 
minima and maxima alternate. As a result, the motion of the defect is 
associated with its overcoming potential barriers, whose height depends 
on the nature of the defect, the structure of the lattice and the direction 
of the defect ’ s movement. As the transfer of the defect requires a certain 
activation energy, which is generally dependent on the crystallographic 
directions, the defects inside a semiconductor crystal may be classifi ed 
as ‘fi xed defects’ only if the temperature is not too high. Another defi ni-
tion, which has recently been proposed, is thermodynamically reversible 
(irreversible) defects.  16    

  4.   A general property of microscopic defects is their mutual interaction, 
which manifests itself more strongly the closer they are to each other. 
Generally speaking, the energy of the system depends on the adjacent 
position of the defects, which is evidenced by their interaction.  17    

  5.   Defects of each type given above, taking part in reactions with other 
defects, may be either created or made to disappear in the process. The 
certain lifetime for each type of microscopic defect can be assigned only 
during the equilibrium conditions. However, considering that most of 
the working conditions for modern nanostructured semiconductors are 
non-equilibrium, the microscopic defects may be absorbed or created 
by the lattice. An interesting example of such a process is the dissocia-
tion of atoms (or ions) from the lattice sites to interstices. As a result of 
such dissociation, two types of microscopic defects – interstitial atoms 
or ions and vacancies – can appear. Another example is the recombina-
tion of the interstitial atoms (or ions) with vacancies with disappearance 
of the defects, as if defects ‘absorbed’ each other.    
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 Consequently, the presence of a combination of different defects in a 
semiconductor nanocrystal can be violated in a real crystal. This can be 
turned into the presence of primitive ‘faulty’ cells in such a crystal. The ratio 
of faulty cells to the total number of cells is what may be called the  degree 
of disorder  in the crystal.  18   

 Generally, the degree of disorder is determined by the pre-history of the 
semiconductor sample; i.e. it depends on how the sample was manufactured, 
and to what external stresses it was subjected prior to the experiment. As 
a rule, it also depends on the manufacturing and working temperature. 
Increased heating leads to the increased dissociation of lattice atoms (or 
ions) from sites to interstices and results in additional disorder in the lattice. 
As a result, the lattice disorder has a two-fold origin: disorder resulting from 
the semiconductor ’ s pre-history and thermal disorder. The fi rst type forms 
the irreversible part of the disorder and the second part is an imposed 
thermal disorder, which has a temperature-dependent nature. 

 In some cases, thermal disorder prevails over the fi rst type.  19   It must be 
stressed that in the vast majority of cases microstructural defects in a semi-
conductor due to its pre-history can be neglected in comparison with 
thermal-disorder defects. Due to segregation, the local chemical composi-
tion of the planar defect on external surfaces can be completely different 
from that of the bulk.  20   This phenomenon may result in the enrichment of 
interfaces in a certain type of lattice.  18   It was also reported that in some 
cases the segregation may even lead to the development of low-dimensional 
interfacial structures possessing unique properties.  21   In relation to such 
semiconductors as TiO 2 , these newly developed nanostructures have a con-
siderable infl uence on both catalytic and photocatalytic properties.  22   In 
other cases, the situation may be quite the opposite. Spatial 3D defects may 
be formed if one nanostructured semiconductor is heterogeneously doped 
by another semiconductor at not too high a temperature.  23–25   

 Thus, it must be stressed that each crystal lattice of a nanostructured 
semiconductor with defects impregnated into it is a single system with 
properties governed by two competitive factors: order and disorder. The 
fi rst factor defi nes all structure-independent properties, whereas the second 
factor is responsible for most of the structure-sensitive properties of 
nanocrystals.   

  1.2     Electrical conductivity of semiconductor crystals 

  1.2.1     Factors infl uencing conductivity 

 In order to understand the operating principle of semiconductor-based 
devices, the basic mechanism of how currents fl ow in them must be under-
stood. In this section, attention will be given to certain peculiarities of 
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nanostructured semiconductors that distinguish them on the one hand from 
dielectrics and on the other hand from metals. In most cases, semiconduc-
tors constitute a broad group of solids occupying an intermediate position 
between metals and dielectrics. The difference lies primarily in the electrical 
conductivity   σ   ( Ω   − 1  m  − 1 ). It is well-known that the electrical conductivity 
  σ   for metals is within 10 6 –10 4  m Ω /cm,   σ   for semiconductors is within 
10 2 –10  − 10  m Ω /cm and   σ   for dielectrics is within 10  − 14 –10  − 16  m Ω /cm.  15   

 However, the difference between metals, semiconductors and dielectrics 
is not only quantitative but also qualitative. This implies that the electrical 
conductivity of the three above-mentioned groups of solids reacts 
differently to the following factors:

   •   temperature;  
  •   impurities;  
  •   electric fi eld;  
  •   light.    

 All the above factors can change the electrical conductivity   σ   of a semi-
conductor within an extremely wide range. For instance, in different condi-
tions, the electrical conductivity varies by several orders of magnitude for 
the same semiconductor. In order to establish the infl uence of each factor 
independently, they will be considered separately as outlined below: 

  Temperature 

 Semiconductor nanocrystals are said to be  intrinsic  if they are not contami-
nated with impurity atoms. As a rule, more electron–hole pairs are gener-
ated at higher temperatures, which leads to a higher concentration of charge 
carriers. The conductivity of intrinsic semiconductors increases with increas-
ing temperature. Thus, electrons experience a force of attraction towards 
the positive terminal and holes experience a force of attraction towards the 
negative terminal of the battery. As a result, there is a net movement of a 
particular type of charge carriers in a particular direction. This is called  drift . 
The electrons drift in the conduction band whereas the holes drift in 
the valence band. Hence, both electrons and holes have drift velocities.  26   
In many cases, drift velocity grows with temperature according to an 
exponential law

 σ = −A B kTexp /( )       [1.1]  

where  T  is the absolute temperature and coeffi cients  A  and  B  may vary in 
different temperature intervals. These coeffi cients are strictly dependent on 
the degree of impurity concentration in the semiconductor crystal. In some 
cases, for example in metals, the conductivity can gradually decrease with 
temperature.  27   
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 Considering  (1.1) , the temperature dependence of electrical conductivity 
for all semiconductors has an exponential form at high temperatures. Both 
parameters  A  and  B  in  (1.1)  can be independent of dopant concentration 
and thus may be considered constant characteristics of the material. 

 The infl uence of temperature on the conductivity in a semiconductor 
can be different, and this is illustrated schematically in Fig.  1.2 . However, 
as impurity concentration increases in a semiconductor lattice, its 
temperature-dependent infl uence can vary, as presented in Fig.  1.2 e.   

  Impurities 

 The conductivity of semiconductors may easily be modifi ed by introducing 
impurities into their lattice. The process of adding controlled impurities to 
a semiconductor is known as  doping .  27   The amount of impurity, or dopant, 
added to an intrinsic semiconductor varies according to its level of conduc-
tivity. Doped semiconductors are referred to as  extrinsic . By adding an 
impurity to pure semiconductors, the electrical conductivity may be varied 
by factors of thousands or millions.  16   For example, a 1 cm 3  specimen of a 

  1.2      Types of the temperature dependence of electrical conductivity: 
(a)   σ   constant; (b) slowly varying   σ  ; (c), (d) varying   σ   and different 
 A  and  B  in various temperature intervals; (e) different   σ   vs 
1/ T  dependences for different impurity concentrations.    
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metal or semiconductor has of the order of 10 22  atoms. In a metal, every 
atom donates at least one free electron for conduction, thus 1 cm 3  of metal 
contains on the order of 10 22  free electrons, whereas a 1 cm 3  sample of pure 
Ge at 20 °C contains about 4.2  ×  10 22  atoms but only 2.5  ×  10 13  free electrons 
and 2.5  ×  10 13  holes. The addition of only 0.001 % of As donates an extra 
10 17  free electrons in the same volume and the electrical conductivity is 
increased by a factor of 10 000. 

 It should be noted that at relatively high temperatures most semiconduc-
tors become insensitive to impurities.  28   The temperature at which this 
process commences is critical, and it very much depends on the nature of 
the semiconductor and the number of impurity atoms. 

 Often the nature of the impurity determines the type of conductance in 
a semiconductor. For instance, semiconductors that are binary compounds, 
such as metal oxides or chalcogenides, where the metal is stoichiometrically 
in excess, are  n -type, while semiconductors where the metalloid is 
stoichiometrically in excess are  p -type.  29   Both  n - and  p -type semiconductors 
will be discussed in the following sections. 

 Let ’ s consider, for example, how the concentration of impurities changes 
the energy levels in the gap in a photoconductive semiconductor. In this 
case, the kinetics of electronic transactions may be described by the follow-
ing set of equations:

 

d
d

c
n
t

q m J m n n pk k k k k k k= + −∑ ∑ ∑γ γ
    

  [1.2]  

 

d
d

c
m
t

q m J m N npk
k k k k k k k= − − +γ γ

    
  [1.3]  

 
n m Nk+ = =∑ const

   
   [1.4]  

where the constant value  N  is equal to the sum of all electrons at local states 
in the gap, as well as the number of electrons in the conduction band at the 
absolute zero temperature,  J  is impurity light intensity,   γ  k   is recombination 
factor at  k -type level,  n ck   is electron concentration in the conductivity band 
at  k -type level,  m k   is electron concentration at  k -type level,  p k   is the holes 
concentration,  q k   is the cross-section of the photon capturing by electron at 
 k -type level and  t  is time.  

  Electric fi eld 

 It is necessary to have strong electric fi elds in order to establish the depend-
ence of the electrical conductivity of a semiconductor on the fi eld strength 
 F . Below a critical value, the conductivity does not depend on  F ; in other 
words, Ohm ’ s law is valid at   σ    =  const. The instability region appears above 
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the critical fi eld strength where, within certain intervals of  F , the electrical 
conductivity becomes negative (  σ    <  0) and the volt–current ( V – I ) charac-
teristic has either an N or an S shape. In stronger fi elds, conductivity rapidly 
grows with  F , and consequently it can be expressed by the so-called Poole ’ s 
law  15  

 σ = a bFexp( )       [1.5]   

 The fi eld strength dependences of electrical conductivity in both semicon-
ductors and dielectrics are graphically explained in Fig.  1.3 . This law is valid 
for many semiconductors including oxides and chalcogenides at suffi ciently 
strong fi elds. It is also valid for dielectrics.  27     

  Light 

 It is well-known that the electrical conductivity of most semiconductors is 
very sensitive to light, just as in the case of dielectrics.  15,28   Light absorption 
affects the conductivity of the semiconductor, thus, conductivity in the pres-
ence of light differs signifi cantly from conductivity that is without light, all 
other conditions being equal. The complexity of the photoconductivity in 
semiconductors and its kinetics are presented above in  (1.2) – (1.4) . In some 
cases, when the light does not affect the electrical conductivity (photoelec-
tric non-active light absorption), the so-called normal photoconductive 
effect is present.   

  1.2.2     Types of electrical conductivity 

 As a rule, for most non-metallic nanostructured semiconductor crystals 
(oxides, chalcogenides, nitrides), the nature of the electrical conductivity 
can be either  ionic  or  electronic . Semiconductors are covalently bonded 

  1.3      Field strength dependence of conductivity: (a) in semiconductors; 
(b) in dielectrics.    
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materials for which heat energy is suffi cient to promote electrons from 
bonding energy levels to delocalized energy levels. As was mentioned 
above, the conductivity of semiconductors is a sensitive function of impurity 
content (the substitution of semiconductor atoms by atoms with one fewer 
or more valence electrons) introducing positive (hole) or negative charge 
carriers into the material. 

 For electronic conductivity, the observable Hall effect is a suffi cient, but 
not necessary, criterion, whereas for ionic conductivity, the Faraday effect 
is a necessary and suffi cient condition.  29   Ionic conductivity in most 
semiconductors is provided by interstitial ions (the Frenkel mechanism) 
or vacancies in the ionic crystal (the Schottky mechanism).  30   On the 
other hand, electronic conductivity is normally provided by free electrons 
(purely  n -type conduction) or free holes, i.e. electronic vacancies ( p -type 
conduction).  15,27   

 To some extent, all types of conduction mechanisms are present in electri-
cal conductivity of nanostructured solids. However, these proportions 
depend on certain conditions. The role of a component can be changed by 
external actions on the semiconductor lattice. These external changes can 
be mechanical, thermal, chemical or electrical, where one of the changes 
can be dominant while others can be ignored. It has to be stressed that the 
ionic mobility is relatively small compared to the electron mobility. It is 
worth noting that it is usually the electron component which prevails in 
semiconductors over the ionic component, even if the number of free elec-
trons is still very small compared to that of free ions. 

 However, in normal conditions the ionic conductivity is the prevailing 
mechanism in many dielectrics. This feature can be explained by the fact 
that the energy required to provide transportation of an electron from a 
bound state to a free state is much smaller in semiconductors than in dielec-
trics. In the region of intense electric fi elds, dielectrics can change their 
behaviour and the electronic component of the conductivity can become 
the predominant one. The reason for this is that the ionic component 
follows Ohm ’ s law (i.e. is independent of the fi eld strength) up to very high 
fi elds, while the electronic component in high fi elds violates Ohm ’ s law but 
still obeys Poole ’ s law (see 1.5). This fact can also be confi rmed graphically 
(Fig.  1.3 ), where line A–A ′  schematically depicts the electronic component 
as a function of the fi eld strength and line B–B ′  represents the ionic com-
ponent. Figure  1.3 a refers to semiconductors and Fig.  1.3 b to dielectrics. 
Transition from Ohm ’ s law to Poole ’ s law in dielectrics reaffi rms that the 
physical nature of the electrical conductivity has changed. Thus, this region 
possesses a much stronger fi eld than in the case of semiconductors.  18   

 In contrast, in most semiconductors electrons and holes are the charge 
carriers. Hence, the electrical conductivity consists of electron and hole 
components. At relatively low temperatures, one component is greater than 
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the other and prevalence between  n - and  p -type semiconductors can be 
established. The type of semiconductor depends not so much on the nature 
of the semiconductor material but rather on the nature of the impurity in 
it. Moreover, or in the case of binary nanostructured semiconductors, the 
type depends on the way in which the stoichiometry of the sample is 
distorted (the predominance of a metal or metalloid). It should be noted 
that the type of semiconductors can be changed by processing the sample 
in different ways and, consequently, an  n -type semiconductor can be turned 
into a  p -type, or vice versa. As the temperature rises, the contribution of 
the non-dominant term in the conductivity also increases. Both components 
are more or less equal in concentration at high temperatures, and this 
results in so-called mixed conductivity of the crystal.   

  1.3     Mechanisms of  n - and  p -type conductivity 

  1.3.1     Free electrons, holes and excitons in a lattice 

 In the previous sections it was considered that two types of impurities are 
used for doping semiconductors:  donor impurities  and  acceptor impurities . 
Typically one impurity atom is added per 10 8  semiconductor atoms. A 
semiconductor that is doped with a donor impurity is called an  n -type 
semiconductor. One that is doped with an acceptor impurity is called a 
 p -type semiconductor.  15,26–29   

 An  n -type semiconductor is produced by adding a donor impurity such 
as As, Sb, or P to an intrinsic semiconductor. Each donor atom has fi ve 
valence electrons. When a donor atom replaces an atom in the crystal lattice, 
only four valence electrons are shared with the surrounding atoms. The 
fi fth valence electron becomes a free electron. The number of free electrons 
donated by the donor atoms is much greater than the number of free 
electrons and holes in the intrinsic semiconductor. This makes the conduc-
tivity of the  n -type semiconductor much greater that of the intrinsic semi-
conductor. The free electrons are the majority of carriers because the 
number of free electrons is far greater than the number of holes. The semi-
conductor is called  n -type because the majority of carriers have a negative 
charge. 

 A  p -type semiconductor is produced by adding an acceptor impurity such 
as Ga, B or In to an intrinsic semiconductor. Each acceptor atom has three 
valence electrons. When an acceptor atom replaces an atom in the crystal 
lattice, there are only three valence electrons shared with the surrounding 
atoms. The number of holes created by the acceptor atoms is much greater 
than the number of free electrons and holes in the intrinsic semiconductor. 
This makes the conductivity of the  p -type semiconductor much greater than 
that of the intrinsic semiconductor. Because the number of holes is far 
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greater than the number of electrons, the holes are the majority carrier and, 
consequently, the semiconductor is called  p -type because the majority 
carriers have a positive charge. 

 Let us consider an M m R r  type lattice where M stands for metal and R for 
metalloid. This type consists of metallic ions with charge  +  p  and metalloid 
ions with charge  −  q  (with  mp   =   rq ). The presence of a free electron indicates 
that there is an ion with the anomalous charge  + ( p   −  1) among the metallic 
ions. Equally, the presence of a free hole means that one of the lattice atoms 
(or ions) has an excess positive charge that may be transferred either from 
atom to atom or from ion to ion. In the case of an M m R r -type lattice, this 
may be a metalloid ion with the anomalous charge  − ( q   −  1) or, alternatively, 
a metallic ion with the anomalous charge  + ( p   +  1). For example, in the lattice 
of a typical semiconductor ZnO, which possesses an ionic lattice built on 
Zn 2 +   and O 2 −   ions, the state Zn  +   corresponds to a free electron and the state 
O  −   to a free hole. In another example, for the Cu 2 O lattice built on Cu  +   and 
O 2 −   ions, state Cu corresponds to a free electron and state Cu 2 +   to a free 
hole, with the electron and hole migrating along the regular ions Cu  +  . 

 When a single-component lattice is involved, e.g. the Ge lattice built on 
neutral Ge atoms, the presence of a free electron or free hole means that 
there is a Ge  −   ion or, respectively, a Ge  +   ion among the neutral Ge atoms. 

 Electrons and holes exist in the nanostructure provided they are far away 
from each other. Thus, their mutual interaction may be neglected. In this 
case, each electron or hole behaves as if no other electrons or holes exist 
around it. However, if an electron and a hole are relatively close to each 
other (with a separation of just a few lattice constants), they are bound by 
the Coulomb interaction and, as a whole, constitute an electrically neutral 
formation. This is the  Mott exciton , which may move inside the lattice while 
contributing nil to charge transport.  18   An electron and ion localized at 
neighbouring lattice ions correspond to a Mott exciton in its ground 
(normal) state. The various other excited states of the exciton represent 
other separations. 

 An exciton in a semiconductor crystal is not long-lived. After it forms in 
the crystal, sooner or later it disappears. Usually, this process proceeds in 
two ways: either by annihilation (recombination) of the electron and hole 
constituting the exciton or, alternatively, by dissociation of the exciton into 
a free electron and a free hole. In the fi rst case, the destroying of an exciton 
is accompanied by energy release. In the second case, the process requires 
expenditure of energy. 

 In exceptional circumstances where both electron and hole are localized 
at the same lattice atom or ion, the Mott exciton can turn into the  Frenkel 
exciton .  27   The atom or ion does not then carry excess charge but is in an 
excited state, and this state may be transferrered to other like atoms or ions 
and migrate through the lattice. 
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 It is very important to understand the role that these above-mentioned 
entities play in surface phenomena of semiconductors. A lattice in its ground 
state contains no free electrons, free holes or excitons. Their presence indi-
cates lattice excitation. An electron and hole may be created at the expense 
of the inner resources of the lattice when an electron hops from one atom 
(or ion) to another atom (or ion). This results in the creation of two atoms 
(or ions), where both have excess charges. The energy required by this 
process can be denoted as follows:

 E E E E= + +− + Δ       

where  E  −    is the energy required to introduce an electron into the lattice, 
 E  +    is the energy required to remove an electron from the lattice (or, in 
other words, to introduce a hole) and  Δ  E  is the interaction energy 
between the electron and hole where, in the case of a free electron and hole, 
 Δ  E   =  0. 

 Considering the example of an M m R r  type lattice built on M  +   and R  −   ions, 
where state M corresponds to an electron and state R to a hole, the energy 
can be expressed as follows:

 
E

e
a

J E
e
a

A− += − = +
2 2

μ μ,
    

  [1.6]  

where  e  is the electron charge,  a  is the smallest possible separation between 
two oppositely charged ions,   μ   is the Madelung constant,  J  is the ionization 
energy of atom M and  A  is the electron affi nity energy of atom R. The 
component  e  2   μ  / a  in  (1.3)  is the energy required to introduce an electron 
into a metallic site or a hole into a metalloid lattice site. Therefore it 
represents the interaction energy of the given electron (hole) with all the 
lattice ions except the one at the given site. If the electron and hole can be 
localized at neighbouring ions (the exciton in its ground state), then

 ΔE e a= − 2 /       [1.7]   

 However, if these two components are far from each other (free electron 
and free hole), then

 ΔE = 0       [1.8]   

 Thus, the energy needed to create a ground-state exciton, according to  (1.6)  
and  (1.7) , is

 
E

e
a

J A= − − +
2

2 1( )μ
    

  [1.9]  

while the energy required to create a free electron and a free hole (a hole–
electron pair), according to  (1.6)  and  (1.8) , can be expressed as follows:
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E

e
a

J A= − +
2

2μ
    

  [1.10]    

  1.3.2     Energy levels of electrons and holes 

 Although a substantial number of publications has been dedicated to 
detailed explanations of the electrons’ and holes’ levels in the oxide semi-
conductors,  26–29,31–33   this section will briefl y consider what is important to 
understand about the properties of semiconductors. The formation of 
energy is a key quantity in the description of the electronic structure and 
stability of point defects and impurities in oxides. Defects that are present 
in very low concentrations have a small or negligible impact on conductiv-
ity; only those whose concentration exceeds a threshold will have observ-
able effects. Figure  1.4  depicts the energy patterns for the free electron 
(level  E  c ) and the free hole (level  E  v ) in a lattice built on M  +   and R  −   ions 
with the electron energy plotted along the vertical axis upward and the hole 
energy along the same axis downward. The subscripts c and v stand for 
‘conduction’ and ‘valence’, respectively.  26   In the ground state, the level  E  v  
is occupied by an electron while  E  c  is vacant. An electron transition from 
level  E  v  to  E  c  means the creation of a pair consisting of a free electron and 

  1.4      Energy level patterns in M  +   and R  −   ions.    
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a free hole. To illustrate this problem from the quantum mechanical point 
of view, it can be shown (see Section 1.4) that the two levels spread out into 
more or less wide energy bands, which are usually called the  conduction  
and  valence bands  (they are presented right at the hand side of Fig.  1.4 ). 

  Considering that on the surface of a semiconductor crystal the Madelung 
constant   μ   ′  differs from that in the bulk, the following equation should be 
taken into account instead of  (1.3) :  27  

 
E

e
a

J E
e
a

As s
− += ′ − = ′ +

2 2

μ μ,
    

  [1.11]  

where   μ   ′   <    μ  ,  Es
−    is the energy needed to move an electron from infi nity to 

the ion M  +   on the semiconductor surface, while  Es
+    is the energy required 

to move an electron from the ion R  −   on the surface to infi nity. 
 The corresponding levels, which are schematically presented in Fig  1.4 , 

are denoted by  Ec
s    and  Ev

s   . Their common name is the  surface Tamm level 
(state ). However, the quantum mechanical effect should not overlap the 
wave functions. This will be considered in Section 1.5. The electron on the 
 Ec

s    level and the hole on the  Ev
s    can move freely from one atom to another 

along the crystal surface, but they can only go inside the crystal if they 
acquire a surplus energy  e  2 (  μ   ′   −    μ  ,)/ a . 

 The surface exciton, which has less energy than a body exciton, can be 
considered in a very similar way. Therefore,  (1.9)  can be modifi ed as follows:

 
E

e
a

J As = ′ − − +
2

2 1( )μ
    

  [1.12]   

 This exciton can exist on the surface and freely move along it but cannot 
go inside the semiconductor crystal. 

 It should be noted that in real semiconductor crystals not only the regular 
atoms or ions of the crystal lattice, but also impurities and structural imper-
fections are present in the crystal. All of these may be sources of free 
electrons and free holes. As a result, the energy required to create free 
electrons or free holes in the semiconductor structure may be lower. In this 
respect, all defects can be divided into two groups:  donors , which are defects 
that supply free electrons, and  acceptors , which are defects that supply free 
holes. Depending on the specifi c applications, in the electronic ‘household’ 
of a semiconductor, the lattice defects play the main role.  29   As an example, 
the metalloid and metallic vacancies in a MR lattice built on M  +   and R  −   ions 
are equivalent to the presence in the lattice of a positive and negative 
charge, respectively. 

  E  D  can be denoted as the energy needed to move an electron from infi nity 
to the ion M  +   that is the nearest neighbour of a metalloid vacancy and, 
respectively,  E  A  is the energy corresponding to the movement of an electron 
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to infi nity from the ion R  −  . Then the Madelung model can be represented 
as follows:

 
E

e
a

J E
e
a

AD A= − − = − +
2 2

1 1( ) , ( )μ μ
       

 The electron on level  E  D  is localized at the metalloid vacancy and neutral-
izes its charge. Such a defect, called an F-centre, is a typical example of a 
donor. The hole on level  E  A  is localized at the metallic vacancy and, together 
with the vacancy, may be considered as an electrically neutral defect. Such 
a defect, called a V-centre, is a typical example of an acceptor.  27,28     

  1.4     The energy spectrum of an electron in an infi nite 

crystal lattice 

  1.4.1     Statement of the problem 

 The behaviour of a free electron in a semiconductor crystal lattice will be 
considered using an example of the ionic lattice MR consisting of ions M  +   
and R  −   that are point charges. Let us also assume that the lattice is ‘ideal’, 
i.e. without imperfections or dislocations, and infi nite. To make the problem 
simpler, only the one-dimensional model, which is an infi nite chain of alter-
nating M  +   and R  −   ions, will be considered (see Fig.  1.5 b). In further discourse 
all the above-mentioned assumptions will be lifted. Moreover, the interac-
tion of a chosen free electron and all other free electrons and holes will be 
excluded. It is also assumed that the concentration of free electrons and 
holes is low in the crystal lattice. 

  1.5      One-dimensional model of a crystal lattice: (a) periodic lattice 
potential; (b) (infi nite) chain of alternating M  +   and R  −   ions.    
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  Let   ψ   ( x ,  y ,  z ) be the wave function that describes the behaviour of our 
electron and satisfi es the Schrödinger equation  27  

 Ĥ EΨ Ψ=       [1.13]  

where the Hamiltonian   Ĥ   is

 
ˆ ( , , )H

h
m

V x y z= − +
2

2
Δ

    
  [1.14]  

with  h  being Planck ’ s constant divided by 2  π   (1.05459  ×  10  − 34  J s) and  m  the 
mass of the particle. Here

 V x y z V x na y z( , , ) ( , , )= −       

is the periodic lattice potential depicted in Fig.  1.5 a,  a  is the lattice constant 
(the distance between neighbouring like ions) and  n  is an integer. 

 The next step is to number the metallic ions M  +   in the lattice. Suppose 
that  g  is the ion number. Obviously,

 g = ± ± ± …0 1 2 3, , , ,        

 Let us assume that   φ  g  ( x ,  y ,  z ) is the atomic wave function that describes the 
electron behaviour in an isolated  g  th  metallic atom, with all other M  +   and 
R  −   ions absent. This function, which is assumed to be known, satisfi es the 
Schrödinger equation

 Ĥ Eg g gϕ ϕ= 0       [1.15]  

where

 
ˆ ( , , )H

h
m

U x y zg g= − +
2

2
Δ

    
  [1.16]  

with

 

U x y z U x ga y z

x y z x ga y z
g

g

( )

( )
0, , ( , , )

, , ( , , )

= −
= −ϕ ϕ0     

  [1.17]   

 In  (1.17)   U g   is the potential energy of the electron in the fi eld of the  g  th  
isolated metallic ion, the function   φ  g   is assumed to be non-degenerate 
(an  s  function), and the level  E  0  is assumed to be suffi ciently far from its 
neighbours. 

 Eigenfunctions and eigenvalues of  (1.13)  must be found, assuming that 
the eigenfunctions and eigenvalues of  (1.15)  are known. In this regard the 
function   ψ   represents a linear combination of atomic functions   φ  g    18  

 
Ψ( , , ) ( , , )x y z a x y zg g

g

= ∑ ϕ
    

  [1.18]  
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where the summary should be completed over all lattice ions. The problem 
is, therefore reduced to fi nding the expansion coeffi cients  a g   in  (1.18) . These 
coeffi cients must be selected in such a way that the function  (1.18)  satisfi es 
 (1.13) . This requirement minimizes the integral

 
J H EE = −∫ Ψ*( ) dˆ ψ τ

    
  [1.19]   

 Integration should be completed over the entire volume where   ψ   is normal-
ized. The condition of minimization can be further expressed by a system 
of the linear equations

 

∂

∂
=J

a

E

g*
0

       

 Then the system can be represented assuming that

 ˆ ˆH H V Ug g= + −       

which can follow from  (1.14)  and  (1.16) , and introducing the following 
notations:

 
S P V Vgg g g gg g g g′ ′ ′ ′ ′= = −∫ ∫ϕ ϕ τ ϕ ϕ τd d, ( )

    
  [1.20]   

 Consequently, the summary can be expressed as follows:

 
{( ) }E E S P agg gg g

g
0 0− + =′ ′ ′

′
∑

    
  [1.21]  

which is an infi nite system of linear homogeneous equations with a infi nite 
number of unknowns,  a g  .  

  1.4.2     Eigenfunctions and eigenvalues 

 Considering that   φ  g  , being an  s  function, is spherically symmetric and, 
assuming that the overlap integral of the wave functions of two neighbour-
ing atoms is small,  S gg    ′   can be represented as follows:

 

S
g g

g g
P

g g

g ggg gg′ ′=
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≠
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if
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otherwise
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⎫
⎬
⎪

⎭⎪     

  [1.22]   

 In view of  (1.22) , the system of equations  (1.21)  takes the form

 ( ) ( )E E a a ag g g0 1 1 0− + + + =− +α β       [1.23]  

for all  g s. The solution of this system of equations can be expressed as

 a a i g a A i g B i gg g= = + −0 exp( ) or exp( )λ λ λexp( )       [1.24]  
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with   λ   any number (generally complex), and  A  and  B  arbitrary coeffi cients. 
Substituting  (1.24)  into  (1.23)  and  (1.18) , the following system emerges:

 E E= + +0 2α β λcos       [1.25]  

 
ψ λ ϕ( , , ) exp( ) ( , , )x y z a i g x y zg

g

= ∑0

    

  [1.26]   

 The parameter   λ   can be taken as a quantum number, since it completely 
defi nes eigenfunction  (1.26)  and the appropriate eigenvalue  (1.25) . In the 
case of an infi nite lattice, the number   λ   must be real, since otherwise the 
function  (1.26)  becomes infi nite at infi nity. 

 It should be also noted that  (1.26)  is periodic in   λ   with a period of 2  π  . 
This implies that the value of   λ   can be restricted to an interval 2  π  , e.g.

 − ≤ ≤ +π λ π       [1.27]   

 The Born–von Karman condition  18   can be imposed on function   ψ  , conceiv-
ing the infi nite crystal as an infi nite repetition of the same crystal

 ψ ψ( , , ) ( , , )x L y z x y z+ =       [1.28]  

where  L   =   aN , with  N  a large positive integer. If  (1.26)  can be substituted 
into Eq.  (1.28) , the   λ   parameter takes discrete values

 
λ π= 2 a

L
j

    
  [1.29]  

where, according to  (1.27) , j  =  0,  ±  1,  ±  2, …, with |  j  |  ≤   N/2  
 Equation  (1.25)  shows that when we go over from an isolated atom M to 

a lattice, the level  E  0  is shifted by   α   and broadens out into a band, as sche-
matically shown in Fig.  1.6 . We have
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= ± = + −

− =

α
λ π β
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,bottom of band( ) E E

band width E E
min 0

max min

d 2

4ββ     

  [1.30]  

since in our case   β   is positive. The wider the band is the greater is   β  , which 
is the overlap integral of the functions   φ  g   and   φ  g ±    1  of two neighbouring 
atoms. This integral is greater the closer the lattice atoms are to each other 
(the smaller  a  is) and, for a given position of these atoms, the higher  E  0  lies. 
If parameter   λ   is continuous, so is the band but, if this parameter is discrete 
(for example, the Born–von Karman condition  (1.28) , the band splits into 
a system of levels lying close together and condensing toward the top and 
bottom of the band. The  j  in  (1.19)  can serve as the number of a level in 
the band, while the total number of states contained in the band is  N , i.e. 
the number of ions M  +   lying in the interval  L . 
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  Under an external force, an electron in the periodic lattice fi eld behaves 
like a classical particle but with an effective mass  m * instead of its true mass 
 m   34,35  

 
m

h
a

E
*

d
d

= ( ) ⎛
⎝

⎞
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−

2

2 2

2

1

λ     
  [1.31]   

 This combined with  (1.25)  yields

 
m

h
a

* =
2

28 β λcos        

 Thus, the effective mass of the electron very much depends on what level 
the electron is on in the band. As can be observed from  (1.31) , the absolute 
value is smaller the wider the band. The effective mass of the electron is 
positive in the lower half of the band (  π    ≥  |   λ   |  >    π  /2), negative in the upper 
half (  π  /2  >  |   λ   |  ≥  0), and becomes infi nite in the middle (|   λ   |  =    π  /2). In the 
upper half of the band, the electron behaves in a very peculiar manner: it 
accelerates in the direction opposite to the acting force. However, near the 
lower edge of the band (when   λ   is close to  ±   n ) and near the upper edge 
(when   λ   is close to zero)  m * can be expressed as follows:

 
m

h
a

* = ∓
2

28 β     
  [1.32]  

  1.6      Energy level broadening in a crystal lattice.    
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where the minus corresponds to the upper edge and the plus to the lower 
edge.  

  1.4.3     A three-dimensional lattice 

 As an interpretation of the one-dimensional model of a semiconductor 
crystal completed in the previous section, the characterization of the 3D 
cubic lattice will be provided below. Instead of one integer  g  describing the 
position of a metallic ion M  +   in the lattice, three integers,  g  1 ,  g  2  and  g  3 , will 
be needed

 g g g1 2 3 0 1 2 3, , , , , ,= ± ± ± …       

as the components of a vector  g . Consequently,  (1.21)  can be transformed 
as follows:

 
ψ λ ϕ( , , ) exp( ) ( , , )x y z a i g x y zg

g

= ∑0

    
  [1.33]  

where   λ   is a vector with components   λ   1 ,   λ   2  and   λ   3 , which serve as three 
quantum numbers. We can also consider

 − ≤ ≤ +π λ πi       

where  i   =  1, 2, 3. Summation in  (1.33)  is over all values of  g  1 ,  g  2  and  g  3 . Then 
instead of  (1.25)  we have

 E E= + + + +0 1 2 32α β λ λ λ(cos cos cos )       [1.34]   

 Here

 α ϕ ϕ τ β ϕ ϕ τ= − = −∫ ∫ ′g g g g g gV U V U( ) , ( )d d
      [1.35]  

where  g  and  g ′   are the ‘number’ of neighbouring metallic ions. If the 
Born–von Karman conditions can be applied, the parameters   λ   1 ,   λ   2  and   λ   3  
become discrete:

 
λ π

i i
a

L
j= 2

      

where  j i    =  0,  ±  1,  ±  2,  ±  3,…, with |  j  |  ≤   N /2 and  i   =  1, 2, 3. 
 In  (1.34)  parameters  E  0  and   α   have a simple physical meaning. 

Obviously,

 E J0 = −       
where  J  is the ionization potential of atom M, while   α   is the potential energy 
of the electron belonging to the  g  th  metallic atom in the fi eld of all other 
ions, i.e. except the  g  th  ion. The electron is taken to be smeared out with a 
density   φ  g  *  φ  g  . Assuming that the electron belonging to the  g  th  metallic 
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atom is point-like and was localized at the  g  th  metallic site, the 
quantum-mechanical parameter   α   becomes a classical quantity

 
α μ→ e

a

2

      

as  β   →  0, and  (1.34)  takes the form  (1.6) 

 
E

e
a

J= −
2

μ
       

 If the atomic wave functions   φ  g   are not  s  functions, but rather  p  functions, 
i.e. three-fold degenerate, then instead of one energy band  (1.34) , the three 
bands are superimposed on each other (in other words, a complex band 
with three times as many states as in the case of  s -states).  36,37   In the case of 
 d  functions, which are fi ve-fold degenerate, fi ve superimposed bands can 
appear.  38   Considering that in all these cases only cubic lattices have been 
assumed, the dependence of  E  on the quantum numbers   λ   1 ,   λ   2  and   λ   3  is 
confi rmed to be more complex than in  (1.34) . However, in all cases  E  is a 
periodic function of   λ   1 ,   λ   2  and   λ   3  with a period of 2  π  . As a result, the energy 
spectrum (a system of bands corresponding to the levels of an isolated 
metallic atom) has been exhibited for a free electron in a lattice. The lowest 
band is well-known as the  conduction band .  27,29   These bands usually overlap 
somewhat, so that we are dealing practically with a continuous spectrum.  

  1.4.4     The energy spectrum of a hole 

 Everything that has been considered above about an electron can be 
repeated for a hole. In addition, an energy spectrum was used in the form 
of bands. If the holes are fi xed  a   priori  at negative metalloid ions of the 
lattice, these bands correspond to the levels of an isolated metalloid atom. 
The electron and hole spectra can be depicted in one picture if they are 
plotted in different directions, as in Fig.  1.4 , since introducing a hole is 
equivalent to extracting an electron. The highest of all hole bands is known 
as the  valence band .  27,29   For the energy spectrum of a hole, it can be assumed 
that the presence of a free hole in a lattice means that one of the metalloid 
ions is neutralized. This neutral metalloid atom may be in either its ground 
state or one of its excited states, depending on whether the hole is in the 
valence band or one of the lower lying hole bands.  18   

 The energy bands of a hole may be considered as bands ‘fi lled’ by elec-
trons, i.e. bands that can be used as a source of electrons. In this sense 
electron energy bands are ‘empty’, i.e. electrons can be introduced into the 
bands. As long as the energy bands of a hole contain no holes and the 
electron energy bands no electrons, our lattice is an ideal dielectric (insula-
tor). To create electrical conduction, electrons must be provided for the 
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conduction band ( n -type conduction) or holes must be provided for the 
valence band ( p -type conduction) or do both (mixed conduction). 

 In the energy spectrum, the highest of the hole bands is located below the 
lowest of the electron bands; i.e. the valence band is below the conduction 
band. Indeed, if this condition were not present, the electrons from the 
valence band would move to the conduction band, which would mean that 
the initial idea of a lattice built on M  +   and R  −   ions was wrong. This would 
simply mean that such a lattice structure is not energetically advantageous. 

 It is worth noting that the energy bands have been introduced without 
any reference to the  collective electron method  (Bloch ’ s method), and there-
fore the preceding explanation is free from all defi ciencies and restrictions 
inherent in that method.  1   The band picture of the energy spectrum of an 
electron or a hole can be extended in certain conditions from the ionic 
lattice. The only difference is that, instead of the electrons of the lattice 
atoms, either the excess electron on the specifi c atom or the hole, produced 
by extracting an electron from the atom, have to be considered. The limits 
of the band picture will be further discussed in Section 1.6. 

 It can be concluded that in the real material ’ s lattice, various nanodefects 
can be present, which would infl uence its energy spectrum. These nanode-
fects have corresponded to so-called  local  electron and hole levels (accep-
tors and donors, respectively) positioning in the forbidden gap between the 
conduction and valence bands. While the levels lying inside the energy 
bands have appropriate wave functions, the local levels have wave functions 
with pronounced maxima at the defects and that more or less rapidly disap-
pear as the distance from the defects increases. An electron or a hole in an 
energy band is spread out over the entire crystal, while an electron or a 
hole in the local level is localized in the nanodefect. The position of a local 
level in the spectrum is determined by the nature of the defect, while the 
extent to which an electron or a hole is localized on such a level is deter-
mined by its position in the spectrum – the closer the electron (acceptor) 
level located to the conduction band or, alternatively, the hole (donor) level 
to the valence band, the lower the degree of localization of the electron or 
the hole on the respective level. Consequently, in  n -type semiconductors 
the donor levels, particularly the ones of practical interest, are often 
positioned near the conduction band while in  p -type semiconductors the 
acceptor levels lie near the valence band.   

  1.5     The energy spectrum of an electron in a fi nite 

crystal lattice 

  1.5.1     Statement of the problem 

 The behaviour of a free electron in a semi-infi nite crystal has been estab-
lished, i.e. a lattice limited on one side. Similarly to the analysis made in the 
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previous section, an MR lattice built on M  +   and R  −   ions will be considered 
again. In this case, the one-dimensional model will be used. A chain of 
unlimited ions from the right but limited from the left (Fig.  1.7 b) is applied. 
It makes no difference whether the fi rst ion in the chain is metallic (as 
presented in Fig.  1.7 b) or metalloid. What is important is that in the fi rst 
potential well we allow for the distortion introduced by the termination of 
the chain. Assuming that  g  is the number of the metallic ion and has the 
values  g   =  0, 1, 2, 3, … , the Schrödinger equation for the electron of such 
a lattice is

 Ĥ EΨ Ψ=       [1.36]  

where

 
ˆ , ,H

h
m

V x y zg = − +
2

2
Δ *( )

        

 Parameter  V * is the summary of potentials of all ions M  +   and R  −   in the 
lattice and certainly does not represent a periodic function of  x . It may be 
considered periodic only approximately at large values of  x . However, it 
can be expressed as

 V x y z V x y z V x y z*( ), , ( , , ) ( , , )= − ′       

where  V  is a periodic potential corresponding to an ideal unlimited 
crystal lattice and  V ′   is an addition that distorts the periodicity and is 
affected by the presence of a boundary. At  x   →   ∞ ,  V  ′   →  0. Assuming that 
 V  ′  has non-zero value only near the fi rst ion ( g   =  0), the second ion ( g   =  1) 

  1.7      Behaviour of a free electron in a semi-infi nite crystal: (a) periodic 
lattice potential; (b) (semi-infi nite) chain of alternating M  +   and R  −   ions.    
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is affected by the boundary. In other words, our approximation is depicted 
in Fig.  1.7 a and is as follows:

 
V

V x a

V V x a
=

>
− ′ ≤

⎧
⎨
⎩

for

for     
  [1.37]   

 The solution of  (1.36)  is in the form

 
Ψ( , , ) ( , , )x y z a x y zg g

g

=
=

∞

∑ ϕ
0     

  [1.38]  

where   φ  g   is the atomic wave function corresponding to the  g  th  metallic atom, 
taking into account that this is an  s  function. Equation  (1.38)  satisfi es  (1.15)  
and possesses the property  (1.17) . Similarly to Section 1.4, the system of 
equations can be as follows:

 
{( ) }E E S P agg gg g

g
0 0− + =′ ′ ′

′
∑

    
  [1.39]  

which can be used to fi nd the unknown coeffi cients  a g   in the expansion 
 (1.38) . In  (1.39) , just as in  (1.16) , the summary should be done over all 
values of  g  ′  (in our case  g  ′   =  1, 2, 3, …), while the parameters S gg   ′   and P gg   ′   
are given, in contrast to  (1.20) , by the formulas

 
S P V Ugg g g gg g g g′ ′ ′ ′ ′= = −∫ ∫ϕ ϕ τ ϕ ϕ τd * d, ( )

    
  [1.40]    

  1.5.2     Eigenfunctions and eigenvalues 

 Let us investigate the integrals  (1.40) . Considering that   φ  g   are spherically 
symmetric and their overlap integrals are small, the approximation  (1.37)  
can be used:

 

S
g g

g g
P

g g

g g

g g
gg gg′ ′=

′ =
≠

⎧
⎨
⎩

⎫
⎬
⎭

=

′ ′ = =
′ = >
′ = ′ ±

1

0

0

0if

if

if

if

if
,

α
α
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0 otherwise

⎧

⎨
⎪⎪

⎩
⎪
⎪

⎫

⎬
⎪⎪

⎭
⎪
⎪

   

   [1.41]   

 Then  (1.39)  takes the form

 

( )

( ) ( )

E E a a g

E E a a a gg g g

0 0 1

0 1 1

0 0

0 0

− + ′ + = =
− + + + = >− +

α β
α β

for

for     
  [1.42]   

 The solution to this system will be in the following form:

 a A i g B i gg = + −exp( ) exp( )λ λ       [1.43]  
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where  A  and  B  are arbitrary coeffi cients and   λ   is any complex number. Two 
following cases are from  (1.43) : (1) both  A  and  B  in  (1.43)  are non-zero, 
and (2) one of them is equal to zero. In the fi rst case, we arrive at the notion 
of an energy band, while in the second, which is of special interest, we arrive 
at the notion of a discrete surface level. Let us consider both cases in detail. 

 (1) As has been stated,  A   ≠  0 and  B   ≠  0. Then parameter   λ   must be real. 
Alternatively, the function   ψ   at infi nity would become infi nite, as was 
already established from  (1.38)  and  (1.43) . The second equation in  (1.42)  
yields  (1.25) . The energy band is exactly the same as for an infi nite lattice 
(see Section 1.4). Substituting  (1.43)  and  (1.25)  into the fi rst equation in 
 (1.42) , the following equation appears:

 A i i B i iexp( )[ exp( )] exp( )[ exp( )]λ α α β λ λ α α β λ′ − − − + − ′ − − = 0        

 In  (1.43)  parameters  A  and  B  proved to be coupled. In the meantime, for 
an infi nite crystal these parameters are independent (as shown in Section 
1.4). 

 (2) This is an assumption that either  A  or  B  is equal to zero. For the sake 
of defi niteness, we consider the case where  A   ≠  0 and  B    =   0. The parameter 
  λ   then does not have to be a real value for the function   ψ   to be fi nite 
everywhere. In this regard, a fi nite lattice differs from an infi nite. Thus, 
the fi niteness of   ψ   is ensured by the fact that

 λ π λ= + ′n i       [1.44]  

where  n  is an integer and   λ   ′  is positive. The second equation in  (1.42)  trans-
forms one more time into  (1.25) , while the fi rst equation in  (1.42)  yields

 E E i− + ′ + =0 0α β λexp( )       [1.45]  

and by substituting  (1.25)  into  (1.45) , we have

 
exp( )iλ β

α α
=

′ −     
  [1.46]   

 Since   α  ,   α   ′  and   β   are real numbers,  (1.46)  is valid only if   λ   is expressed via 
 (1.44) . Therefore, substitution of  (1.44)  into  (1.46)  yields

 
( ) exp( )− − ′ =

′ −
1 n λ β

α α       

with  n  odd, since in our case   β    >  0 and   α    >    α   ′   >  0. 
 According to both  (1.46)  and  (1.43) , the wave function  (1.38)  takes the 

following form:

 
ψ β

α α
ϕ=

− ′
−( )

=

∞

∑A
g

g
g

0     
  [1.47]   
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 The fi niteness of the wave function is ensured only if

 

β
α α

λ
− ′

< ′1, .i e. >0
    

  [1.48]  

a fact noted earlier. The wave function  (1.47) , which decays in the bulk of 
the crystal, corresponds to a local level, whose position in the energy spec-
trum may be found by substituting  (1.44)  into  (1.25) :

 E E= + − ′0 2α β λcos       [1.49]   

 Considering that

 
exp( )− ′ =

− ′
<λ β

α α
1

    
  [1.50]  

then substitution of  (1.50)  into  (1.49)  yields

 E E= + ′0 α       [1.51]   

 This results in the level positioning below the conduction band. 
 It should be noted that the numerator of the right-hand side in  (1.46)  is 

the band half-width, while the denominator is the distance between the 
band centre and the surface level. Hence, according to  (1.47) , the closer the 
surface level is to the band, the more slowly its wave function disappears 
in the bulk of the crystal. If we assume that the electron is point-like, 
parameter   α   ′  turns into its classical analogy

 
′ →α μe

a

2

      

and, if  E  0   =   −  J ,  (1.51)  transforms into  (1.6)  (see Section 1.3):

 
E

e
a

J= −
2

μ
       

 The same transformation can be successfully repeated for the case  A   =  0 
and  B  ′   ≠  0. The fi niteness of   ψ   is provided by the fact that

 λ π λ= − ′n i       

where  n  is an odd integer, as has been considered above, and   λ   ′  is positive. 
Consequently, the same eigenfunction  (1.47)  and  (1.51)  will be obtained. 

 However, if

 

β
α α− ′

> 1
      

then the level is located inside the band. In this case, both coeffi cients  A  
and  B  in  (1.43)  must be taken to be non-zero.  
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  1.5.3     Tamm and Shockley surface levels 

 Understanding of surface states naturally emerged from studying the band 
theory of confi ned crystals. In a discussion of the nature of surface states, 
one generally distinguishes between Tamm surface states, arising due to the 
termination of the crystal lattice at the boundary, and Shockley states, local-
ized at impurities or defects on the surface or in the oxide layer covering 
the surface. Tamm states are formed by allowed energy bands separated by 
forbidden bands. Surface allowed bands can be located at energies corre-
sponding to both forbidden and allowed bulk bands.  39   In 1932, Tamm, while 
considering a simple one-dimensional model of a semi-infi nite crystal as a 
sequence of delta potential barriers limited by a potential wall, came to a 
fundamental conclusion about the possible existence of states whose wave 
functions are localized to the crystal surface. 

 In 1939, a fundamentally different approach to dealing with surface states 
than that proposed by Tamm was proposed by Shockley.  40   He considered the 
electron energy levels in a chain of eight atoms. The calculation showed that 
forbidden bands appear in the spectrum of electron energy and, within each 
of those, there are two states related to the fact that there are two edge atoms 
at the ends of the linear chain. The electrons in these two atoms are in the 
same unique position as the electrons of atoms near the surface of a 3D 
crystal where, according to Shockley, one can also expect surface states. 

 In a real crystal, surface electronic states correspond to the coordinatively 
unsaturated surface atoms. Usually, their emergence results in alteration, 
surface reconstruction, i.e. the displacement of surface atoms both in a 
plane tangent to the surface and normal to it, which creates a surface struc-
ture with a period equal to several periods of the 3D lattice or incommen-
surable with them. The character of the reconstruction depends on the 
crystallographic orientation of the surface, the method of its preparation, 
as well as the type and concentration of adsorbed impurities, or the pres-
ence of the oxide layer on it.  41   

 Interest in the electronic surface states is associated not only with the 
desire to understand the physics of surface phenomena, but also with vital 
technological needs. Surface states act as recombination centres for elec-
trons and holes, thereby reducing the number of carriers and degrading 
characteristics of diodes, transistors, solar cells and other semiconductor-
based functional devices. 

 In the case of a 3D crystal lattice, the discrete Tamm level (level  Ec
s    in 

Fig.  1.4 ) spreads out into a more or less wide surface energy band (the 
surface conduction band). Introducing the periodicity condition  (1.28)  into 
the wave function in directions parallel to the surface, the band can be split 
into a set of closely positioned discrete levels. The number of states in the 
surface band is equal to the number of atoms on the surface (about 10 15  cm  − 2 ). 

�� �� �� �� �� ��



30 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

The squared modulus of the wave function corresponding to a level in the 
surface band is periodic in directions parallel to the surface (the period is 
that of the lattice), while in the perpendicular direction it disappears with 
distance from the surface. This means that an electron belonging to the 
surface band can move freely along the surface but cannot go inside the 
crystal or leave it. Electrons in the surface band lead to surface electron 
conductivity of the crystal and may impart a negative charge to the surface 
with respect to the bulk.  18   

 Exactly the same transformation can be successfully repeated for the 
holes. When the transformation from a one-dimensional crystal goes to the 
3D, the hole surface level (level  EV

S     in the Fig.  1.4 ) spreads out into a hole 
surface band (the  surface valence band ). Holes in this band lead to the 
surface hole conductivity and may impart an excess positive charge to 
the surface with respect to the bulk. The fact that there is a potential 
difference between the surface and the bulk in the crystal leads to 
important consequences, which will be considered below. 

 Tamm surface states may not appear in a limited crystal lattice. This 
depends on certain conditions being fulfi lled [e.g. condition  (1.48) ]. The 
surface levels may prove to be absorbed by the wide ‘bulk’ bands which, 
for example, were clearly demonstrated by  (1.48) . The wave functions cor-
responding to these levels lose their damped nature and, hence, do not 
constitute the surface states. 

 Therefore, it can be concluded that, along with the Tamm states, which 
exist due to the fi niteness of the crystal, certain other conditions may also 
appear. The so-called Shockley surface states and their nature are quite 
different. Shockley  40   described a one-dimensional crystal lattice limited on 
both sides, and studied the behaviour of the wave function and the energy 
spectrum of an electron as the lattice constant  a  drops from infi nity (the 
case of isolated atoms) to small fi nite values. In the process, the energy 
bands, which grow out of the levels of the isolated atoms, broaden, then 
overlap, but after  a  becomes smaller than a certain value, gaps appear in 
the continuous spectrum (forbidden sections). In these gaps one fi nds dis-
crete levels (one from each band), each of which has a corresponding wave 
function that disappears as we depart from the crystal boundaries (Shockley 
surface states). In contrast to the Tamm states, these states appear only at 
small values of  a  when the energy bands overlap. 

 Both Tamm and Shockley levels are characteristic of an ideal surface, 
where the potential is strictly periodic along the surface. A real surface 
differs signifi cantly from the ideal by the presence of surface defects, which 
cause local violations of this periodicity. This leads to an emergence of the 
surface local levels with wave functions that have maxima near the defect 
(i.e. in surface plane or near it) but fall off as the distance from the defect 
increases.   
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  1.6     Statistics of electrons and holes in 

semiconductors 

  1.6.1     The Fermi–Dirac distribution function 

 Electrons are an example of a type of particle called a  fermion . Other fer-
mions include protons and neutrons. In addition to their charge and mass, 
electrons have another fundamental property called  spin . A particle with 
spin behaves as though it has some intrinsic angular momentum. This causes 
each electron to have a small magnetic dipole. The spin quantum number 
is the projection along an arbitrary axis (usually referred to in textbooks as 
the  z -axis) of the spin of a particle expressed in units of  h . Electrons have 
spin ½, which can be aligned in two possible ways, usually referred to as 
‘spin up’ or ‘spin down’. 

 All fermions have half-integer spin. A particle that has integer spin is 
called a boson. Photons, which have spin 1, are examples of bosons. A con-
sequence of the half-integer spin of fermions is that this imposes a con-
straint on the behaviour of a system containing more then one fermion. This 
constraint is the Pauli exclusion principle, which states that no two fermions 
can have the exact same set of quantum numbers. It is for this reason that 
only two electrons can occupy each electron energy level – one electron 
can have spin up and the other can have spin down, so that they have dif-
ferent spin quantum numbers, even though the electrons have the same 
energy. 

 However, it should be noted that all results that will be discussed below 
can also be applicable to the case where this interaction is taken into 
account by the  self-consistent fi eld method . In this method, the interaction 
of the given electron (hole) with all the other electrons and holes is substi-
tuted by an effective fi eld produced by the evenly distributed charge of all 
electrons and holes in the system. In our case the electron (hole) is then 
presumed to be moving in this effective (self-consistent) force fi eld.  42   

 It is also important that this self-consistent fi eld possesses the same perio-
dicity as the crystal lattice and that even with the interaction taken into 
account by the self-consistent fi eld method the problem remains a one-
electron one. 

 With the energy gas spectrum of the electron or hole given, the distribu-
tion of the entire assembly over the levels of this spectrum must be found. 
In other words: what is the probability of a given level  E  being occupied by 
an electron or remaining unoccupied (i.e. occupied by a hole)? We denote 
these probabilities by  f n  ( E ) and  f p  ( E ):  18  
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where  n ( E ) and  p ( E ) are the number of electrons and holes with an energy 
 E  and  Z ( E ) is the total number of states corresponding to  E  or, in other 
words, the multiplicity of degeneracy of level  E  (per unit volume), with

 n E p E Z( ) ( )+ =       

and, hence

 f E f En p( ) ( )+ = 1      

  Based on the fact that both electrons and holes obey the Fermi–Dirac 
statistics, in equilibrium  27,29  

 

f E
E E

kT

f E
E E

kT

n p( )
exp

, ( )
exp

=
+ − =

+ −
1

1

1

1F F

    

  [1.52]  

where energy  E  is reckoned with respect to an arbitrary (but fi xed) refer-
ence point. The parameter  E  F  in  (1.52)  has the dimensionality of energy and 
is known as the  Fermi energy  or  Fermi level.  This quantity is a regulator of 
all chemisorptive and catalytic properties of semiconductor crystals. The 
distribution describes the occupation probability for a quantum state of 
energy  E  at a temperature  T . If the energies of the available electron states 
and the degeneracy of the states (the number of electron energy states that 
have the same energy) are both known, this distribution can be used to 
calculate thermodynamic properties of systems of electrons. 

 The Fermi–Dirac distribution functions  f n  ( E ) and  f p  ( E ) are schematically 
depicted in Figs  1.8 a and  1.8 b, where the electron energy is indicated on 
the vertical axis upward and the hole energy on the same axis downward. 
The line in Fig.  1.8 a represents the case of absolute zero ( T   =  0). From  (1.52)  
it follows that at  T   =  0

 f E f E E En p( ) , ( )= = <1 0 for F       

 f E f E E En p( ) , ( )= = <0 1 for F       

i.e. all levels  below  the Fermi level are occupied by electrons (i.e. contain 
no holes), while all levels  above  the Fermi level are empty (i.e. contain no 
electrons). 

  The smooth curve in Fig.  1.8 b represents the case when  T   ≠  0 and is 
symmetric with respect to point  E   =   E  F . From  (1.52)  it follows that

 f E E f E E f E f En p n p( ) ( ), ( ) ( )F F F F /+ = − = =Δ Δ 1 2       

  Consequently, the Fermi level is one that is populated to an equal degree 
by electrons and holes. In some respects, this statement may serve as a 
defi nition of the Fermi level. From  (1.52)  it follows that
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  [1.53]  

i.e. the Fermi–Dirac distribution turns into the Maxwell–Boltzmann distri-
bution. For electrons, this happens when the energies are considerably 
 higher  than the Fermi level, while for holes it happens when the energies 
are much  lower  than the Fermi level. In both cases the electron or hole gas 
is said to be  non-degenerate.  

 Figure  1.8 c depicts the energy spectrum of a semiconductor with one type 
of defect. The extent to which the energy levels in Fig.  1.8 c are fi lled with 
electrons and holes is given by the curves in Figs  1.8 a and  1.8 b, which cor-
respond to the fi xed position of the Fermi level. Nevertheless this position 
changes with temperature.  

  1.8      Fermi–Dirac distribution functions  f n  ( E ) and  f p  ( E ) and the energy 
spectrum of a semiconductor with one type of defect at (a)  T   =  0, 
(b)  T   ≠  0. (c) The energy spectrum.    
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  1.6.2      n - and  p -type semiconductors 

 Based on the previous investigations, the electron population of the conduc-
tion band and the hole population of the valence band have to be found. 
In other words, the main concern is in the semiconductor ’ s charge carrier 
concentrations, which can be denoted by  n  and  p , respectively. According 
to  (1.53) 

 n f E Z E E p f E Z E En n p p= =∫ ∫( ) ( ) , ( ) ( )d d
      [1.54]  

where  Z n  ( E )d E  and  Z p  ( E )d E  are the number of states inside the conduc-
tion band and valence band, respectively, in the energy range from  E  to  E  
 +  d E  (per unit volume). In the formula for  n  the integration is carried over 
all the levels in the conduction band, and in the formula for  p  over all the 
levels in the valence band. 

 If we assume the electron and hole gases to be non-degenerate [see 
 (1.53) ], Eqs  (1.54)  yield
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  [1.55]   

 Here  E  c  is the bottom of the conduction band and  E  v  the top of the valence 
band. The coeffi cients  C n   and  C p   depend on the nature of the bands: in the 
simplest case of an  s -band (i.e. the band resulting from the  s -level of an 
isolated atom) we have
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where  m n   and  m p   are the effective masses of the electron at the bottom of 
the conduction band and of the hole at the top of the valence band, respec-
tively.  18   In order of magnitude

 N Nn p~ ~ 1019 3cm−
       

 Equations  (1.55)  remain valid as long as

 
exp − −( ) < − −( ) <E E

kT
E E

kT
c F F vand exp1 1

    
  [1.56]  

i.e. as long as the Fermi level is located deep under the conduction band 
and high above the valence band. Then the conduction band can be consid-
ered as a discrete level coinciding with its bottom and  N n  -fold degenerate, 
while the valence band can be taken as a discrete level coinciding with its 
top and  N p  -fold degenerate.  18,27,29   

 A semiconductor crystal with  n   =   p  is called an  i-type semiconductor  
(intrinsic semiconductor).  27,29,33   The position of the Fermi level for such a 
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semiconductor can be denoted by  E i   and the electron (or hole) concentra-
tion by  n i  . According to  (1.55) 

 
n N

E E
kT
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E E
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i n
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i= − −( ) = − −( )exp c vexp
    

  [1.57]  

and, hence
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N
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= + −1
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  [1.58]   

 It should be noted that the Fermi level of a semiconductor at absolute 
zero ( T   =  0), or at any other temperature assuming that  N p    =   N n   (as a rule, 
 N p    ≠   N n  ), is located exactly in the middle of the forbidden section between 
the bands. 

 Equations  (1.55)  can be rewritten on the basis of  (1.57)  as

 
n n

E E
kT

p n
E E

kT
i

i
i

i= − = −
exp , expF F

       

 It is quite obvious that, if  E  F   >   E i  , we are dealing with the  n -type semicon-
ductor ( n   >   p ). On the other hand, if  E  F   <   E i  , then semiconductor is a  p -type 
( p   >   n ). 

 As the Fermi level changes upward, the electron concentration in the 
conduction band increases, as  (1.55)  implies, while the hole concentration 
in the valence band decreases:

 
np n N N

E E
kT

i n p= = − −( )2 exp c v

    
  [1.59]    

  1.6.3     Statistics of local states 

 Let us investigate the population of local levels by electrons and holes. In 
the energy spectrum, these levels represent lattice imperfections (defects). 
Two types of local levels (corresponding to two types of defects) can be 
distinguished:  donor levels  and  acceptor levels . We deal with a donor or with 
an acceptor depending on whether the defect, being in an electrically 
neutral state, is depicted by a local level occupied by an electron or a hole. 
A donor may be either in the neutral state or (freeing itself of an electron) 
in the positively charged state, while an acceptor may be either in the 
neutral state or (accepting an electron) in the negatively charged state. 

 Let us consider that a semiconductor crystal has  X  donors and  Y  accep-
tors of a defi nite type per unit volume. Taking into account that  X  0  and  X   +   
are the concentrations of neutral and charged donors the  Y  0  and  Y   −   are the 
concentrations of neutral and charged acceptors. Therefore
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 X X X Y Y Y= + = ++ −0 0,       

  Then we have for donors

 n X Xf p X Xfn p= = = =+0 ,       [1.60a]  

and for acceptors

 n Y Yf p Y Yfn p= = = =− , 0

      [1.60b]  

where now

 

f
g
g

E E
kT

f
g
g

E E
kT

n
p

n

p
n

p

=
+ −

=
+ −

1

1

1

1exp
,

expF F

    

  [1.61]   

 Here  E  denotes the position of the local level in the spectrum, and  g n   and 
 g p   are the statistical weights of the states occupied by an electron and a 
hole, respectively, i.e. the number of ways in which these states may be real-
ized (if degeneracy is due only to the electron spin, then  g n    =  2 and  g p    =  1). 

 Comparing  (1.61)  with  (1.52) , it can be observed that the local and band 
states have somewhat different statistics. The reason is not diffi cult to 
explain assuming that an energy level is a  g -fold degenerate. If this level is 
positioned inside a band, it can take on  g  electrons, which may be consid-
ered independent: for each electron, there is the same probability of being 
on this level. However, if an electron appears on a local level, all other 
electrons are excluded from it. In this case, the interaction between the 
electrons cannot be neglected. In the fi nal analysis, the difference lies in the 
corresponding wave functions. 

 From the practical point of view, the difference between  (1.61)  and  (1.52)  
is insignifi cant, and consequently  (1.52)  can be used instead of  (1.61) . We 
can then reduce  (1.52)  to  (1.61)  if we substitute  E*  for  E  in  (1.52) 

 E E kT g gp n* ln /= + ( )       

  Hence, if we apply the Fermi–Dirac statistics to local levels, these levels 
shift by  Δ  E   =   kT  ln( g p  / g n  ). 

 In this section we will not discuss the often encountered case where one 
defect may take on several electrons or holes, i.e. an acceptor or donor 
capable of multiple ionizations. Nor will we discuss the case (which can be 
reduced to the above one) where a defect can take on both an electron and 
a hole, i.e. act as an acceptor and donor simultaneously. Strictly speaking, 
such defects (just as excitions) cannot be depicted within the band picture, 
which is built on the one-electron approximation. To do this, we would have 
to assume that local level population leads to another local level in the 
spectrum; i.e. each defect would have not one but several alternative levels.  
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  1.6.4     The position of the Fermi level 

 The position of the Fermi level fi xes the charge carrier concentration (the 
charge carriers are free electrons and holes) and the extent to which the 
defects in the semiconductor are ionized. It depends on two important 
factors:  18,27,29  

   1.   the nature and concentration of the impurity in the semiconductor;  
  2.   the temperature.    

 These two factors make the Fermi level moveable within the energy spec-
trum. Introduction of a donor impurity shifts the Fermi level up, while 
introduction of an acceptor impurity moves it down. Usually the Fermi level 
is found from the electrical neutrality of the crystal or, if the crystal is 
charged, from charge conservation. 

 Let us fi nd the position of the Fermi level for a neutral semiconductor 
with one type of donor as an impurity. We denote by  n  and  p , just as we did 
in the previous sections, the electron concentration in the conduction band 
and the hole concentration in the valence band, respectively, while  X  0  and 
 X   +   will be considered as the concentrations of the neutral and charged 
donors. 

 The electrical neutrality condition is simply that

 n p X= + +
      [1.62]   

 This means that  n   ≥   p  and, hence,  E  F   ≥   E i  . According to  (1.60)  and  (1.61) 

 

X
X
E E

kT

+ =
+ −

1 exp F D

    

  [1.63]  

where  E  D  is donor level [we have assumed that  E  D   >  ( E  c   +   E  v )/2; see 
Fig.  1.8 c]. Substituting  (1.63)  and  (1.55)  into  (1.63) , we obtain a third-degree 
equation for exp[( E  c   −   E  F  )/kT ] or exp[( E  F   −   E  v )/ kT ]. There are three cases 
for which we can easily solve this equation:

   1.   When the temperature is suffi ciently low, so that

 

N
X

E E
kT

E E
kT

p exp exp− −( ) < − −( ) <F v F D 1
       

  (1.62)  yields

 
E E E kT

N
X

n
F c D= + −1

2( ) ln
    

  [1.64]   
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 and hence, substitution of  (1.64)  into  (1.55)  yields

 
n N X

E E
kT

n= − −( )exp c D

2     
  [1.65]   

 It is clearly visible that at  T   =  0 the Fermi level is in the middle of the 
forbidden gap between the conduction band and the donor levels and, 
as the temperature grows, the Fermi level shifts down, and the greater 
 X  is, the slower it moves.  

  2.   When the temperature is intermediate, so that

 

N
X

E E
kT

E E
kT

p exp exp− −( ) < < − −( )F v F D1
       

 Eq.  (1.62)  yields

 
E E kT

N
X

n
F c= − ln

    
  [1.66]   

 and, hence, substitution of  (1.64)  into  (1.55)  yields

 n X=       [1.67]   

 We can see that in this case the free electron concentration is 
temperature-independent, and the Fermi level proves to be under the 
donor levels and continues to move down as the temperature grows.  

  3.   When the temperature is high, so that

 

N
X

E E
kT

E E
kT

p exp exp− −( ) < − −( )F v F D

       

  (1.62)  yields

 
E E E E kT

N
N

i
p

n
F c v= = + +1

2
1

2( ) ln
    

  [1.68]   

 and

 
n n N N

E E
kT

i n p= = − −( )exp c v

2     
  [1.69]   

 i.e. the semiconductor crystal becomes an  i -type semiconductor [see 
 (1.58)  and  (1.59) ].    

 Following  (1.64) ,  (1.66)  and  (1.68) , we can depict the temperature-
dependence of  E  F  under the assumption that  N p    =   N n   (see Fig.  1.9 a). In 
Fig.  1.9 b we depict the dependence of ln  n  on 1/ T . The various curves in 
Figs  1.9 a and  1.9 b correspond to different values of  X  (the numbers indicate 
an increase in  X ). 
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  Consequently, the position of the Fermi level and its motion within the 
local levels with variations of temperature can be determined in a very 
similar manner for any semiconductor and in any system.   

  1.7     Limits of the band theory of semiconductors 

  1.7.1     Characteristic features of the band theory 

 Basically, the subject matter of all previous explanations of the behaviour 
of electrons and holes in a semiconductor crystal was within the scope of 
the  band theory of solids . Although the band theory is very convenient and 
pictorial, there are only a few cases when we have to go beyond the limits 
of this theory. Let us briefl y examine the limits of the band theory. First we 
note some of its characteristic features. 

 Strictly speaking, the electrons populating a semiconductor can be con-
sidered as a system of interacting particles, and the problem is basically 
many-electron. The band theory makes this many-electron problem a one-
electron problem. This is achieved by either neglecting the interaction or 
accounting for it via the self-consistent fi eld method (Section 1.6) charac-
teristic of the band theory. 

 Moreover, the band theory is the theory of the behaviour of a single 
electron. It gives the researcher the right to speak of the behaviour of each 
electron separately and to ascribe to each electron an individual wave func-
tion and individual energy. Within the band theory, each electron lives its 
own life and pays no attention to the other electrons as if they did not exist. 
The only reminder of the other electrons is the Pauli principle, which 

(a)
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ED

Ec

T

1

2

3
a

b

c

0

c

b
a

3

2

1

  1.9      Temperature dependence of position of Fermi level and electron 
concentration for a semiconductor: (a)  N p    =   N n  ; (b) ln  n  vs 1/ T  
dependence.    
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forbids this electron from taking up quantum states already occupied by 
the others. This is one characteristic feature of the band theory. 

 Another feature is the assumption that the force fi eld in which a single 
electron moves is periodic. The exact form of this fi eld is unimportant to 
the band theory: it is only essential that the potential is periodic with a 
period equal to that of the lattice. The characteristic band picture of the 
energy spectrum, i.e. allowed energy bands generally alternating with for-
bidden sections, is the result of this periodicity. Hence, the band picture 
positions in the very prerequisites of the theory the assumption that the 
potential is periodic. The band theory ignores energy exchange between 
electron and lattice and the effect of lattice vibrations on the electron 
energy spectrum. 

 An important drawback to the band theory is the fact that it takes no 
account of the tendency of electrons to stay far away from each other. 
Indeed, if we think of electrons as ignoring each other, there is a possibility 
of several gathering at one atom (or ion). It may so happen that several 
concentrate at one atom (or ion) simultaneously. Such states, characterized 
by overconcentration of electrons at one point, have an equal status with 
other states in the band theory. 

 This situation is well known from molecular theory, which uses a method 
equivalent to Bloch ’ s method  18,27   in the band theory. This is the method of 
molecular orbitals (MO method), or the Mulliken–Hund method.  43   If we 
use this method to solve the problem of the hydrogen molecule, we obtain, 
with non-polar states, polar states, i.e. states in which both electrons gather 
at one of the two nuclei in the hydrogen molecule while the other nucleus 
is stripped of its electron. As a result, the hydrogen molecule becomes 
hetero-polar. In the MO method, such hetero-polar states have the same 
statistical weight as the homo-polar states and correspond to the same 
values of energy. If we apply Bloch ’ s method to the crystal lattice, we arrive 
at the same results.  

  1.7.2     The validity of the band theory 

 The limits of the band theory were formulated a long time ago.  18   Based on 
extensive investigations carried out by many prominent physicists in 20 th  
century, the summary of the conditions for the band theory to be valid is 
as follows:

   •   Each atom (or ion) in a crystal lattice has its normal set of electrons. To 
be precise, the band theory does not work when applied to these ‘proper’ 
electrons belonging to the atoms or ions of the crystal lattice. In other 
words, remaining within the framework of the band theory, we cannot 
give a correct description of such electrons. However, aside from proper 
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electrons, an atom or ion in the lattice may hold an additional electron. 
In the case of an atomic lattice, this additional electron placed on a 
neutral atom makes it a negative ion, while with ionic lattices such 
additional electrons produce ions with anomalous charge. These addi-
tional electrons may be introduced into the lattice from outside or bor-
rowed from the lattice in the process of shifting electrons from the atom 
(or ion) to another. When we state that the band theory is able to 
describe the behaviour of lattice electrons, we actually mean these addi-
tional electrons.  

  •   The band theory provides an adequate description of the behaviour of 
the additional (excess) electrons as long as the concentration of such 
electrons is low. Consequently, in order for the band theory to be valid, 
the number of atoms (ions) with an excess charge must be small com-
pared to the overall number of atoms (ions) in the lattice.  

  •   The band theory can be applied to the excess electrons only if such an 
electron does not change the state of the inner electrons of the atom 
(ion) that holds such an electron. This is the case when, for example, the 
inner electrons of an atom (ion) form a closed shell.  

  •   Assuming that all the previous conditions are satisfi ed, the band theory 
still ceases to be valid if the interaction between two or more of the 
excess electrons becomes signifi cant. In other words, the band theory 
does not work for problems in which two atoms (or ions) are carrying 
excess charges, i.e. when two such atoms (ions) happen to be close and 
interact.    

 As a result, it can be concluded that while the band theory (Bloch ’ s 
method) works when describing the behaviour of a free electron, i.e. an 
electron in the conduction band, when we try to describe electrons that fi ll 
(partially or completely) the valence band, we immediately run into diffi cul-
ties with Bloch ’ s method. Indeed, the electrons that fi ll the valence band 
cannot claim to have individual wave functions. Their behaviour is essen-
tially a many-electron problem that cannot be reduced to a series of inde-
pendent one-electron problems.  

  1.7.3     The valence band 

 Let us assume that the valence band contains a hole. The electrons in 
the valence band constitute a family whose behaviour is described by a 
collective wave function that cannot be presented in the form of products 
of individual wave functions and depends on the position of all the 
electrons. By electrons we mean all ‘proper’ electrons of the lattice atoms 
(ions) except one electron whose absence is equivalent to the hole. The 
position coordinates of this electron are not present in the collective wave 
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function. We can thereby say that this function describes the behaviour of 
the hole.  34   

 As a result, when describing an electron in the conduction band, we stay 
within the one-electron approximation while, when describing a hole in the 
valence band, we are not dealing with a one-hole problem. 

 The valence band, therefore, has a different meaning from the conduction 
band. The conduction band constitutes a system of  electron  levels and the 
valence band is effectively a system of  hole  levels. The relationship between 
the two is the same as between the optical terms of a one-electron atom 
and the X-ray terms of a many-electron atom (X-ray terms correspond to 
removal of an electron from an electron shell). For an atom, we have a 
whole series of X-ray terms, i.e. the energy of the system depends on which 
electron is absent in the system. Figures in textbooks on atomic theory 
usually present electron levels with the energy increasing upward and hole 
(X-ray) levels with the energy increasing downward. The same is done in 
the band picture of a crystal, the only difference being that both the electron 
and the hole levels are combined in one fi gure. 

 Such an interpretation of the valence band differs from the Bloch inter-
pretation. In Bloch ’ s method, the ‘proper’ electrons have an equal status 
with the excess: valence band electrons are considered as independent as 
the conduction band electrons, and each is described by an individual wave 
function. This is as incorrect as trying to build a many-electron atom with 
 n  electrons by taking the system of hydrogen levels and placing the  n  elec-
trons one after another on these levels, allowing only for the Pauli principle. 
For this reason, from the viewpoint of solid-state theory, the method widely 
used in theoretical studies of heterogeneous catalysis in which the so-called 
 d -electrons (i.e. electrons from the  d -band) are considered as Bloch elec-
trons, can be considered as unjustifi ed. 

 Usually when we speak of the valence band of a semiconductor, we do 
not mean the behaviour of separate and independent electrons. We mean 
the behaviour of the independent holes. In other words, we do not reduce 
the many-electron problem to a one-electron but rather to a one-hole 
problem. As has been mentioned above, the band theory cannot adequately 
describe the ground state of a system, when the conduction band holds no 
free electrons and the valence band no free holes. However, it can be used 
to describe the excited states characterized by the presence of electrons in 
the conduction band and holes in the valence band. 

 It has been well-known that the excited states of a system can quantum-
mechanically be considered as an ideal gas of so-called quasi-particles, 
 elementary excitations . The system energy then splits into the ground state 
energy and the energies of individual elementary excitations. Free electrons 
and holes, with which the electron theory of solids is concerned, is nothing 
more than an example of such elementary excitations. 
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 In conclusion, it must be noted that there is a broad group of problems 
in solid-state theory relevant to semiconductors that can be solved by the 
energy band approach. This method, if understood correctly, has every right 
to be further developed to explain ever more experimental data. However, 
the solid-state theory also has problems that go beyond the scope of the 
band theory. The recombination of a free electron with a free hole, a process 
that in the band theory is described as the drop of an electron from the 
conduction band to the valence band, is an example of such a problem. Here 
the band theory gives the initial and fi nal states but is unable to disclose 
the mechanism of the process in which the hole and electron interact. The 
same certainly applies to the inverse process of ionization (i.e. creation of 
a free electron and a free hole), where the band theory again gives only the 
initial and fi nal states. Intermediate states, which are excitonic states, cannot 
be explained by the band theory.   

  1.8     State-of-the-art techniques for characterization of 

nanostructured semiconductors 

 Today the vast majority of semiconductors employed in modern electronic 
devices are nanostructured and the average grain size is within 5–50 nm. 
Many of them were intercalated by either H  +   or ions of different metals in 
order to improve their conductivity.  44   This has resulted not only in the mini-
aturization of most of the electronic components of devices, but also in 
an enhancement of their functionality, which relies on the fact that the 
concentration of free charge carriers has been enhanced in atomically-
thin semiconductors compared to their bulk counterparts.  45   These newly-
discovered properties of the quasi-2D semiconductors have already opened 
new opportunities in new families of devices such as photovoltaic devices, 
sensors capable of single molecule detection, various optical devices, 
etc.  46–49   

 As the size of nanoparticles used in quasi-2D layers of functional nano-
materials decreases, the demand for accurate analysis and precise charac-
terization of these nanolayers increases. Sometimes the newly developed 
semiconductor nanostructures can be as thin as few nm,  50   and therefore 
special techniques are required for their analysis and characterization. 
Modern state-of-the-art techniques involve the use of ions, electrons or 
photons (e.g. X-rays or infrared light) to probe nanostructured semiconduc-
tors, in order to investigate their composition, structure and physical and 
electrochemical properties. These analyses can: determine the chemical 
composition and phase of the composite; detect the presence (or absence) 
of contaminants or dopants; and investigate the physical structure or 
appearance of the sample of interest. This detailed information is highly 
useful feedback to scientists, as they can readjust nanotechnology, develop 
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other similar nanomaterials for various products, or optimize a new manu-
facturing process. Plate I (see colour section between pages 232 and 233) 
summarizes typical techniques for analysis of nanomaterials depending on 
the depth of their impact on analysing nanostructure. 

 A review of such techniques allows researchers to choose the best 
possible approach and selection of suitable methods depending on the 
thickness of the samples obtained. By careful selection of these 
methods, such structural parameters as dopant and impurity depth profi ling, 
nanofi lm coating, bulk composition and impurity identifi cation, materials 
characterization, characterization of nanoparticles, nanodefects and resi-
dues, crystal structure determination, roughness measurement and investi-
gation of the thermal properties may be analysed and optimized. Table  1.1  
provides an overview of the modern sate-of-the-art analytical techniques 
with their detection limits and possible applications to nanostructured 
semiconductors. 
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    2 
  Structural and chemical modifi cation of 

semiconductor nanocrystals  

 DOI : 10.1533/9781782422242.50

     Abstract :   The chapter begins by reviewing the modern deposition 
techniques for semiconductor nanocrystals, doping of semiconductors 
using an example of ZnO nanowires and the development of nanoscale 
semiconductor hetero-structures. The chapter then discusses physical 
electrochemistry and structural and electrochemical properties of 
semiconductor nanocrystals.  

   Key words :   doping of oxide semiconductors  ,   surface stoichiometry  , 
  vapour-phase growth  ,   solution-phase growth         

  2.1     Introduction 

 Since the beginning of the 21st century, there has been an unprecedented 
growth in demand for portable electronic devices and wireless data trans-
mitters including mobile phones, as the internet has opened completely new 
possibilities for science, business and commerce. These past few years have 
witnessed a remarkable increase in interest in the development of new 
nanostructured semiconductors with modifi ed and, sometimes, completely 
new and unpredictable structural and electrochemical properties, caused 
either by new hetero-junction interfaces or advanced nanotechnologies.  1–10   
One of the important factors driving the current interest in nanostructured 
semiconductors is their properties at the nanoscale, which can be success-
fully utilized in various applications. Recent advances in the fi eld of nan-
otechnology have led to the synthesis and characterization of an assortment 
of embodiments of metal oxide semiconductors in nanowires (NWs), nano-
belts (NBs), nanorods (NRs), nanotubes and other confi gurations. In-depth 
physical and electrochemical property characterization has already 
demonstrated them to be promising candidates for the next generation of 
electronics, optoelectronics and sensing devices. Nanostructured metal 
oxide semiconductors stand out as one of the most versatile nanomaterials, 
owing to their diverse properties and functionalities. These can be achieved 
by careful selection of appropriate manufacturing technologies and 
deposition techniques, which will be discussed in detail in the following 
sections. Based on the synthesis environment, these can be divided into two 
major categories: vapour-phase growth and liquid (solution)-phase growth.  11   
Most of the metal oxide nanostructures are grown via the well-developed 
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vapour-phase technique, which is based on the reaction between metal 
vapour and oxygen in a gaseous environment. The governing mechanisms 
are the vapour–liquid–solid process (VLS) and vapour–solid (VS) process. 
On the other hand, solution-phase growth methods provide a more fl exible 
synthesis process as an alternative to achieve lower costs.  

  2.2     Vapour-phase material growth 

 High-temperature vapour-phase growth assisted by a thermal furnace is a 
relatively straightforward approach that controls the reaction between a 
metal vapour source and oxygen gas. In order to control the dimensions of 
nanoparticles, their aspect ratio, morphology and crystallinity, the following 
diverse fabricating techniques have been extensively employed during 
preparation of advanced semiconductors:

   •   thermal chemical vapour deposition (CVD);  1,12    
  •   direct thermal evaporation;  13    
  •   pulsed laser deposition (PLD);  14–16    
  •   metal–organic chemical vapour deposition (MOCVD).  17–19      

 These manufacturing techniques are based on two mechanisms: VLS and 
VS. 

 The VLS mechanism was fi rst proposed by Wagner and Ellis in 1964  20   
while observing the growth of Si whiskers.  21   Basically, VLS is a catalyst-
assisted growth technique which uses metal nanoclusters or nanoparticles 
as the nucleation seeds. These nucleation seeds determine the interfacial 
energy, growth direction and diameter of the nanostructure. Therefore, a 
proper choice of catalyst is critical. In the case of growing semiconductor 
metal oxides, the VLS process is initiated by the formation of a liquid alloy 
droplet which contains both a catalyst and a source metal. Precipitation 
occurs when the liquid droplet becomes supersaturated with the source 
metal. Under the fl ow of oxygen, semiconductor metal oxide nanocrystals 
are created.  22   Normally the resulting crystal is grown along one particular 
crystallographic orientation which corresponds to the minimum atomic 
stacking energy, leading to the structural development. This type of growth 
is epitaxial; thus it results in high crystalline quality. Real-time  in-situ  trans-
mission electron microscope observations can provide direct evidence of 
VLS growth and depict a vivid dynamic insight for the better understanding 
of such microscopic chemical processes.  23   

 During recent years, successful reports have been published in relation 
to sintering of the following semiconductor oxide NWs by the VLS tech-
nique: TiO 2 ,  24   SnO 2 ,  25   ZnO,  26   CdO,  8   In 2 O 3 ,  27   MgO  28   and Ga 2 O 3 .  29   Based on 
the VLS mechanism, several approaches have also been developed. For 
instance, the thermal CVD synthesis process can be utilized in a thermal 
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furnace to vaporize the metal source. The applicable amount of oxygen gas 
is introduced in the next step through the mass fl ow controller. Both the 
metal and the oxygen vapour can be supplied by different means, such as 
carbothermal or hydrogen reduction of metal oxide source material  30,31   and 
fl owing water vapour instead of oxygen.  32,33   

 Figure  2.1  graphically depicts a typical thermal CVD set-up consisting of 
a horizontal quartz tube and a resistive heating furnace.  11   Metal source 
material is positioned inside the quartz tube. Another substrate (SiO 2 , sap-
phire, etc.) is deposited with catalyst nanoparticles and placed downstream 
for nanostructure growth. 

  A VS mechanism occurs in many catalyst-free growth processes.  34–40   It 
must be admitted that, despite the substantial use of VS operations in the 
development of oxide nanostructures, we still lack fundamental under-
standing of the process. Several experimental and theoretical works have 
suggested that the minimization of surface free energy primarily governs 
the VS process.  37–40   Under high-temperature conditions, source materials 
are vaporized and then directly condensed on the substrate which is situ-
ated in the low-temperature region. Once the condensation stage is reached, 
the initially condensed molecules form seed crystals serving as nucleation 
sites. As a consequence of this, they facilitate directional growth to minimize 
the surface energy. This self-catalytic growth associated with many thermo-
dynamic parameters is a relatively complicated procedure that needs quan-
titative modelling. 

 A very interesting modifi cation of the CVD technique has recently been 
reported,  41   where atomically-thin MoS 2  was prepared at a temperature less 
than 830 °C by a two-step method schematically presented in Fig.  2.2 . Inter-
est in the development of two-dimensional (2D) semiconductors has been 
steadily growing during the last few years due to their unique physical 
and electrochemical properties compared to the in bulk counterparts. 
Fabrication of 2D materials is generally a process consisting of two 

  2.1      Schematic of a thermal furnace synthesis system used in vapour 
phase growth methods including CVD, thermal evaporation and PLD. 
(Reprinted from Ref.  11  with permission from Elsevier Science)    

O ring Furnace Quartz tube

Gas Source material Growth substrate Exhaust
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phases: synthesis of the layered bulk material followed by a mechanical 
exfoliation process.  42   Although a wide range of controlled methods of 
synthesis is available to produce different morphologies of MoS 2 , the 
fabrication of layered MoS 2  is a topic that is yet to be widely explored. 
A few known approaches to layered MoS 2  synthesis are thermal 
decomposition of ammonium thiomolybdate precursors and chemical 
reactions between S- and Mo- based compounds.  43   These schemes consist 
of highly controlled parameters (pressure, temperature, etc.) and also 
require complex chemical experimental apparatus (a three-zone furnace, 
autoclave set-ups, etc.).  44,45   In addition, some of these methods involve haz-
ardous materials such as H 2 S and CS 2  and are conducted over a long period 
of time, features which render them less desirable.  44   The thermal evapora-
tion procedure developed for the fabrication of layered MoS 2  involved 
CVD of MoO 3  nanopowder in a horizontal furnace along with excess 
sulphur, overcoming the direct evaporation barrier with MoS 2 .  41     

  2.3     Solution-phase material growth 

 Fabrication of various NWs, NRs and nanoneedles of semiconductors in 
solution phase has been successfully achieved. This growth method is usually 
carried out at ambient temperature which considerably reduces the complex-
ity and cost of fabrication. To develop strategies that can guide and confi ne the 
growth direction to form 1D, 2D and other nanostructures, researchers have 
used a number of approaches which may be grouped as follows:

 2.2       Experimental set-up: (a) initially at room temperature, the centre 
of the tube is offset from the centre of the furnace; (b) at 750 °C, the 
tube is pushed inside the furnace aligning the centre of the tube with 
the centre of the furnace. [Legend: (1) MoO 3  nanopowder; (2) sulphur 
powder; (3) horizontal furnace; (4) quartz substrates for deposition; 
(5) quartz tube] (Reprinted from Ref.  41  with permission from The 
Royal Society of Chemistry)    

Initial position

1

2

3

4

5(a)  T = 25 °C (b)  T = 750 °C
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   •    Template-assisted synthesis .  46,47   Large-area patterning of 1D metal oxide 
NW arrays assisted by templates can be achieved by using a periodic 
structured template, such as anodic aluminium oxide (AAO), molecular 
sieves or polymer membranes, whereby nanostructures can form inside 
the confi ned channels. For instance, AAO membranes have embedded 
hexagonally-ordered nanochannels. These are prepared via the anodiza-
tion of pure Al in acidic solution.  47   The indicated pores can be fi lled to 
form different nanostructures using electro-deposition and sol–gel 
deposition methods. Because the diameter of these nanochannels and 
the inter-channel distance are easily controlled by the anodization 
voltage, this provides a convenient means to manipulate the aspect ratio 
and the area density of the developing nanostructures.  

  •    Electrochemical deposition  (ED).  48–52   ED has been widely used to fab-
ricate metallic NWs in porous structures. This method has also been very 
reliable for sintering metal oxide nanostructures. In fact, there are both 
direct and indirect approaches to the fabrication as quasi-1D metal 
oxides using ED. By using a direct method and with careful choice of 
the electrolyte, nanostructured ZnO,  48   Fe 2 O 3 ,  49   Cu 2 O  50   and NiO  51   have 
been successfully synthesized. By using an indirect approach, SnO 2  
NWs  52   and ZnO NWs  53   have been fabricated.  

  •    Sol–gel technique .  54–59   This procedure has been widely used for the 
development of various nanostructures. In general, the sol–gel process 
is associated with a gel composed of sol particles. As the fi rst step, col-
loidal (sol) suspension of the desired particles is prepared from a solu-
tion of precursor molecules. An AAO template will be immersed into 
the sol suspension, so that the sol will aggregate on the AAO template 
surface. With an appropriate deposition time, sol particles can fi ll the 
channels and form structures with high aspect ratio. The fi nal product 
will be obtained after a thermal annealing to remove the gel. Nanos-
tructures of ZnO  54   MnO 2 ,  55   ZrO 2 ,  56   and TiO 2   57   were obtained by utilizing 
the sol-gel method. There were also reports that various multi-
compound oxide NRs  58,59   had also been synthesized.  

  •    Surfactant-assisted growth .  60–65   Surfactant-promoted anisotropic nanoc-
rystal growth has been considered as a convenient way to synthesize 
oxide NWs. This anisotropic growth is often carried out in a micro-
emulsion system composed of three phases: oil, surfactant and aqueous. 
In the emulsion system, these surfactants serve as micro-reactors to 
confi ne the crystal growth. To obtain the desired nanomaterials, both 
species of precursor, the surfactants and also other parameters such as 
temperature, pH value and concentration of the reactants must be very 
carefully selected. As a result, the surfactant-assisted system is a trial-
and-error-based procedure which requires much endeavour to choose 
the proper capping agents and reaction environment. Recent reports 
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have highlighted that ZnO,  60   SnO 2 ,  61   NiO  62   NRs have been sintered by 
this method. Moreover, PbO 2 ,  63   PbCrO 4 , CuCrO 4 , BaCrO 4   64   and CeO 2   65   
NRs have also been fabricated.  

  •    Sonochemical method .  66–71   The sonochemical procedure uses an ultra-
sonic wave to acoustically agitate or alter the reaction environment. As 
a result, it modifi es the crystal growth. The sonication process is based 
on the acoustic cavitation phenomenon which involves the formation, 
growth and collapse of many bubbles in the aqueous solution.  66   Extreme 
reaction conditions can be created at localized spots. Assisted by the 
extreme parameters, for example, at very high temperatures and pres-
sures larger than 500 atm, and a cooling rate higher than 10 10  K/s, nanos-
tructures of metal oxides can be fabricated via chemical reactions. There 
are reports regarding the development of metal oxide NRs by this 
method: Fe 3 O 4   67   and ZnO.  68   More recently, other nanocomposites have 
been grown by applying this technique: ZnO NR/CdS nanoparticle 
(core/shell) composites,  69   Eu 2 O 3  NRs  70   and CeO 2  nanotubes.  71    

  •    Hydrothermal technique .  27,72–80   The hydrothermal process has been used 
to produce crystalline structures since the 1970s. This mechanism begins 
with an aqueous mixture of soluble metal salt (metal and/or metal–
organic) of the precursor materials. Usually, the mixed solution is placed 
in an autoclave under elevated temperature and relatively high-pressure 
conditions. Typically, the temperature ranges between 100 and 300 °C 
and the pressure exceeds 1 atm. ZnO NRs have been sintered by using 
wet-chemical hydrothermal approaches.  72–74   Other nanostructured metal 
oxides such as, such as CuO,  75   Ga 2 O 3 ,  76   MnO 2  nanotubes,  77   Fe 3 O 4 ,  78   
CeO 2 ,  79   TiO 2   80   and In 2 O 3   27   have also been developed.     

  2.4     Vertical and horizontal alignment strategies 

 It is well-known that in most cases metal oxide nanofi lms deposited using 
various technologies are agglomerated.  1   In this context, it becomes 
clear that during comparative analysis of the different characteristics of the 
metal nano-oxides it is necessary to consider fi rst the size of agglomerates 
and their porosity; and only after that the grain size and fi lm thickness. 
Consequently, when applying structural engineering methodology  1   for 
fabrication processes, the following geometric parameters of metal 
oxide nanostructures should be controlled in order to achieve the desired 
properties:  81  

   •   grain size;  
  •   agglomeration;  
  •   area of inter-grain and inter-agglomerate contacts;  
  •   thickness;  
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  •   porosity;  
  •   dominant orientation and faceting of crystallites.    

 However, it is necessary to note that the indicated parameters are only 
a part of the metal oxide matrix guidelines which can infl uence properties 
of nano-oxides. Without a doubt, besides the geometric framework, the fol-
lowing physical chemical specifi cations of the nanocomposite matrix must 
also be taken into account:

   •   chemical and phase composition;  
  •   type of conductivity of additives;  
  •   the bulk and surface oxygen vacancy concentrations (stoichiometry);  
  •   size and density of both metal catalyst particles and single atoms on the 

surface of metal oxides;  
  •   surface architecture;  
  •   type and concentration of uncontrolled impurities, and so on.    

 This is because even a slight variation in these parameters can drastically 
affect the electrophysical, electrochemical, adsorption and catalytic prop-
erties of metal nano-oxides. In order to fully take advantage of the 
geometric anisotropy of 1D and 2D nanostructures for integrated device 
applications, the control of their location, orientation and packing density 
is also very important. Since these nanostructures can be grown from cata-
lytic seeds via the VLS process, one route to reach this objective is to simply 
control the locations of the catalysts. In fact, both lithographic (top-down) 
and non-lithographic (bottom-up) techniques have been employed to 
achieve defi ned growth of semiconductor nanostructures. Based on these 
capabilities, vertical as well as horizontal alignment of metal oxide nanos-
tructures has been accomplished. In many cases, an epitaxial substrate/layer 
is utilized to assist the directional growth of nanostructures. In addition, 
alignment using a template or external fi eld has also been achieved. Several 
procedures which are applied for the manipulation, orientation and align-
ment of semiconductor metal oxide NWs will be described in the following 
sections. 

  2.4.1     Catalyst patterning 

 A simple route leading to the growth of NWs at the desired location is by 
catalyst patterning. Lithography and nano-imprint  82   techniques have been 
widely used to achieve this objective. In general, they refer to photolithog-
raphy, electron beam lithography and masking methods. By utilizing stand-
ard UV exposure, catalyst patterns are easily defi ned by photolithography 
with a resolution limit of  ∼ 1  μ m.  11   It has been demonstrated that square and 
hexagonal catalyst pattern arrays were generated on sapphire substrate, and 
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ZnO NWs were grown from the patterned catalysts via a VLS process.  30   On 
the other hand, due to the high resolution of electron beams, electron 
beam lithography can achieve more precision in defi ning the catalyst 
pattern, yielding highly-ordered and high-density NW arrays. Another 
approach is to imprint a mask or to take a ready-to-use patterned structure 
to serve as a shadow mask. This method has attracted interest owing to its 
low cost and simple implementation. For instance a transmission electron 
microscopy (TEM) copper grid has been used as a mask to directly generate 
patterns for Au catalyst deposition, which results in the growth of ZnO NW 
arrays.  83    

  2.4.2     Substrate lattice matching 

 One of the essential prerequisites for successful deposition of semiconduc-
tor oxide NWs and NRs is careful selection of the appropriate substrate. 
There are a great many platforms suitable for deposition of NWs and NRs, 
such as various dielectric polycrystalline Al 2 O 3 -based substrates; Si, MgO, 
ZrO, Al 2 O 3  single crystals with specifi c crystallographic orientation; glass 
ceramics; and so on. 

 It has been reported that during analysis of the structure of SnO 2  and 
In 2 O 3  nanofi lms, deposited by spray pyrolysis on Si, SiO 2  and Al 2 O 3  sub-
strates, these fi lms were mechanically strained.  84,85   Even in the case of high 
texture between the substrate and the fi lm, they contain a transitional layer 
with a thickness  ∼ 10–20 nm, consisting of randomly-oriented crystallites. 
The simplifi ed structure of such fi lms is presented in Fig.  2.3 . It has been 
reported that the mechanical strains in SnO 2  nanofi lms deposited by spray 
pyrolysis on Si substrates have not been reduced after post-deposition 

  2.3      Oversimplifi ed view of metal oxide fi lm with transition layer.    
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thermal treatments.  84   It was therefore concluded that the above-mentioned 
strains were conditioned by the difference in thermal expansion coeffi cients 
between the substrate and the deposited fi lm.  85   

  In order to overcome such substrate–lattice mismatching, semiconductor 
oxide nanostructures can be grown epitaxially from the substrate due to the 
lattice matching between the crystal and the substrate. A good example for 
consideration is ZnO. In order to grow directional ZnO NWs, several types 
of epitaxial substrates have been used, including sapphire,  30,31   GaN,  86–88   SiC,  89   
Si  90–92   and ZnO fi lm coated substrates.  93   Among them, the most commonly 
utilized epitaxial substrate is sapphire. However, from the lattice matching 
aspect, GaN may be an even better candidate since it has the same crystal 
system and lattice parameters similar to ZnO.  87   This report highlighted that 
NWs grown on a GaN epilayer have better vertical alignment than those 
grown on sapphire. One additional advantage of applying GaN as the 
epilayer lies in the fact that GaN is much easier to dope with  p -type dopants. 
As a result, it was concluded that creating nanoscale light-emitting devices 
by using  n -ZnO/ p -GaN hetero-junctions is technically more feasible than it 
is by using  n -ZnO/ p -ZnO homo-junctions.  86    

  2.4.3     Template alignment 

 In addition to vertical alignment by lattice matching, an alternative tem-
plate alignment technique has been reported.  94   Integration of nanostruc-
tures can be easily achieved if the template is precisely designed. A 
commonly used template is anodic Al 2 O 3  membrane where the channel 
density can exceed 10 9  cm  − 2  by controlling the membrane fabrication pro-
cedure which in essence is a self-organizing process. Therefore, there are no 
costly and complicated lithographic procedures involved. As has been 
described above, the solution-phase-based method has been utilized to 
assemble oxide NWs into AAO by using ED or the sol–gel process. Lately, 
a high-density vertical aligned ZnO NW array in an AAO template was 
successfully fabricated by combining electrochemical deposition and laser 
ablation-assisted CVD methods. In this operation, a Sn catalyst is deposited 
fi rst in AAO using pulsed ED, followed by a CVD approach to synthesize 
the ZnO NWs.  94     

  2.5     Doping of metal oxide semiconductor systems 

 In order to meet the demands of potential applications offered by metal 
nano-oxides, high-quality  n - and  p -type materials are both indispensable. 
Therefore, in order to control doping with intrinsic or extrinsic elements it 
is essential to harmonize and adjust their electrical, electrochemical, optical 
and magnetic properties. 
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 At the end of the 20 th  century, doping of semiconductor structures was 
originally carried out in randomly doped samples. Various technologies 
were employed for this process because doping the base semiconductor 
with noble metal nanoparticles  95–98   and/or by other oxide nanocrystals  99,100   
has been established as a very successful method of changing the physical 
and, more importantly, the chemical and electrochemical properties of the 
modifi ed material. However, nanotechnology has been progressing very 
rapidly since the beginning of the 21 st  century, and new properties of 
atomically-thin nanostructures have been obtained. The development of 
top-down doped semiconductor oxide devices has been greatly enhanced 
by investigation of the physics of individual atoms embedded into semicon-
ductor nanostructures. Figure  2.4  schematically overviews the parameters 
which may be changed as a result of metal oxide doping during their prepa-
ration (deposition).  1   

  Dopant atoms are used to control the properties of semiconductors in 
most electronic devices. For example, in chemical gas sensors, doping 
enhances the sensitivity and selectivity of the sensor and at the same time 
suppresses undesirable properties, such as interference with other gaseous 
elements in the measurement environment,  101   slow response/recovery time,  1   
etc. For instance, in water quality sensors, doping provides built-in antifoul-
ing resistance for the sensing electrode, maintaining a high level of sensitiv-
ity to the measuring parameter.  102   All improvements achieved so far testify 

  2.4      Parameters which may be changed as a result of metal oxide 
doping during their preparation (deposition). (Reprinted from Ref.  1  
with permission from Elsevier Science)    
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that doping has become more selective, optimized and able to target specifi c 
semiconductor crystal properties. 

 Recent advances in single-ion implantation  103–106   have allowed the precise 
positioning of single dopants in semiconductors, as well as the fabrication 
of single-atom transistors,  107,108   representing steps forward in the realization 
of quantum circuits.  109–112   Hybrid nanostructures combining doped semicon-
ductors and graphene are being developed for applications such as fuel 
cells, photovoltaics and various sensors.  113,114   However, the absence of a 
bandgap in graphene has restricted the electrical and optical characteristics 
of these hybrids, particularly their emissive properties. On the other hand, 
the interactions between dopant atoms have only been studied in systems 
containing a large number of dopants. Therefore, it was not possible to 
explore fundamental phenomena such as the Anderson–Mott transition 
between conduction by sequential tunnelling through isolated dopant 
atoms, and conduction through thermally activated impurity Hubbard 
bands.  115   The incorporation of donors into a semiconductor ’ s lattice may 
lead to an increase or a decrease in the Fermi level ( E  F ) in oxide semicon-
ductors. For example, the effect of defect disorder on the Fermi level of 
TiO 2  has been comprehensively presented in a recent monograph.  116   In this 
book, it was clearly shown that if the donor can be, for instance Nb, then 
the  E  F  is closer to the  E  c  level and, alternatively, the incorporation of accep-
tors will shift the  E  F  toward the  E  v  level (subscripts c and v standing for 
conduction and valence level, respectively). As a result of such manipula-
tions, defect engineering can be successfully employed to change the chemi-
cal potential of electrons in the doped TiO 2  compared to the undoped 
nanocrystal. This, in turn, can modify the charge transfer between the 
surface of the nanostructured TiO 2  and the adsorbed molecule. However, 
information relating to the effect of local surface properties on the reactiv-
ity of metal oxides, which are closely related to the presence of point defects, 
is limited, and further research is necessary for the utilization of the defect 
disorder method in practical doping of various oxide semiconductors. One 
interesting approach to the development of single-ion-implanted devices 
has recently been demonstrated,  113   which is graphically displayed in Fig.  2.5 . 

   2.5.1     Doping of ZnO nanowires 

 Environmentally-friendly, multifunctional ZnO is one of the most impor-
tant II–VI semiconductor materials with a wide direct bandgap of 3.37 eV. 
Interest in this semiconductor is fuelled and fanned by its prospects in 
optoelectronics due to its direct wide bandgap and large exciton binding 
energy of 60 meV at room temperature.  117   The existence of various 1D and 
2D forms of ZnO has provided further opportunity for its use in energy 
harvesting, including photovoltaic and sensor applications.  118   
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  2.5      Experimental devices and calculated potential distributions in 
the channel regions. (a) Left: illustration of the device structure for 
controlling transport by controlling the dopant number and position 
via single-ion implantation (nominal channel length, 200 nm; channel 
width, 100 nm; channel thickness, 90 nm). Top right: a top view of the 
channel of a device similar to those measured. The channel is visible 
through the aperture required for single-ion implantation. The 90 nm 
Si channel on the 125 nm buried oxide (BOX) of the silicon-on-
insulator (SOI) substrate is shown in the cross-sectional view. Bottom 
right: a schematic of the measurement set-up. The drain of the device 
is controlled by applying a drain voltage  V  D  S  while the source is 
connected to ground. The gate voltage  V  G  S  is applied to the back gate. 
(b) Idealized representation of the potential distributions in the two, 
four and six arsenic donor samples. Crosses indicate target positions. 
(Reprinted from Ref.  113  with permission from Nature Publishing)    
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 Due to the presence of intrinsic defects such as oxygen vacancies and Zn 
interstitials in ZnO, it has been considered as a natural  n -type semiconduc-
tor. Those defects form shallow donor levels with an ionization energy of 
about 30–60 meV. It has also been suggested that the  n -type conductivity is 
due to the hydrogen impurity introduced during fabrication.  119,120   To date, 
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various types of dopants, such as group-III (Al,  121,122   Ga,  122–124   In  124  ), group-
IV (Sn  124,125  ), group-V (N,  121,122   P, 126  As,  125,126   Sb  127  ), group-VI (S  26,128  ) and 
transition metals (Co,  129   Fe,  130   Ni,  129,131   Mn  132  ) have been implanted into 
ZnO nanostructures. Doping group-III and -IV elements into ZnO has 
been proved to enhance its  n -type conductivity. In contrast,  p -type ZnO has 
been investigated by incorporating group-V elements. Additionally, co-
doping N with group-III elements was found to enhance the incorporation 
of N acceptors in  p -ZnO by forming N–III–N complex in ZnO.  121,122   

 The  n -type ZnO is easily realized via substituting group-III and -IV ele-
ments or incorporating excess Zn. It has been shown that the electrical 
properties of ZnO NWs can be fi ne-tuned by adjusting synthesis conditions 
to generate oxygen vacancy and Zn interstitials.  133   By using a ‘so-called’ 
vapour trapping confi guration, a small quartz vial is used in the CVD system 
to trap the metal vapour, thus creating a high vapour concentration gradient 
in the vial. NWs were observed to display a variety of morphology at dif-
ferent positions on the growth chip due to the change in the Zn and O 2  
vapour pressure ratio. It was found that those ZnO NWs grown inside the 
vial with a higher Zn/O 2  pressure ratio possessed enhanced carrier concen-
tration. Consequently, the vapour trapping method is a very effective doping 
process, which can be used to adjust carrier concentration.  11   

 Although considerable effort has been invested to achieve  p -type doping 
of ZnO, reliable and reproducible  p -type conductivity has not yet been 
achieved. The diffi culties arise from several causes. One is the compensation 
of dopants by energetically favourable native defects such as zinc intersti-
tials or oxygen vacancies. Dopant solubility is another obstacle. Recently, 
an intra-molecular  p – n  junction on ZnO NWs has been reported.  94   In this 
work, an anodic Al membrane was used as a porous template with an 
average pore size of around 40 nm. A two-step vapour transport growth was 
applied and boron was introduced as the  p -type dopant. As a result, the 
current–voltage ( I – V ) characteristics demonstrated rectifying behaviour 
due to the  p – n  junction within the NW. Furthermore, by doping ZnO NWs 
to  p -type in order to fabricate intra-NW  p – n  junction, light emission from 
the  p – n  hetero-junctions composed of  n -ZnO and  p -GaN has been 
achieved.  86   In that work, a vertically aligned ZnO NR array was epitaxially 
grown on a  p -type GaN substrate. 

 ZnO is emerging as a promising dilute magnetic semiconductor (DMS 
material). DMS is attracting tremendous research interest because it is 
predicted to have a high Curie temperature, and can also enhance polarized 
spin injection into semiconductor systems. Room temperature hole-
mediated ferromagnetism in ZnO by introducing Mn as dopant has been 
predicted theoretically and reported experimentally in ZnO thin fi lm.  134   An 
attempt at growing ferromagnetic Zn 1 −    x  Mn  x  O ( x   =  0.13) NWs with a Curie 
temperature of 37 K has also been recently reported.  135   Figure  2.6  displays 
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the temperature-dependent magnetization curve of a Zn 1 −    x  Mn  x  O ( x   =  0.13) 
NW.  11,135   

  Another successful approach to doping ZnO NBs with Mn has also been 
reported.  134   Moreover, ferromagnetism in ZnO NRs was observed with Co 
impurities. Anisotropic ferromagnetic behaviour of Co- and Ni-doped ZnO 
NWs at room temperature has been demonstrated.  129   Owing to its wide 
bandgap, ferromagnetic ZnO is regarded as an excellent potential nanoma-
terial for short-wavelength magneto-optical devices. These studies enable 
potential applications of ZnO NWs as nanoscale spin-based devices.  

  2.5.2     Doping of other oxide nanowires 

 Although ZnO NW is probably the most widely investigated nanostructure 
to date, doping of other oxide NWs has been a subject of interest in the 
years since 2000. There have been several reported methods dedicated to 
the development of doped NWs. For example, doping of Ga 2 O 3  NW affects 
its transport properties.  29   Before doping, the electron transport measure-
ments demonstrate poor conductivity at room temperature (10  − 9   Ω   − 1  cm  − 1 ). 
Specifi cally, a thermal diffusion doping process was utilized to substitute 
Ga 3 +   ions with Zn 2 +  . The resulting conductivity improves by orders of 
magnitude. 

 An alternative report highlighted confi gurable changes in the properties 
of   α  -Fe 2 O 3  nanostructures through doping procedures: quasi-1D (Q1D) 

  2.6      Temperature-dependent magnetization curve of Zn 1 −    x  Mn  x  O 
( x   =  0.13) NW at 500Oe shows Curie temperature of 37 K. Inset: 
magnetization-fi eld hysteresis loop obtained at 5 K. (Reprinted from 
Ref.  11  with permission from Elsevier Science)    
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  α  -Fe 2 O 3  NBs were doped with elemental Zn to control their electrical 
properties.  136   It was shown that   α  -Fe 2 O 3  NBs can be successfully modifi ed 
to be either  p -type or  n -type with enhanced conductivity and electron 
mobility, depending on the doping conditions.  136   

 In 2 O 3  NWs can also be doped with either Ga  137   or native defects.  138   In 
this case, doping changed the carrier concentration which was ultimately 
refl ected during optimization of the electrical transport and gas sensing 
properties.  138,139   Moreover, it has also been reported that In 2 O 3  NWs were 
doped with Sn, resulting in indium tin oxide (ITO) NWs.  140,141   Among other 
recent reports, it is worth mentioning that SnO 2  NWs can also be doped 
with In via epitaxial directional growth with the In concentration at  ∼ 5 % 
atomic ratio.  142    

  2.5.3     Construction of nanoscale metal oxide 
heterostructures 

 The previous section overviewed the basic methods and techniques which 
have been successfully applied for the growth of various metal oxide semi-
conductor NWs, NRs and other nanostructures. However, recent reports 
have also shown that in some cases the developed 1D and 2D metal oxide 
nanostructures themselves can function as templates for growing novel 
hetero-structured materials. These materials can be mainly classifi ed into 
three confi gurations: coaxial core/shell NWs, longitudinal super-lattice NWs 
and layered nanotapes.  11,143–145   Graphical interpretation of this classifi cation 
is illustrated in Fig.  2.7 a. 

   Core/shell nanowires 

 The core–shell confi guration of semiconductor NWs  146,147   permits the devel-
opment of hetero-junctions within the nanostructure, yielding reliable, 
fast-processing and effi cient devices, such as highly effi cient light-emitting 
diodes.  148   So far several types of core/shell structures have been synthesized 
and reported.  146–154   These include semiconductor/oxide,  149   metal/oxide,  150   
oxide/oxide,  151,152,153   oxide/polymer,  154   etc. The unique hetero-junctions 
formed at the core/shell interfaces render promising the prospect of making 
versatile functional devices with enhanced electrochemical properties. For 
instance, amorphous alumina was grown by atomic layer deposition on ZnO 
NWs to form a ZnO/Al 2 O 3  core/shell confi guration. An individual amor-
phous Al 2 O 3  nanotube was then obtained after wet etching the core ZnO 
material. By selecting an appropriate core material, epitaxial shell growth 
can be realized instead of amorphous deposition.  144,152   Another report con-
cluded that vertically aligned single-crystalline MgO NWs as a 1D template 
can be used to produce a variety of transition metal oxide core/shell 
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structured NWs (graphically displayed in Fig.  2.7 b), including YBa 2 Cu 3 O 6.66  
(YBCO), La 0.67 Ca 0.33 MnO 3  (LCMO), PbZr 0.58 Ti 0.42 O 3  (PZT) and Fe 3 O 4 .  144   A 
signifi cant achievement of 70 % magneto resistance (MR) was observed in 
a MgO/LCMO NW system at 170 K (Fig.  2.7 c),  144   and 1.2 % MR at room 
temperature in Fe 3 O 4 /MgO NWs (Fig.  2.7 d) with the presence of antiphase 
boundaries has been reported.  155   Furthermore, an investigation dedicated 
to the sophisticated optimization of a ZnO/Mg 0.2 Zn 0.8 O multi-shell structure 
for radial direction quantum confi nement has been published.  156   In this 
work, the dominant excitonic emissions in the photoluminescence spectra 
showed a blue shift which depends on the ZnO shell layer thickness. More-
over, near-fi eld scanning optical microscopy demonstrated sharp 
photoluminescence peaks corresponding to the sub-band levels of the indi-
vidual NR quantum structures.  

  2.7      (a) Three different types of hetero-structures using 1D NW 
as template: core–shell hetero-structured NW (COHN), a 
longitudinal hetero-structured superlattice NW (LOHN) and a 
nanotape. (b) Schematic illustration of vertically aligned Fe 3 O 4  shell 
coated on MgO core NW. (c) Magnetoresistance measured at 170 K 
with a magnetic fi eld swept from  − 2 T to 2 T. (d) TEM image of such 
core–shell Fe 3 O 4  NW. (e) HRTEM image of an individual In 2 O 3 /ZnO NW 
with longitudinal superlattice structure. (Reprinted from Ref.  11  with 
permission from Elsevier Science)    

M
R

 (
%

)

H (T)

At 170 K

COHN LOHN Nanotape

[100]

[0001]

50 nm

0.26 nm

0.26 nm0.31 nm

(a)

(b)

(d) (e)

(c)

−2 −1 0
0

20

40

60

1 2

�� �� �� �� �� ��



66 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

  Longitudinal super-lattice nanowires 

 An alternative type of metal oxide hetero-junctions is longitudinal super-
lattice NWs. They can be grown along the Q1D structure by periodically 
controlling the conditions of the synthesis process. For example, recent 
reports have confi rmed the development of longitudinal composition 
modulated semiconductor NWs such as GaAs/GaP,  157   Si/SiGe  158   and InAs/
InP.  159   Single or multiple  p – n  junctions of these commonly used semicon-
ductors have been fabricated and characterized. In addition, an In 2 O 3 /ZnO 
super-lattice structure has recently been reported.  145   In that work, a ZnO, 
In 2 O 3  and Co 2 O 3  mixture was thermally evaporated resulting in the 
super-lattice In 2 O 3 (ZnO) m , as presented in Fig.  2.7 e. The recorded lattice 
parameters were as follows: In 2 O 3 (ZnO) 5  ( a   =  0.3327 nm,  c   =  5.811 nm) 
and In 2 O 3 (ZnO) 4  ( a   =  0.3339 nm,  c   =  3.352 nm).  160   The as-fabricated super-
lattices were comparable with the pristine ZnO NWs in their structure, 
composition and optical properties. Electrical measurement of the 
intra-NW  p – n  junctions exhibited rectifying behaviour.  157   More importantly, 
polarized electroluminescence was observed, demonstrating their 
application as nanoscale light-emitting devices.  157      

  2.6     Energy harvesting based on semiconductor 

piezoelectric nanostructures 

 Recent advances in the development of 1D and 2D semiconductor oxide 
nanostructures have provided an opportunity for a new generation of func-
tional devices not only in optoelectronics and chemical sensors, but also in 
energy-harvesting photovoltaics.  161   This is because variations of semicon-
ductor nanostructures and their combinations in complex electrodes have 
led to new functionalities in electronic devices. For example, ZnO has 
already been fabricated in different nanoforms such as 1D NWs, NRs, NBs, 
nanotubes and other complex nano-architectures. The number of applica-
tions for this variety of nano-shaped ZnO complexes has increased 
enormously and now nanostructures of ZnO are considered as one of the 
premium materials for energy harvesting.  118   

 Energy harvesting has been proven as a feasible approach for powering 
micro- and nanodevices and mobile electronics due to their small size, lower 
power consumption and special working environment. The type of energy 
harvesting depends on the application. For mobile, implantable and 
personal electronics, solar energy may not be the best choice, as it may not 
be readily available. Alternatively, mechanical energy, including vibrations, 
air fl ow and human physical motion, which is called random energy 
with irregular amplitudes and frequencies, is accessible when required. 
Piezoelectricity is a novel approach that has been developed for harvesting 
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these types of mechanical and biomechanical energies using piezoelectric 
materials.  162   

 Considering that ZnO possesses piezoelectric properties and is biologi-
cally safe and environment friendly, it can be used in mechanical energy-
harvesting systems to generate electricity for self-powered electronics 
devices.  162   The main intention for mechanical energy harvesting through 
nanogenerators is to replace or supplement the current battery systems. 

 The working principles of nanogenerators can be explained for alternat-
ing current (AC) and direct current (DC) power generation. The mecha-
nism of the power generation behaviour of nanogenerators fabricated from 
piezoelectric semiconductor materials relies on coupled semiconducting 
and piezoelectric properties. Power generation from piezoelectric semicon-
ductor nanomaterial-based nanogenerators varies with the direction of the 
exerted force, viz. perpendicular or parallel to the axis of the NW, and can 
be referred to as AC and DC power generation.  163   When piezoelectric 
semiconducting NWs are subjected to an external force, a piezoelectric 
potential is generated in the NW, due to the relative displacement of the 
cations with respect to the anions. If the piezoelectric potential generated 
in the NW is suffi cient to drive the piezoelectric-induced electrons from the 
top or bottom electrode to the bottom or top electrode, respectively, through 
an external circuit, voltage and current pulses can be recorded by applying 
and releasing the force.  118   

 It has been reported that the AC and DC power generation modes can 
be controlled by integrating nanogenerators with vertical and tilted ZnO 
NRs.  164   Figure  2.8  demonstrates the mode transition of charge generation 
between DC and AC from transparent fl exible piezoelectric nanogenera-
tors (TF-NG), which is dependent solely on the morphology of the ZnO 
NRs without the use of an AC/DC converter. DC-type output charge gen-
eration is based on the coupled effects of the semiconducting and piezoelec-
tric properties of ZnO. When tilted ZnO (T-ZnO) NRs are subjected to an 
external force, they are bent and generate a piezoelectric potential, due to 
the charges induced via the polarization created by the ionic charges of the 
lattice ions along the width of the NRs. A positive potential is produced on 
the stretched side of the NR and a negative potential is induced on the 
compressed side, as displayed in Fig.  2.8 a. Since the tilted NRs are easily 
deformed by an external pushing force (under a load of 0.9 kgf), the piezo-
electric potential is formed along the width of the T-ZnO NRs. Conse-
quently, the piezopotential-induced charges follow the DC-type behaviour 
of the nanogenerator along the internal and external circuit (as presented 
in Fig.  2.8 b). 

  The AC-type charge generation mechanism and the AC output current 
generated by a nanogenerator fabricated with vertical ZnO (V-ZnO) NRs 
are exhibited in Figs.  2.9 a and  2.9 b, respectively.  118   The AC-type current 
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  2.8      (a) Schematic diagrams showing DC-type output charge 
generation from T-ZnO NRs. When the ZnO NRs are brought into 
contact with the top ITO electrode by applying an external force, 
electrons fl ow from the compressed sides of the ZnO NRs to the top 
electrode. (b) T-ZnO-based nanogenerator showing DC-type charge 
generation. (Reprinted from Ref.  118  with permission from Elsevier 
Science)    
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behaviour is attributed to the direct compression of the ZnO NRs by the 
external force (under a load of 0.9 kgf). Considering the geometry of the 
V-ZnO, the vertically well-aligned NRs are easily compressed by the exter-
nal pushing force in the direction of the NR length rather than being bent. 
Hence, a piezoelectric potential is generated in the ZnO NR along the  c -axis 
under uniaxial strain. Therefore, when an external force results in the 
uniaxial strain of the V-ZnO NRs, one side of the NRs is subjected to a nega-
tive piezoelectric potential and the other side to a positive potential.  118   

  In order to generate a measurable signal above the noise level from 
nanogenerators, the presence of a Schottky contact at one end of the NRs 
is essential. The Schottky contact at the sides of the NRs with a negative 
potential enhances the output signal by preventing the fl ow of electrons 
into the ZnO NRs through the interface. The piezopotential-induced elec-
trons are then moved via the external circuit and are accumulated at the 
interface between the electrode and the side of the NRs with a positive 
potential. When the external force is removed and the compressive strain 
is released, the piezoelectric potential inside the NRs instantly disappears 
and the accumulated electrons fl ow back via the external circuit, creating a 
negative electric pulse and, therefore, allowing the current to fl ow in AC 
mode from V-ZnO-based nanogenerators. There have been several attempts 
to increase the power conversion effi ciency of inverted organic solar cells 
using various ZnO nanostructures including Ga-doped ZnO (GZO) with 
poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-C 71 -butyric acid methyl ester 
(PCBM) and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b ′ ]
dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCDBT):PCBM up to 
6 %.  118   The complexity of a modern layered hybrid inverted organic solar 
cell employing different nanostructured materials is illustrated in Fig.  2.10 . 
This structure offers a more promising concept than those with a regular 
structure, in terms of their interface stability and device degradation. Stable 
high-work-function metals are used as the anode to collect holes and a 
metal oxide such as ITO is employed as the cathode to collect electrons. 
Nanostructured ZnO is one of the  n -type semiconductors that can be suc-
cessfully used in inverted cells to increase their power-conversion effi ciency 
and reliability.   

  2.7     Physical electrochemistry of semiconductor 

nanocrystals 

 In order to gain insight into the variables of nanostructured complex 
systems, a broad interdisciplinary approach is needed, both conceptually 
and experimentally, to bridge solid-state physics, nanotechnologies, 
solid-state chemistry, surface physics and surface chemistry with 
electrochemistry.  165   
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  2.10      Schematic illustration of the complexity of inverted layered 
organic solar cells. (Reprinted from Ref.  118  with permission from 
Elsevier Science)    
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 Functional nano-oxides have a wide range of applications, including 
transparent optoelectronics, chemical sensors, piezoelectric transducers, 
light-emitting devices, etc. The downscaling of the material dimensions not 
only implies a shrinkage of the active device which leads to higher packing 
density and lower power consumption, but can also signifi cantly improve 
the device ’ s performance. In addition, when the dimension reduces to a few 
nanometers, quantum mechanical effects start to play an important role. 
Doubtless, a thorough understanding of the fundamental properties of 1D 
and 2D metal oxide systems is the prerequisite for research and develop-
ment towards practical applications. In this regard,  electro-catalysis  has been 
considered as a ‘magic’ term which is attracting growing interest from both 
academics and industry. The broad meaning attached to this term is ‘the 
dependence of the electrode reaction rate on the nature of the nano-
structured electrode material’. Fundamental and applied researchers 
consider electro-catalysis to be a link between fundamental and applied 
problems and, consequently, there is a need to establish a conceptual guide 
to the selection and, more importantly, the optimization of the design of 
new nanomaterials.  166   On the other hand, industry looks at electro-catalysis 
with the hope of being able to improve electrolysis performance (and elec-
tric power generation effi ciency), thus reducing operational costs. 

  2.7.1     Technological demand 

 One way or another, all nanostructured semiconductor metal oxides will be 
utilized in the electrochemical cell, which can be an essential part of a 
variety of advanced functional devices. In this electrochemical cell, the 
applied cell potential difference,  Δ  V , is often used as a main output signal, 
and therefore it is imperative from the practical point of view to achieve 
an applied cell potential difference as close as possible to the thermody-
namic value.  Δ  V  can be split into a number of components as graphically 
presented in Fig.  2.11 , some of which depend on the magnitude of the 
current ( I ). Thus, the overpotential terms for the anodic (  η   a ) and cathodic 
(  η   c ) reactions increase logarithmically with  I  while the ohmic drop ( IR ) 
rises linearly. This means that ohmic diffi culties become more and more 
important as the electrolysis rate is increased. 

  Minimizing   η   a  and   η   c  is a problem of electro-catalysis, while the ohmic 
drop is in principle a fundamental diffi culty of cell engineering, although 
these two quantities are often inter-related. The minimum value of  Δ  V  to 
obtain electrolysis, the equilibrium  Δ  E , is determined by thermodynamics 
(Nernst relations) and does not depend on the electrode material.  167   
However, since energy saving requires that the magnitude of  Δ  V  should be 
as small as possible, industry is exploring the possibility of replacing some 
traditional pairs of electrode reactions entailing large  Δ  E  values with new 
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ones (of lower  Δ  E ), where the ‘auxiliary’ reaction of the unwanted electrode 
process is appositely designed. For example, in the process of chlorine pro-
duction, the electrolytic reactions are chlorine evolution at the anode and, 
as a rule, hydrogen liberation (from alkaline solution) at the cathode with 
 Δ  E  o   =  2.2 V. If the cathodic reaction is replaced by oxygen reduction (air or 
oxygen cathode)  165   the nominal  Δ  E  o  becomes  < 1 V with a theoretical 
reduction of  Δ  V  by  ∼ 30 % (but   η   c  will be substantially higher in this 
case). Therefore, technical and economic issues other than those of 
electro-catalysis have to be solved in order to follow this route. 

 It has to be noted that Fig.  2.11  does not reproduce the actual situation 
in advanced functional devices. Overpotentials and ohmic drops (and also 
 Δ  E  if the thermodynamic conditions change) may drift with time (in long-
term performances), usually increasing the value of  Δ  V .  165   Thus, a more 
complete equation is in fact the following:

 Δ Δ Δ ΔΩV E V V t= + + + + ( )η ηa c       [2.1]  

where the last term on the right-hand-side analytically represents what 
is called ‘electrode stability’.  Δ  V ( t ) may be related to the deterioration of 
the outer surface of the electro-catalyst and/or of the support/active 
nanolayer interface in the case of coatings. However, electrode wear can 
also occur without visible electrical effects until the whole catalyst is con-
sumed. In this case, although the electrode is unstable, an increase of  Δ  V  
can be observed only as the electrode collapses abruptly. In addition to 
the cost of the lost material, if precious metals are contained in the 
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  2.11      Dependence on current fl ow of the components of the potential 
difference applied to an electrolysis cell.    

�� �� �� �� �� ��



 Structural and chemical modifi cation of nanocrystals 73

© Woodhead Publishing Limited, 2014

electro-catalyst, maintenance expenses rise due to the need for electrode 
replacement. 

 The fact that two reactions on a nanostructured electrode inevitably take 
place simultaneously in an electrolytic cell also creates reactions which do 
not give rise to commercially attractive products which may be relevant and 
important for electro-catalysis. Thus, O 2  evolution accompanies most of the 
desired inorganic and organic electro-syntheses in aqueous solutions, while 
H 2  is formed at the cathode of most of the cells where anodic processes are 
being carried out. Taking into an account the importance  per se  of Cl 2  evolu-
tion (one of the largest electrochemical productions), and also of O 2  reduc-
tion (especially) in fuel cells and batteries, it can be easily understood why 
practically the whole of electro-catalytic research is concentrated on Cl 2  
and O 2  evolution as anodic reactions (H 2  ionization is far less investigated) 
and O 2  reduction and H 2  liberation as cathodic reactions. 

 The importance of O 2  electro-catalysis is also related to the fact that, 
beyond the possibility of an unwanted anodic reaction, it is a secondary 
reaction in some of the anodic processes taking place around or above the 
potential range of oxygen evolution. The most typical example is provided 
by the chlor-alkali process. On a thermodynamic basis, O 2  evolution would 
be preferred over Cl 2  formation even in chloride media. However,   η   O2  is 
rather high while   η   Cl2  is negligible at practical current densities.  165   However, 
selectivity problems may arise, requiring a specifi c research strategy to 
tackle them. 

 Considering the analysis provided in the above section as well as existing 
fabricating technologies of semiconductor nano-oxides, current trends in 
applied electro-catalytic research relevant to semiconductor nano-oxides 
can be summarized as follows:  165  

   •   stabilization of electrode nanomaterials towards wear;  
  •   improvement of electro-catalytic activity for wanted reactions;  
  •   depression (reduction) of electro-catalytic activity for unwanted 

reactions;  
  •   replacement of materials containing precious metals with (cheaper) 

materials or composite materials based on non-precious metals or 
oxides;  

  •   fi nding substitutes for polluting materials.    

 Although the current level of development of nanostructured materials 
provides confi dence that such materials satisfying all of the above require-
ments can be found, it is very hard to develop nanomaterials for which all 
the needs can be optimized simultaneously. Nevertheless, several classes of 
transitional metal nano-oxides have been found to give performances 
superior to the parent metals traditionally used in industrial electrodes.  166   
They can be grouped into three main classes as follows:
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   1.   rutile-type metal oxides (dioxides);  
  2.   spinel-type metal oxides;  
  3.   perovskite-type metal oxides.    

 Most of the above-mentioned metal nano-oxides can be prepared in 
various ways as has been described in the previous sections. Up to now, one 
of the most widely used technologies involves thermal decomposition of 
appropriate precursors dissolved in suitable solvents and spread on the 
appropriate substrate. This procedure results in non-stoichiometric, struc-
turally defective nano-oxides, whose parameters and physical and electro-
chemical properties at fi rst approximation depend on the temperature 
and procedure of preparation. In order to analyse, characterize and 
eventually improve the surfaces and electro-catalytic properties obtained, 
correlation between changes of the structural parameters and obtained 
characteristics of the developed nano-oxides should be established. Bulk, 
surface, physical and chemical analyses provide outstanding pieces of infor-
mation that are essential in interpreting electro-catalysis and stability 
performances. The most widely used characterization techniques are sum-
marized in Table  2.1 .   

 Table 2.1      Physical/chemical characterization of nanostructured metal oxides  

Thermal decomposition Thermogravimetric analysis (TGA), 
differential thermal analysis (DTA)

Lattice structure  
Crystallinity  
Crystallite size

X-ray diffraction

Surface area  
Electronic structure

Brunauer-Emmett-Teller analysis (BET), ion 
adsorption  

Electrical conduction

Chemical composition [Bulk 
surface profi le

Rutherford back scattering (RBS), auger 
electron spectroscopy (AES), X-ray 
photoelectron spectroscopy (XPS), 
secondary ion mass spectrometry (SIMS), 
time-domain spectroscopy (TDS)

Hydration Tritium exchange  
Immersion heat  
Nuclear techniques

Acid-base properties  
Point of zero charge  
Surface charge

Potentiometric titration  
Electrophoretic mobility

Electrochemical surface 
spectrum  

Electrochemical surface charge

Cyclic voltammetry  
Impedance measurements  
Chronocoulometry
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  2.7.2     The role of the crystallographic structure of metal 
nano-oxides 

  Crystal shape 

 At present, the effect that grain shape and faceting of crystallites has on 
electro-catalysis in various applications is not subject to comprehensive 
analysis. However, there are reasons to conclude that the role of these 
parameters is understated. The following statements can be made based on 
recent results:  1,81,84,85,161,165–171  

   •   Each crystallographic crystal form has its own combination of crystal-
lographic planes, framing the nanocrystal. Every crystallographic plane 
has its own combination of surface electron parameters, which include 
surface state density, energetic position of the levels, induced by adsorbed 
species, adsorption and desorption energies of interacted molecules, 
concentration of adsorption surface states, the energetic position of 
surface Fermi level, activation energy of native point defects, and so on.  

  •   The external planes of nanocrystals participate in interactions with the 
surrounding (measuring) environment, and therefore these very planes 
determine the electrochemical and catalytic properties of nanostruc-
tured materials. Even spherulites have micro-planes and facets. The 
nanocrystal shape may determine parameters such as crystallographic 
planes, inter-grain contacts, area of inter-grain contacts, gas permeability 
and so on. This implies that the chemisorption characteristics change 
noticeably from one crystal surface orientation to another. Thus, there 
is a large surface dependence at the atomic level for chemical bonding 
of the adsorbed or chemisorbed particles.  

  •   Adsorption/desorption being chemical processes, have activation ener-
gies. The parameters controlling these processes are orientation- and 
grain-size-dependent. The decrease in crystal size in the nm range 
notably strengthens the infl uence of crystallite shape on the adsorption 
properties. Both the shape and the size of nanocrystals have a profound 
infl uence on the concentration of adsorbed species and on the type of 
bonding to the surface that takes place. It is known that, depending on 
the type of bonding, some chemical species may have preferred adsorp-
tion on either the edge/corner sites or on the plane surface.  171   For 
example, it has been reported that mono-dentate adsorption on MgO 
and CaO is preferred on the edge/corner sites, whereas bi-dentate 
adsorption is favoured by smooth planes.  172      

 Consequently, depending on the external form of the nanocrystallites, a 
developed matrix of nano-oxide will have a unique combination of struc-
tural, electronic and electrochemical parameters. 
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 One of the examples of utilization of fabricated nano-oxides and complex 
nano-oxides in sensing electrode materials is chemical gas sensors. Let ’ s 
consider SnO 2  nanocrystals, most widely used as a material for sensing 
electrodes in various semiconductor gas sensors. Detailed studies conducted 
on SnO 2  fi lms deposited by a spray pyrolysis method confi rmed the 
appropriateness of modifi cation of the crystal shapes and sizes for optimiza-
tion of gas-sensing properties.  1,81,85,171   For example, it has been established 
that the growth of grains, especially in the range from nm to  μ m, during 
which the transition from spherulites to nanocrystallites and from nanoc-
rystallites to nanocrystals and crystals takes place, is accompanied by 
changes in both the size and the external shape of the crystallites. Possible 
morphologies of SnO 2  fi lms deposited by spray pyrolysis are presented in 
Fig.  2.12 .  171   

  There is no doubt that the preparation of polycrystalline metal nano-
oxides with necessary grain faceting is diffi cult to control. However, it is 
achievable for 1D metal nano-oxide and, therefore, semiconductor 1D gas 
sensors can be considered as the evidence of this.  171   1D structures are crys-
tallographically perfect and have clear faceting with a fi xed set of planes. 
As a result, this research area must have a higher priority in further devel-
opment of chemical gas sensors. Furthermore, it is necessary to note that 
semiconductor 1D nano-oxide structures with well-defi ned geometry and 
perfect crystallinity could represent a perfect model–material family for 
systematic experimental study and theoretical understanding of the funda-
mentals of gas-sensing mechanisms in semiconductor metal oxides. 

 In analysing the potential practical applications of Q1D structures of 
various types, it is noteworthy that NBs (nanoribbons) probably could be 
one of the most in-demand Q1D structures for different applications. NBs 
do not possess the mechanical strength of nanotubes.  173–175   However, they 
do have structural homogeneity and crystallographic perfection. It is well-
known that crystallographic defects may destroy quantum-size effects. 
Because of the zero-defects of NBs, structural defects will not be a problem 
as observed for NW-type structures. It is necessary to emphasize that suit-
able geometry (see Fig.  2.13   171  ), high homogeneity of the structure and long 
length are important advantages of NBs for mass manufacturing of gas 
sensors. Moreover, NBs have fl exible structures and, therefore, they could 
be curved up to 180° without being damaged. It is known that nanotubes 
do not have such properties. This fact gives additional advantages to NBs 
for different electrochemical sensor designs.   

  Surface stoichiometry (disordering) 

 Surface stoichiometry (disordering) of the metal oxide grains may be as 
important a parameter in gas-sensing and photovoltaics as fi lm thickness 
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  2.12      SEM images of SnO 2  fi lms deposited by spray pyrolysis using 
different technological parameters. (Reprinted from Ref.  171  with 
permission from Elsevier Science)    
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and grain size. This criterion determines the adsorption ability and the 
surface charge through the number of oxygen vacancies and, as a result, 
controls the initial surface band bending (eVs) of the metal oxide and the 
change of eVs at the replacement of the surrounding gas. Considering that 
stoichiometry has a direct impact on such functional device characteristics 
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as sensitivity, selectivity (gas sensing) and reproducibility of electrochemical 
reactions, it must be accurately controlled. 

 It is known that excessive lattice disordering of the surface layer could 
be accompanied by a signifi cant growth of native surface states.  116   Theoreti-
cal studies have indicated that an increase in these surface defects may lead 
to pinning of the surface Fermi level position, and correspondingly to a drop 
in the response of gas sensors.  1,85,171   This means that if the operation of 
solid-state gas sensors is to be effectively maintained, the concentration of 
those states as well as the lattice disordering of the surface layer of metal 
oxide grains should be minimized. However, in this case the surface Fermi 
level will not be pinned, because the charge of native surface states becomes 
comparable to or less than the charge of chemisorbed particles. This surface 
property creates a condition for modulation of surface band bending of 
semiconductors with the change of the surrounding atmosphere. Therefore 
change in the surface stoichiometry of metal oxide fi lms may result from 
changes in deposition and annealing temperature.  161,171   

 A recent report has shown that the surface stoichiometry of metal oxides 
can be controlled through a charge transfer-induced diffusion mechanism 
for O 2  molecules adsorbed on a metal oxide surface.  176   Time-resolved scan-
ning tunnelling microscopy of the TiO 2   110   surface has shown that the O 2  
hopping rate depended on the number of surface donors (oxygen vacan-
cies), which determines the density of conduction band electrons. The 
assumption was that the metal oxides act as reservoirs for oxygen and the 
O 2  diffusion may be a rate-limiting step in oxidation processes on these 
metal oxides.  176   Diffusion of oxygen molecules on a metal oxide surface 
plays a vital role in adsorption/desorption effects and therefore those results 
may have implications for the understanding of their nature. This mecha-
nism is expected to be an important one for reducible oxides such as TiO 2 , 

  2.13      Schematic illustration of the positions of (a) NWs and (b) NBs on 
bonding pad and typical sizes of NBs used in chemical gas sensor 
design. (Reprinted from Ref.  171  with permission from Elsevier 
Science)    
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Fe 2 O 3 , SnO 2  and ZnO, where shallow donor states enable increase to a high 
density of electrons in the conduction band. 

 The presence of an unstoichiometric surface layer can also be responsible 
for a strong interaction between noble metals and metal oxides. The role 
and activity of noble metal catalysts incorporated on solid-state sensors are 
determined by either their chemical state, aggregation form or the interac-
tion with the metal oxide.  171,177      

  2.8     Structural and electrochemical properties of 

semiconductor nanocrystals 

 It is well-known that semiconductor nano-oxides, especially doped ones, are 
very complicated substances for research, because the electroconductivity, 
adsorption–desorption and catalytic characteristics of those materials 
depend on a variety of infl uencing factors. Therefore, to specify the optimal 
fabricating methods and techniques for achieving ‘ perfect ’ nanostructures 
with a set of desired properties, it is necessary to expand our understanding 
of electrochemical reaction mechanisms in nano-oxides beyond our existing 
knowledge. For instance, it is vital to establish the role of morphology, crys-
tallographic structure, surface geometry, surface stoichiometry (disorder-
ing) and other parameters, including their interactions in nano-oxides, 
because there is a lack of genuine, detailed and integrated research reports 
establishing a connection between the structural parameters of nano-oxides 
and the properties of functional devices based on these nanostructures. 
There has perhaps been only one relatively recent attempt to summarize 
variations in properties and characteristics of nanostructured TiO 2  from the 
defect-stoichiometry point of view.  116   However, this study was focused 
only on TiO 2  and just confi rmed the complexity of correlation between 
changes of the structural parameters and obtained characteristics of the 
developed devices. It is therefore necessary to admit that the methods of 
structural engineering employed during fabrication of 1D and 2D nanos-
tructured semiconductors can drastically alter all relevant parameters con-
trolling the desired properties of nano-oxides. For example, Fig.  2.14  
represents a complex approach focusing on summarizing the different 
structural engineering methods applicable for optimization of semiconduc-
tor nano-oxides. 

  Based on this approach, there are fi ve main modifying parameters of 
semiconductor nano-oxides, which can be changed in various proportions 
and ratios during the fabrication process. They are as follows:

   1.   morphology  
  2.   crystallographic structure  
  3.   surface stoichiometry  
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  4.   catalytic activity  
  5.   chemical composition.    

 All of these are inter-connected with each other: changes in just one 
parameter immediately infl uence the others and, consequently, the proper-
ties of the oxide nanostructure. A detailed analysis of the deposition control 
modifi cations, presented in Fig.  2.14 , shows that some of the adjustments 
always impact the parameters of the developing semiconductor nano-
oxides, such as morphology, crystal structure and surface stoichiometry, 
whereas other criteria, such as catalytic activity and chemical composition, 
may or may not be affected. 

  2.14      Diagram illustrating how the methods of structural engineering 
can be utilized and implemented for optimization of parameters of 
semiconductor nano-oxides.    
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 The second widely-used method for the structural engineering of semi-
conductor nano-oxide is doping.  1,84,95–99,102,123,124,134,136,160   During nanofabrica-
tion, this process has always impacted on all specifi cations and has resulted 
in modifi ed and/or optimized properties. Sometimes doping has been 
expressed in the development of completely new complex nano-oxides with 
unexpected and unpredictable properties.  45,69,100,114,122,129,141,142   This is specifi -
cally related to the various sensor applications where nanostructured semi-
conductor oxides were used in the development of a sensing electrode 
(element) of the functional device. 

 On the other hand, post-deposition treatment modifi cations can also have 
an impact on the morphology, surface stoichiometry and catalytic activity 
of the nano-oxide. At the same time, the parameters of the fabricated semi-
conductor nano-oxides, such as crystallographic structure and chemical 
composition, may or may not be changed. 

 It has to be noted that in addition to the methods schematically presented 
in Fig.  2.14 , other possible effects of metal nano-oxide doping include the 
development of  p – n  junctions, the appearance of transitional layers and 
hetero-junctions acting as catalytic fi lters, changes in the valency of the 
metal state and so on.  1,94   

 The existence of such a large number of factors infl uencing the potential 
structural changes that impact on the main characteristics of the functional 
devices is the major reason for the observed high diversity of device per-
formance parameters between units fabricated in various laboratories and 
conditions. This fact confi rms the indisputable diffi culty in reproducing the 
results obtained by other developers. 

 Taking into account the complexity of the factors affecting the structural 
properties of semiconductor nano-oxides, elaboration of nanostructures 
with optimal characteristics must be completed through careful optimiza-
tion of all the parameters of the developing nano-oxides. Diffi culties may 
arise because one imprudent technological decision could induce the oppo-
site results between various parameters of a nanostructure. As a result, 
improvement in one parameter may be accompanied by an adverse altera-
tion of other characteristics. A typical example of this is environmental 
chemical gas sensors based on semiconductor nano-oxides.  1,81,85,166,171   For 
example, thin-fi lm sensors possess a maximum rate of response, but along 
with that they might have very high sheet resistance, which can complicate 
their compatibility with peripheral measuring devices. Sensitivity and stabil-
ity are interconnected parameters. As a rule, the smaller the crystallite size, 
the higher the sensor response but, at the same time, the stability of gas 
sensors with fi nely dispersed grains is often decreased. The ambiguity of the 
effect of grain size decrease on parameters of solid state gas sensors is 
presented in Fig.  2.15 .  171   
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  Nano-sized oxide particles are one of the main building blocks of func-
tional nanodevices. In the application of nanoparticles to fi elds such as 
optical and electronic devices, it is usually desirable to fabricate ordered 
arrays of nanoparticles on substrates in order to improve the controllability 
and performance of the nanodevices. Ultrathin alumina mask (UTAM) 
nanopatterning has recently been recognized as a suitable method for 
fabricating ordered nanoparticle arrays on substrates with controllable 
structural parameters and, more importantly, tunable properties.  178   For any 
nanofabricating technique described in the previous sections, the ability to 
tune the structural parameters such as shape and size is vital since, at the 
nanoscale, many new phenomena and physical properties are closely  related 
to the shape and size of the structures.  1,85,171   Thus, the ability to adjust these 
parameters is key to realizing nanostructures with novel properties. Aniso-
tropic optical and magnetic properties have been found in metallic NRs,  179   
nanoparticles  180,181   and nanodisks.  182   Another report has indicated that the 
luminescence of semiconductor NRs is strongly related to their shape.  183   
Furthermore, size is often a crucial nanostructure parameter, as mentioned 
and described in previous sections. Therefore, for these reasons, good 
control of the shape and size of nanostructures has become one of the chal-
lenges in nanotechnology and nanofabrication. 

  2.15      Diagram illustrating infl uence of grain size decrease on the 
sensor parameters. (Reprinted from Ref.  171  with permission from 
Elsevier Science)    
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 For the UTAM nanopatterning approach, the size of the surface nanos-
tructures can be adjusted in order to achieve controllable structural param-
eters and tunable properties. This is because the pore diameters of UTAMs 
can be controlled within limits of about 10–200 nm.  178   Moreover, using the 
pore-widening process, the pore diameter can be regulated within the cell 
size of the pores. Thus, it is possible to control the spacing of the nanopar-
ticles at the same periodicity (equal to the cell size of the UTAM pores). 
Most nanoparticles fabricated using UTAM nanopatterning are prepared 
using UTAMs anodized in 0.3 M oxalic acid solution at 40 V. The cell size 
of this UTAM is about 105 nm, while the pore diameter is usually modifi ed 
in the range of 50–80 nm, resulting in nanoparticles with similar sizes, as 
presented in Fig.  2.16 .  178   Specifi cally, Fig.  2.16 c shows that the smallest nano-
particles obtained in the process had a diameter as small as 20 nm. Recently, 
UTAMs prepared in sulphuric acid solutions with lesser cell size and pore 
diameters of about 65 and 45 nm were used and arrayed nanoparticles with 
smaller pore size and period were successfully fabricated.  179   

  In conclusion, it is necessary to note that the vast majority of studies 
reported to date relevant to the structural and electrochemical properties 
of semiconductor nano-oxides have been focused on resolving routine 
applied problems without comprehensive investigation of the observed 
effects. Consequently, there has not been a coordinated study in such adja-
cent areas as heterogeneous catalysis, surface science of semiconductor 
nano-oxides and adsorption/desorption behaviour. Therefore, if researchers 
need to accelerate progress towards a better understanding of the nature 
of effects which can serve as the basis for the design of advanced functional 
devices, the direction of research in this scientifi c area should be changed. 

  2.16      Ordered nanoparticles with small size (CdSe): nanodisks (a), 
nanohemisphere (b) and nanoconics (c). The UTAMs used in (a), 
(b) and (c), which were prepared in 0.3 M sulphuric acid solution at 
0 °C and anodization voltage of 27 V, have the same pore diameter and 
cell size of about 45 and 66 nm, respectively. The aspect ratios of the 
apertures of the UTAMs are different, being about 1:3 (a), 1:4 (b) and 
1:10 (c). The diameters of the nanoparticles are about 45 (a), 40 
(b) and 20–40 nm (c). (Reprinted from Ref.  178  with permission from 
Elsevier Science)    

(a) (b) (c)
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Nevertheless, the results obtained in relation to improvement of the proper-
ties of 1D and 2D nanostructures give us hope that a broadening of research 
into 1D and 2D structures would promote this challenging process.  
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  Electronic devices and functional structures 

based on nanostructured semiconductors  

 DOI : 10.1533/9781782422242.95

     Abstract :   The chapter provides an overview of the majority of the novel 
nanoscale devices based on nanostructured semiconductors: from 
tunable electronic devices and optoelectronic devices to resonators and 
cantilevers. It then describes the functional structures, such as carbon 
nanotubes, which have been used in various electronic devices including 
environmental sensors.  

   Key words :   nanoscale functional structures  ,   tunable electronic devices  , 
  optoelectronic devices  ,   resonators  ,   carbon nanotubes (CNT)         

  3.1     Introduction to novel nanoscale devices from 

nanostructured semiconductors 

 If electronics maintains its development in accordance with Moore ’ s law,  1   
in the early part of the 21st century, the number of transistors per chip will 
double every two years. Based on this law, microprocessor architecture will 
soon reach over a billion transistors per chip, operating at clock rates 
exceeding 10 GHz. This trend towards device miniaturization will not only 
be hindered by the existing fabrication technology, but will also result in 
dramatically increased power consumption. Moreover, the length of the 
projected channel in a CMOS fi eld-effect transistor will reach about  ∼ 20 nm 
in 2014  2   and the gate oxide thickness will decrease to approximately two 
mono-layers.  3   As a result, the associated tunnelling-induced leakage current 
and dielectric breakdown will lead to device failure. 

 Consequently, the development of new nanostructured materials with 
thickness of less than 10 nm will be able to address the challenge and thus 
offer exciting new possibilities. This supports Richard Feyman ’ s speech 
back in 1959, when he described a vision – ‘to synthesize nanoscale building 
blocks with precisely controlled size and composition, and assemble them 
into larger structures with unique properties and functions’.  4   This revelation 
still sparks the imagination of a new generation of scientists. 

 One class of nanostructured materials which has attracted tremendous 
attention is the quasi-two-dimensional (Q2D) structures enabled by the 
revolutionary discovery of carbon nanotubes (CNT) in 1991.  5   Enormous 
progress has been achieved during the last few years in the synthesis, char-
acterization and functional application of 2D semiconductors. These semi-
conductors within the size of two coordinates, i.e. with a thickness of less 
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than 7–10 nm, offer completely different properties, higher integration 
density and lower power consumption.  6–9   They also possess large surface-
to-volume ratio and a Debye length consistent with their small size, which 
makes them very attractive in ultra-high-sensitive chemical and biological 
sensors. Furthermore, their size confi nement enables a tunable bandgap, 
higher optical gain and faster operation speed, features which establish this 
class of nanomaterials in the superior position for a variety of functional 
structures and devices based on such structures.  10   

 Considering their in-depth physical and chemical properties, 1D and 2D 
structures have been demonstrated to be promising candidates for the next 
generation of electronic, sensing and optoelectronic devices. Due to their 
diverse physical or chemical properties and functionalities, the 2D metal 
oxides stand out among other semiconductors as one of the most versatile 
classes of materials.  5,11–15   Their 2D structures have not only inherited the 
fascinating qualities and characteristics of their bulk structures, but also 
created unique properties associated with their highly anisotropic geometry 
and size confi nement.  5,11,16   Plate IIa (see colour section between pages 232 
and 233) illustrates a SEM image of a thermodynamically stable layered   α  -
MO 3  nanostructure.  10   As clearly shown in this picture, the   α  -MoO 3  structure 
comprises perfect planar crystals, held together by Van der Waals forces, 
which also offers the possibility of obtaining 2D structures. Advantageously, 
the electronic properties, in particular the bandgap, of such 2D semiconduc-
tor oxides can be largely manoeuvred using well-known chemical and physi-
cal approaches.  17   Such manipulations, which impose their effects on the 2D 
environment, categorize these materials as excellent templates for achieving 
the optimum quantum parameters required for target applications. More-
over, the combination of several 2D nanomaterials into sandwich structures 
(made up of two, three, four or more different layers of such materials, see 
Plate IIb) can offer even greater scope. These 2D-based sandwich hetero-
structures  18,19   can be tailored with atomic precision, and individual layers of 
very different character can be combined together in the sandwich structure. 
Consequently, the properties of these sandwich structures can be tuned 
to fi t an enormous range of possible applications. Furthermore, the func-
tionality of hetero-structure stacks is ‘embedded’ in their design.  11   The fi rst 
designs have already been reported;  20   vertical tunnelling transistors based 
on this type of hetero-structure have recently been demonstrated and 
showed very promising characteristics.  

  3.2     Tunable electronic devices 

  3.2.1     Field-effect transistor 

 Both 1D and 2D structures can be fabricated into fi eld-effect transistors 
(FETs) to serve as the fundamental building blocks of electronic devices 
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such as logic gates, computing circuits and chemical sensors. To date, there 
have been few reports showing that various semiconductor metal oxides 
such as ZnO,  21   Fe 2 O 3 ,  22   In 2 O 3 ,  23   SnO 2 ,  24   Ga 2 O 3 ,  25   V 2 O 5   26   and CdO  27   have 
been confi gured into FETs. In brief, the manufacturing process can be 
described as follows: nanowires (NWs) are fi rst dispersed in a solvent, 
usually isopropanol alcohol or ethanol to form a suspension phase, and then 
deposited onto a SiO 2 /Si substrate. The bottom substrate underneath the 
SiO 2  layer is degenerately doped ( p   +  +   or  n   +  +  ), serving as the back gate. Pho-
tolithography or ebeam-lithography is utilized to defi ne the contact elec-
trode pattern. Assuming a cylindrical wire of radius  r  and length  L , the 
capacitance per unit length with respect to the back gate may be simply 
represented as:

 

C
L h r

= 2
2

0πεε
ln( / )     

  [3.1]  

where   ε   is the dielectric constant of the gate oxide and  h  is the thickness of 
the oxide layer. The carrier mobility in an atomically-thin layer is calculated 
using   μ    =   e / m * 〈   τ   〉  in which  e  is the point charge and   τ   is the transport relaxa-
tion rate of momentum in the plane. Using the Born approximation, the 
transport relaxation time is calculated using:  28  

 

1 2 2

τ
π μ μ

μ
= ×−

−∞

+∞

∫∑∑� N z z V z f k ki k k z
k

z

z

( ) ( )( ) ( ) ( , )d
    

  [3.2]  

in which  N z x y zi
( )( )μ d d d     is the concentration of the   μ   th  kind of Coulomb 

charge centre within the volume d x d y d z  and  f  ( k ,  k z  ) is a function of  k  and 
 k z   vectors.  V zk kz−

( ) ( )μ     is a potential function showing the intensity of the scat-
tering effects on free charges, and reducing it is important if large carrier 
mobilities are to be obtained. In accordance with (3.2), in materials of high 
relative dielectric constants, such as   α  -MoO 3 , the overall effect of Coulomb 
charges on  V zk kz−

( ) ( )μ     is reduced and the scattering effect is dominated by the 
optical and acoustic phonons. For example, in the care of a 2D material with 
a relative dielectric constant of  ∼ 5 and a thickness of 10 nm, the exhibited 
mobility is approximately  ∼ 550 cm 2 /Vs, while for a higher dielectric material 
of  ∼ 500 this number advantageously increases to  ∼ 62 000 cm 2 /Vs.  10   Also 
favourably, the structure of   α  -MoO 3  is made of perfect planar crystals (Plate 
IIa), which also offers the possibility of obtaining 2D structures using 
various exfoliation methods. At a level of a few layers, the dielectric value 
can be reduced in comparison to its bulk counterpart. However, this reduced 
value has a negligible effect on the overall charge mobility of the device, as 
acoustic scattering still remains the main limiting factor at and above room 
temperature. 

 Current–voltage ( I – V ) characteristics of the FETs based on   α  -MoO 3  
were obtained for a range of back-gate voltages as shown in Figs  3.1 a and 
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 3.1 b. The carrier mobility of the device was calculated using the following 
equation:  29  

 
μ = ×

× ×
Δ
Δ

I
V

l
C w V

DC

GS DC     
  [3.3]  

where  Δ  I  DS / Δ  V  GS  is the trans-conductance defi ned by the drain–source 
current ( I  DS ) and the gate–source voltage ( V  GS ),  l   =  800 nm is the channel 
length,  w   =  80 nm is the channel width,  C   =  1.15  ×  10  − 8  F cm  − 2  is capacitance 
per unit area of the gate dielectric material and  V  DS   =  20 mV is the drain–

  3.1      (a) Drain current ( I  DS ) vs drain voltage and (b) gate voltage ( V  GS ) 
characteristics of the transistor based on 2D MoO (3 − x) /MoO 3  hetero-
structure. (c) Photon energy vs (  α h ν  )  2   curves derived from the 
absorbance spectrum of a MoO 3  fl ake with progression of catalysed H  +   
intercalation. Intersection is the linear fi t with the  x -axis indicating the 
bandgap energy used to depict the change in estimated optical 
bandgap with progression of the intercalation process (inset). The 
measurement for (c) was performed by intercalating thicker fl akes in 
order to observe changes in the absorption spectra. (d) Transistor on/
off function for various  V  GS  values for a constant  V  DS  of 1 V and pulsed 
laser deposition.    
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source voltage. The carrier mobility was calculated from the  I – V  curves to 
be  > 1100 cm 2  V  − 1  s  − 1 . In this device, the surface charge density was also esti-
mated to be 1.73  ×  10  − 8  C cm  − 2 .  10   It is important to note that the FETs could 
not be completely switched off. The intercalation process caused the top 
layer to become nearly metallic, effectively reducing the on/off ratio to  < 10 3  
(Fig.  3.1 b). This near-metallic layer proved to be very effective for the injec-
tion of excess electrons, similar to high electron mobility transistor struc-
tures. The gate modulation seems signifi cant under a small range of gate 
bias (from  − 2 to 2 V),  30   considering that a very thick gate dielectric layer 
(300 nm of SiO 2 ) was used in experiments. 

  Temperature-dependent mobility studies were conducted in the range of 
20–100 °C and compared to the theoretical calculations. The experimental 
values follow the theoretical trend.  10   Figure  3.1 c shows that the bandgap 
can be successfully reduced from 3.25 to 2.65 eV after exposure to H 2  gas 
and even to values less than 2 eV afterwards. Collectively, these results 
confi rm the presence of sub-stoichiometric MoO (  3   −    x   )  and the ability to 
reduce bandgap as a function of  x .  10   In this work, the aforementioned 
process is adopted to reduce stoichiometry in thin layers of MoO 3 , in order 
to produce a 2D layer with reduced bandgap and large electron concentra-
tion, hence making it suitable for FET applications. The transistor on/off 
function for various gate voltage  V  GS  values for a constant drain voltage 
 V  DS  of 1 V has also been demonstrated on the developed MoO (3   −    x   )  with 
reduced bandgap (see Fig.  3.1 d). 

 Single ZnO NWs and nanobelts (NBs) have been very intensively studied 
and fabricated into FETs for electrical transport measurements, and similar 
plots of drain–source  I  DS – V  DS  characteristics have been obtained (Fig.  3.2 a). 
In this FET structure, the ZnO contacted by Ti/Au electrodes has exhibited 

  3.2      (A) Current vs bias voltage ( I – V ) shows  n -type behaviour of a FET 
based on ZnO NW. Increasing gate voltage ( V  GS ) contributes to higher 
conductivity of NW. (b) Typical FET current vs gate voltage 
( I – V  GS ) data shows high-performance device behaviour. (Reprinted 
from Ref.  4  with permission from Elsevier Science)    
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high conductance, excellent gate dependence and high on/off ratio.  31   It is 
noteworthy that the CVD-grown ZnO nanostructures are single crystalline, 
endowing them with superior electrical properties compared to polycrystal-
line thin fi lm. For example, an electron fi eld-effect mobility of 7 cm 2 /V s is 
regarded as high for ZnO thin-fi lm transistors.  4   However, in an alternative 
report, an electron mobility of 1000 cm 2 /V s was obtained after coating the 
NWs with a polyimide (PI) passivation layer to reduce the electron scatter-
ing and trapping at the surface.  32   It has also been demonstrated that, after 
coating the ZnO NW with a layer of SiO 2  followed by Si 3 N 4  to passivate 
the surface states, the fi eld-effect mobility is dramatically improved and 
exceeds 4000 cm 2 /V s (as illustrated in Fig.  3.2   4,33  ). These results have con-
fi rmed that devices based on 1D ZnO structures have exceptional potential 
for high-speed electronics applications.  33     

  3.2.2     Vertical electronic device 

 A number of different approaches have been used to build vertical FETs, 
which can utilize the increased integration density of nanoscaled devices 
and fully exploit the nanoscaling advantages. One of the fi rst reports high-
lighting the benefi ts of vertical surround-gate NW FETs was published in 
2004.  34   In this work, the positions of NWs were controlled via a lithographic 
patterning technique. Vertically aligned ZnO NWs were observed to grow 
from lithographically patterned Au spots. These vertical NWs were then 
surrounded with SiO 2  and Cr which function as the gate oxide and elec-
trode, respectively, as depicted in Fig.  3.3 a.  4   The drain–source current 
versus absolute deviation of the gate voltage ( V  G  S ) from the threshold 
voltage ( V  th ) for both  n -channel and  p -channel vertical surrounding gate 
(VSG)-FETs are presented in Fig.  3.3 b. It has been shown that the  n -
channel VSG-FET exhibited a linear dependence, while the  p -channel 
showed strong non-linearity. This is because in the  n -channel the variation 
of gate-induced charge involves essentially electrons that are mobile in the 
channel; in contrast, in the  p -channel, the gate-induced charge involves both 
holes and ionized impurities in the depletion region, and the hole concen-
tration governs conduction and increases with the gate deviation.  4   

  Another report published by the same research group has also demon-
strated variations of the vertical FET based on aligned In 2 O 3  NWs.  35   In this 
design, conductive SiC substrate was employed and direct electrical contact 
was generated by a self-assembled underlying In 2 O 3  buffer layer. This buffer 
layer was fabricated during the synthesis process right on the top of the 
non-conductive sapphire substrate. This depletion mode  n -type In 2 O 3  NW 
vertical FET architecture used a top-gate confi guration which placed the 
gate dielectric capping on the Pt electrode. These fi rst successful reports on 
the fabrication of vertical nanodevices confi rmed that it is possible to 
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combine the integration of electronic and optoelectronic devices into one 
package with high packing density, design fl exibility and function 
modularity.  

  3.2.3     Field emission tip 

 By defi nition, fi eld emission is an electron escape process from the surface 
of a material in the presence of a suffi ciently large electric fi eld.  36   The emit-
ting material/electrode is called a cathode, and it is usually of low electron 
affi nity. Since the discovery of the excellent fi eld-emission (FE) properties 
of carbon nanotubes (CNTs) in the 1990s, there has been constantly growing 
interest in studying the fi eld emission of Q1D structures for potential FE 
applications owing to their high aspect ratio. Moreover, during the last few 
years, semiconductor 1D materials have started to attract considerable 
interest for their unique FE properties. Theoretical modelling has eluci-
dated their advantages  36   such as well-controlled electronic properties and 
low electron affi nity. 

 One of the fi rst breakthroughs in the development of FE aspects using 
metal oxide NWs was reported in 2002, where an aligned ZnO NW fi eld 
emitter demonstrated a turn-on voltage of 6.0 V/ μ m at a current density of 
0.1  μ A cm  − 2 .  37   The emission current density from the ZnO NWs reached 
1  μ A cm  − 2  at a bias fi eld of 11.0 V/ μ m, which is suffi ciently bright for fl at 
panel display application. Since vertically aligned NWs present lower fi eld 
threshold (turn-on) with better performance, a combination of aligned 

  3.3      (a) 3D schematic illustration of the critical components of a 
 V  SG -FET. (b)  I – V  characteristics for two  n - and  p -channel VSG-FETs. 
The inset shows a cross-sectional image of a VSG-FET with a channel 
length about 200 nm. Scale bar: 200 nm. (Reprinted from Ref.  4  with 
permission from Elsevier Science)    
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metal oxide Q1D structures, including IrO 2 ,  38   RuO 2 ,  39   SnO 2 ,  40   In 2 O 3 ,  41   WO 3 ,  42   
TiO 2 ,  43   CuO,  44   etc., have been investigated for their FE properties. 

 Generally, the patterning and alignment techniques used must be suitable 
for fabrication of NW FE devices.  38,41   In fact, apart from the above-
mentioned techniques, other methods, such as surface coating and doping, 
have also been proposed to enhance the performance and effi ciency of their 
fi eld-emission property. FE current density was reported to be increased 
and the threshold electric fi eld reduced by coating a layer of low work func-
tion materials such as amorphous carbon and carbon nitride.  45   Sn  46   and Ga  47   
doped ZnO have also demonstrated lower turn-on electric fi eld. Conse-
quently, since the surface defect states (stoichiometry), which trap charge 
carriers and form a high potential barrier, are a drawback of using metal 
oxide materials for fi eld emission, a thermal annealing process was used to 
improve the crystal stoichiometry.  39,48    

  3.2.4     Logic gate 

 Diodes and FETs with electrically controlled ‘on’ and ‘off’ switching func-
tion are the fundamental elements to construct and develop higher level 
circuits, for instance logic gates, which are the key components in modern 
integrated computation circuits. Apart from the confi rmed transistor func-
tion of the 2D MoO 3  semiconductor (see Fig.  3.1 d), a similar transistor 
function of the 1D metal oxide system has been discovered in electrical 
transport studies.  49   In this report, logic units such as ‘OR’, ‘AND’, ‘NOT’ 
and ‘NOR’ have been designed and fabricated using  n -type ZnO nanorods. 
These gates are built upon a combination of metal–semiconductor Schottky 
junction diodes or FETs, as shown in Fig.  3.4 .    

  3.3     Optoelectronics based on nanostructured 

semiconductors 

  3.3.1     Emitter, laser and waveguide 

 Although many of the 1D and 2D metal oxide semiconductors are attrac-
tive to various electronic and optoelectronic devices (lasers,  50   electro-
optical modulators,  51   photodetectors  52   and waveguides  53  ) owing to their 
versatile properties, up to now their successful implementation in such 
practical applications has been rather limited. This is partly due to the 
limitations of existing technologies and to the challenges of coupling a 
suitable probe light into a NW waveguide. However, NWs that possess a 
direct bandgap such as ZnO, GaN, CdSe and CdS, in particular, are attrac-
tive because of their tunable electric fi eld confi nement and strong coupling 
between electron–hole pairs (excitons) and the light fi eld.  54,55   Specifi cally, 
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  3.4      ZnO nanorod logic devices. (a) Schematic, SEM image and device 
characteristic of an OR logic gate fabricated using two Schottky diodes 
based on a single nanorod. Output voltage ( V  o ) vs the logic input 
confi gurations ( V  1 ,  V  2 ): (0, 0), (1, 0), (0, 1) and (1, 1). Logic input 0 is 
0 V and logic input 1 is 3 V. (b) AND logic device fabricated using two 
Schottky diodes based on two ZnO nanorods. For this measurement, 
 V  c  is biased at 3 V. (c) a NOT logic gate constructed using a FET based 
on a single nanorod. The output voltage ( V  o ) vs the logic inputs ( V  i ) of 
0 and 1, where logic inputs 0 and 1 are 0 V and  − 3 V, respectively.  V  c  is 
biased at  − 3 V. (d) a NOR gate using two FETs fabricated on a ZnO 
nanorod. Voltage bias is the same as for the NOT gate. Scale bars are 
2  μ m. (Reprinted from Ref.  4  with permission from Elsevier Science)    
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ZnO NW, owing to its large energy bandgap and exciton binding energy, is 
especially suitable for short-wavelength optoelectronic applications. The 
excitonic recombination provides an effi cient radiative process and facili-
tates a low-threshold stimulated emission. Photoluminescence spectra 
studies have shown that ZnO NW is a promising material for ultraviolet 
emission and lasing.  4   Another advantage of the ZnO NW is its near-
cylindrical geometry and large refractive index ( ∼ 2.0), making it a natural 
candidate for optical waveguides.  56   

 Figure  3.5 a depicts how optically pumped light emission is guided by a 
ZnO NW and coupled into a SnO 2  nanoribbon (Fig.  3.5 b).  4   Figure  3.5 c 
illustrates the stimulated emission (typical lasing peak) of a ZnO NW laser 
cavity.  57   In addition, the well-facetted NWs form ideal optical resonance 
cavities which facilitate highly directional lasing at a room temperature in 
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  3.5      (a) An optical microscope image of a ZnO NW guiding light into a 
SnO 2  nanoribbon and (b) an SEM image displaying the NW–
nanoribbon junction. (c) Stimulated emission of ZnO NW laser cavity 
was observed. (Reprinted from Ref.  4  with permission from Elsevier 
Science)    
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well-aligned ZnO NWs.  58   To reveal the dynamics underlying the lasing 
phenomenon, time-resolved second-harmonic generation (TRSHG) and 
transient photoluminescence spectroscopy were used to probe the creation 
and relaxation of excited carriers, and successfully described the radiative 
and non-radiative recombinations.  59   In this paper, a lasing power threshold 
of 40–100 kW cm  − 2  was reported, and it was suggested that higher crystal 
quality renders lower threshold. The additional advantage of lasers based 
on ZnO NW is that the size confi nement yields a substantial density of 
states at the band edge, thus enhancing optical gain. 

  Recently, CdS NW has been successfully used in all-optical active switch-
ing devices,  55   exploiting the strong light–matter coupling present in such 
NWs. The reported design fulfi ls the critical functions of two structurally 
isolated optical waveguides, and simultaneously provides effi cient optical 
coupling between waveguides to inject the probe light generated by one 
segment into another via butt coupling, as presented in Fig.  3.6 .  55   The 
on-chip all-optical switching using individual CdS NWs described has lever-
aged the concept into a working all-optical semiconductor NW NAND gate. 
The study underscored the potential of strong light–matter coupling in 
compound semiconductor nanostructures and emphasized the importance 
of further development of such all-optical active switching, as it can open 
new opportunities for comparable silicon-based dielectric contrast  60   and 
photonic crystal  61   devices in the near future.   

  3.3.2     Light-emitting diode 

 Previous sections have briefl y described how metal oxide NW arrays have 
demonstrated unique UV emission and even lasing behaviour under the 
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  3.6      (a) Illustration of the switching device concept with a single CdS 
NW cut in two by a focused Ga ion beam, resulting in two nanowires 
of identical diameters aligned end to end, structurally isolated from 
one another and separated by a distance of 5–500 nm. A frequency-
doubled Ti:sapphire laser at 458 nm is used to optically pump the 
upper portion to lasing conditions, and the resultant on-chip laser 
light emitted by the nanowire is then transmitted through the gap and 
waveguided to the bottom end facet. (b) True colour optical 
microscope image of a 10.9  μ m long, 205 nm diameter CdS NW device 
at 77 K under the conditions explained in (a). Note the strong 
interference fringes emanating from both portions of the NW 
indicating successful transmission of laser light across the 160 nm 
wide ion-milled gap. Inset: SEM image of the NW-based device. Scale 
bar applies to both images. (c,d) Photoluminescence spectra collected 
using a position-sensitive photodetector positioned at the top (c) and 
bottom (d) end facets. Other than minor changes due to Fabry–Pérot 
resonances in the lower portion and attenuation of short wavelengths, 
the two spectra are similar and the laser peak at 2.510 eV remains 
intact. (Reprinted from Ref.  55  with permission from Nature 
Publishing)    
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excitation of an external laser source. However, from the practical device 
application point of view, electrically-driven light emitting and lasing are of 
more technical importance. To achieve this objective, both electrons and 
holes need to be injected into the metal oxide nanostructure to facilitate 
electron–hole pair recombination. This picture is quite alluring but, in the 
case of ZnO, the fabrication of  p–n  junctions is rather diffi cult.  4   Although 
 p -type ZnO doping still represents a challenge, progress has been achieved 
on thin-fi lm ZnO  p–n  junctions by introducing nitrogen as the  p -type 
dopant for light-emitting diodes (LEDs).  62,63   Recently, it has been reported 
that intra-molecular  p–n  junctions were fabricated using ZnO NWs.  64   
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However, light emission has not been achieved. As an alternative 
solution, light emission from  p–n  hetero-junctions composed of  n -ZnO and 
 p -GaN has been proposed.  65   In this report, a vertically aligned ZnO nanorod 
array was epitaxially grown on a  p -type GaN substrate as schematically 
illustrated in Fig.  3.7 a. The electroluminescence (EL) was measured at room 
temperature, as presented in Fig.  3.7 b. Similar results were reported for  p–n  
hetero-junctions developed between ZnO NWs and  p -type poly(3,4-
ethylene-dioxythiophene) poly(styrenesulphonate) (PEDOTIPSS).  66   Their 
EL spectrum showed excitonic luminescence at around 380 nm. 

  Another approach to developing effi cient LEDs is to combine the prop-
erties of graphene and ZnO quantum dots (QDs).  67   White emission was 
achieved by combining the QDs with other emissive materials in a multi-
layer LED. In general, QDs represent a huge potential in nanoscale device 
applications such as next-generation electronic and optoelectronic devices 
(including LEDs and solar cells) owing to their unique properties, which 
arise due to the quantum confi nement effect.  68   The potential use of hybrid 
nanocomposites to develop and fabricate functional optoelectronic devices 
with a simple solution process recently suggested the feasibility of trans-
ferring this technique to plastic substrates, an achievement that would 
offer many attractive advantages, including fl exibility, light weight, 
shock resistance, softness and transparency.  69,70   The implementation of 
this approach has resulted in carbon nanomaterial-based electronic and 
optoelectronic devices such as thin fi lm transistors and LEDs.  71,72   

  3.7      (a) Schematic diagram of the  p -GaN/ n -ZnO nanorod hetero-
junction device. (b) Room-temperature EL spectra of a  p -GaN/ n -ZnO 
hetero-junction device at different reverse-bias. The inset is a 
photograph of light emission at a 5 V reverse-bias. (Reprinted from 
Ref.  4  with permission from Elsevier Science)    
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 A novelty in these types of approaches has also been refl ected in a simple 
and facile technique for the synthesis of ZnO–graphene quasi-core–shell 
QDs.  67   Plate III (see colour section between pages 232 and 233) graphically 
summarizes the chemical synthesis process for the ZnO–graphene 
quasi-core–shell structure QDs. In this confi guration, graphite oxide (GO) 
is fi rst prepared by surface treatment of natural graphite powder with a 
mixed acid of H 2 SO 4  and HNO 3  (Plate IIIa). Consequently, in a mixture of 
zinc acetate dihydrate and GO in dimethyl formamide (DMF), embryo 
ZnO QDs are preferentially formed, growing to  ∼ 10.6 nm in diameter.  67   
At the outermost edges of the embryo ZnO QDs, it is probable that two 
chemical reactions then occur, as schematically encapsulated in Plate IIIb. 
In one reaction, Zn 2 +   ions chemisorbed on the embryo ZnO QDs (denoted 
Zn 2 +  (ZnO)) react with functional groups on the GO,  73   leading to the local 
creation of Zn–O–C bonding. On the other hand, Zn 2 +   ions bonded on GO 
(denoted Zn 2 +  (GO)) in another reaction to form Zn–O bonding and then 
combined with embryo ZnO QDs. Plate IIIc shows that the ZnO QDs are 
not entirely encircled by the graphene. Nevertheless, during this reaction, 
sections of graphene detach from the GO layers through a layer-by-layer 
chemical peel-off process (chemical exfoliation), then partially encircle the 
ZnO QDs to form quasi-core–shell nanoparticles with a diameter of 
 ∼ 15.8 nm, as shown in the high-resolution transmission electron microscopy 
(HRTEM) image presented in Plate IIId. 

 In order to demonstrate the potential applications of these ZnO–
graphene quasi-core–shell QDs to optoelectronic devices, a hybrid polymer–
quantum dot LED device with a multilayer structure has been fabricated 
and evaluated.  67   Figure  3.8 a displays the  J – V  characteristic curve of a ZnO–
graphene quasi-core–shell QD LED with the applied voltage varying up to 
17 V. With increasing applied voltage, the current density  J  remains approxi-
mately constant (increasing slightly) up to  ∼ 11–12 V, then increases drasti-
cally, corresponding to the turn-on voltage of the LED. In addition, Fig.  3.8 b 
shows the electroluminescence at different applied voltages. Four distinc-
tive emissions appear at  ∼ 428 nm (2.89 eV), 452 nm (2.74 eV), 475 nm 
(2.60 eV) and 606 nm (2.04 eV), the peak positions of which differ slightly 
from those of the photoluminescence. In the energy band diagrams for the 
ZnO–graphene QD LED (Fig.  3.8 c), Cs 2 CO 3  (with the lowest work func-
tion, 2.8 eV) is utilized as both an electron-injection layer (EIL) and a hole-
blocking layer (HBL) rather than the widely used thermally evaporated 
LiF.  74   Electrons were injected from the Cs 2 CO 3  to the LUMO and LUMO 
 +  2 excited MOs of the G–O epoxy  conjugated with the ZnO QD rather than 
to the conduction band of the ZnO, because the 4.4 eV energy level of 
graphene  75   is lower than the 4.19 eV conduction band of ZnO. 

  In the creation of the LUMO and LUMO  +  2 MOs of G–O epoxy , the fi rst 
two emissions – 428 nm (2.89 eV) and 452 nm (2.74 eV) – can be easily 
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  3.8      (a) Current density–voltage ( J – V ) characteristics for the fabricated 
LED device. (b) Electroluminescence spectra of the fabricated ZnO–
graphene quasi-QD LED device with applied voltages from 11 to 17 V. 
(c) Band diagram of the fabricated LED device. The HOMO and LUMO 
(highest and lowest unoccupied molecular orbital, respectively) levels 
of PEDOT:PSS, poly-TPD (poly(4-butylphenyl-diphenyl-amine), 
graphene and ZnO are taken from Ref.  67 . The pathways of holes and 
electrons are indicated by arrows. (d) Photograph of light emission at 
11, 13, 15 and 17 V applied bias. (Reprinted from Ref.  67  with 
permission from Nature Publishing)    

ascribed to excitonic recombination of injected electrons on the unoccupied 
LUMO and LUMO  +  2 MOs of G–O epoxy  and holes in the valence band of 
ZnO. Under forward bias, electrons injected from the Cs 2 CO 3 /Al electrode 
result in a net carrier doping, that is, an upward shift of the Fermi energy 
( E  F ) of the graphene. This means that the valence band of ZnO has to be 
slightly lifted to align the Fermi level of ZnO with that of G–O epoxy . Accord-
ingly, the energy differences between the unoccupied LUMO and LUMO 
 +  2 MOs of G–O epoxy  and the valence band of ZnO are reduced, so that the 
peak positions of the two emissions shift towards longer wavelengths (red-
shift).  67   The applied voltage  V  changes the charge-carrier density  n  in graph-
ene ( n   =    α V ), and therefore shifts the Fermi level  E  F , where  Δ  E  F   =    ħ  ν   F (  π  | n |) 1/2 . 
Here, positive (negative)  n  corresponds to electron (hole) doping,   ν   F  is the 
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Fermi velocity (0.8  ×  10 6  m s  − 1 ) and   α    ≈  7  ×  10 10  cm  − 2  V  − 1  (estimated from a 
simple capacitor model).  76   

 The shift in  E  F  to align with that of graphene affects the positions of the 
valence and conduction bands of ZnO. For an applied voltage of  V   ≈  
11–15 V, the calculated  Δ  E  F  is as much as  ∼ 82–95 meV and the Fermi level 
of graphene is elevated to the same level. If  Δ  E  F  is assumed to be 95 meV 
for  V   =  15 V, the transition energies of electroluminescence are expected at 
2.95 eV and 2.80 eV. Because these agree well with the observed 2.89 eV 
(428 nm) and 2.74 eV (452 nm) electroluminescence values, qualitatively we 
can attribute the change in the peak position of electroluminescence to the 
shift of  E  F  due to the injection of electrons. In this way, we have found a 
new way to tune the centre of the electroluminescence of a metal oxide 
semiconductor by conjugation with graphene, the Fermi level of which is 
located between the conduction and valence bands of the metal oxide QDs. 

 Figure  3.8 d shows a photograph of the light emission from the fabricated 
LED for applied biases of 11, 13, 15 and 17 V. The ZnO–graphene QD layer 
LED pixels appear uniformly luminescent and appear bluish-white to the 
naked eye due to the combination of a series of blue emissions (428, 452 
and 475 nm) and yellow emission (606 nm), with CIE coordinates (0.23, 
0.20), (0.28, 0.24) and (0.31, 0.26) for 13, 15 and 17 V applied biases, respec-
tively. At 15 V applied bias and with optimal CIE coordinates (0.23, 0.20), 
the maximum brightness reaches  ∼ 798.1 cd m  − 2 . The external quantum effi -
ciencies of the fabricated LEDs were measured to be 0.18, 0.04 and 0.02 % 
for 13, 15 and 17 V applied biases, respectively.  67   

 Consequently, all the above-mentioned studies confi rmed that the wave-
length of excitonic emission of metal oxide semiconductor QDs can be 
modulated by conjugation with graphene in the form of a consolidated 
layered structure (Plate IV, see colour section between pages 232 and 233). 
Graphene is the obvious material choice for this application, offering high 
intrinsic electrical conductivity, an accessible and defi ned pore structure, 
good resistance to oxidative processes and high temperature stability.  11    

  3.3.3     Polarization-dependent photodetector 

 Another type of functional optoelectronic device based on nanostructured 
semiconductors is polarization-dependent photodetectors. ZnO NWs  77,78   
and SnO 2  NWs  79   have been intensively investigated for their UV emission, 
lasing and photodetection properties. Polarized photodetection in In 2 O 3  
NWs has also been observed.  80   Photoconductance is found to be propor-
tional to cos 2   θ  , where   θ   is the angle between the polarization of incident 
light and the long axis of the NW. It is at a maximum when the electric fi eld 
component of the incident light is polarized parallel to the NW long axis 
as graphically presented in Fig.  3.9 a.  4   Since a NW ’ s diameter is much smaller 

�� �� �� �� �� ��



110 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

than the light wavelength, the electric fi eld component of light normal to 
the NW axis is effectively attenuated inside the NW. This interesting prop-
erty can lead to promising applications for Q1D polarization-dependent 
photodetectors and optically gated switches. In some of the recent reports 
dedicated to the investigation of photoconductivity measurements of ZnO 
NWs, it was found that the environment has a crucial effect on the photo-
response.  77,81,82   For example, surface chemical adsorption on the NWs could 
signifi cantly expedite the photocurrent relaxation time. Figure  3.9 b presents 
the results of ZnO NW photoresponse to 633 nm laser in air, compared to 
vacuum (presented as an insert). As is clearly shown in this fi gure, the 
photocurrent relaxation time is approximately 8 s in air but represents 
hours in vacuum. This is because in air, photogenerated holes discharge 
surface chemisorbed ions upon illumination, while the photogenerated 
electrons signifi cantly increase the conductivity. When the illumination is 
switched off, oxidizing gas (mainly O 2 ) molecules in the air re-adsorb onto 
the surface and reduce the conductivity. This sensitivity to surface chemi-
sorption is vital for chemical sensor applications, which will be discussed in 
detail below. 

  The existence of a wide bandgap in metal oxides has been extensively 
exploited for blue-UV range optoelectronic applications. However, some 
metal oxides also exhibit infrared (IR) photodetection due to indirect band-
gaps. For example, CdO has a small indirect bandgap of 0.55 eV. Recently, 
photoconductivity measurements of a CdO-based FET with IR light illu-
mination have been presented.  79   The IR detection on/off ratio is about 8.6 
at 1.2 K and the relaxation time constant is estimated to be 8.6 s.  

  3.9      (a) Polarized photodetection of both UV (365 nm) and visible light 
(spectrum shown in the inset) show that NW conductance is 
maximized when the electric fi eld component of the incident light is 
polarized parallel to the NW axis. (b) NW photoresponse to 633 nm 
laser in air compared to that in vacuum (inset). (Reprinted from Ref.  4  
with permission from Elsevier Science)    
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  3.3.4     Flexible molecular-scale electronic devices 

 Large-area devices containing extremely thin fi lms of molecular materials 
represent the ultimate scaling of fl exible devices based on organic materi-
als.  83,84   However, for long-term stability, the infl uence of bending and twist-
ing on the electrical and mechanical stability of such devices has to be 
preserved. The latest advances in nanotechnology and nanostructured 
semiconductor materials have allowed the employment of these materials 
and devices in fl exible electronic circuits,  85,86   memory devices,  87   various 
sensors,  88,89   displays  90   and bio-electronic devices.  91   In this regard, nanoscaled 
elements such as thin fi lms,  92,93   NWs,  94   NTs  95   and nanoparticles  87   can also be 
incorporated into the active fi lms of mechanically fl exible devices. In all the 
above-mentioned fl exible devices and instruments, bending stability is a 
critical factor affecting the suitability of molecular devices for applications 
in fl exible electronic systems. One excellent recent report has highlighted 
improvements in such bending stability and detailed fabrication and char-
acterization of two-terminal electronic devices based on self-assembled 
monolayers of alkyl or aromatic thiol molecules on fl exible substrates.  96   

 In order to investigate how the performance of fl exible molecular-scale 
electronic devices changes in response to mechanical deformation, a two-
terminal confi guration, schematically presented in Fig.  3.10 a, was chosen.  96   
PI was used as the fl exible substrate for two reasons:

   1.   Compared with other fl exible substrates, it has a relatively high thermal 
stability (up to 520 K), which prevents substrate deformation during the 
thermal treatment used to make the isolating layer (photoresist) insol-
uble in ethanol for the self-assembly process performed on the bottom 
gold electrode.  83    

  2.   The low surface roughness of PI reduces the defect density of the self-
assembled monolayer (SAM) molecules in the junction. Indeed, atomic 
force microscopy revealed that the root-mean-square roughness of a 
2.5  μ m  ×  2.5  μ m region of the surface was  ∼ 1.9 Å. In total 512 devices on 
3 cm  ×  3 cm units were fabricated (Fig.  3.10 c).    

  To ensure a practical device platform, the stability and design lifetime of 
the molecular junctions must be determined.  83   Two voltage step conditions 
with short time intervals ( Δ  t   =  10 s) were also applied to test the retention 
of a C12 molecular junction.  97   The  J  values were measured at 0.8 V and 
 − 0.8 V for 1  ×  10 4  s at  Δ  t   =  10 s, and were retained without signifi cant degra-
dation. The reported results demonstrate that the developed molecular 
device has exhibited an outstanding operational stability and durability.  96   

 Figure  3.11  represents excellent achieved retention characteristics under 
severe bending conditions. As displayed in Fig.  3.11 a, the  J  values of the 
fl exible molecular devices were maintained when bent over a toothpick 
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  3.10      (a) Schematic of a fl exible molecular device. The layers (from 
bottom to top) are a fl exible substrate, a bottom Au/Ti electrode, a 
molecular layer or photoresist (PR) for electrical isolation, a 
PEDOT:PSS layer and a top Au electrode. (b) SEM image of a 
molecular device. The junctions are square-shaped and have sides 
with lengths ranging from 30 to 100  μ m in increments of 10  μ m. Inset: 
high-resolution cross-sectional TEM image of a molecular device. 
(c) Photograph of completed device. (d) Current density  J  (on a log 
scale) versus voltage  V  for C8, C10 and C12 molecular devices under 
fl at conditions at 300 K. Inset:  J  (on a log scale) vs number of carbon 
atoms. Error bars denote standard deviation of individual 
measurements for several devices. (e) Arrhenius plot ( J  vs inverse 
temperature) for C8, C10 and C12 molecular devices at different 
temperatures (from 150 to 300 K) and fi ve different voltages. 
(Reprinted from Ref.  96  with permission from Nature Publishing)    
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(bending radius  ≈  1 mm) for 1  ×  10 4  s, indicating superb durability and 
operational stability under extreme bending conditions. These results also 
suggested that there were no signifi cant changes in the structure and phase 
of SAM molecules in the molecular junctions when the device was bent 
severely. The measured the  J – V  characteristics of the fl exible molecular 
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  3.11      (a) Current density  J  vs time (both on log scales) for a C12 device 
being bent around a toothpick (bending radius,  r   ≈  1 mm, shown in 
inset). The voltage was stepped between  + 0.8 V and  − 0.8 V and  J  was 
measured every 5 s for 10 000 s. (b) Values of  J  measured at 0.8 V 
for C8, C10 and C12 devices as a function of twist angle. Insets: 
photographs taken at three different angles. (c) Photograph of fl exible 
devices rolled over a tube (radius, 2.5 mm;   θ    =  30°) under helical 
structural conditions. (d) Plot of  J  (on a linear scale) vs  V  for a C12 
device under fl at (solid circles) and helical (open circles) conditions. 
(Reprinted from Ref.  96  with permission from Nature Publishing)    
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devices under various bending confi gurations are depicted in Fig.  3.11 b,  96   
which represents the  J – V  characteristics and operational stability of C8, C10 
and C12 fl exible molecular devices under twist conditions. Noticeable deg-
radation was not observed as the twist angle was varied from 0 to 35° (in 
steps of 5°). Figure  3.11 c shows a photographic image of the investigated 
fl exible molecular device (a strip with dimensions of 0.25 cm  ×  40 cm con-
taining 1024 molecular junctions) rolled over a tube (radius, 2.5 mm) in a 
helical confi guration (  θ    =  30°). The  J – V  characteristics of a C12 device under 
helical and fl at conditions are shown in Fig.  3.11 d. Pronounced changes 
in these characteristics were not observed under helical structural 
conditions. 

  All the reported results have demonstrated that ultrathin molecular-
monolayer-based devices can operate reliably when bent, twisted or 
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deformed into helical structures, and that their performance can be 
explained by molecular modelling. These observations and data also sug-
gested that it should be possible to make large-area fl exible devices in which 
the active layer is a single layer of molecules.   

  3.4     Resonators and cantilevers based on 

nanostructured semiconductors 

  3.4.1     Nanoresonator 

 Typical characterizations of NW mechanical properties such as Young ’ s 
modulus and resonant frequency are not easily performed due to the 
sophisticated instrumentation necessary for such testing. Although theoreti-
cal modelling can assist and support in this exercise,  98   it is not always easy 
to have all constants for precise and accurate modelling. There have been 
several pioneering works dedicated to the characterization of nanoscale 
mechanical properties, the measurement of the bending modulus and the 
piezoelectric properties of various nanostructures,  99–103   including employ-
ment of  in-situ  TEM.  100   In this work, electric-fi eld-induced excitation was 
applied to drive the harmonic resonances of a Q1D structure. ZnO NB,  100   
SiO 2 /SiC composite  99   and CNT  104   have been tested for potential nanoreso-
nator applications. Another recent report has presented SEM and electric 
fi eld excitation techniques to characterize the Young ’ s modulus of   β  -Ga 2 O 3  
NW  4   and amorphous SiO 2  NW.  105   A schematic experimental set-up for these 
measurements is presented in Fig.  3.12 a. In addition, the thermally driven 
mechanical defl ection of ZrO x /SiO x  and TiO x /ZnO x  hybrid NWs to 
electrically-driven resonance was also reported.  106     

  3.12      (a) Schematic of experimental set-up showing a resonating Ga 2 O 3  
NW under applied DC bias and AC driving signal. (b) Piezo-response 
force microscope analysis is performed in contact mode with the 
addition of a function generator, a lock-in amplifi er and a signal 
access module. (Reprinted from Ref.  4  with permission from Elsevier 
Science)    
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  3.4.2     Piezoelectric properties 

 Due to the great efforts of researchers in the years since 2000 working on 
the development of advanced methods utilizing contact mode atomic force 
microscopy (AFM), it has been possible to measure the piezoelectric prop-
erties of ZnO NBs  101   and the elastic characteristics of vertically standing 
ZnO NWs.  102   The elastic moduli of individual NWs were derived by simul-
taneously recording the topography and lateral force image while the AFM 
tip was scanning across the NW.  102   This principle originates from the depend-
ence of the change of lateral force on NW bending. Moreover, a piezo-
response force microscope (PFM) technique evolved from AFM, graphically 
displayed in Fig.  3.12 b, was used to investigate the ferroelectric and piezo-
electric properties of Q1D metal oxide nanostructures including ZnO 
NBs,  101   KNbO 3  (KN) NRs  107   and Pb(Zr 0.53 Ti 0.47 )O 3  (PZT)  108   NWs. The PFM 
technique is based on detecting local mechanical deformation induced by 
an AC signal applied across the conductive AFM tip and the bottom elec-
trode of the sample. In the recorded data, the amplitude of the piezoelectric 
response indicates the extent of the local piezoelectric phenomenon, and 
the phase related to the applied AC signal reveals the polarization direction 
of different ferroelectric domains.  

  3.4.3     Chemical sensors 

 Sensing behaviour has been one of the most important and well-known 
properties of nanostructured metal oxide semiconductors. In addition to 
their sensitivity to light and pressure, which was mentioned in previous 
sections, metal oxide nanoparticles have shown high sensitivity to the sur-
rounding environment. This is a very big class of sensors –  semiconductor 
chemical sensors  – capable of measuring various parameters in gaseous and 
aqueous environments.  109   Recently, electronic noses ( e-noses ) and elec-
tronic tongues ( e-tongues ) have emerged in the sensors community.  110   These 
are similar in a sense to the human olfactory senses. 

 However, modern applications of semiconductor chemical sensors still 
face problems of high cross-sensitivity to gases, i.e. low selectivity, high 
sensitivity to humidity in the measuring environment and long-term stabil-
ity problems, resulting in gradual drift of the sensing characteristics related 
to oxygen bulk diffusion and transformation of the crystal nanostructures, 
especially if the measurements are taken at high temperatures.  111   Moreover, 
the basic science of the semiconductor chemical sensors still remains far 
from being satisfactorily elucidated. It is evident that interfaces between 
the chemically sensitive nanostructures and the transducers used to convert 
the chemical and biological information into electronic signals play the key 
role in optimizing such devices towards long-term stability and reliability. 
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 With the capability of being doped by a foreign receptor to improve and 
increase sensitivity and selectivity,  112–114   and operated in harsh environ-
ments, semiconductor chemical sensors surpass other chemical sensors in 
their sensitivity, reliability and durability. The advantages of using 1D and 
2D metal oxide nanostructures for chemical sensing are manifold. With a 
large surface-to-volume ratio and a Debye length comparable to the NW 
radius, the electronic properties of NWs are strongly infl uenced by surface 
processes, yielding superior sensitivity compared to their thin-fi lm counter-
parts. In order to achieve maximum sensitivity, thin-fi lm gas sensors are 
often operated at elevated temperatures.  115,116   This indicates that a single 
sensing device needs to incorporate a temperature control unit, which will 
increase the complexity of the sensor design and the power consumption. 
Fortunately, metal oxide NW-based gas sensors have demonstrated signifi -
cantly higher sensitivity at room temperature. Surface catalytic properties, 
including oxygen adsorptive, redox or acid-base properties, are design 
factors in relation to the receptor function, while nanograin size as well as 
levels and densities of intrinsic and extrinsic donors in the lattice are the 
factors relevant to the transducer function. Typical key factors and related 
design functions in semiconductor gas sensors are schematically shown in 
Fig.  3.13 .  113   

  Apart from the factors mentioned above, other aspects must also be 
considered during design of semiconductor sensors based on nanostruc-

  3.13      Key factors and related design factors in semiconductor gas 
sensors. (Reprinted from Ref.  113  with permission from Elsevier 
Science)    
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tured metal oxides. For example, fl ammable gases diffuse in the porous 
sensing body (and assembly of nanograins) while reacting with the adsorbed 
oxygen in such a way that the gas concentration decreases as the gas pen-
etrates inside, because the nanocrystal bilayer can act as a tandem cata-
lyst.  117   The utility factor takes into account the attenuation of the gas 
response due to this diffusion–reaction effect. The sizes and distribution of 
pores and the length of the gas diffusion path (the thickness or radius of 
secondary particles of nanograins) are design considerations in this respect. 
None of the factors presented in Fig.  3.13  is free from assumptions which 
have not so far been verifi ed, one such being that the double Schottky 
barrier dominates the transducer function. 

 The sensing mechanism of semiconductor metal oxides is mainly 
governed by the fact that the oxygen vacancies on the oxide surfaces are 
electrically and chemically active. In this case, two types of the following 
sensing responses have been observed and reported:

   1.   Upon adsorption of charge accepting molecules, such as NO 2  and O 2 , at 
the vacancy sites, electrons are withdrawn and effectively depleted from 
the conduction band, leading to a reduction in conductivity.  

  2.   On the other hand, in an oxygen-rich environment, gas molecules, for 
example CO and H 2 , could react with the surface adsorbed oxygen and 
consequently release the captured electrons back to the channel, result-
ing in an increase in conductance.    

 In conclusion, if one categorizes such redox sensing responses into reduc-
ing and oxidizing, which manifests as an increase or a decrease in the 
channel conductance, the sensing responses can be represented using two 
examples:

   1.   reducing response:  118   CO  +  O  →  CO 2   +  e  −    
  2.   oxidizing response:  119   NO  +  e  −    →  NO  −      

 In the context of studying metal oxide NW fi eld-effect sensors, it has been 
discovered that the transverse electrical fi eld induced by the back gate 
can be utilized to distinguish between different chemical gases.  120   Consider-
ing that the ultimate goal is to develop e-nose systems that mimic the 
mammalian olfactory system, this can be achieved by assembling 
multicomponent sensing modules integrated with signal processing 
and pattern recognition functions. This concept is graphically illustrated in 
Fig.  3.14 .  4   

  So far, practical implementation of the above concept has resulted in 
nanostructured semiconductor metal oxide sensors accurately measuring 
gas species such as CO, CO 2 , CH 4 , C 2 H 5 OH, C 3 H 8 , H 2 , H 2 S, NH 3 , NO, NO 2 , 
O 2 , O 3 , SO 2 , acetone, humidity, etc.  121,122   In the past few years, there has been 
a surge of research focusing on chemical sensing based on metal oxide NWs, 
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such as ZnO, SnO 2 , In 2 O 3 , WO 3  and V 2 O 5  and others towards environmen-
tally hazardous gases.  123   

 In summary, it can be stated with confi dence that recent progress in the 
methods used to synthesize 1D and 2D structures enables their potential 
employment in various applications where they have not been previously 
used. These newly-developed fabricating technologies have produced 
advanced functional semiconductors in an assortment of NWs, NBs and 
other nanoforms. Further improvements in the fabrication of functionalized 
forms of 1D and 2D materials can provide an arena for fundamental studies 
as well as technological developments. For example, enormous effort has 
been dedicated so far to device applications utilizing crystalline 1D nanos-
tructure in nanolasers, FETs, cantilevers and chemical sensors. As a whole, 
the research based on individual metal oxide nanostructures has been suc-
cessful, and the alignment of these nanostructures towards device integra-
tion has also achieved considerable progress. Therefore, further studies will 
pave the way for the practical applications of the 1D and 2D metal oxides 
in integrated nano-electronics and sensing devices.   

  3.5     Functional structures: carbon nanotubes 

 Three recently-developed carbon-based materials, which can be called 
‘nanocarbon’, have lately attracted a lot of interest from the scientifi c and 
industrial communities: graphene, CNT and fullerenes. Like graphite, they 
are composed entirely of  sp  2  orbitals; however, fullerenes contain 12 

  3.14      A proposed NW-based E-nose system. The NW surfaces may be 
functionalized with molecule-selective receptors. The operation is 
based on molecular selective bonding, signal transduction and 
chemical detection through complex pattern recognition. (Reprinted 
from Ref.  4  with permission from Elsevier Science)    
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pentagons and have some  sp  3  characteristics. The physical and chemical 
properties of graphene as well as potential graphene-based applications will 
be discussed in detail in Chapters 4 and 5, respectively. Rolling up graphene 
into the smallest possible tube makes a single-walled CNT. CNTs were 
initially discovered in Japan in 1991  124   and, since then, owing to their remark-
able electrical, mechanical, chemical and structural properties, they have 
been employed as a building-block nanomaterial for various applications.  125   
Apart from these single-wall CNTs, multi-walled CNTs can be composed 
of several graphene nanosheets with diameters ranging from 5–50 nm.  126   
There are several methods of fabricating CNTs, including laser evaporation, 
chemical vapour deposition, etc., allowing CNTs to be available in com-
mercial quantities at relatively low cost. Based on their geometry, CNTs can 
display metallic, semiconducting and superconducting electron transport 
properties, which were comprehensively described in a recent review.  127   
Due to development of defects on the surface and at the ends of their 
structure, including pentagons, carboxylic and hydroxyl groups, CNTs can 
be tailored for various functionalities, and consequently can be employed 
for a number of different applications. Some functionalization schemes of 
CNTs are schematically presented in Fig.  3.15 .  125   

  There are plenty of different publications dedicated to direct and indirect 
usage, modifi cation and improvement of physical and chemical properties 
of CNTs and/or composite nanomaterials based on CNTs. The role of CNTs 
in electro-analytical chemistry and their potential applications can be sum-
marized as follows:  128  

   •   Enzyme bio-sensors:
   –   CNT–polymer composite-based bio-sensors;  
  –   CNT–metal nanoparticle-based bio-sensors;  
  –   bio-sensors involving other CNT composites.     

  •   Geno-sensors and immuno-sensors.  
  •   Electrochemical sensors based on CNTs:

   –   CNT-modifi ed electrodes as redox mediators;  
  –   CNT-modifi ed electrodes.     

  •   Hybrid materials:
   –   CNT–conducting polymer composites;  
  –   CNT–nanoparticle composites;  
  –   other nano-composites involving CNTs.       

 Although plasma-enhanced chemical vapour deposition has been proven 
to be one of the most successful fabrication techniques for CNTs, problems 
with the current CNT preparation methods remain as follows:

   •   lengthy preparation;  
  •   mostly dealing with short CNTs;  
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  3.15      Possible functionalization schemes for CNTs: (a) defect-group 
functionalization; (b) covalent sidewall functionalization; (c) non-
covalent exohedral functionalization with surfactants; (d) non-covalent 
exohedral functionalization with polymers; and (e) endohedral 
functionalization with, for example, C60. (Reprinted from Ref.  125  with 
permission from the Taylor & Francis Group)    
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  •   loss of original CNT structure;  
  •   chemical, physical and mechanical properties are altered;  
  •   mechanical stability;  
  •   reproducibility;  
  •   purity.    

 Figure  3.16  graphically represents various existing types of CNT-based 
electrodes: fi lm,  129   paste,  130   covalent attachment,  131   paper  132   and forest.  133   
Among these CNT-based electrodes, CNT webs are a novel form of CNT 
produced by drawing nanotubes away from the front face of specially grown 
‘forests’ of aligned CNTs.  134   CNTs are drawn as a continuous pure CNT 
‘web’ of around 20  μ m thickness with high porosity (optical transmission  ∼  
80 %). It has been reported that those webs can adhere to a solid surface 
and can be densifi ed to about 50 nm thickness by wetting in a solvent and 
drying.  134   CNT webs mainly comprise highly pure and well-aligned CNTs, 

�� �� �� �� �� ��



 Electronic devices and functional structures  121

© Woodhead Publishing Limited, 2014

  3.16      Representation of the existing types of CNT-based electrodes: 
fi lm, paste, covalent attachment, paper and forest.    
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with some occasional cross fi bres (mean diameter  ≈ 10 nm), and they are 
electrically conductive.  135   

  One of the most promising techniques for fabricating CNTs has recently 
been developed at CSIRO.  136   Its represents CNT web formation from a 
CNT forest, as schematically illustrated in Fig.  3.17 . This fabricating method 
has been refi ned and expanded for making CNTs specifi cally for sensor and 
bio-sensor applications. The electrodes formed have exhibited excellent 
electrical conductivities in comparison with other forms of CNT-based elec-
trodes, such as CNT networks,  137   with improved chemical and mechanical 
properties. 

  In this technique, CNT webs are applied directly on several Al 2 O 3  sensor 
substrates with different controlled thickness. The sensor substrates are in 
the fi xed position on the rotating base. The high degree of fl exibility of CNT 
webs enables the design of electrodes with different geometries such as 
planar, yarn, ring and ribbon, as shown in Fig.  3.18 .  136   The simplest confi gu-
ration is the planar electrode. This design can be readily adapted for the 
mass production of CNT-based electrodes. The amount of CNT can 
be regulated either by controlling the number of CNT web layers or by 
manipulating the electrode electro-active surface area of the electrode. It 
is evident from Fig.  3.18 a and  3.18 b that CNT webs possess a high degree 
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  3.17      Representation of a new method of development and production 
of CNT-based electrochemical sensors using CNT webs without the 
need for binder.    
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  3.18      (a) SEM images of 10 CNT web layers placed on alumina 
substrate. (b) Optical images of 50 CNT web layers supported on a 
glass rod and side view of the CNT forest. (c) A twisting of single 
layer of a CNT web. (d) 50 CNT web layers after densifi cation and 
peeling off a glass substrate and densifi cation. (Reprinted from Ref. 
 136  with permission from Wiley Publishing)    
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of alignment with occasional cross CNT fi bres in between. Each single CNT 
within the web is made of an average of seven inner walls (multi-walled) 
about 450  μ m long and approximately 10 nm in diameter. 

  The second geometry is the ring electrode (Fig.  3.18 b), prepared by wrap-
ping the CNT web continuously around a cylindrical support such as a glass 
or Tefl on rod. This type of design is very practical for the preparation of a 
multi-electrode system confi guration, for electrode miniaturization, and for 
applications involving rotating ring electrodes. CNT web ring electrodes are 
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very useful for energy storage applications due to their high fl exibility, 
mechanical stability and electrical conductivity. 

 The third possible design using CNT webs is the yarn, which can be 
formed by twisting the CNT web during the spinning process as illustrated 
in Fig.  3.18 c. CNT web yarns or fi bres are highly electrically conductive 
( ≈ 300 S cm  − 1  for 10  μ m diameter) with strengths greater than 460 MPa.  136   
Yarns with different diameters can be prepared by adjusting the width of 
the CNT web and by combining more fi bres together to form larger bundles. 
CNT web yarns are very useful in fabricating nano- and microelectrodes. 

 The fourth possible geometry for CNT webs is the ribbon design 
(Fig.  3.18 d). This design can be described as a free-standing CNT web that 
comprises a large number of CNT web layers (usually  >  50) to maintain the 
required mechanical stability in order to remain intact. The fabrication 
technique for the CNT web ribbon is similar to the procedure for planar 
electrodes and is followed by the removal of the thick CNT web layers from 
the support. The CNT web ribbon has proven to be very attractive in the 
design of chemical and biological reactors owing to its relatively large active 
surface area and high affi nity to bio-recognition elements such as enzymes 
and antibodies. Moreover, it can also be used as a strong adsorbent for many 
hydrophobic compounds. It is also possible to use the ribbon-based material 
as a fl ow-through electrochemical detector due to its high porosity.  136   

 In many practical applications, most of the above-mentioned designs 
have been used as unique structures themselves as well as incorporating 
other nanomaterials to bring in new operations. In this regard, doping of 
CNTs has been considered as one of the most effective techniques to 
achieve the desired functionality and further performance improve-
ment.  127,138   For instance,  n -type doping of semiconducting CNTs is required 
for complementary circuit applications. For transparent and conductive 
fi lms, doping CNTs increases the charge carrier number for high electrical 
conductivity. For thin fi lm transistors with a high on/off ratio, elimination 
of metallic CNTs can signifi cantly decrease the off current.  127   

 In practice, CNTs can be doped in various ways,  139   including intercalation 
of electron donors or acceptors, substitutional doping, encapsulation in the 
interior spacing, molecular absorption and covalent sidewall functionaliza-
tion. Studies of the doped CNTs include electrical measurement of indi-
vidual CNTs on devices, spectral studies of doped CNTs in solution, and 
thin-fi lm properties such as transport and optical properties. 

 For CNT thin fi lms,  p -type doping can substantially enhance the conduc-
tivity, as the charge transfer between dopants and the CNTs increases the 
number of charge carriers along the CNTs and improves the conductivity. 
The reported  p -type dopants for CNTs include acids, for example HNO 3 , 
gases such as O 2 , NO 2  and Br 2 , molecules such as SOCl 2  and F 4 TCNQ, poly-
mers and transitional nanometals.  140–144   This particular doping process has 
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been proven to be quite useful for enhancing the performance of a CNT 
thin-fi lm transparent electrode. For gaseous dopants, the absorption and 
desorption dynamics depend on the binding energy, temperature and con-
centration of the gaseous species and CNTs.  145   The outlook for doping 
CNTs will be based on the very challenging task of fi nding a stable dopant 
that has suffi ciently high binding energy. However, at the same time, this 
should not affect the electronic and transport properties of CNTs.  

  3.6     Carbon nanotubes for environmental sensors 

 Due to their unique and attractive properties and the existence of a number 
of CNT designs as described in the previous section, CNTs have been suc-
cessfully employed in the development of different enzyme-based bio-
sensors.  146–149   Measurement by bio-sensors based on CNTs involves direct 
adsorption, polymer entrapment, covalent attachment and layer-by-layer 
deposition. Moreover, the ability of CNTs to interact with the redox center 
of enzymes enables direct electron transfer between the enzyme centre and 
the electrode surface, eliminating the need for co-factors and mediators. 
Different oxidase- and dehydrogenase-based enzymes, such as glucose and 
alcohol oxidase and dehydrogenase, were used along with CNTs for the 
detection of glucose and ethanol.  150   In the same review, other enzyme-CNT-
based biosensors, used for the detection of important compounds such as 
lactate, polyphenol, ascorbic and uric acids were described.  150   Most of the 
CNT-based bio-sensors can be employed for the detection of organophos-
phate (OP) pesticides, organophosphorous hydrolase (OPH) and a cetyl-
cholinesterase (AChE). Various designs of these bio-sensors have been 
reported, mainly monitoring pesticides in conjunction with electrochemical 
and optical detection, using the enzyme and non-enzymatic methods. 

  3.6.1     OP and OPH pesticides detection 

 OP pesticides are among the most toxic substances and have been widely 
employed in different parts of the world as insecticides in agriculture. 
Although they are effective against several types of pests, their long-term 
toxicity on human health and the ecosystem is becoming an issue world-
wide. OP pesticides (as well as sarin and VX [O-ethyl-S-2-diisopropylami-
noethyl methylphosphonothioate] nerve agent) irreversibly deactivate the 
enzyme AChE, which is essential to nerve function in insects, humans and 
many other animals. Early detection of OP neurotoxins is vital for protect-
ing water resources and food supplies, in the defence against terrorist activ-
ity and for monitoring detoxifi cation processes. Accordingly, there are 
growing demands for fi eld-deployable devices for reliable on-site monitor-
ing of OP compounds.  151,152   The detection and sensing of these toxins in a 

�� �� �� �� �� ��



 Electronic devices and functional structures  125

© Woodhead Publishing Limited, 2014

timely manner and at very low levels is a priority. Traditional methods, such 
as gas chromatography (GC), high-performance liquid chromatography 
(HPLC), and mass spectroscopy, and biological methods, such as immu-
noassay, can be used for the analysis of OPs. However, such analyses are 
generally laboratory-based, time-consuming and require expensive analyti-
cal instruments. Therefore there is an urgent need for fast, sensitive and 
accurate, fi eld deployable, compact and relatively inexpensive sensors for 
on-site monitoring of OP compounds. CNT-based amperometric bio-sen-
sors for fi eld screening of OPs can be successfully utilized as practical 
measuring devices. They greatly benefi t from the ability of CNT-based 
transducers to promote the electro-transfer reactions of enzymatically 
generated species.  153   

 A preferred direct bio-sensing route for detecting OP neurotoxins 
involves the bio-catalytic activity of OPH.  154   Several OPH-based ampero-
metric, potentiometric or optical bio-sensing devices have been investigated 
and reported.  149   A direct bio-sensing protocol that is suitable for fast 
and accurate fi eld testing of OP substances is schematically illustrated in 
Fig.  3.19 .  125   

  Amperometric OPH electrodes commonly rely on monitoring the oxida-
tion of the  p -nitrophenol product of the enzyme reaction. Improved anodic 

  3.19      Detection of OPs using OPH. (Reprinted from Ref.  125  with 
permission from the Taylor & Francis Group)    
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detection of the  p -nitrophenol is highly desirable in order to address the 
high-overvoltage and surface-fouling limitations associated with such trans-
duction reaction. The ability of CNT-modifi ed electrodes to promote the 
oxidation of phenolic compounds (including the  p -nitrophenol product of 
the OPH reaction) and to minimize surface fouling paves the way for new 
OPH–CNT amperometric bio-sensors.  149   Alternatively, sensors that do not 
rely on enzymes or antibodies have also been developed using molecular 
imprint technologies with high selectivity toward specifi c OP species.  155   
During the fabrication of CNT-based biosensors for pesticide detection, 
various shapes of nanostructured materials have been used, which have 
offered advantages over the traditional analytical methods.  156    

  3.6.2     The AChE enzyme 

 AChE is an important enzyme present in the synaptic clefts of the central 
nervous system of living organisms. It degrades (through its hydrolytic activ-
ity) the neurotransmitter acetylcholine, producing choline and an acetate 
group. It is mainly found at neuromuscular junctions and cholinergic syn-
apses in the central nervous system, where its activity serves to terminate 
synaptic transmission. AChE has a very high catalytic activity where each 
molecule of AChE degrades about 25 000 molecules of acetylcholine 
per second.  136   The major role of AChE includes the transmission of the 
nerve impulses to the cholinergic synapses, involved with memory and 
Alzheimer ’ s disease. Therefore, AChE has been the subject of detailed 
studies in the past.  147   Those studies revealed that AChE activity could be 
signifi cantly inhibited by OP pesticides used in agriculture, medicine, 
industry and chemical warfare agents. The enzyme inhibition mechanism 
proceeds through the formation of a stable complex through reversible and 
irreversible reactions of OP pesticides with the active site of AChE.  125   As a 
result, acetylcholone largely accumulates in the muscular tissues and leads 
to severe muscular paralysis. Thus, the acetylcholine level signifi cantly 
depends on the availability of active AChE. This ultimately corroborates the 
requirement for accurate detection of OP pesticides in the environment. 

 In most AChE sensors, OP detection is mainly based on the irreversible 
inhibition of AChE activity by OP pesticides.  146   The degree of inhibition has 
been calculated by comparing the residual activity of the enzyme with the 
initial activity. In the past, AChE was added directly to solutions to carry 
out inhibition studies. Although satisfactory results were obtained in such 
conditions, signifi cant advances occurred when AChE was immobilized on 
modifi ed electrode matrices. However, the enzyme immobilization tech-
nique remains rather complicated and often involves very complex matri-
ces. Moreover, the incorporation of AChE into certain mediator complexes 
also lowered the stability of the enzyme and reduced reproducibility after 
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pesticide inhibition in such AChE sensors.  125   In recent years, in order to 
improve the response and stability in the detection of traces of pesticides 
( ∼ ppb level), AChE has been successfully immobilized onto CNTs.  125,147   
CNTs have been considered and proved to be excellent candidates for 
AChE immobilization and the design of biosensors for pesticide monitor-
ing, owing to their large surface-to-volume ratio and electro-catalytic 
activity. 

 Ideally, the immobilization process should not adversely affect the 
enzyme ’ s activity or its affi nity for the substrate and its sensitivity to inhibi-
tion by OPs, and it should not create a physical barrier for the diffusion of 
acetylthiocholine (ATC) to the electrode material (i.e. CNT) where it is to 
be oxidized to produce a current. The immobilized enzyme should be stable 
and must not percolate during storage or use of the bio-sensor. This is 
because the quality and quantity of the immobilization will ultimately affect 
the performance of the bio-sensor in terms of sensitivity, stability and 
reproducibility.  125,157   

 Two major measuring methods – electrochemical amperometry or poten-
tiometry – can be involved in AChE measurement by CNT-based bio-
sensors. Figure  3.20  schematically shows one measurement protocol, where 
the response current towards the oxidation of thiocholine, the enzymatic 
product of ATC hydrolysis by AChE, is measured before and after inhibi-
tion with the pesticides.  125   Then, the inhibition signal or percentage is cal-
culated based on the degree of decrease in the current which depends on 
the pesticide concentration. In the past, it has been reported that the anodic 
signal for thiocholin oxidation is greatly decreased in the presence of con-
centrations of paraoxon as low as 1.0 pM after short incubation with the 
pesticide for 5 min.  158   

  Using voltammetry, the inhibition signal of AChE was monitored based 
on the change in the redox activity of polyaniline (PANI) as the local pH of 
the surrounding medium changed upon the enzymatic hydrolysis of ACT.  138   
In this report, methyl parathion and chlorpyriphos were determined in 

  3.20      Hydrolysis and electrochemical oxidation of ATC using AChE. 
(Reprinted from Ref.  125  with permission from the Taylor & Francis 
Group)    
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spiked river water samples. SAMs of single-walled CNTs were used to 
modify the gold electrode after wrapping by thiol-terminated single-stranded 
oligonucleotide (ssDNA). A thin fi lm of PANI was electrochemically depos-
ited on the CNT. AChE was then immobilized after cross-linking with glu-
taraldehyde. The dynamic range for the determination of methyl parathion 
and chlorpyriphos was found to be 1.0  ×  10  − 11 –1.0  ×  10  − 6  M (0.6  <  SD  <  3.5) 
with good reproducibility and stability and a detection limit of 1 pM. 
The incorporation of the conductive polymer PANI onto CNT played an 
important role in signal amplifi cation. In addition to the time needed for the 
enzyme to incubate with the OP, further enhancement of response was due 
to an additional incubation of PANI with ATC which resulted in further 
protonation of the polymer and hence better sensitivity. This protocol 
enables the use of a very small amount of the enzyme and, at the same time, 
produces a higher response to the addition of ATC which is important for 
monitoring the inhibition effect of the OP at trace levels.  125   With regard to 
the electrode material, it mainly relies on casting fi lms of pure CNT or a 
mixture of CNT with other binders and additives such as polymers, 
surfactants, and metals. Different polymers, for example Nafi on TM , Chitosan 
and PANI, have been employed for these applications, providing extra 
enzyme stabilization, selectivity and sensitivity based on their structure. 

 Plate Va (see colour section between pages 232 and 233) shows some of 
the examples of the CSIRO-developed portable planar CNT-based bio-
sensors with their appropriate CV characteristics depending on the number 
of CNT layers. Field tests have revealed that these CNT-based bio-sensors 
displayed a sensitivity of  ∼ 1 nM RSD  <  5 % (eight electrodes) and extended 
storage stability up to one month (with daily testing against substrate). 
Sensor electrodes, which consisted of 10 and fewer CNT web layers, have 
exhibited high resistance ( > 500  Ω ) and low capacitance ( < 30  μ F). Therefore, 
increasing the number of CNT web layers beyond ten resulted in a lower 
resistance (40–100  Ω ) and appropriate higher capacitance (50–500  μ F). Thus 
the decrease in resistance and increase in capacitance is mainly attributed 
to the increase in the electro-active surface area, which results in an increase 
in current density and surface charge.  136   

 Plate Vb correlates the obtained CV measurements for different numbers 
of CNT web layers using 10 mM K 3 [Fe(CN) 6 ]. Electrodes made of ten and 
fewer CNT web layers displayed poorly defi ned and negligible CV responses. 
On the other hand, electrodes modifi ed with more than ten CNT web layers 
provided improved electron transport rates and better reversibility. The 
peak-shaped CV response indicates an overlap of the diffusion layers of 
adjacent CNT sites that leads to an improved diffusion fl ux. The CV ferri-
cyanide anodic peak currents increased almost linearly with up to 30 CNT 
web layers. Anodic peak potentials also shifted to smaller values as the 
number of CNT webs increased, indicating better electron transfer rates. 
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Nearly identical peak separations ( Δ  E  p ) of  ≈ 0.25 V were observed upon 
raising the number of CNT web layers to between 20 and 30.  125   Conse-
quently, sensor electrodes made of CNT webs effi ciently promoted electro-
catalytic activity towards analytes with a sluggish redox process. 

 Noteworthy in relation to the modern sensor and bio-sensor applications, 
CNTs have provided an excellent electro-catalytic activity, high surface-to-
volume ratio, chemical and physical stability, surface functionalities and 
noteworthy antifouling resistance. Despite of all these advances and 
improvements in sensitivity, detection limits, response time and stability of 
CNT-based biosensors for pesticides monitoring reported to date, several 
issues still need to be addressed before the full potential of such bio-sensors 
will be realized and adopted. They are as follows:

   1.   More robust forms of CNTs and/or CNTs-based composite materials are 
highly desirable that would resist harsh environment such as sea water.  

  2.   The stability of CNT-modifi ed surfaces must be refi ned.  
  3.   Improvement in long-term stability can be achieved by solving the bio-

fouling problem. That can lead to substantial increase in the sensor ’ s 
lifespan.  

  4.   Sample preparation and the need for pre-oxidation of some OPs to 
enhance the sensitivity should be replaced by dual catalytic systems for 
oxidation and detection of OPs.  

  5.   The selectivity of CNT-based bio-sensors must be improved. This can 
be achieved by incorporating other more specifi c bio-recognition ele-
ments such as antibodies and engineered forms of enzymes: mutant 
AChE and OPH.  

  6.   Synthesis of CNTs with higher electro-catalytic activity and enhanced 
structural and functional properties is required, which would lead to 
improved enzyme stabilization and, consequently, to higher detection 
limits.      
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  Plate II      (Chapter 3) (a) SEM image of layered MoO 3  (false coloured) 
with structure of thermodynamically stable   α  -MoO 3 . (b) Example of 
2D-based hetero-structure.    
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  Plate III      (Chapter 3) (a) Schematic of chemical exfoliation of graphene 
sheets from GO. (b) Synthesis of ZnO–graphene QDs from GO and 
zinc acetate dihydrate. The QDs are synthesized via chemical reaction 
between three kinds of functional groups (carboxyl (–COOH), hydroxy 
(–OH) and epoxy), of GO and Zn 2 +  . The magnifi ed image shows 
chemical bonding between the functional groups and Zn 2 +  . (c,d) 
Schematic of graphene-covered ZnO QDs (c) and TEM image (d). Inset 
to (d) enlarged HRTEM image of the ZnO–graphene QDs. (Reprinted 
from Ref. 67 with permission from Nature Publishing)    
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  Plate IV      (Chapter 3) Design of the planar sandwich nanostructure of 
the device based on graphene nanosheets doped by various QDs. 
(Reprinted from Ref. 11 with permission from Nature Publishing)    
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  Plate V      (Chapter 3) (a) Samples of the CNT-based planar bio-sensors 
developed by CSIRO for pesticide control. Inset: CNT web. (b) CV 
measurements using electrodes with different CNT web layers in 
10 mm K 3 [Fe(CN) 6 ] and the effect on the anodic peak potential (top 
inset) and anodic peak current (bottom inset). (Reprinted from Ref. 
136 with permission from Wiley Publishing)    
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    4 
  Two-dimensional semiconductor 

nanocrystals: new direction in science 
and technology  

 DOI : 10.1533/9781782422242.139

     Abstract :   This chapter discusses various two-dimensional (2D) 
semiconductor nanocrystals as a new direction in modern science and 
technology. The chapter begins with a review of the physicochemical 
properties of graphene and its impact on science and industry. It then 
reviews other 2D nanocrystals: chalcogenides, titanium dioxide (TiO 2 ), 
molybdenum trioxide (MoO 3 ), tungsten trioxide (WO 3 ), niobium 
pentoxide (Nb 2 O 5 ), tantalum pentoxide (Ta 2 O 5 ) and zinc oxide (ZnO). 
The chapter concludes by discussing the future impact of the 
combination of the 2D semiconductor nanocrystals into 3D structures.  

   Key words :   two-dimensional (2D) nano-crystals  ,   graphene  ,   2D 
chalcogenide and oxide nanostructures         

  4.1     Physical and chemical properties of graphene 

 Although atomically-thin carbon network, better known as graphene, has 
been under development in the years since 2000, the shift to its exploration 
as a potentially excellent nanomaterial for such applications as nano-
electronics, nano-architectures, hydrogen production and storage, polymer 
composites for nano-optics, catalysis and photovoltaics has taken place only 
after the award of Nobel price in physics in 2010 to scientists working in 
the fi eld.  1–9   From the viewpoint of its electronic properties, graphene 
presents itself as a zero-gap nanocrystal with unique electronic properties 
originating from the fact that the charge carriers in graphene are described 
by a Dirac-like equation, rather than the usual Schrödinger equation.  2   
Owing to its perfect crystal structure and low-energy quasi-particles, it is 
obeying a linear dispersion relation, similar to mass-less relativistic parti-
cles. Consequently, there have been many observations of peculiar elec-
tronic properties  3,5,8–11   including ballistic transport, pseudo-spin chirality 
based on the ‘Berry phase’, a room-temperature half-integer ‘chiral’ 
quantum Hall effect, and conductivity without charge carriers. This has 
inspired extensive research into using graphene as an electronic material, 
a material for sensing electrodes and an interconnect material. For example, 
from the point of view of sensors development, incorporation of catalyst 
particles into individual graphene sheets can provide greater versatility in 
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carrying out selective measurements or catalytic processes.  9   Up to now, 
graphene has exhibited electron mobility of up to  ∼ 15 000 cm 2  V  − 1  cm  − 1  
or 10 6   Ω  cm (lower than Ag), a super-high portability of temperature-
independent charge carriers of 200 000 cm 2  V  − 1  s  − 1  (200 times higher than Si) 
and an effective Fermi velocity of 10 6  m s  − 1  at room temperature, similar to 
the speed of light. More importantly, in addition to its unique electronic 
properties, graphene possesses excellent mechanical, optical, thermal and 
electrochemical properties which are superior to other carbon allotropes, 
such as graphite, diamond, fullerene and carbon nanotubes (CNTs), as 
shown in Table  4.1 .  5,6,12–19   Single-layer graphene has distinctive mechanical 
properties with a Young ’ s modulus of 1.0 TPa and a stiffness of 130 GPa, 
optical transmittance of  ∼ 97.7 % (absorbing 2.3 % of white light) and 
superior thermal conductivity of 5000 W m  − 1  K  − 1  (about 100 times that of 
Cu). It also has a high theoretical specifi c surface area of 2620 m 2  g  − 1 , extreme 
electrical conductivity and desirable fl exibility. Furthermore, there has 
been some speculation that, due to its particular properties, graphene 
could possibly out-perform CNTs, graphite, metals and semiconductors 
where it is used as an individual substance or as a component in a hybrid 
or composite nanomaterial.   

  4.2     The impact of these properties on science 

and industry 

  4.2.1     Synthesis of graphene 

 A number of different graphene synthesis methods have been developed 
over the last few years. However, despite great efforts, they have failed to 
deliver a commercially valuable technology, and mechanical exfoliation  16,17   
has remained as one of the most reliable approaches for the development 
of atomically-thin sheets of graphene since 2004. The fact of the matter is 
that the mechanical exfoliation technique yields graphene sheets which are 
virtually free from crystal defects, having therefore a very high concentra-
tion of carrier mobilities. A typical example of such a graphene structure is 
shown in Fig.  4.1 . Another approach to mechanical exfoliation of graphene 
is based on the concept of anodic bonding.  8   In this approach, bulk graphite 
was bonded onto borosilicate glass at a particular temperature and voltage 
and then peeled away leaving behind a single-layer or a few-layer sheet of 
graphene on the substrate.  18   

  Unfortunately, during the last few years these graphene fabrication tech-
niques have proved to be diffi cult to upscale to mass production. In addition 
to mechanical exfoliation, current strategies of interest for producing single-
layer graphene nanosheets can be summarized into the following eight 
groups:  19  
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  4.1      (a) An atomic-resolution image (TEAM 0.5) of a clean and 
structurally perfect synthesized graphene sheet. Individual carbon 
atoms appear white in the image. (Reprinted from Ref.  1  with 
permission from The Royal Society of Chemistry) (b) Graphene image 
showing transparency and fl exibility of the material.    

(a) (b)

0.14 nm

   1.   Chemical exfoliation of graphitic materials. This approach involves oxi-
dation, intercalation, exfoliation and/or reduction of graphite, graphite 
oxide, expandable graphite, CNTs and graphite fl uoride.  20–23   To produce 
graphene sheets by this method, suffi cient oxidation of graphite is 
required during acid treatment and adequate pressure during thermal 
heat treatment. This method is schematically presented in Fig.  4.2 , and 
a more detailed understanding of the mechanism of thermal exfoliation 
is provided by McAllister  et al .  23   Further development of chemical exfo-
liation can yield a large quantity of reduced graphene oxide, which can 
be produced at a relatively low cost.  

  2.   Chemical vapour deposition (CVD) of graphene from the decomposi-
tion of hydrocarbons at high temperatures on either metallic substrates 
or metal oxide. CVD processes can be thermally- or plasma-enhanced, 
producing uniform, large-area, high-quality graphene on Ni, Cu or 
Pt.  24–26   However, despite all its advantages, this process is still power-
consuming and relatively expensive and so requires further substantial 
improvement.  

  3.   Epitaxial growth of graphene on SiC  27,28   and metal (Ru, Pt)  29   single-
crystal substrates at high temperature and under ultra-high vacuum. 
With this approach, graphene is produced on the Si-terminated face of 
single-crystal H-SiC by thermal desorption of Si, which leaves behind a 
two- to three-layer thick graphene sheet. Unfortunately, this method 
requires high-vacuum conditions, high-cost fabrication systems and is 
not yet adapted to prepare atomically-thin graphene. Moreover, achiev-
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ing large graphene domains with uniform thickness remains a 
challenge.  

  4.   Ultrasonic cleavage of graphene.  30,31   In this method, graphene precur-
sors are suspended in water or organic solvents and then ultrasonic 
agitation is applied to provide the energy to cleave the graphene precur-
sors. The idea is conceptually similar to mechanical exfoliation and is 
based on the experimental observation that CNTs can be successfully 
exfoliated in solvents such as N-methylpyrrolidone.  32   The success of 
ultrasonic cleavage depends on the appropriate choice of solvents and 
surfactants, as well as the sonication frequency, time and amplitude.  33,34    

  5.   Graphene synthesis from organic compounds. This is used to synthesize 
nano/micrographene and graphene-based materials from structurally 
defi ned precursors, such as polycyclic aromatic hydrocarbons. This tech-
nique can precisely control the formation of molecular graphene ( < 5 nm), 
nanographene (5–500 nm) and integrated macrographene ( > 500 nm) 
with well-defi ned structures and high processability.  35   However, the pro-
duction rate of this method is relatively low.  36    

  6.   Graphene sheets can be generated by unrolling CNTs.  37–39   In this process, 
NH 3 -solvated Li  +   is electrostatically attracted into negatively charged 
multi-walled CNTs (MWCNTs). Simultaneous intercalation of Li and 
NH 3  into MWCNTs can increase the interlayer distances from 3.35 to 
6.62 Å, allowing the exfoliation to follow.  37   Another variation of this 

  4.2      Graphene sheets developed by the thermal reduction methods: a 
– graphite; b – strong oxidation of graphite leads to formation of 
oxygen containing functional groups within the interlayer; c – 
exfoliation takes place once the rate of decomposition of the 
functional group is higher than that of the gas diffusion. (Reprinted 
from Ref.  23  with permission from The American Chemical Society)    

Graphite Graphite oxide
Functionalized

graphene

0.34 nm 0.71 nm

HNO3

H2SO4

KClO3

96 h

8

0
400 700T (°C)

t (
s
 ·
 1

0
−4

)

Reaction

Diffusion

(a) (b) (c)

�� �� �� �� �� ��



144 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

approach is based on strong oxidizing agents, such as KMnO 4 , to cut 
along the longitudinal direction of MWCNTs.  38   The exfoliation process 
can then be executed at room temperature. Another modifi cation of this 
method utilizes Ar plasma etching to unzip MWCNTs, producing graph-
ene nanoribbons.  40    

  7.   An important alternative scheme for preparing graphene is the chemical 
reduction method.  41–43   This mechanism involves the complete exfolia-
tion of graphene oxide into individual graphene oxide sheets followed 
by the  in situ  reduction of these layers to produce individual graphene-
like sheets.  44   Figure  4.3  schematically illustrates the main stages of this 
method. Successful reduction of the exfoliated graphene oxide requires 
careful selection of the reducing agent, solvent and/or surfactant to 
maintain a stable suspension. It has been determined that hydrazine 
hydrate is the optimum reducing agent for producing very thin 
graphene-like sheets.  45   The two steps of reduction and sulphonation 
of the graphene oxide can increase the concentration of graphene 
produced to a reasonable value (2 mg mL  − 1 ).  46    

  8.   Graphene can also be grown from solid-state carbon,  47   by direct arc 
discharge of graphite,  48   reduction of ethanol by sodium metal  49   and the 
thermal splitting of SiC granules.  50   All of these methods have their 
advantages and disadvantages in terms of both the scalability of the 
method and the quality of the graphene produced.  15,51,52      

   The chemical exfoliation method is considered to be the most reliable 
technique for low-cost production of graphene in large quantities.  20   It 
involves the oxidation of well-stacked graphite to graphite oxide,  53   which is 
then followed either by chemical reduction of graphene oxide to obtain 
reduced graphene oxide  45   or by thermal exfoliation of graphite oxide  54–57   to 
produce graphene. Generally, oxidation results in an increase of the  d -
spacing and intercalation between adjacent graphene layers, thus weakening 
the interaction between adjacent sheets, fi nally leading to the delamination 

  4.3      Chemical reduction routine: (1) graphite is oxidized to graphite 
oxide; (2) exfoliation of graphite oxide yields graphene oxide 
suspended on solution; (3) chemical reduction of graphene oxide 
yields the conducting graphene. (Reprinted from Ref.  1  with 
permission from The Royal Society of Chemistry)    
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of graphene oxide in an aqueous solution. It has been found that the higher 
the heating rate, the greater both the exfoliation and de-oxygenation degrees 
of graphite oxide. High annealing temperature is considered to be an essen-
tial factor in eliminating any structural defects. Consequently, the develop-
ment of a hydrogen arc discharge exfoliation method ( > 2000 °C) for the 
synthesis of high-quality graphene nanosheets from graphite oxide with 
excellent electrical conductivity ( ∼ 2  ×  10 3  S cm  − 1 ) and good thermal stability 
( ∼ 601 °C) has been reported.  57   Complete exfoliation and considerable de-
oxygenation of graphite oxide and defect omission can be simultaneously 
achieved during the hydrogen arc discharge exfoliation process. 

 In addition to easy bulk synthesis, a major advantage of both graphene 
oxide and reduced graphene oxide is the controlled attachment of oxygen 
species on the edges and surfaces of the graphene sheets. This enables the 
formation of stable graphene oxide dispersions and easy functionalization 
in aqueous and organic solvents,  58   hence offering a variety of opportunities 
for the simple processing of structure-dependent functionalized graphene-
based materials.  59   It is evident that future progress in development of 
methods for the mass-production of graphene will be focused on innovation 
in its low-cost, large-area, large-scale production for various applications.  

  4.2.2     Potential applications of graphene 

 Since the discovery of its unique outstanding properties, graphene has been 
utilized in a large number of applications, either as an individual material 
or as a component in a hybrid or composite material. It should be stressed 
that the fi eld of graphene-based applications is expanding very fast and 
obviously the impact of graphene on the increased functionality of many 
applications is enormous. Some of the recently published material  15,51,60–64   
provides detailed descriptions of physical, chemical and electrical proper-
ties of graphene which are relevant to its synthesis and applications. This 
chapter, therefore, provides only an overview of recent progress in graph-
ene/metal oxide composites as advanced electrodes for high-performance 
systems, emphasizing the importance of synergistic effects between graph-
ene and metal oxides in the composites and the improvement of their 
electrochemical properties, including high capacity/capacitance, increased 
rate capability, excellent cyclic stability and high energy density and power 
density. It should be clearly stated that in order to achieve the desired 
functionality of graphene-based devices, graphene has to be nano-
engineered, i.e. structural defects or impurities must be introduced within 
the graphene structure. The study of the infl uence of intrinsic defects on the 
electronic properties of graphene is still in its infancy, and experimental 
data relating defect concentration to changes in electronic and optical char-
acteristics are urgently needed. On the other hand, it is clear that extrinsic 
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defects such as foreign atoms on different positions have a strong infl uence 
on electron–electron interaction and, consequently, the charge distribution 
and band structure of graphene.  64   

 It is expected that the following applications of graphene may be consid-
ered as breakthroughs in the near future:

   •   Graphene-based electronics and optoelectronics, partially replacing 
conventional silicon-based electronics. Graphene possesses ultrafast 
THz electron mobility that is favourable for building smaller, faster, 
cheaper electronic devices such as ballistic transistors,  65   spintronics,  66   
fi eld-effect transistors (FETs),  67   and optoelectronics.  3,68    

  •   Graphene-fi lled polymer composites with high electrical and thermal 
conductivity, good mechanical strength and low percolation threshold 
which, in combination with low-cost and large-scale production, allow a 
variety of performance-enhanced multifunctional uses in electrically 
conductive composites and thermal interface materials.  69,70    

  •   CVD-grown graphene on Cu substrate for devices designed to energy 
harvest from water fl ow.  71   There are two reasons why power generation 
from water fl ow over graphene is superior to CNTs: (i) in a bulk single-
walled CNT only one-third of CNTs are metallic and the rest are semi-
conducting;  72   (ii) interfaces in CNT networks are lossy.  73    

  •   Large-area CVD-grown graphene that is suitable to replace indium tin 
oxide (ITO) as cheaper, transparent conducting electrodes in various 
display applications such as touch screens.  3,74,75    

  •   Graphene-based electrochemical storage energy devices.  76    
  •   Graphene-based chemical and electrochemical sensors,  13,60   dye-

sensitized solar cells,  77–79   organic solar cells,  80   fi eld emission devices,  81   
catalysts,  82   photocatalysts,  83   nanogenerators  84   and hydrogen storage.  85      

 There is no doubt that structurally modifi ed graphene will offer addi-
tional and sometimes unexpected advantageous properties that will out-
perform those of CNT and graphite, resulting in the development of new 
and emerging applications. Future research may open completely new pos-
sibilities for graphene due to its unique properties, such as high surface area, 
ultra-thin thickness, excellent electrical and thermal conductivity, mechani-
cal fl exibility and high chemical functionality. All of these properties are 
relevant, for example, to further development of graphene/semiconductor 
and graphene/metal in composite nanomaterials. As a result, graphene can 
be utilized as an ideal 2D support for growing or assembling very small 
nanoparticles with well-defi ned structures, creating various graphene-based 
nanomaterials with excellent enhanced properties.  86,87   Recent advances 
in the development of graphene/metal oxide composites, presented in 
Plate VI (see colour section between pages 232 and 233),  19   suggest that, by 
employing such wet-chemical strategies as chemical  in situ  deposition, 
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sol–gel technology and hydrothermal synthesis in graphene/metal oxide 
nanocomposites, it is possible to create functional networks for a number 
of applications. 

 Plate VI highlights the synergistic effects of graphene/metal oxide com-
posites, which can be briefl y summarized as follows:

   •   Graphene is a novel 2D support for uniformly nucleating, growing or 
assembling metal oxides with well-defi ned size, shape, and crystallinity.  

  •   Metal oxide nanoparticles between the layers of graphene can effi -
ciently suppress the restacking of graphene.  

  •   Graphene can act as a 2D conductive template for building a 3D inter-
connected conductive sensing platform to improve the electrical con-
ductivity and charge transport of pure oxides as well as their sensitivity 
to the measuring parameters.  88   This advance increases sensitivity up to 
 ∼ 224 % compared to the similar graphene-based 2D sensing platform.  

  •   Graphene can suppress the volume change and particle agglomeration 
of metal oxides during the charge–discharge process.  

  •   Oxygen-containing functional groups on graphene ensure good interfa-
cial interactions and electrical contacts between graphene and metal 
oxides.    

 Despite the short period of research, the greatly improved electrochemi-
cal performance, increased capacity/capacitance, advanced rate capability 
and cycling stability, and increased energy and power densities of graphene/
metal oxide composites with anchored, wrapped, encapsulated, layered, 
sandwich and mixed structures have already been confi rmed. However, 
notwithstanding the great achievements of the last few years in the develop-
ment of graphene/metal oxide composites, several important challenges still 
urgently need to be addressed.  19   These are as follows:

   •   Graphene/metal oxides interface control. A better understanding of the 
surface chemistry of graphene/metal oxides interfaces is critical for 
achieving a well-defi ned uniform structure on graphene, in particular by 
modifying the surface chemistry using covalent or non-covalent tech-
niques to increase the charge transfer. Unfortunately, most graphene/
metal oxide materials reported to date are synthesized simply by mixing 
or dispersing their inorganic components with graphene, and these 
materials exhibit poor interfacial interactions.  

  •   Rational design and control of the morphology and phase composition 
of metal oxides deposited on graphene, thus ensuring better reproduc-
ibility and understanding of the structure–property relationships.  

  •   Shift in development of reliable graphene/metal oxide composites 
towards miniature, lightweight, inexpensive and even fl exible energy 
storage devices for advanced thin and wearable electronics. In 
this respect, graphene with its unique properties of being ultrathin, 
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lightweight (offering much higher power and energy with less device 
mass) and fl exible (working well even under twisting and bending condi-
tions) will open up enormous opportunities for the fabrication of thin 
and fl exible electrodes for more delicate and fi ne but high-power and 
high-energy applications.  

  •   New approaches to fabrication of graphene-based composites must be 
orientated towards controlled synthesis and device-performance of 
newly created composite materials with optimized properties and func-
tionalities. This is essential to improve the overall performance of such 
graphene-based devices as energy storage, fuel cells and organic 
electronics.  

  •   With respect to fi nal industrial implementation, the successful applica-
tion of graphene/metal oxide composites requires a comprehensive 
improvement in methodology and performance and better compatibil-
ity of the composite materials.  

  •   Less complex and more cost-effective large-scale production of graph-
ene remains the most important challenge to overcome.  

  •   Clarifi cation of the effects of anisotropy on the physical and electro-
chemical properties of the structure of graphene and other 2D func-
tional nanosheets attached to it. This is particularly important for 
superior understanding of the relationship between Li storage and 
defects, layer number, sizes and surface chemistry. Further research 
should be focused on control of the size, morphology, quantity and dis-
tribution of the functional components and on improving the interfacial 
interactions between graphene and functional building blocks. It has 
been envisaged that in the near future graphene/metal oxide composite 
materials with continuous modifi cations will fulfi l increasing demand in 
such practical applications as personal electronics, wireless communica-
tions, ultra-high sensitive and selective measuring devices, portable 
tools, hybrid electric vehicles, etc.      

  4.3     Chalcogenide semiconductor nano-crystals 

 As the thickness of the atomically-thin nanomaterials can be reduced down 
to the nanoscale, their already anisotropic physical, chemical and electro-
chemical properties can also be changed and modifi ed,  89–93   and this has been 
considered as one of their great advantages.  92   However, it has to be admit-
ted that up to now this particular emerging class of 2D or quasi-2D (Q2D) 
nanocrystals has been overlooked. The real technology-push strategy 
was defi nitely provided only after the award of the 2010 Nobel Prize in 
Physics for graphene. This recognition of the unique properties of 2D nano-
materials has opened up new opportunities for utilizing their discovered 
properties in physical, chemical, optical and electrochemical systems beyond 
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graphene.  94   The fi rst reported class of atomically-thin 2D materials is 
layered dichalcogenides (XY 2 , where X  =  Mo, Ti and Y  =  S, Se and Te), 
which has been extensively investigated during 2011–2012.  89–98   The results 
obtained so far have confi rmed that chalcogenide semiconductors have 
sizeable differences in 2D and bulk conductivities (  σ   1 /  σ   2   ∼  10 2 –10 3 ).  95   This 
and other anisotropies arise from the presence of strong, interlayer X–Y 
bonding, which is in contrast to the weak Van der Waals interactions between 
layers.  93   For example, TiS 2  crystallizes in a hexagonal layered structure, 
where one hexagonally packed sheet of Ti atoms is sandwiched between 
two hexagonal sheets of sulphur for each monolayer.  97   

 Conventional TiS 2  thin fi lms can be prepared using the CVD technique.  98   
It has recently been reported that a colloidal wet chemical approach has 
also been attempted as a fi rst successful step in producing nanostructured 
TiS 2 .  97,99–101   The TiS 2  nanosheets obtained are presented in Fig.  4.4 . They 
were prepared by facile wet-chemical synthesis, which involved dissolving 
a slight molar excess of elemental sulphur in oleylamine, followed by the 
introduction of (TiCl 4 ) at room temperature in nitrogen. The reaction 
mixture was subsequently heat-treated to the fi nal temperature of 300 °C, 
where it was kept for 3 h. More details of this technique are given by 
Plashnitsa  et al .  97   As a result, the captured TiS 2  nanofl akes were from 
500–650 nm in dimensions with average thickness between 4 and 
6 nm. Although many of these TiS 2  nanofl akes were bundled up during 
preparation, it has been verifi ed that, by using this technique, single ultrathin 
TiS 2  nanosheets can be produced. This suggests that the post-synthesis 
exfoliation technique requires further optimization in order to be able to 
acquit high-quality TiS 2  nanofl akes in the future. Figure  4.4  shows low- (a) 
and high-resolution (Figs  4.4 a and  4.4 d) transmission electron microscope 
(TEM) images together with selected area electron diffraction patterns of 
TiS 2  nanosheets (Figs  4.4 c and  4.4 e). As clearly shown in Fig.  4.5 b, the 
developed TiS 2  nanosheets have a high degree of crystallinity. This arises 
from the underlying hexagonal lattice characteristic of TiS 2 . This was also 
confi rmed by the excellent relationship between experimental (100) and 
(110)  d -spacings of 0.290  ±  0.008 and 0.170  ±  0.002 nm compared to the 
published values of 0.295 and 0.170, respectively.  102   

  Previous theoretical investigations of nanostructured TiS 2  have outlined 
that the decrease in thickness of TiS 2  may lead to semimetal-to-
semiconductor transition.  103–105   Molecular dynamics and functional density 
theory simulations suggested that the bandgap ( E  g ) of nanostructured TiS 2  
can be tuned from 1.25 (992 nm) to 1.65 eV (752 nm) once its morphology 
changes from that of nanotubes  103,104   to single-sheet monolayers.  104   
Calculated  E  g  values showed that the semiconductor TiS 2  nanosheets should 
be optically active in the visible range. Therefore, they can potentially be 
used for applications such as solar cells and photochemical water splitting 
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  4.4      (a) Low- and (b) high-resolution TEM images of TiS 2  nanosheets. 
(c) AED pattern of TiS 2  nanosheets stacked atop each other. (d) High-
resolution TEM image showing the edge of a single TiS 2 . (e) SAED 
pattern of a single TiS 2  nanosheet. (Reprinted from Ref.  97  with 
permission from The American Chemical Society)    
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cells. Thus the structural and optical properties of the developed TiS 2  
nanocrystals determined experimentally were consistent with thin TiS 2  
nanosheets possessing bulk-like electronic structure. 

 Experimentally obtained optical properties of the developed TiS 2  
nanosheets are shown in Fig.  4.5 . Figure  4.5 a highlights the rapid carrier 
cooling that occurs following excitation (inset, Fig.  4.5 b). Subsequent bleach 
recovery occurs on a slower  ∼ 15 ps timescale.  97   The delayed bleach recovery 
as well as strong linear absorption at  ∼ 550 nm suggest that this feature is 
the direct  M M2 1

− +→     transition of TiS 2 .  106,107   The developed TiS 2  nanosheets 
were also able to absorb across the near-infrared spectra, confi rming the 
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absence of a sizable band gap. All obtained optical properties of TiS 2  
nanosheets proved that, despite their narrow thickness of 4–6 nm, they 
possess bulk-like optical properties.  97   Therefore, optimized synthesis of the 
large surface area of TiS 2  nanosheets may in turn lead to the eventual pro-
duction of semiconductor TiS 2  having advanced electron affi nities for 
potential solar-driven energy applications. 

  It has also been reported that wet-chemical techniques can be employed 
to break down less-ordered materials into more-ordered structures by med-
dling with molecular forces such as Van der Waals interactions. For instance, 
solvent liquid-exfoliation has been employed to produce single- or 

  4.5      (a) Linear absorption and (b) corresponding transient differential 
absorption (TDA) spectra of TiS 2  nanosheets suspended in toluene 
(inset: kinetic trace of the bleach growth/recovery taken at 550 nm). 
(Reprinted from Ref.  97  with permission from The American Chemical 
Society)    
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multilayered 2D crystals of some dichalcogenides such as WS 2 , MoTe 2 , 
Bi 2 Te 3   108   and MoS 2 .  89,90,94,96   As an example, the atomic structure of MoS 2  can 
be visualized as presented in Plate VII (see colour section between pages 
232 and 233). The fi gure shows a 3D atomic force microscopy (AFM) image 
of a MoS 2  nanosheet with an average thickness of  ∼ 11 nm deposited on Si 
substrate and a graphical interpretation of this structure. It is clear from 
this presentation that the developed MoS 2  nanosheets possess a multi-
layered structure with a corresponding distance of  ∼ 0.65 nm between the 
MoS 2  layers. 

 Similarly to graphene, most of the above-mentioned dichalcogenides are 
naturally layered materials. Thus they can be dispersed as thin nanosheets 
by using the liquid-exfoliation method employing appropriate solvents or 
other developed state-of-the-art techniques. Eventually, these dichalcoge-
nides can be manufactured as thin-fi lm nanocomposites with tuned-up elec-
tronic, thermal and/or mechanical properties. However, diversifi cation of 
the manufacturing techniques and methods and controlling the single-
crystalline structure of formed 2D crystals are among the biggest existing 
challenges. In order to overcome these challenges and make appropriate 
nanostructures for various applications, it is vital to control the number of 
stacked layers on the substrate or the graphene surface. This can be achieved 
by manipulation of nanosheets or a two-step thermal evaporation approach  94   
before exfoliation takes place. The reported combination of two-step 
thermal evaporation and exfoliation methods may offer a new opportunity, 
as it has already been demonstrated that layered hexagonal MoS 2  can be 
successfully sintered at temperatures less than 830 °C, which is signifi cantly 
less than the sintering temperature required for direct evaporation of 
MoS 2 .  90   The experimental set-up for this method is shown in Fig.  4.6 .  94   

  The key advance in the thermal evaporation technique was a set-up in a 
horizontal furnace incorporating a quartz tube in an argon environment at 
a fl ow rate of  ∼ 200 cm 3 /min. To produce suitable MoO 3  nanostructures for 
further exfoliation, MoO 3  nanopowder was placed on a quartz substrate 
located in the centre of the furnace tube. Sulphur powder was placed 
upstream relative to the gas fl ow direction, 20 cm from the MoO 3  powder. 
Quartz substrates were placed along the downstream side for the MoS 2  
deposition. The deposition process was conducted by simultaneously evapo-
rating both the sulphur powder and the MoO 3  nanoparticles in an argon 
environment.  94   Further annealing was carried out in a sulphur-rich environ-
ment to enhance the presence of MoS 2 . Initially, the centre of the quartz 
tube was offset from the centre of the furnace and was heated at a rate of 
20 °C/min (Fig.  4.6 a). As soon as the centre of the furnace reached 750 °C, 
the quartz tube was pushed in (Fig.  4.6 b), placing the centre of the tube at 
the centre of the furnace. This procedure allows the MoO 3  and the sulphur 
to evaporate simultaneously. Subsequently, the set-up was held at the set 
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  4.6      Experimental set-up: (a) initially at room temperature, the centre 
of the tube is offset from the center of the furnace and in (b) at 750 °C, 
the tube is pushed inside the furnace aligning the center of the tube 
with the centre of the furnace. [1 – MoO 3  nanopowder; 2 – sulphur 
powder; 3 – horizontal furnace; 4 – quartz substrates for deposition; 5 
– quartz tube] (Reprinted from Ref.  94  with permission from The Royal 
Society of Chemistry)    
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temperature for the experimental annealing duration. The thermal evapora-
tion process was performed at different temperatures and durations in 
order to determine the optimal experimental conditions for layered MoS 2  
deposition. Three annealing conditions were explored: 775 °C for 60 min, 
830 °C for 60 min and 830 °C for 180 min.  94   A sintering temperature of 830 °C 
for 180 min was found to be optimal for the development of MoS 2  nanos-
tructures. At the end of the process, the temperature was ramped down at 
20 °C/min until room temperature was reached.  94   

 In order to obtain thin-layered MoS 2 , a known mechanical exfoliation 
method has been applied for deposition of exfoliated nanofl akes onto silica 
on silicon (SiO 2 /Si) substrates.  109,110   AFM results confi rmed that the devel-
oped exfoliated fl akes were indeed layered, as shown in Plate VIII (see 
colour section between pages 232 and 233). Steps of  ∼ 0.6 nm were seen on 
both fl akes, corresponding to the approximate thickness of a single atomic 
layer of MoS 2 , as was presented in Plate VII. Plate VIIIa illustrates a 
random MoS 2  fl akes consisting of a base of seven fundamental atomic layers 
with a few more stacked on top. 

 Raman spectroscopy has proved to be an excellent tool for the assess-
ment and confi rmation of the developed 2D materials obtained via the 
exfoliation method and, more importantly, the difference in properties 
between the bulk and 2D nanosheets.  109,110   Raman spectra of randomly 
exfoliated MoS 2  nanofl akes of different thicknesses were obtained in order 
to determine their composition.  94   Figure  4.7  represents the Raman spectra 
of exfoliated MoS 2  nanofl akes with thickness reducing from 50 to 5 nm. The 
Raman spectra obtained revealed that the vibration modes for the MoS 2  
nanofl akes are identical to the as-deposited MoS 2  fi lms with no MoO 2  con-
tamination with reducing thickness. This fact suggested that the top surface 
of the synthesized fi lms is predominantly MoS 2  and the observed MoO 2  
contribution in the X-ray diffractograms is mainly from the bottom of the 
fi lms. The strong peak at 521 cm  − 1  in all the spectra corresponds to the Si 
substrate, and is verifi ed by a background spectral measurement (Fig.  4.7 e). 

  Raman spectroscopy can also be successfully employed to characterize 
the effect of Li  +   intercalation for various exfoliated fl akes of different thick-
nesses. For example, Fig.  4.8  shows the Raman spectrum obtained before 
and after Li  +   exposure of two randomly targeted MoS 2  nanofl akes. The shift 
of the Raman peaks for  E g2

1     and A 1g  at a level of few atomic layers in 
comparison with the bulk material has been previously reported.  111   The 
spectra for MoS 2  nanofl akes in Fig.  4.8 a (thin fl ake  ∼ 10 nm) and in Fig.  4.8 b 
(thick fl ake  >  20 nm) both show a shift in  E g2

1     and A 1g  modes after intercala-
tion.  94   For both MoS 2  nanofl akes, after the Li  +   exposure the peak shift is 
observed to the right with respect to the initial Raman spectra before the 
exposure. However, as can be seen, the shift is signifi cantly larger for 
the thinner fl ake. This is due to the fact that the Li  +   ions only affect the 
surface of the MoS 2  nanofl akes and do not intercalate between the layers. 
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Consequently, due to the smaller number of layers, the overall observed 
surface effect is much more enhanced in the thinner MoS 2  nanofl akes. 

  Up to now, MoS 2  has been considered as a more favourable nanomaterial 
among all the above-mentioned 2D dichalcogenides, as it has a relatively 
small bandgap of 1.29 eV and 1.90 eV for the bulk material and single layers, 
respectively.  112   Therefore, the combination of two-step thermal evaporation 
and exfoliation methods offers a new opportunity for the synthesis of such 
a nanomaterial at much lower temperatures than 2D MoS 2  nanosheets 
developed by the chemical evaporation technique. These atomically-thin 
MoS 2  nanocrystals can be utilized in the fabrication of electronic devices of 
high carrier mobility to pave the way for the next generation of advanced 
functional electronic devices. 

 One of the interesting recent applications of 2D MoS 2  nanocrystals is the 
transistor  90   and phototransistor  96   based on a single-layer MoS 2  nanosheet. 
Structurally, these functional devices are shown in Plate X (see colour 
section between pages 232 and 233) and Fig.  4.9 , respectively. 

  A transistor based on 2D MoS 2  nanosheets is presented in Plate X. Spe-
cifi cally, a very interesting technical solution was found in compiling the 
transistor ’ s layers (Plate Xc), as an atomic layer deposition (ALD) of 30 nm 
HfO 2  was achieved as a high-  κ   gate dielectric for the local top gate and 
mobility booster to realize the full potential of the single-layer MoS 2 .  90   HfO 2  

  4.7      Raman spectra of (a–d) exfoliated MoS 2  fl akes with thickness 
reducing from (a) to (d) in a range of 50 nm to 5 nm and (e) 
background substrate SiO 2 /Si. (Reprinted from Ref.  94  with permission 
from The Royal Society of Chemistry)    
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  4.8      Raman spectra acquired before and after Li +  intercalation of two 
different MoS 2  fl akes: (a) thickness  ∼ 10 nm and (b) thickness  > 20 nm. 
[*] represents the peak locations corresponding to the bulk MoS 2  
deposition. (Reprinted from Ref.  94  with permission from The Royal 
Society of Chemistry)    
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was selected due to its high dielectric constant of 25, bandgap of 5.7 eV and 
the fact that it is commonly used as a gate dielectric by both the research 
community and the major microprocessor manufacturers.  113   MoS 2  mono-
layers were deposited on doped Si substrates covered with 270 nm thick 
SiO 2  (Plate Xa). As a correlation between contrast and thickness for optical 
detection of single-layer MoS 2  has been established,  90   electrical contacts 
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  4.9      Local gate control of the MoS 2  monolayer transistor. (a)  I  DS – V  tg  
curve recorded for a bias voltage ranging from 10 to 500 mV. (b)  I  DS –
 V  DS  curve recorded for different values of  V  tg . The linear dependence 
of the current on bias voltage for small voltages indicates that the Au 
contacts are ohmic. (Reprinted from Ref.  90  with permission from 
Nature Publishing)    

−4

−40 −20

−2

−4 4

0 20 40

20 4

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

Vbg = 0 V

Vbg = 0 V

VDS = 500 mV

VDS = 10 mV

I D
S
 =

 (
n
A

)

100 mV

10 mV

S = 74 mV dec−1

Top gate voltage Vtg (V) 

Drain voltage VDS (mV) 

200

100

0

0

Vbg

Vtg

800

600

400

200

0

−200

−400

−600

−800

Vtg = 4 V

Vtg = −1.25 V

Vtg = −1.75 V

Vtg = −2.5 V

(a)

(b)

D
ra

in
 c

u
rr

e
n
t 
I D

S
 (
A

)
D

ra
in

 c
u
rr

e
n
t 
I D

S
 (
n
A

)

were prepared using electron-beam lithography followed by deposition of 
50 nm thick Au electrodes. The device was then annealed at 200 °C to 
remove resist residue  114   and decrease contact resistance. At this point the 
single-layer MoS 2  devices exhibited a typical mobility in the range 
0.1–10 cm 2  V  − 1  s  − 1 , similar to reported values for single layers  115   and thin 
crystals containing more than 10 layers of MoS 2 .  116   This is lower than the 
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previously reported phonon-scattering-limited room-temperature mobility 
in the 200–500 cm 2  V  − 1  s  − 1  range for bulk MoS 2 .  117   The fi nal structure, com-
posed of two FETs connected in series, is shown in Plate Xb. The top-gate 
width of the device was 4  μ m and the top-gate length, source–gate and 
gate–drain spacing were approximately 500 nm. 

 It is well-known that the ability to control charge density in a local 
manner independent of a global back gate is one of the crucial requirements 
for building integrated circuits based on single MoS 2  layers. It has been 
executed by applying a voltage  V  tg  to the top gate, separated from the 
monolayer MoS 2  by 30 nm of HfO 2 , while keeping the substrate grounded.  90   
The corresponding transfer characteristic is illustrated in Fig.  4.9 a. 

 For a bias of 10 mV an on-current of 150 nA (37 nA  μ m  − 1 ) has been 
recorded and current on/off ratio  I  on / I  off   >  1  ×  10 6  for the  ± 4 V range of  V  tg , 
an off-state current  <  100 fA (25 fA  μ m  − 1 ) and a gate leakage  < 2 pA  μ m  − 2 . 
The observed current variation for different values of  V  tg  indicated that the 
fi eld-effect behaviour of the transistor based on single-layer MoS 2  is domi-
nated by the MoS 2  channel and not the contacts. At the drain source bias 
 V  DS   =  500 mV, the maximal measured on-current was 10  μ A (2.5  μ A  μ m  − 1 ), 
with  I  on / I  off  higher than 1  ×  10 8  for the  ± 4 V range of  V  tg .  90   The device 
transconductance, defi ned as  g  m   =  d I  DS /d V  tg , at  V  DS   =  500 mV is  ∼ 4  μ S 
(1  μ S  μ m  − 1 ), similar to values obtained for high-performance CdS nano-
ribbon array transistors (2.5  μ S  μ m  − 1  at  V  DS   =  1 V).  118   For comparison, 
high-performance top-gated graphene transistors can have normalized 
transconductance values as high as 1.27 mS  μ m  − 1 .  119   Figure  4.9 b clearly illus-
trates the large degree of current control in the single-layer MoS 2 -based 
transistor, where  I  DS  versus  V  DS  is plotted for different values of voltage 
applied to the local gate. The sub-threshold slope for the transition between 
the  on-  and  off-  states was deduced from the channel current dependence 
on top-gate voltage and was 74 mV/dec for a bias  V  DS   =  500 mV. 

 Being a direct gap semiconductor, single layers of MoS 2  offer the intrigu-
ing possibility for the realization of an inter-band tunnel FET, which is 
characterized by a turn-on sharper than the theoretical limit of 60 mV dec  − 1  
for classical transistors and consequently smaller power dissipation. This 
feature has remained diffi cult to achieve in the case of Si, an indirect gap 
semiconductor, because inter-band transitions there require phonons and 
recombination centres.  120   

 A phototransistor based on a mechanically exfoliated single-layer MoS 2  
nanosheet is shown in Plate IX (see colour section between pages 232 
and 233) and its light-induced electric properties were recently investigated 
in detail. It was shown that the photocurrent generated from the 
phototransistor is solely determined by the illuminated optical power at a 
constant drain or gate voltage. It should be stressed that the single-layer 
MoS 2 -based phototransistor exhibited better photoresponsivity compared 
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to the graphene-based device.  96   The switching behaviour of photocurrent 
generation and annihilation could be completely fi nished within  c . 50 ms, 
and it exhibited acceptable stability. 

 In a typical experimental procedure, single-layer MoS 2  was deposited 
onto on a Si/SiO 2  (300 nm) substrate using the scotch-tape-based mechani-
cal exfoliation method.  4,86,90   Plates IXa and IXb represent the optical and 
AFM images of the obtained single-layer MoS 2  on Si/SiO 2 , respectively. The 
height of the single-layer MoS 2  measured by AFM is  c . 0.8 nm, which was 
consistent with the previously published values.  112,115   The photolumines-
cence (PL) of a single-layer MoS 2  sheet was measured at room temperature 
using a 488 nm laser, as shown in Plate IXc. The dominant PL peak at 676 nm 
arises from the direct intra-band recombination of the photogenerated 
electron–hole pairs in the single-layer MoS 2 , and the weak shoulder peak 
at  c . 623 nm is attributed to the energy split of valence band spin–orbital 
coupling of MoS 2 .  121   Raman spectroscopy was used to further confi rm the 
single-layer MoS 2  (inset in Plate IXc). Two peaks at 384 and 400 cm  − 1  are 
attributed to the in-plane  E g2

1     and out-of-plane A 1g  vibration of single-layer 
MoS 2 , respectively.  111   An optical image of the single-layer MoS 2  FET device, 
where two Ti/Au electrodes and Si were used as the source, drain and back 
gate, respectively, is presented in Plate IXd.  96   

 The developed phototransistor based on a single-layer MoS 2  nanosheet 
has exhibited  n -type semiconducting behaviour, as shown in Fig.  4.10 , which 
was consistent with the previous reports.  112,115   Typical  n -type doping might 

  4.10      Room-temperature electrical characteristic of single-layer MoS 2  
FET at drain voltage of 3 V. The    is used to calculate the channel 
mobility. Inset: Plot of drain current ( I  DS ) vs voltage ( V  DS ) at different 
gate voltage ( V  g , from  − 20 to 20 V). (Reprinted from Ref.  96  with 
permission from The American Chemical Society)    
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appear from such impurities as halogen (Cl or Br) atoms, which could 
replace sulphur atoms in the natural MoS 2  crystals or exist as the interstitial 
atoms in the interlayer gap of MoS 2 . This increases the total electron con-
centration of the host MoS 2  system, resulting in an  n -type doping for MoS 2 .  96   
The fi eld-effect mobility of this single-layer MoS 2  device can be estimated 
as follows:  90  

 
μ

ε ε
=

× ×
×L

W d V
I
V( / )o r ds

ds

g

d
d     

  [4.1]  

where the channel length  L  is 2.1  μ m, the channel width  W  is 2.6  μ m,   ε   0  is 
8.854  ×  10  − 12  Fm  − 1 ,   ε   r  for SiO 2  is 3.9 and  d  is the thickness of SiO 2  (300 nm). 
The calculated mobility of this device is  c . 0.11 cm 2  V  − 1  s  − 1 , which is compa-
rable with the previous results from the bottom-gate FETs reported by 
other research groups.  90,112   However, the reported mobility is far lower than 
the  ∼ 200 cm 2  V  − 1  s  − 1  obtained from the top-gate device by deposition of the 
high-  κ   gate dielectric of HfO 2 , used for the device mobility booster, on 
the top of MoS 2 .  90   The likely reason is that the trap/impurity states exist at 
the SiO 2  surface in the bottom-gate transistor, and the scattering from these 
charged impurities degrades the device mobility.  90,122,123   Reduction of the 
surface traps/impurities in the bottom-gate dielectric was expected to 
improve the mobility of such single-layer MoS 2 -based bottom-gate FET 
devices. It has to be noted that the enhanced mobility and on/off ratio from 
the developed single-layer MoS 2  device were attributed to the thermal 
annealing treatment after the device fabrication, which could remove the 
photoresist residue and improve the electrode contact.  114   

  Good stability and excellent photoswitching characteristics for devices 
based on single-layer MoS 2  nanosheets were obtained at room temperature 
in air. Figure  4.11 a illustrates the photocurrent as a function of time under 
conditions of alternating darkness and illumination at different optical 
power and drain voltage. The switching behaviour of the drain current, that 
is the current ramps to a high value (on state) under illumination and 
resumes to the low value (off state) under dark, was clearly recorded. The 
generated photocurrent increased with the incident optical power and drain 
voltage. For instance, when the optical power was changed from 30 to 80  μ W 
at constant drain voltage of 1 V the photocurrent increased, as expected, 
from 1.0 to 3.1 nA. Note that the photocurrent further increased from 3.1 
to 77.5 nA when the drain voltage increased from 1 to 7 V at constant optical 
power of 80  μ W.  96   Such drain voltage-dependent photocurrent generation 
indicated that some photogenerated charge carriers cannot be converted to 
the photocurrent when the applied drain voltage is low. This was reasonable 
since a larger drain voltage can better drive photogenerated charges to 
electrode, or suppress photogenerated charges from the recombination. 
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  4.11      (a) Photoswitching characteristics of single-layer MoS 2  
phototransistor at different optical power ( P  light ) and drain voltage 
( V  DS ). (b) Photoswitching rate and (c) stability test of photoswitching 
behaviour of single-layer MoS 2  phototransistor at  V  DS   =  1 V,  P  light   =  
80  μ W. (Reprinted from Ref.  96  with permission from The American 
Chemical Society)    
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  Figure  4.11 b shows investigation of photoswitching behaviour for a 
single-layer MoS 2  phototransistor. The measured switching duration for the 
current rise (from off to on) or decay (from on to off) process was only 
 c . 50 ms. Rapid photo-switching behaviour can only be obtained at different 
 V  ds  or  P  light . Furthermore, the stability of such switching behaviour was 
demonstrated by applying multiple illuminations on the device for  ∼ 50 s. As 
Fig.  4.11 c explains, the on–off switching behaviour can be sustainable even 
after 20 cycle repeats. However, the photocurrent response rate in our 
single-layer MoS 2  is still lower than that from graphene (tens of pico-
seconds), as the carrier transport in graphene is much faster.  124   

 Another recent development of applications based on single-layer MoS 2  
nanosheets is a transparent top-gate phototransistor with single-, double- 
and triple-layer MoS 2  nanosheets.  125   This device was analysed by photoelec-
tric probing equipped with a patterned transparent gate electrode on top 
of a 50 nm thin oxide dielectric. The device based on triple-layer MoS 2  
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exhibited improved photodetection capabilities for red light whilst similar 
devices based on single and double layers were more appropriate for green 
light detection. This is schematically presented in Plate XI (see colour 
section between pages 232 and 233). According to the photoelectric probing 
results obtained from the working nanosheet transistors, single-layer MoS 2  
had a signifi cant energy bandgap of 1.82 eV. At the same time, devices based 
on double- and triple-layer MoS 2  nanosheets showed reduced values of 1.65 
and 1.35 eV, respectively. Thus, the electrical and photoelectric properties 
of the practical phototransistors can be tuned up by appropriate modulation 
of the thickness of MoS 2  sheets given that the mobility and the optical 
bandgap can be controlled by the adjustment of MoS 2  layers.  

  4.4     Titanium dioxide nanocrystals 

 Since early in the 21 st  century, research into 2D semiconductor oxides has 
emerged as a new scientifi c direction independent of the development of 
2D dichalcogenides owing to the unique multifaceted, structural and func-
tional properties of these nano-oxides. 2D metal oxides such as TiO 2 , MoO 3 , 
WO 3 , V 2 O 5  and Nb 2 O 5  are of special interest in the electronics, optics, cata-
lysts and sensors industries. Most of these semiconductor oxides can be 
exfoliated. Although the highest carrier mobility observed so far has been 
in graphene, it has its own drawbacks: zero-bandgap in its pristine form, low 
affi nity and adhesion to the ceramic substrate and tendency to turn into 
nanotubes. All of the above-mentioned semiconductor oxides are already 
favoured for their photochromic and thermochromic properties and are 
widely used as electrochromic materials. WO 3 , for example, has been widely 
accepted in smart windows that change their colour upon request. Most of 
these semiconductors have also been utilized in the development of elec-
tronic displays. It has also been recently shown that, as functional materials, 
they can be applied in the fabrication of FETs, for generating enhanced 
electric fi eld emission, solar cells, in batteries, as catalysts and in various gas 
sensors. 

 By using these metal oxides in their 2D form, phonons and electrons can 
be confi ned. While this confi nement reduces electron scattering, it increases 
phonon scattering. Reduction of electron scattering increases their mobility 
and, as a result, they can be used for the creation of fast electronic devices. 
2D semiconductor nanocrystals can potentially offer a replacement for Si 
in the electronics industry. Structural devices based on 2D semiconductor 
oxides have the potential to signifi cantly impact the development of fast, 
low-dimensional electronics and telecommunications elements such as 
ultrafast switches, amplifi ers with large trans-conductance, ultrafast photo- 
and electrochromic transducers, highly sensitive detectors and optical 
modulators. Among the above-mentioned semiconductor oxides, TiO 2  has 
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probably been the most widely investigated, resulting in more than 13 600 
publications in 2010–2011.  126   It has already been accepted for use in various 
practical applications, which have been comprehensively reviewed in one 
of the latest monographs  127   and recent relevant publications.  127–139   One of 
the driving forces behind the improvement in effi ciency of the TiO 2 -based 
functional devices has been the need to comply with current clean-energy 
demands.  140   

 TiO 2  nanostructures have been very successful in capturing the attention 
of physical chemists, physicists, materials scientists and engineers in explor-
ing their distinctive semiconductor and catalytic properties. Although TiO 2  
(titania) exists in three common crystalline forms, rutile, anatase and brook-
ite,  127   the most common state is rutile, as this is the only thermodynamically 
stable structure of TiO 2 . All these forms contain six-coordinate Ti. Owing 
to its high UV absorbance, inertness to the chemical environment and long-
term photostability, nanostructured TiO 2  has been widely utilized in a large 
number of modern applications: paints, pharmaceuticals, sunscreens, solar 
cells, catalysts and highly-sensitive and selective sensors. Many new proper-
ties of TiO 2  have been explored during the last few years as TiO 2  nanos-
tructures of different shapes have been designed to tailor optical and 
electronic properties. New and advanced capabilities were found in 2D TiO 2  
nanosheets with reduced bandgap of this new phase ( ∼ 2.1 eV).  141   However, 
to produce 2D TiO 2  nanostructures is not as straightforward as it might 
sound. The long-standing challenge is to produce a stable phase, which can 
withstand an atmospheric pressure, and therefore can be utilized in photo-
catalysis. It requires innovation both in the strategies of development of 2D 
TiO 2  nanosheets and in processing and characterizing the resulting proper-
ties of the developed nanostructures. Photocatalytic activation using TiO 2  
nanoparticles is schematically presented in Fig.  4.12 .  138   

  The standard rutile phase of TiO 2  has a large band gap ( ∼ 3.0 eV) com-
pared to a 2D TiO 2  nanostructure ( ∼ 2.1 eV). It has been extensively inves-
tigated since year 2000 for its super hydrophilicity and has been used in 
environmental remediation and solar fuel production. As clearly shown in 
Fig.  4.12 a TiO 2  band gap excitation causes charge separation, followed by 
scavenging of electrons and holes by surface adsorbed species. Alterna-
tively, photocatalytic activity in the visible range can be extended by cou-
pling with a sensitizing dye or short bandgap semiconductor (Fig.  4.12 b). In 
this case, the combination of TiO 2  with semiconductor quantum dots (QDs) 
(for example, CdS, CdSe, PbS, PbSe) has been successfully adopted.  140   By 
controlling the surface treatment and medium conditions, it is possible to 
tune the photocatalytic properties of nanostructured TiO 2  for desired appli-
cations. In addition, TiO 2  has been very effective for the mineralization of 
contaminants from air and is used in commercial products such as self-
cleaning glass and ceramic tiles. However, the utilization of TiO 2  in a wide 
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range of industrial applications for remediation of chemical contaminants 
from wastewater remains a diffi cult task because of adverse catalyst poison-
ing effects. Challenges remain to extend the photocatalytic response in the 
visible region. Despite extensive efforts to dope TiO 2  with C, N, S and transi-
tion metal ions, so far photocatalytic activity in the visible range has 
remained quite low.  142–144   

 One of the most advanced applications, where the nanostructured TiO 2  
has in fact set a benchmark for industry, is solar cells.  126,140,145–147   It has also 
been used in organic photovoltaics,  148   and QD-sensitized solar cells.  149,150   
Mesoscopic TiO 2  fi lm, which has been employed as a substrate in these solar 
cells, assists in capturing electrons from an excited sensitizer or QD and 
transports the electrons to the collecting electrode surface, as schematically 
presented in Fig.  4.13 . A quantitative model  151   provides an explanation of 
the photovoltaic response of the dye-sensitized solar cell dependence on 
the non-linear charge recombination rate ( U  n   =   k  r  n  β   , with   β    <  1) (where  k  r  
is a simulation constant and  n  is a free electron concentration) and inter-
prets the diffusion length measurements obtained from various techniques. 
Different spectroscopy studies have been conducted to probe the ultrafast 
charge injection from an excited sensitizer into TiO 2  and charge recombina-
tion processes to identify the factors that restrict the energy conversion 
effi ciency. However, so far this capability has been only within the range 
6–12 %.  152,153   

  TiO 2  nanostructures of different shapes have also been designed in order 
to tailor optical and electronic properties.  154   While anodization of Ti foil is 
a common technique to prepare TiO 2  nanotubes, hydrothermal methods 

  4.12      Photocatalytic activation using TiO 2  nanoparticles: (a) direct 
bandgap (UV) excitation; (b) sensitized charge injection using a visible 
light absorber. (Reprinted from Ref.  138  with permission from The 
American Chemical Society)    
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provide convenient routes to fabricate 1D and 2D nanostructures. The 
ability to design anatase nanocrystals with the most active [001] facet has 
enabled researchers to systematically probe the catalytic activity of the 
phase of TiO 2 .  155   

 Future development of TiO 2  nanostructures is inseparably connected 
with tailoring desirable nanostructure architectures. Semiconductor–metal 
composite nanostructures in core–shell or coupled geometry is one of the 
approaches designed to enhance photocatalytic activity by facilitating 
reduction processes.  156   In this regard, electron storage, as well as localized 
plasmon resonance of metal nanoparticles embedded in the TiO 2  core or 
placed in close proximity to the TiO 2  nanostructure, have improved both 
photocatalytic and photovoltaic performances.  157   However, up to now, there 
have been only limited improvements. On the other hand, extensive tests 
have been carried out in order to establish a hole transfer process aided by 
an oxidation catalyst such as IrO 2 .  158   It has been stressed that better under-
standing of the interfacial charge transfer kinetics is important in designing 
more effi cient photocatalysts for water splitting reactions.  142   The fast devel-
opment of a graphene-based platform for combination with nanostructured 
semiconductor oxides has been considered to be another fast-growing 
emerging area, allowing the design of photocatalysts with tailored proper-
ties.  159   For instance, graphene oxide-based TiO 2  composites have shown 
enhancement in both photocatalytic and photo-electrochemical proper-
ties.  160,161   An illustration of the selective oxidation and reduction processes 
in the TiO 2 –graphene oxide–metal nanoparticle composite is shown in 
Fig.  4.14 . This scheme encapsulated the essence of the graphene ’ s ability 

  4.13      Principle of liquid junction dye operation or QD-sensitized solar 
cell using mesoscopic TiO 2  fi lms. (Reprinted from Ref.  138  with 
permission from The American Chemical Society)    
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  4.14      Illustration of selective oxidation and reduction processes in a 
TiO 2 –graphene oxide–metal nanoparticle composite. (Reprinted from 
Ref.  138  with permission from The American Chemical Society)    
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to capture and shuttle electrons, which provides a unique opportunity for 
the development of a catalyst with multifunctional characteristics.  162   

  Consequently, effi cient transfer of charges across the semiconductor 
interface is the key to converting light energy into electricity or fuel. Not-
withstanding the recent advances in the development of TiO 2  nanostruc-
tures, it has to be admitted that up to now the improvement in the overall 
effi ciency of TiO 2 -based devices has been marginal. One of the areas where 
improvements are expected to take place in near future is in the device 
applications where nanostructured TiO 2  has been utilized in 2D form.  141   The 
outlook for this development of nanostructured TiO 2  within the next few 
years will be focused on the additional manipulation of the interfacial 
charge transfer processes with surface modifi cation and/or with a catalyst. 
This is because the reactivity of nanostructured semiconductors, including 
TiO 2 , is closely related to their defect disorder.  126   In contrast to bulk materi-
als, where knowing precisely how many dopant atoms are present is not so 
critical, doping 2D semiconductors with impurities by using the appropriate 
dopant in the correct amount has proven to be a very effective way of 
tuning their physicochemical properties. In fact, this is especially important 
when the nanomaterials to be doped are 2D nanocrystals, and the number 
of dopant atoms could be as low as one! The position of the dopant within 
the 2D nanosheet can also affect its properties; therefore, being able to 
visualize dopant atoms within such nanosheets is vital for better under-
standing and, more importantly, for controlling their behaviour.  163,164   

 The doping can enhance such typical defect-related properties as charge 
transport, electronic structure, surface reactivity and photoreactivity. There-
fore, defect chemistry may be adopted in the future development of 2D 
nanocrystals with controlled features that are requested for specifi c pur-
poses. A scientifi c approach to the imposition of specifi c disorder TiO 2 -
related characteristics which will be able to tailor these properties for 
various applications is schematically presented in Fig.  4.15 . Thus, both 
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  4.15      Schematic illustration of the potential applications of 2D TiO 2 . 
(Reprinted from Ref.  218  with permission from Springer Verlag)    
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careful selection and controlled manipulation by processing conditions of 
2D TiO 2  nanosheets are crucial factors in the further development of 2D 
nanostructures with selective  built-in  properties.   

  4.5     Molybdenum trioxide nanocrystals 

 Interest in the development of nanostructured MoO 3  is based on its multi-
faceted structural and functional properties. Similar to TiO 2 , its thermo-  165   
and photochromic  166   properties have attracted the attention of developers 
of electrochromic materials,  167   batteries,  168   catalysts,  169   photovoltaic cells  167   
and highly sensitive and selective gas sensors.  170   Figure  4.16  overviews the 
two most common crystalline phases of MoO 3 : the thermodynamically 
stable   α  -phase MoO 3  (Fig.  4.16 a) and the metastable monoclinic   β  -phase 
MoO 3  (Fig.  4.16 b).  91   These phases have completely different crystalline 
structures, and the transformation of the   α  -phase into the   β  -phase of MoO 3  
is possible at temperatures over 350 °C.  171   The   α  -phase of MoO 3  possesses 
a unique layered structure: atomically-thin layers that have a thickness of 
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  4.16      The two most common crystalline phases of molybdenum 
trioxide: (a) orthorhombic   α  -MoO 3 ; (b) monoclinic   β  -MoO 3 . (Reprinted 
from Ref.  218  with permission from Springer Verlag)    
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 ∼ 0.7 nm and exist in double layers of link-distorted MoO 6  octahedra, which 
then stack up to cast secondary layers of several tens of nanometers.  172   In 
each double layer, MoO 6  octahedra form corner-sharing rows along the 
[100] plane and edge-sharing zigzag rows along the [001] plane (Fig.  4.16 a). 
Lamellar formation is made by linking the adjacent layers along the [010] 
plane only through weak Van der Waals forces,  171   while the internal interac-
tions between atoms within the double layers are dominated by strong 
covalent and ionic bonding. 

  Several techniques for the development of stratifi ed crystallites of 
orthorhombic   α  -MoO 3  have been employed so far. These include pulsed 
laser deposition,  173   sol–gel,  174   sputtering,  175   spray pyrolysis,  176   CVD,  177   
thermal evaporation,  178,179   hydrothermal,  180   anodization  181   and electrodepo-
sition.  182   Amongst these techniques, electrochemical methods are more pre-
ferred, as they are generally easy to carry out and can be adapted to 
engineer physical and chemical properties of MoO 3 ,  183   followed by mechan-
ical exfoliation similar to exfoliation of graphene. So far, there have been 
several scientifi c reports confi rming the successful mechanical exfoliation 
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of MoO 3  and the development of 2D MoO 3  nanostructures as thin as 
 ∼ 5 nm.  110,184   Figure  4.17  provides typical 3D scanning tunnelling microscope 
(STM) images (Figs  4.17 a and 4.17b) and transmission electron microscope 
(TEM) image (Fig.  4.17 c) of the developed 2D MoO 3  nanosheets with their 
measured thickness (Fig.  4.17 d). 

  A recent report on atomically-thin MoS 2  nanosheets indicated that it is 
possible to enhance the mobility values of these MoS 2  nanostructures up 
to 200 cm 2 /Vs.  90   However, considering that dichalcogenides generally have 
smaller relative dielectric constants than semiconductor oxides (e.g.  ∼ 5 for 
MoS 2 ), the mobility values obtained are still not high enough for acceptance 
of MoS 2  by the electronics industry. Therefore, development of 2D 
semiconductor oxides with higher dielectric constants offers a possible 

  4.17      Typical STM (a) and (b) images of exfoliated MoO 3  nanosheets 
with TEM image (c) and measured thickness (d) of the developed 
MoO 3  nanosheet. (Reprinted from Ref.  218  with permission from 
Springer Verlag)    
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solution.  172,184   In contrast to dichalcogenides, a semiconductor oxide such as 
  α  -MoO 3  has a much higher dielectric constant ( > 500 for   α  -MoO 3 ).  185   The 
structure of   α  -MoO 3  comprises perfect planar crystals, held together by Van 
der Waals forces (Fig.  4.16 a), which offers the potential to obtain 2D struc-
tures.  172   Bulk MoO 3  in its intrinsic form still has a relatively wide bandgap 
( > 2.7 eV), i.e. a value which is not yet suitable for making electronic devices. 
Thus, the development 2D   α  -MoO 3  nanosheet with following intercalation 
provides a practical alternative in tuning up its properties. 

 It is known that the reduction of   α  -MoO 3  results in reduced bandgap 
MoO (3 −    x   ) , and it is possible to tune the energy bandgap from a neutral value 
to zero.  186,187   However, in material with low relative dielectric constants, this 
process increases the number of embedded Coulomb charges and possibly 
their detrimental effect on electron scattering, which is the main limiting 
factor in electron mobility. The carrier ’ s motility in a thin layer is calculated 
using   μ    =   e / m * 〈   τ   〉  in which  e  is the point charge,  m * is the electron effective 
mass and   τ   is the transport relaxation rate of momentum in the plane. Using 
the Born approximation, the transport relaxation time can be calculated as 
follows:  188  
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where  N z x y zi
( )( )μ d d d     is the concentration of the   μ   th  kind of Coulomb 

charge centre within the volume d x d y d z  and  f ( k ,  k z  ) is a function of  k  and 
 k z   vectors.  V zk kz−

( ) ( )μ     is a potential function showing the intensity of the scat-
tering effects on free charges, and reducing its importance in obtaining large 
carrier mobilities. According to (4.2), in materials possessing high relative 
dielectric constants, such as   α  -MoO 3 , the overall effect of Coulomb charges 
on  V zk kz−

( ) ( )μ     is reduced and the scattering effect is dominated by the optical 
and acoustic phonons. For instance, for a 2D material with a relative dielec-
tric constant of  ∼ 5 and thickness of 10 nm, the mobility is approximately 
 ∼ 550 cm 2 /Vs, while, for higher dielectric materials of 500, this number advan-
tageously increases up to  ∼ 62 000 cm 2 /Vs. 

 Raman spectra of 2D MoO 3  nanocrystals deposited on quartz substrates 
at different temperatures (Plate XIIa, see colour section between pages 232 
and 233) revealed similar peak features corresponding to that observed in 
MoO (3 −    x   ) .  189   Further H  +   intercalation of perfectly layered   α  -MoO 3  planar 
nanocrystals in liquid showed that both the colour of the MoO 3  nanosheets 
(Plate XIIb) and the corresponding Raman shift (Plate XIIc) depended on 
intercalation time. Raman spectra of the same nanosheet show that MoO (3 −    x   )  
evolved from the layered   α  -MoO 3 , based on the fact that the sharp peak of 
MoO 3  at 820 cm  − 1  gradually disappeared and a broad peak at 780 cm  − 1  
emerged. The Raman peak shift at 780 cm  − 1  is a strong indication of the 
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presence and strength of sub-stoichiometric crystal formation.  189   The MoO 3  
bandgap was reduced from 3.25 to 2.65 eV under exposure to H 2  gas for 
40 min (Plate XIId) and to smaller values ( < 2 eV) afterwards (which can be 
interpolated). Consequently, the presence of sub-stoichiometric MoO (3 −    x   ) , 
which displays reduced bandgap energy, was confi rmed.  184   

 Mechanically exfoliated 2D MoO 3  nanosheets were deposited onto opti-
cally smooth 300 nm SiO 2  on highly  p -doped Si substrates, as well as on Si 
substrates without the SiO 2  layers. Raman spectra of the 2D layer used in 
the FET (Fig.  4.18 a) show similar peak features corresponding to that 
observed in MoO (3 −    x   ) . The FETs were reduced (Figs  4.18 b and  4.18 c), 
generating oxygen vacancies resulting in either the formation of sub-
stoichiometric MoO (3 −    x   )  on the top layers of the MoO 3  layer (for thicker 
layers) or throughout the layer (for thinner layers). 

  The drain current ( I  DS ) vs gate voltage ( V  GS ) characteristics of a MoO (3 −    x   )  
FET with fl ake dimensions of 800  ×  80  ×  11 nm are presented in Fig.  4.19 . 
The calculated mobility of charge carriers at room temperature was 
 ∼ 1100 cm 2 /Vs. The mobility value over a period of fi ve days remained within 
10 % of variation. 

  The experimental mobilities and the theoretical behaviour of the move-
ment, calculated using the Born approximation with respect to temperature, 
are summarized in Fig.  4.20 . The overall mobility infl uenced by coulomb, 
acoustic and optical phonon scattering mechanisms, presented in this fi gure 
for comparison, is calculated using Matthiesen ’ s Rule.  184   Figure  4.20  clearly 
shows that the acoustic and optical phonon scattering effects are independ-
ent of the dielectric value of the material. In a low-  κ   ( ∼ 5) material, the 
coulomb scattering effect seems to be the limiting mechanism of the overall 
mobility. As a result, the theoretical prediction of the overall mobility is 
around 170 cm 2 /V s and the reported experimental value for 2D MoS 2  
nanosheets closely matches this.  90   In a high-  κ   ( ∼ 500) material, the coulomb 

  4.18      Raman spectra of MoO 3  nanosheet and corresponding 
background spectral acquisition with the same parameter (a); set-up of 
a MoO (3 −    x   ) /MoO 3  FET  I–V  analysis (b) and (c) cross-sectional view of 
MoO 3  layers of the FET displaying the formation of sub-stoichiometry. 
(Reprinted from Ref.  184  with permission from Wiley)    
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  4.19      Drain current ( I  DS ) vs gate voltage ( V  GS ) characteristics obtained at 
room temperature for different drain voltage ( V  DS ) values. Inset: 3D 
AFM image of the corresponding MoO (3 −    x   )  layer. (Reprinted from Ref. 
 218  with permission from Springer Verlag)    

  4.20      Charge carrier mobility dominated by different scattering 
mechanisms vs temperature characteristics. Theoretical predictions of 
total mobilities are in agreement with the experimental trend. 
(Reprinted from Ref.  218  with permission from Springer Verlag)    
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scattering effect is minimized and the mobility increases by an order of four. 
Hence, acoustic phonon scattering emerges as the dominant mechanism 
limiting overall mobility. The experimental transportability observed in the 
2D MoO (3 −    x   )  FET was in the same order of magnitude and matches the 
theoretically predicted trend of the overall mobility.  184   

  Therefore, in high-  κ   nanomaterials, such as 2D MoO (3 −    x   )  nanosheets, the 
enhancement of total carrier mobility is limited by acoustic phonon scat-
tering. The high-  κ   media advantageously reduce the coulomb scattering 
effect, which is generally the mechanism dominating overall mobility in 
low-  κ   materials. The mobility values observed so far readily exceed those 
of doped and low-dimensional Si. The relative abundance and the desirable 
electronic properties of 2D MoO 3  and similar transition semiconductor 
oxides render them to be suitable building blocks for future electronic 
applications.  

  4.6     Tungsten trioxide nanocrystals 

 Tungsten trioxide (WO 3 ) is a transition metal oxide made up of perovskite 
units, which is well-known for its non-stoichiometric properties.  190   As WO 3  
belongs to the same group of elements as MoO 3 , in some respects its struc-
ture is similar. Its phase classifi cation is based on the tilting angles and 
rotation direction of WO 6  octahedra with reference to the ‘ideal’ structure 
(ReO 3  type). Crystals are generally formed by corner and edge sharing of 
WO 6  octahedra. Like other metal oxides, WO 3  crystal phase transitions can 
take place during annealing and cooling. It has been previously reported 
that for WO 3 , in bulk form, phase transformation occurs in the following 
sequence: monoclinic II (  ε  -WO 3 ,  <  − 43 °C)  →  triclinic (  δ  -WO 3 ,  − 43 °C to 
17 °C)  →  monoclinic I (  γ  -WO 3 , 17 °C to 330 °C)  →  orthorhombic (  β  -WO 3 , 
330 °C to 740 °C)  →  tetragonal (  α  -WO 3 ,  > 740 °C).  191   The main physico-
chemical properties and applications of WO 3  have been comprehensively 
described in a recent review.  192   

 The strong interest in WO 3  on the part of researchers and from various 
industries has been based on the versatile and exceptional chromic proper-
ties of nanocrystalline WO 3 . In comparison to many other semiconductor 
metal oxides, such as TiO 2 , ZnO, NiO and their sub-stoichiometric forms, 
investigation of WO 3  chromic properties is much more advanced.  193   Conse-
quently, nanostructured WO 3  is also a well-studied material for photo-
catalysis and sensing.  170   Nevertheless, the importance of the development 
of WO 3 -based nanostructures for electrochromic devices (smart windows 
and EC displays),  194   dye-sensitized solar cells,  195   optical recording devices  196   
and sensing applications  170   cannot be over-estimated. Consequently, new 
approaches to the synthesis of advanced WO 3 -based nanocrystals have 
emerged during last few years.  109,197–199   Among those approaches, synthesis 

�� �� �� �� �� ��



174 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

of atomically-thin nanosheets from hydrated WO 3  has proved to be a very 
effective and effi cient method in the development of Q2D WO 3 .  109,197   
Figure  4.21  schematically represents details of the main stages in the devel-
opment of 2D WO 3  nanosheets.  109   

  As a result of this new approach, Q2D WO 3  nanosheets with different 
thicknesses have been obtained. The thinnest nanosheets were less than 
15 nm in thickness and had a faint blue appearance. The platelet colours 
(Fig.  4.22 a) changed in the following order as a function of thickness: faint 
blue ( < 15 nm), white (15 − 40 nm), yellow (40 − 70 nm), orange (70 − 100 nm) 
and red (100 − 150 nm).  109   

  When the developing semiconductor oxide nanostructure possesses very 
small dimensions and is very thin, Raman spectroscopy is ideally suited for 
analysis of the atomically-thin layers of such nanomaterial. Given the low 
dimensionality of the atomically-thin layers, extracting crystallographic 
information using conventional methods, such as X-ray diffraction (XRD), 

  4.21      Schematic of the formation of a single layer of monoclinic WO 3  
from layered hydrated WO 3  via an exfoliation process: (a) hydrated 
WO 3  (WO 3 .2H 2 O), which is made of layers of WO 3  with H 2 O molecules 
in between; (b) mechanical exfoliation separates layers at their 
weakest bonds into 1.4 nm sheets; (c) water molecules are evaporated 
and WO 3  layers of multiples of 0.7 nm thickness are formed after 
annealing. (Reprinted from Ref.  109  with permission from The 
American Chemical Society)    
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  4.22      Raman spectra for WO 3 .2H 2 O for samples with the thickness of 
several fundamental sheets (less than 15 nm) to 100 nm. Optical 
images of these samples are shown in the left side: (a) non-annealed 
samples; (b) annealed at 300 °C. (Reprinted from Ref.  109  with 
permission from The American Chemical Society)    
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is largely unsuitable. To assess the infl uence of both thinning and annealing 
processes on the Raman vibration signatures, typically manifesting as sym-
metric features, as well as chemical bonds that occur during annealing, 
Raman spectroscopy was conducted on WO 3  sheets of different thicknesses. 
The results for the series of hydrated exfoliated WO 3  of different 
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thicknesses have been recently published  109   and are shown in Fig.  4.22 a. 
Both hydrated and dehydrated WO 3  layers have strong Raman modes, 
which can be matched to the hydration level and crystal phase signatures. 

 All spectra exhibited features with bands indicative of a hydrous, nano-
crystalline WO 3 · x H 2 O complex structure.  200   The sharp peak at 960 cm  − 1  is 
attributed to the symmetric stretching mode of the terminal W = O bonds. 
The stretching modes of O = W = O for the bridging oxygens across planes, 
which occur around 660 cm  − 1  (with bending modes around 230 and 270 cm  − 1 ), 
are expected from the layered and 2D character of WO 3 ·2H 2 O. They are 
also suggested to be infl uenced signifi cantly by the hydration levels, and the 
660 cm  − 1  band is used to identify the hydration level. The rest of the modes 
between 100 and 300 cm  − 1  are attributed to the lattice modes. As can be 
seen, two bands appear at 660 and 685 cm  − 1 , which indicate that the nano-
material is fully hydrated as WO 3 ·2H 2 O. For fi ne samples, the intensity of 
all but the peaks at 660, 685 and 960 cm  − 1  decreased, indicating that only 
the strong planar modes survive as a result of thinning.  109   

 Figure  4.22 b clearly shows that the annealing of Q2D WO 3  nanosheets 
at 300 °C has dramatically changed the Raman spectral features of these 
nanosheets. Two main regions for the  m -WO 3  vibrations occur at 900 − 600 cm  − 1  
and below 300 cm  − 1 , respectively. The terminal W = O stretching mode at 
960 cm  − 1  is now completely absent and the two peaks of 660 and 685 cm  − 1  
have been replaced by two strong bands in the region between 709 and 
810 cm  − 1 . In addition to these stretches, a strong peak appears at 272 cm  − 1  
and two weaker peaks can be observed at 195 and 320 cm  − 1 . A shoulder 
peak at 690 cm  − 1  is typically associated with the presence of hexagonal 
WO 3 .  201   After the evaporation of the water molecules from the crystal 
lattice, the volume between WO 3  layers, once occupied by water molecules, 
decreases and the unit-cell height halves. The annealed WO 3  showed steps 
of 0.7 nm, which corresponds to unit cells of monoclinic WO 3  without the 
water molecules. 

 Li  +   intercalation was performed on the developed Q2D WO 3  nanosheets 
in order to decrease bandgap and assess the differences between thick and 
fi ne WO 3  nanosheets.  202   The Li  +   intercalation resulted in changes of the 
Raman spectra for the thinnest WO 3  nanosheets, whereas thick WO 3  
nanosheets (thickness  ≥ 50 nm) were mostly unaffected.  109   Figure  4.23  shows 
that for very thin WO 3  nanosheets, the 705 cm  − 1  peak (shifted from 709 cm  − 1 ) 
and its left side shoulder completely vanish. At the same time the Li  +   inter-
calation did not affect the thicker samples. Disappearance of the 705 cm  − 1  
peak was possibly due to the increased vibration symmetry along both axes 
after the Li  +   intercalation,  203   which was in good agreement with previous 
results.  202   

  The disappearance of the planar Raman peaks should, however, be care-
fully evaluated. It was observed that the direction of the planar growth 
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signifi cantly affects the intensity of peaks in the 600–900 cm  − 1  range of the 
spectrum, which are assigned to the planar O = W = O stretching modes.  109   
Figure  4.24  explains that when horizontal and vertical growth are dominant, 
this results in a change in the relative intensity of different peaks of the 
hydrated WO 3 . The same effect was also observed for the planar modes of 
annealed WO 3  sheets with different degrees of hydration. The absence of 
any shifts for the 810 cm  − 1  peak can suggest that the intercalated Li  +   ions 
dampen the 705 cm  − 1  stretching mode by affecting the WO 3  plane in one 
direction rather than making the system more symmetric. 

  Results obtained so far clearly indicate that mechanical exfoliation fol-
lowed by Li  +   intercalation enabled the tuning of the bandgap of Q2D WO 3  
nanosheets within the range 2.5–2.7 eV.  204   These fi ndings also highlighted 
that the investigation of atomically-thin WO 3  nanosheets is essential for 
better understanding of the thinning effect on photon–electron and elec-
tron–photon interactions in the developed WO 3  nanostructures. Apart from 

  4.23      Effect of Li  +   intercalation on Raman spectra for (a) thin and (b) 
thick WO 3  nanosheets. (Reprinted from Ref.  109  with permission from 
The American Chemical Society)    
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the new generation of electrochromic devices, such 2D semiconductors can 
be utilized in the development of a wide variety of devices ranging from 
perfect insulating dielectric layers to layers with high carrier mobility in 2D 
for creating transistors with large on/off ratios and transconductance.  

  4.7     Niobium pentoxide nanocrystals 

 With wide bandgap, Nb 2 O 5  is an  n -type transitional metal semiconductor 
with an oxygen stoichiometry-dependent bandgap ranging between 3.4 and 
4.0 eV and high- k  (between 33 and 40).  205,206   Stoichiometric Nb 2 O 5  is 
an insulator (conductivity,   σ    =   ∼ 3  ×  10  − 6  Scm  − 1 ) and it converts into a semi-
conducting state (conductivity,   σ    =   ∼ 3  ×  10  − 3  Scm  − 1 ) with a decrease in 
oxygen stoichiometry (Nb 2 O 4.8 ). H-Nb 2 O 5  (pseudo-hexagonal), O-Nb 2 O 5  
(orthorhombic), T-Nb 2 O 5  (tetragonal) and M-Nb 2 O 5  (monoclinic) are the 
most common crystallographic phases.  207   Nb 2 O 5  is very resistive to thermal 
shocks and thermocycling, and it possesses a high melting point and a wide 
working temperature range. So far, both microstructured and nanostruc-
tured Nb 2 O 5  have been widely used in catalysis (for selective oxidation, 
hydrocarbon conversion, hydrogenation and hydrotreating), photovoltaics 
(as a photo-anode material for dye-sensitized solar cells), electrochromic 
devices, fi eld-emission displays, microelectronics and gas sensors. 

 The dielectric constant value is somewhat superior to Ta 2 O 5  ( ′ =εNb O2 5 41    
vs  ′ =εTa O2 5 27   ),  207   and it has almost half the density (and higher specifi c 
capacitance). These are some of its advantages for passive electronic device 
components. Due to its acidic character, Nb 2 O 5  has attracted a great deal 
of attention for its applications as a catalyst in electrochemistry,  208   in dye-
sensitized solar cells,  93,209,210   in optical devices,  211   in electrochromics  207   and in 

  4.24      Effect of the growth directions along different unit-cell axes on 
the planar O-W-O stretching modes intensities. (Reprinted from Ref. 
 109  with permission from The American Chemical Society)    
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sensors.  212,213   However, consideration of Nb 2 O 5  for photodegradation of 
contaminants is not well-explored in the literature.  214   Given that the bandgap 
of Nb 2 O 5  is similar to that of TiO 2  (Fig.  4.25 ), with structural modifi cation 
it can be recognized as an alternative to TiO 2  for dye-sensitized solar cell 
operations.  93   The use of Nb 2 O 5  in dye-sensitized solar cells will be further 
described in Chapter 6. 

  Although bulk Nb 2 O 5  has high bandgap energy (3.4–4.0 eV) (Table  4.2 ), 
it can be manufactured as nanobelts  215   and nanorods.  216   The mechanism of 
the development of Nb 2 O 5  nanobelts is schematically presented in Fig.  4.26 . 
Based on this mechanism, Nb nanopowder was initially reacted with urea 
solution under hydrothermal conditions, and the layered structure 
NH 4 Nb 3 O 8  was formed with interlayer spaces between the [NbO 6 ] octahe-
dral sheets. Secondly, the interactions between the layers of NH 4 Nb 3 O 8  were 
weakened under hydrothermal conditions, the layered structures were 
gradually exfoliated and nanosheets were formed. The nanosheets do not 
have an inversion symmetry, i.e. the layer is symmetric, and an intrinsic 
tension exists that may cause the edges of the nanosheets to roll up. Finally, 
the nanosheets were spitted to form nanobelts in order to release the strong 
stress and lower the total energy. Nb 2 O 5  nanobelts as thin as  ∼ 15 nm have 
been developed.  215   Similar models for nanowire formation from layered 
compounds have also been reported.  217   

   However, from a practical point of view, diffi culty in adhering the devel-
oped nanobelts and nanowires to the substrate limits their use for industrial 
purposes. Consequently, new approaches have been implemented in order 
to develop Q2D Nb 2 O 5  nanosheets. During the last few years, research 
in the development of 2D semiconductor oxides has predominantly 
concentrated on either dichalcogenides or MoO 3  and WO 3  semiconductor 

  4.25      Position of conduction and valence bands and bandgap values 
for some semiconductors. (Reprinted from Ref.  205  with permission 
from Elsevier Science)    
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 Table 4.2      Bandgap energies for various semiconductors  218    

N/N

Material  E  G  (EV)

N/N

Material  E  G  (EV)

Chalcogenides Oxides

1 PbTe 0.275 1 CdO 2.100
2 PbSe 0.400 2 Cu 2 O 2.100
3 PbS (galena) 0.350 3 FeO 2.400
4 CdTe 1.450 4 WO 3 2.600
5 CdSe 1.850 5 BaTiO 3 2.800–3.200
6 CdS 2.420 6 MoO 3  

 MoO (3 −    x   )   184  
3.000  
2.000–2.650

7 ZnSe 2.600 7 Fe 2 O 3 3.100
8 ZnS 3.600 8 ZnO 3.200
9 TiS 1.250–1.650 9 TiO 2  (rutile)  

2D TiO 2   141  
3.000–3.400  
2.100

10 MoS 2   125  1.290–1.800 10 KNbO 3 3.300
11 NbSe 2 1.950–3.600 11 Cr 2 O 3 3.300
12 TaS 2 0.200–1.000 12 SrTiO 3 3.400

13 MnO 3.600
14 MgTiO 3 3.700
15 LiTaO 3 3.800
16 LiNbO 3 3.800
17 NaTaO 3 3.800
18 Nb 2 O 5 3.400–4.000
19 CoO 4.000
20 NiO 4.200
21 Ta 2 O 5 4.200
22 Ga 2 O 3 4.600
23 SrZrO 3 5.400
24 Y 2 O 3 5.500
25 MgO 7.700
26 SiO 2 8.300
27 Al 2 O 3 8.800

oxides, as has been shown in previous sections. This research confi rmed that 
these semiconductor oxides can be nanostructured and further exfoliated 
down to Q2D structures with further tuning of their bandgap down to the 
level considered acceptable for most electronic applications. The fi rst review 
of 2D nanomaterials for functional electrodes of electrochemical devices 
has highlighted the possibility of advances in Q2D Nb 2 O 5 .  218   This review 
also summarized various Nb 2 O 5  polymorphic forms that exist today, as 
presented in Table  4.3 , and confi rmed a new combined sol–gel/exfoliation 
approach employed for the development of quasi-2D Nb 2 O 5.   218   This 
approach is schematically presented in Fig.  4.27 . 

   The preparation of Q2D Nb 2 O 5  was a three-step process: the deposition 
method was conducted via spin-coating, followed by annealing at 800 °C, 
and, in the last step in the sequence, sintered Nb 2 O 5  was subjected to 
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  4.26      Mechanism for development of 1D nanostructural Nb 2 O 5  
nanobelts. (Reprinted from Ref.  211  with permission from Elsevier 
Science)    
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 Table 4.3      Structural characteristics of several NbO phases  218    

Compound Structure Lattice parameters
Space 
group

NbO Face-centered 
cubic

a  =  4.210 Å O h 

NbO 2 Tetragonal a  =  13.695 Å c  =  5.981 Å C 4h   6  
Rutile a  =  4.55 Å / a  =  4.841 Å c  =  2.86 Å / 

c  =  2.992 Å
D 4h   14  

Monoclinic a  =  12.03 Å b  =  14.37 Å c  =  10.36 Å 
  β    =  121.17 o 

C 2h 

T-Nb 2 O 5 Orthorhombic a  =  6.175 Å / a  =  6.114 Å b  =  29.175 Å / 
b  =  29.194 Å c  =  3.930 Å / c  =  3.940 Å

D 2h   9  

B-Nb 2 O 5 Monoclinic a  =  12.73 Å b  =  4.88 Å c  =  5.56 Å   
β    =  105.1 o 

C 2h   6  

H-Nb 2 O 5 Monoclinic a  =  21.153 Å / a  =  21.163 Å b  =  
3.8233 Å / b  =  3.824 Å c  =  19.356 Å / 
c  =  19.355 Å   β    =  119.80 o 

C 2h   1  

M-Nb 2 O 5 Tetragonal a  =  20.44 Å c  =  3.832 Å D 4h   17  
N-Nb 2 O 5 Monoclinic a  =  28.51 Å b  =  3.830 Å c  =  17.48 Å  

 β    =  120.8 o 
C 2h   3  

P-Nb 2 O 5 Tetragonal a  =  3.876 Å c  =  25.43 Å D 4h   10  
R-Nb 2 O 5 Monoclinic a  =  12.79 Å b  =  3.826 Å c  =  3.926 Å 

  β    =  90.75 o 
C 2h   3  

TT-Nb 2 O 5 Pseudohexagonal   
Monoclinic

a  =  3.607 Å / a  =  3.600 Å c  =  3.925 Å / 
c  =  3.919 Å

a  =  7.23 Å b  =  15.7 Å c  =  7.18 Å 
  β    =  119.08 o 
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  4.27      Schematic interpretation of the sol–gel/exfoliation approach for 
development of quasi-2D Nb 2 O 5  nanostructures.    
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Quartz substrate

Exfoliation of Nb2O5

nanosheets

Quartz substrate

Quartz substrate Quartz substrate

Sol−gel polymerization
and cluster condensation

AFM, EDX, SEM, FTIR, Raman
measurements

mechanical exfoliation to achieve super-thin nanolayers. Plate XIII (see 
colour section between pages 232 and 233) shows topographical AFM 
measurement of the developed Q2D Nb 2 O 5  nanosheets deposited on quartz 
with height data for individual nanosheets. The exfoliated nanosheets of 
Nb 2 O 5 , as is clearly shown in this fi gure, still comprise a layered structure 
consisting of three layers of Nb 2 O 5  nanofl akes with average measured thick-
ness from 15–25 nm.  218   

 The main advantage of these Q2D structures is that their electrochemical 
properties and morphological characteristics can be signifi cantly improved 
by two factors: (i) controlling (reducing) the bandgap; and (ii) increasing 
the mobility by intercalation with H  +   or Li 4 +   ions. The crystalline structures 
and surface chemistry were examined by energy-dispersive X-ray spectros-
copy (EDS) and X-ray photoelectron spectroscopy (XPS) techniques, and 
the principal results are presented in Fig.  4.28 .  218   

  XPS analysis was used to examine the surface chemistry of the Nb 2 O 5  
nanofl ake by measuring its elemental composition and both the chemical 
and the electronic state of Nb and O within the fi lm. XPS analysis of the 
Nb 2 O 5  nanosheets (Figs  4.28 a,  4.28 b and  4.28 c) indicates the characteristic 
binding energy shape of the core level spectra for Nb 3d shell electrons and 
O 1s shell electrons. EDS measurement of the Nb 2 O 5  nanosheets, presented 
in Fig.  4.28 d, clearly identifi es Nb and oxygen as key components of the 
material. Due to the fact that the nanosheets were not 100 % dense, weak 

�� �� �� �� �� ��



 Two-dimensional semiconductor nanocrystals 183

© Woodhead Publishing Limited, 2014

  4.28      XPS measurement (a,b,c) and EDS analysis (d) of the developed 
Q2D Nb 2 O 5  nanosheets. (Reprinted from Ref.  218  with permission 
from Springer Verlag)    
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silica peaks are also observed. These signals are most probably because of 
the silica substrate, which was used as a platform for the entire fi lm. As Ir 
was applied to coat the sample to improve the image quality, it is also 
present in the spectrum. 

 The new approach to mapping the electrical properties of the developed 
2D nanostructures below 15 nm scale represents a combination of conduc-
tive AFM and a new method that combines the advantages of intermittent 
contact AFM (IC-AFM), i.e. a spatial resolution approximately 10 nm and 
no sample damage, and conductive AFM (C-AFM), i.e. very high current 
sensitivity, and the possibility to record local current–voltage ( I – V ) curves, 
allowing the analysis of charge transport properties.  219   This latest and unique 
current sensing force spectroscopy AFM (CSFS-AFM, also known as Peak-
Force (PF) TUNA™) is based on simultaneous measurement of the topog-
raphy and the current fl owing between the tip of the probe and the sample 
from real-time analysis of force–distance curves measured for a tip oscillat-
ing in the kHz regime, far below the resonance frequency of the 
cantilever. 

 CSFS-AFM is an advanced scanning probe approach which integrates 
the superiority of IC-AFM and the benefi ts of C-AFM into one powerful 
and instrumental capability.  218   It is schematically shown in Fig.  4.29 . The 
concept behind this technique is relatively analogous to IC-AFM, where 
the tip of the probe and the sample are applied into intercalation at the 
same time the object is scanned. Nevertheless, there is a signifi cant differ-
ence in that the feedback loop controls the applied force on the sample for 
every individual oscillation cycle, safeguarding the tip and the sample from 
scan-induced damage. Also direct force control allows each tip–sample 
contact to be regulated and measured to extract the current values whilst 
the tip–sample contact area is minimized. The two electrical modules are 
characterized by a sensitivity of less than 100 fA. The oscillation frequency 
of the probe is established to be between 0.5 and 2 kHz which allows the 
recorded current values to have an acceptable signal-to-noise ratio. 

  As soon as the tip of the probe approaches the surface, the attractive 
forces strain the cantilever down towards the surface. When the forces 
overcome the cantilever constraint, the tip is attracted by the surface, result-
ing in a dip in the approach curve. Next, the force increases until the Z 
position of the transformation achieves its lowest point and the force at this 
stage is maintained constant and uniform by the system. Then the tip com-
mences to withdraw from the surface and the force is reduced until it 
reaches a minimum point on the retract curve. Just as the tip of the probe 
has been removed from the surface, there is virtually nil force applied to it. 

 Throughout scanning, a DC bias may be applied between the tip and 
the sample, resulting in the current passing directly through the sample. As 
soon a contact is made, the result can be recorded. The peak current is the 
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instantaneous current measured when the tip is located at the lowest point 
in the approach–retract phase. This could be the maximum current because 
the limited rise in time can result in a lag in the current response. Likewise, 
the contact current is the average current throughout the fundamental 
interaction between the sample and the tip. Lastly, the PF TUNA™ current 
is the integration of the current during the entire approach–retract phase, 
averaging the current measured during the contact and additionally taking 
into the account the zero signal as soon as the probe is retracted. 

 Bruker, Multi mode 8 scanning probe AFM was employed to image the 
Q2D Nb 2 O 5  nanofl akes and provide topographical information on the 
samples as seen in Fig.  4.29 . The images illustrate that the surface morphol-
ogy and electrical data are acquired simultaneously and identify the struc-
ture and main features of the developed Q2D Nb 2 O 5  nanosheets (Plate XV 
(see colour section between pages 232 and 233)). As far as the next genera-
tion of advanced functional devices is concerned, structurally homogeneous 
2D Nb 2 O 5  nano-oxide is of primary importance in order to comply with the 
requirements for reliability and long-term stability of these devices. 

 Plates XVa and XVb illustrate the topography of the developed Q2D 
Nb 2 O 5  and interfaces between several nanofl akes. At the edges between 
the different regions, an increased Fowler–Nordheim tunnelling current is 

  4.29      Schematic representation of the sample set-up and the working 
principle of CSFC-AFM. (Reprinted from Ref.  218  with permission from 
Springer Verlag)    
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represented by the dark areas on the image (Plate XVb). This indicates 
local structural thinning of the oxide during fabrication, which serves as an 
insulating area between adjacent active regions. Enhanced current fl ow is 
noticeable along the grain boundaries of Nb 2 O 5  nanosheet, whereas less 
current is observed on the individual nanofl akes. The average tunnelling 
current was much lower, corresponding to changes in Nb 2 O 5  nanosheet 
thickness and small inhomogeneities, as the developed Nb 2 O 5  nanosheet 
consisted of several nanofl akes with different dimensions. A big contrast in 
colours for current/voltage measurements (Plate XVc) represents local 
variations in effective electrical thickness. It is noticeable that most often, 
areas with increased tunnelling current seem to correspond with topo-
graphically elevated features. Analysis of the adhesion image (Plate XVd) 
revealed that the developed Q2D nanosheets had very good adhesion 
between the tip and nanofl akes (dark areas on nanofl akes, especially on 
those nanofl akes which are in direct contact with the substrate). 

 It was possible to imprint STM measurements on the edge of some of 
the Nb 2 O 5  nanofl akes, as depicted in Plate XIV (see colour section between 
pages 232 and 233). These measurements unambiguously confi rmed the 
typical layered profi le of the Nb 2 O 5  matrix. In all CSFS-AFM and STM 
measurements, the tip radius was evaluated to be around 20 nm using the 
Hertz model for sub-nN contact forces while performing classical C-AFM 
experiments.  219   

 It must be stressed that the combination of CSFS-AFM and STM meas-
urements provides not only simultaneous analysis of the physical and elec-
trical parameters of the developed Nb 2 O 5  nanosheets with thickness less 
than 20 nm, but also mapping of the measured parameters to the specifi c 
morphology of analysed Nb 2 O 5  nanostructures. Furthermore, the great 
advantage of this approach can be illustrated by analysis of the grain bound-
aries of the developed Nb 2 O 5  nanosheets, as presented in Plate XVI (see 
colour section). A 3D AFM image of the grain boundaries between three 
neighbouring nanosheets (Plate XVIa) appeared to be relatively smooth. 
The analysed image surface area was 4373 nm 2  while the measured image 
surface area difference was only 6.81 %. It must be noted that the widest 
measured distance between two neighbouring Nb 2 O 5  nanofl akes was 
approximately 25 nm (Plates XVIb, c and d), whereas the average distance 
was  ∼  8 nm. Exfoliated Nb 2 O 5  nanofl akes appeared to be quite fl at with a 
measured vertical distance of 0.2–0.7 nm (Plate XVId). Although measured 
adhesion (Plate XVIe) appeared to be fuzzy, it was confi rmed that the grain 
boundaries have the weakest adhesion to the substrate (other fl akes), which 
was supported by the light colour contrasting with the dark colour of the 
Nb 2 O 5  nanosheets. However, it is interesting that the peak current with 
maximum intensity was clearly identifi ed and its measured value was 8.3 pA 
(Plate XVIf). It was also confi rmed that the maximum current was on the 
edges of the Nb 2 O 5  fl akes, i.e. on the grain boundaries, and dropped to 
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almost zero above the centre of the nanosheet. The colour code of the 
current image is defi ned to be bright yellow for large current values and 
dark yellow for small current value (dark brown standing for zero). 

 Raman spectroscopy was employed to determine the vibration and rota-
tional information in relation to chemical bonds and symmetry of molecules 
in the Nb 2 O 5  nanofl akes with particular interest in the fi nger-print region 
of the spectrum, as presented in Figs  4.30 a and  4.30 b. 

 In general terms, the graph not only displays signifi cant peaks in the 
perturbation area of the spectrum (Fig.  4.30 b), but also demonstrates a 
number of substantial stretches with various magnitudes in the region of 
1400–2000 cm  − 1 . Two stretches observed at 482 cm  − 1  and 1526 cm  − 1  
correspond to Si and Au, respectively, which are part of the substrate 
itself. A broad peak detected at 680 cm  − 1  confi rms the presence of Nb 2 O 5.  
However, the intensity of this peak for quasi-2D Nb 2 O 5  nanosheets 
was about three times higher than the intensity of the same peak for 
microstructural Nb 2 O 5 . A distinctive peak observed at 1462 cm  − 1  confi rms 
the strong existence of C = N bonds. The spike at 228 cm  − 1  indicates the 
presence of a Nb = OH bond. There were no other peaks noted, suggesting 
that no impurities were present. An analysis of the Raman spectra 
(Fig.  4.30 ) revealed that Q2D Nb 2 O 5  nanosheets are much more sensitive 
than microstructural Nb 2 O 5  as a component for various plasmonic-based 
sensing platforms. 

  In order to increase mobility in the established Q2D Nb 2 O 5  nanofl akes, 
H  +   intercalation was completed by exposing these nanosheets to a gas 
mixture (97 % N 2  +  3 % H 2 ) with controlled fl ow rate of 200 cm 3 /min. The 
samples were mounted inside the chamber and were subjected to synthetic 
air for 30 min in order to remove any moisture and possible contaminants. 
Following this initial process, samples were subjected to a H 2 -containing 
atmosphere for 5 min. After completion of the H  +   intercalation,  I – V  meas-
urements were performed using PF TUNA™ on several points of interest: 
from the edge to the middle of the Q2D Nb 2 O 5  sample, as presented in 
Plate XVII (see colour section between pages 232 and 233). 

 Analysis of the results obtained confi rmed that the H  +   intercalation had 
increased the conductivity of the Q2D Nb 2 O 5  nanofl akes, particularly on 
the edges (positions 1 and 3 in Plates XVIIa and XVIIb). However, in the 
middle of the nanofl ake, where the thickness is usually at its maximum, the 
conductivity had not been increased. This means that either the thickness 
of the Q2D Nb 2 O 5  nanostructures should be further decreased or, alterna-
tively, intensifi cation of the H  +   intercalation is required.  

  4.8     Tantalum pentoxide nanocrystals 

 Tantalum pentoxide (Ta 2 O 5 ) is a transitional semiconductor oxide which 
has a very similar structure to Nb 2 O 5  and a wide bandgap of  ∼ 4.5 eV.  220   
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nanofl akes (a); perturbation region within 500–1000 cm  − 1  (b).    
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Although the crystalline structure of Ta 2 O 5  is complicated, it is based only 
on a network of TaO 6  octahedral and TaO 7  pentagonal bipyramids  221   with 
shared oxygen atoms. Specifi cally, Ta 2 O 5  contains only two polyhedral build-
ing blocks, TaO 6  octahedral and TaO 7  pentagonal bipyramids. The volatility 
of oxygen in Ta 2 O 5  leads to oxygen vacancies being the most predominant 
type of defect. Each oxygen vacancy offers dangling bonds and donates two 
electrons close to the vacancy location. The dangling bonds give rise to 
electronic states within the bandgap which are able to trap excited electrons, 
creating many trap levels within the bandgap of Ta 2 O 5 . The trap levels cor-
respond to the ionization energies of the oxygen defi ciencies and are suf-
fi cient to provide visible-light emission.  222   Consequently, the presence of 
oxygen vacancies is expected to make Ta 2 O 5  an  n -type semiconductor and 
to play a strong role in the photolumuniscence emissions of Ta 2 O 5 . 

 Among wide bandgap hosts, Ta 2 O 5  has attracted the attention of research-
ers owing to its optical, catalytic, dielectric and chemical properties.  223   Opti-
cally active rare earth-doped Ta 2 O 5  fi lms have been produced, helping the 
development of compact sources and amplifi ers in telecommunication 
applications.  224   Moreover, aggressive scaling and the industry drive for 
faster/more power-effi cient/lower-cost integrated circuits requires the use 
of high- k  semiconductors as insulating materials in integrated capacitors or 
gate insulators.  224,225   Ta 2 O 5  fi lms also provide wide-range refractive index 
adjustment for integrated optical circuits, good anti-refl ection properties for 
solar cells  226   and increased ionic conductivity for electrochromic devices 
(such as chromogenic glazing in windows and large-scale information dis-
plays  224  ). Ta 2 O 5  also has potential for non-linear optical applications, multi-
layer interference fi lters  227   and bio-  228   and water quality sensors.  229,230   The 
challenge for Ta 2 O 5  is to grow high-performance dielectric nanostructures 
in order to obtain highly ordered crystalline defect-free Ta 2 O 5  nanosheets. 
In that respect, the development of Q2D or 1D nanostructures would be 
valuable solutions. So far, there have been several reports outlining the 
deposition techniques and properties of 1D Ta 2 O 5  nanostructures.  220   This 
development, similar to the other 2D semiconductor oxides, has opened up 
a new area in nanotechnology, leading to exploration of the dependence of 
electrical, thermal transport and mechanical properties on dimensionality 
and size reduction. The structural identity of Ta 2 O 5  nanosheets is strongly 
dependent on processing conditions and impurities.  231   One example of the 
developed 1D Ta 2 O 5  structures is shown in Figs  4.31 a and  4.31 b.  220   

  It can be clearly seen from this fi gure that surface morphology of the 
developed Ta 2 O 5  represents large-scale and high-density nanorods. The 1D 
Ta 2 O 5  nanorod array is very compact, containing 1675 nanorods per square 
micrometer.  220   The high-magnifi cation SEM image (Fig.  4.31 c) shows that 
1D Ta 2 O 5  nanorods can be as small as 50 nm in diameter and about  ∼ 550 nm 
long. The 1D Ta 2 O 5  nanorods were able to provide not only green-light, 
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  4.31      SEM images showing the (a) top and (b) side views of a large-
area high-density array of 1D Ta 2 O 5  nanorods on Si substrate. (c) 
High-magnifi cation SEM image of single 1D Ta 2 O 5  nanorod separated 
from the array. (Reprinted from Ref.  220  with permission from the IOP 
Publishing)    

(a)

100 nm

200 nm

200 nm

50 nm

(b)

(c)

yellow-light and red-light emission, but also UV-light and blue-light emis-
sion. Blue, red and green are three primary colours widely used in optical 
transportation and colour display devices.  220   Moreover, the numerous 
oxygen vacancies make 1D Ta 2 O 5  nanorods arranged in a large-scale high-
density array a strong candidate for such optoelectronic devices as light-
emitting diodes and laser diodes. 
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 Another exciting and perhaps unknown area in the development of 2D 
Ta 2 O 5  nanocrystals providing fi ne tuning of their electrical, optical and 
electrochemical properties is doping of these nanocrystals by another 
nanostructured semiconductor oxide.  232   With regard to the sensing applica-
tion, doping is also in favour because tuning of the carrier concentration, 
electrical transport and sensing properties can also be optimized. Several 
oxides may be successfully used as dopants in different concentrations. 
Figure  4.32  gives an overview of just a few phase equilibrium diagrams for 
Ta 2 O 5 , Nb 2 O 5  and V 2 O 5 , where their chemical and structural similarities 
favour the idea of mixing the two nano-oxides together to tune the physical 
and electrochemical properties of the base nanocrystal.  218   Alternatively, 
careful selection of the doping nano-oxide and its molar concentration 
can vary (increase/decrease) the bandgap of the base semiconductor 
nano-oxide.   

  4.9     Zinc oxide nanocrystals 

 As one of the prominent semiconductors, nanostructured ZnO has been 
extensively investigated for its versatile physical and electrochemical prop-
erties and promising potential for electronics, including optoelectronics and 
piezoelectric applications. With a wide bangap (3.4 eV) and a strong binding 
energy ( ∼ 60 meV) at room temperature, ZnO has been considered as an 
excellent material for UV lasers,  233   sensing applications  234,235   and dye-
sensitized solar cells.  236   

 The structure of ZnO can be described as a number of alternating planes 
composed of tetrahedrally coordinated O 2 −   and Zn 2 +   ions, stacked along the 
 c -axis. The oppositely charged ions produce positively charged (0 0 0 1)–Zn 
and negatively charged (0 0 0  − 1)–O polar surfaces, resulting in a normal 
dipole moment and spontaneous polarization along the  c -axis. The polariza-
tion effect induces the formation of a stripe structure (as displayed in 
Fig.  4.33 a–d).  92   There have been several reports relating to the synthesis of 
Q1D ZnO nanostructures.  237–241   SEM images of the developed 1D 
ZnO structures show that in most circumstances, the as-grown 1D ZnO 
nanostructures are single crystalline and have a well-defi ned shape with a 
high aspect ratio. HRTEM images, displayed in Fig.  4.33 e, demonstrate the 
ZnO nanowires obtained by the CVD method.  242   Lattice fringes can be 
clearly distinguished as 0.52 nm, and the growth direction of the nanowire 
[0 0 0 1] is confi rmed by the selected-area electron diffraction (SAED) 
pattern (Fig.  4.33 e, right inset). 

  In order to explore the potential of ZnO nanowires as the building blocks 
for nanoscale electronics, electrical transport properties of these nanowires 
have been investigated.  237   It was found that ZnO is a typical  n -type semi-
conductor which originates from native defects such as oxygen vacancies 
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  4.33      (a) Typical low-magnifi cation TEM image of a ZnO nanohelix, 
showing its structural uniformity. (b) Low-magnifi cation TEM image of 
a ZnO nanohelix with a larger pitch-to-diameter ratio. (c) Dark-fi eld 
TEM image from a segment of a nanohelix, showing that a nanobelt 
that coils into a helix is composed of alternating distributed stripes at 
a periodicity of 3.5 nm. (d) HRTEM image shows the lattice structure 
of the two alternating stripes (reprint permission from Ref.  92 ). 
(e) HRTEM mage of the edge of the nanowire showing ZnO crystal 
lattice fringes with spacing of 0.52 nm. The inset is a SAED pattern 
confi rming the growth direction along the [0 0 0 1]  c -axis. (Reprinted 
with permission from Ref.  242 )    
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and zinc interstitials. Since the defects are concentrated in the surface 
region, they have a signifi cant effect on the electrical and optical properties 
of the 1D structure with a large surface-to-volume ratio.  92   Electrical trans-
port studies after confi guring individual ZnO nanowires as FETs  239   confi rm 
that they exhibit  n -type behaviour. Typically the fi eld-effect mobility of as-
grown nanowires is in the range 20–100 cm 2 /V s. However, after surface 
treatment, the mobility of ZnO nanowires can be dramatically enhanced to 
exceed 4000 cm 2 /V s.  240   

 The optical properties of Q1D ZnO nanostructures have been exten-
sively studied because of their promising potential in optoelectronics. Due 
to its large energy bandgap and exciton binding energy, ZnO is especially 
suitable for short-wavelength optoelectronic applications. Photolumines-
cence spectra reveal fundamental optical properties of the material, includ-
ing band-edge emission, defect characterization and exciton–phonon 
interaction. Figure  4.34 a demonstrates the photoluminescence of ZnO 
nanowires with diameters of 100 nm, 50 nm and 25 nm.  237   Both band-edge 
emission at  ∼ 380 nm and imperfection state-related green emission centring 
at  ∼ 520 nm have been observed. The progressive increase of the green emis-
sion intensity with a decrease of nanowire diameter suggests that the defect 
level is higher in thinner nanowires due to the increasing surface-to-volume 
ratio. Continuous reduction of the diameter of ZnO nanowire results in a 
quantum size effect which manifests itself in the blue shift of band-edge 
emission in the photoluminescence spectra (as shown in Fig.  4.34 b).  240   It has 
also been reported that the exciton binding energy is signifi cantly enhanced 
due to size confi nement in ZnO nanorods with diameters of  ∼ 2 nm.  241   

  4.34      (a) Photoluminescence of ZnO nanowires with diameters of 
100 nm, 50 nm and 25 nm (reprinted with permission from Ref.  237 ). 
(b) PL spectra of 6 nm and 200 nm wide ZnO nanobelts showing a blue 
shift of the emission peak. (Reprinted with permission from Ref.  240 )    

Wavelength (nm)Wavelength (nm)(a)
350 450

(b)
550

C

W = 6 nm

373

387

W = 200 nm

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

B

A

× 10

650 400390380370360

�� �� �� �� �� ��



 Two-dimensional semiconductor nanocrystals 195

© Woodhead Publishing Limited, 2014

  One of the most interesting applications, where Q1D ZnO nanowires can 
replace conventional nanoparticle fi lm, is dye-sensitized solar cells 
(DSSC).  243   Apart from the higher crystallinity and rapid carrier collection 
rate, the nanowire arrays are also advantageous for cell designs that could 
use non-standard electrolytes, such as polymer gels or solid inorganic 
phases, in which the recombination rates are higher than the liquid electro-
lyte cell.  243   In these DSSC systems, ZnO,  243   TiO 2   244   and CuO  245   nanowires 
have been used as the photo-anodes. Figure  4.35 a exhibits ZnO nanowire 
arrays bathed in Ru-based DSSC. At a full sun intensity of  ∼ 100 mW cm  − 2 , 
a conversion effi ciency of 1.5 % has been reported with a nanowire fi lling 
factor of 0.37.  243   Figure  4.35 b shows the current density vs bias voltage for 
two cells with different active areas. The small cell (with area 0.2 cm 2 ) shows 
higher short circuit current  J  sc  and open-circuit voltage  V  oc  than the large 
cell (0.8 cm 2 ). The external quantum effi ciency (EQE) peaks at  ∼ 40 % near 
the absorption maximum of the dye. Furthermore, conversion effi ciency up 
to 7 % with a denser fi lling factor of 0.70 based on TiO 2  nanorods was 
achieved.  244   Unlike other  n -type oxides, CuO is representative of  p -type 
semiconducting oxides with a relatively small bandgap energy of 1.2 eV. This 
implies that CuO nanorods can act as the cathode in the DSSC. It has been 
reported that the CuO nanorods can be prepared from solution phase using 
the Cu substrate as the cathode. In addition, an ITO conducting electrode 
coated with dye-absorbed TiO 2  nanoparticles can be used as the anode. 
Such a cell composed of ITO/TiO 2 /dye/electrolyte/CuO nanorods/Cu was 
tested and yielded a 0.29 % conversion effi ciency at 0.17 fi lling factor.  245   

  Another very interesting application of Q1D ZnO nanowires is in so-
called ‘electronic noses’ – chemical sensors with enhanced sensitivity and 

  4.35      (a) Schematic diagram of the ZnO nanowire array based dye-
sensitized cell. Incident light is shone through the bottom transparent 
electrode. (b) Current density against voltage for two cells. The small 
cell shows a higher  V  oc  and  J  sc  than the large cell. Inset shows the 
external quantum effi ciency vs wavelength for the large cell. 
(Reprinted with permission from Ref.  243 )    
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unipolar selectivity. With the capability of being operated in harsh industrial 
environments, they surpass other chemical sensors in their sensitivity, reli-
ability and durability. The advantage of using 1D and 2D semiconductor 
oxide nanostructures for chemical sensing is manifold. With a large surface-
to-volume ratio and a Debye length comparable to the nanowire radius, the 
electronic properties of the nanowire are strongly infl uenced by surface 
processes, yielding superior sensitivity compared to their thin-fi lm counter-
parts.  246   In order to achieve maximum sensitivity, thin-fi lm gas sensors are 
often operated at elevated temperatures.  247   This indicates that a single 
sensing device needs to incorporate a temperature control unit, which will 
certainly increase the complexity of sensor design and the power consump-
tion. However, metal oxide nanowire-based ‘electronic noses’ have demon-
strated signifi cantly higher sensitivity at room temperature. For example, 
room temperature NO 2  sensing with ZnO nanowire shows more than 50 % 
conductance change under an exposure of 0.6 ppm NO 2 .  248   In contrast, a 
NO 2  sensor made of doped ZnO thin fi lm demonstrates less than 2 % con-
ductance change when exposed to an even higher concentration of NO 2  
(1.5 ppm).  246   These encouraging results manifested the potential of building 
room temperature operating, highly sensitive gas sensors. In addition, metal 
oxide nanowires confi gured as FETs have demonstrated that a transverse 
electric fi eld can effectively tune the sensing behaviour of the system.  248,249   
The ultimate goal is to develop an ‘electronic nose’ system imitating the 
mammalian olfactory system by assembling multicomponent sensing 
modules integrated with signal processing and pattern recognition 
functions. 

 Bulk and thin-fi lm metal oxides have been used for sensing gas species 
such as CO, CO 2 , CH 4 , C 2 H 5 OH, C 3 H 8 , H 2 , H 2 S, NH 3 , NO, NO 2 , O 2 , O 3 , SO 2 , 
acetone, humidity, etc.  250–252   In the past few years, the research efforts of the 
sensors community have been focused on chemical sensing based on metal 
oxide nanostructures, such as ZnO, SnO 2 , In 2 O 3 , Al 2 O 3 , TiO 2 , WO 3 , MoO 3  
and RuO 2 . Environmental sensors based on those nanostructured semicon-
ductor oxides and other doped semiconductor nanocrystals will be described 
in detail in Chapter 8.  

  4.10     Impact of combining two-dimensional 

semiconductor nanocrystals into 

three-dimensional structure 

 It is not diffi cult to explain the increasing worldwide interest in the develop-
ment of advanced functional nanocrystals, as they have been considered as 
potential candidates to replace conventional microstructured materials in 
various applications. The downscaling of microelectronic systems to produce 
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nano-electronic systems and functional devices such as DSSC, electrochro-
mic and optical devices, batteries with enhanced specifi c energy capacitance, 
self-powered integrated circuits and nanosensors requires principally new 
advanced nanomaterials with prominent energy and power densities, and 
higher carrier mobility per designated area than can be achieved with the 
thin-fi lm and MEMS technologies that exist today. Nowadays, conventional 
applied and industrial sciences are approaching their limits and inevitably 
seeking new breakthroughs. In this regard, graphene and 1D and/or 2D 
semiconductor oxides represent the potential building blocks for the next 
generation of advanced functional electronics and devices with superior 
properties utilized in much smaller volumes. In this context, Q1D and Q2D 
nanostructures represent an ideal channel for electrical carrier transport 
and are suitable for device integration.  253   

 The most important lesson from the recent progress in the development 
of Q1D and Q2D nanomaterials is the fact that the results achieved so far 
are only a very small portion of what can be studied with respect to the 
universe of 1D and 2D nanocrystals. Each of them has its own unique fea-
tures, complexity and attractiveness. It is fair to say that the great fi eld of 
1D and 2D nanocrystals lies undiscovered before us. 

 Furthermore, the area of 2D nanocrystals which can be modifi ed and 
tuned to tailor the desired properties by careful chemical and molecular 
doping has not been explored at all. Great discoveries are expected in this 
area in the next few years, which can potentially challenge our perception 
of the design of advanced functional devices: electro-actuators, fl exible 
electronics, electronic circuits, chemical and biosensors, DSSC, fuel cells, 
optical devices, photosensors, super-capacitors, infrared fi lters, to name but 
a few.  92   

 Completely new functional opportunities can be initiated and launched 
if the next generation of advanced functional 3D devices can be designed 
using the process schematically presented in Plate XVIII (see colour section 
between pages 232 and 233). Outstanding performance of these devices can 
be achieved through combinatorial multistacking (in analogy with combi-
natorial chemistry). Considering that each of these 1D and 2D nanocrystals 
has a different functionality, multifunctional nanomaterials can be created 
with an enormous economy in terms of energy and volume. It can be envis-
aged that a library of 1D and 2D nanocrystals and nanosheets will be 
established. Using this library and advanced robotics, new 3D structures can 
be effi ciently developed at low cost and high speed. For instance, three dif-
ferent types of 1D or 2D nanocrystals could be combined into a single 3D 
structure: one that can convert light into electrical current, a second one 
that is conductive and transparent, and fi nally a third that can store the 
electricity effi ciently.  87   Putting together superior conversion, transportation 
and storage of energy, could enable the development of a functional device 
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that works as an artifi cial super-economical ‘green plant’. With the help of 
the constructed library, the outcome would be a ‘nanocrystals-on-demand’ 
strategy with attached portfolio of novel complex architectures and nano-
structures possessing accurately tailored properties for different purposes 
and practices. From these nanocrystals, new 3D functional nanodevices 
could be designed.  
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  Plate VI      (Chapter 4) Schematic of structural models of graphene/metal 
oxide composites. (a) Anchored model: nanosized oxide particles are 
anchored on the surface of graphene. (b) Wrapped model: metal oxide 
particles are wrapped by graphene. (c) Encapsulated model: oxide 
particles are encapsulated by graphene. (d) Sandwich-like model: 
graphene serves as a template for the creation of a metal oxide/
graphene/metal oxide sandwich-like structure. (e) Layered model: a 
structure composed of alternating layers of metal oxide nanoparticles 
and graphene. (f) Mixed model: graphene and metal oxide particles 
are mechanically mixed and graphene forms a conductive network 
among the metal oxide particles. Red – metal oxide particles; Blue – 
graphene sheets. (Reprinted from Ref. 19 with permission from The 
Royal Society of Chemistry)    
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  Plate VII      (Chapter 4) 3D AFM image and graphical illustration of the 
developed structure of layered hexagonal MoS 2  with thickness of 
 ∼ 11 nm.    
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  Plate VIII      (Chapter 4) AFM images of different MoS 2  nanofl akes (a and 
b) exfoliated on quartz and their corresponding thicknesses. 
(Reprinted from Ref. 94 with permission from The Royal Society of 
Chemistry)    
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  Plate IX      (Chapter 4) (a) Optical microscopy image and (b) AFM image 
of single-layer MoS 2 . (c) PL and Raman (inset) spectra of single-layer 
MoS 2 . (d) Optical image of FET device made by single-layer MoS 2  in 
(a, b). (Reprinted from Ref. 96 with permission from The American 
Chemical Society)    
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  Plate X      (Chapter 4) Fabrication of MoS 2  monolayer transistor: 
(a) optical image of a single layer of MoS 2  (thickness 6.5 Å) deposited 
on top of a Si substrate with a 270 nm thick SiO 2  layer; (b) optical 
image of a device based on the fl ake shown in (a). The device consists 
of two FETs connected in series and defi ned by three Au leads that 
serve as source and drain electrodes for two transistors. Monolayer 
MoS 2  is covered by 30 nm of ALD-deposited HfO 2  that acts as both 
a gate dielectric and a mobility booster. Scale bars (a,b), 10  μ m. 
(c) Three-dimensional schematic view of one of the transistors shown 
in (b). (Reprinted from Ref. 90 with permission from Nature 
Publishing)    
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  Plate XI      (Chapter 4) Thickness-modulated phototransistor based on 
layered MoS 2  nanosheets. (Reprinted from Ref. 125 with permission 
from The American Chemical Society)    
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  Plate XII      (Chapter 4) (a) Raman spectra of MoO 3  thin fi lms deposited 
on quartz substrates at temperatures of a – 560 °C, b – 520 °C, c – 
460 °C and d – 350 °C. (b) Infl uence of H  +   intercalation time on MoO 3  
nanosheet. (c) Corresponding Raman spectral changes of the 
intercalated nanosheet. The intensity of the reference Raman 
spectrum (0 s) has been scaled down. (d) Photon energy vs (  α hv ) 2  
curves derived from the absorbance spectrum of a MoO 3  nanosheet in 
the progression of catalysed H  +   intercalation. (Reprinted from Ref. 184 
with permission from Wiley)    
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  Plate XIII      (Chapter 4) AMF measurement of the developed structure 
of quasi-2D Nb 2 O 5  nanosheets deposited on quartz. Inset height 
measurements of individual Nb 2 O 5  nanofl akes. (Reprinted from Ref. 
218 with permission from Springer Verlag)    
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  Plate XIV      (Chapter 4) (a) 3D AFM image of developed structure of 
quasi-2D Nb 2 O 5  nanosheets with (b) STM analysis of the layered 
matrix on the edge of Nb 2 O 5  nanofl ake.    
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  Plate XV      (Chapter 4) Topography (a), tunnelling (b), current/voltage 
(c) and adhesion (d) images obtained on quasi-2D Nb 2 O 5  nanosheets 
deposited on quartz substrate. (Reprinted from Ref. 218 with 
permission from Springer Verlag)    
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  Plate XVI      (Chapter 4) 3D AFM image of grain boundaries of Nb 2 O 5  
nanosheet (a), log DMT modulus (b), deformation of the grain 
boundaries (c) with measured depth between neighbouring 
nanosheets (d), adhesion (e) and peak current (f).    

15

15

14.1 nm

–0.9 nm

30

30

45

45

60 mm

3 nm

nm
nm

1.4

1.5

1.6

1.7

1.8

1.9

5040302010

(a)

(c)
(d)

(e) (f)

(b)

60 mm

60 mm

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2014

  Plate XVII      (Chapter 4) PF TUNA TM  AFM image for Nb 2 O 5  nanofl ake at 
three different positions on the fl ake (a);  I – V  graphs for all three 
positions (b).    
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  Plate XVIII      (Chapter 4) 3D designs of advanced multifunctional 
nanomaterials: (a) inter-digitated pillar; (b) trenches; (c) concentric; 
(d) aperiodic. (e) Schematic interpretation of assembly of 1D and 2D 
oxide nanocrystals into 3D functional element of the designing 
material ’ s structure. All architectures imply high surface area, high 
surface-to-volume ratio and minimum pathways for ion (electron) 
transport. (Reprinted from Ref. 218 with permission from Springer 
Verlag)    
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    5 
  Composite graphene/semiconductor 

nanostructures for energy storage  

 DOI : 10.1533/9781782422242.213

     Abstract :   This chapter discusses different graphene/semiconductor 
nanostructures for energy storage, including lithium ion batteries, 
electrochemical capacitors and graphene-based heterogeneous hybrids. 
It then reviews structural models of the graphene/semiconductor 
nanocrystals, three-dimensional conductive networks and nanostructured 
thermopower wave sources.  

   Key words :   lithium ion batteries  ,   electrochemical capacitors  ,   graphene/
semiconductor nanostructures  ,   thermopower wave sources.         

  5.1     Performance of graphene in lithium ion batteries 

 Li-based rechargeable batteries were fi rst proposed by Whittingham in 1976 
whereby he demonstrated a rapid and highly reversible intercalation reac-
tion between Li (anode) and layered TiS 2  (cathodes).  1   Since that discovery, 
the Li  +   ion battery (LIB) has been successfully commercialized by the Sony 
Corporation since the early 1990s. Owing to its high voltage, signifi cant 
energy density, long cycling life, light weight and favourable environmental 
compatibility, it has become the most important secondary battery for 
various portable electronic devices.  2,3   However, at the beginning of the 21 st  
century LIBs are still restricted to low achievable power densities, as clearly 
illustrated in Fig.  5.1 .  4   

  In general, LIBs consist of a negatively charged anode and positively 
charged cathode and electrolyte (separator) representing an electrochemi-
cal storage element based on the intercalation and de-intercalation of Li  +   
ions. When charged, the Li  +   ions are extracted from the cathode and intro-
duced into the anode. The opposite occurs during discharge. As a rule, the 
anode comprises materials that can reversibly store Li  +   ions, such as carbon, 
transition metal oxides and alloy materials such as Si and Sn. Li-containing 
metal oxides (LiCoO 2  and LiFePO 4 ) have usually been employed as the 
cathode materials. The effect of a carbonaceous electrode structure (ordered, 
disordered and layered) on the performance of LIBs has been published in 
a comprehensive review.  5   Compared with super-capacitors, the require-
ments for LIB electrodes are much more stringent.  6   However, with the 
emergence in recent years of high-capacity carbonaceous nanostructured 
materials, such as graphene and graphene oxide (GO),  5,7   carbon nanotubes 
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(CNTs),  8   carbon nanofi bres,  9   ordered mesoporous carbons  10   and hierarchi-
cally porous carbons,  11   excess capacitance has been achieved. 

 Carbonaceous nanomaterials in general, and graphene in particular, have 
been attracting great interest from electrochemical storage researchers 
owing to their large surface area, excellent fl exibility, good chemical 
and thermal stability, rich surface chemistry and exceptional electrical, 
thermal and mechanical capabilities.  5,12   All of these properties represent 
huge potential for its utilization in energy storage and conversion systems. 
The structure modifi cations and chemistry of graphene have been covered 
extensively in recent reviews  13,14   and in Chapter 4 and are therefore 
not described in detail here. However, a few important features should 
be briefl y described as they are crucial for understanding the unique 
properties of graphene and have not been addressed in detail in previous 
reviews. 

 Graphene has proved to have some unique advantages in comparison to 
CNTs in energy storage applications. For example, the theoretical specifi c 
surface area of graphene is 2620 m 2  g  − 1 , which is much higher than that of 

  5.1      Specifi c power versus specifi c energy for various energy storage 
devices. (Reprinted from Ref.  4  with permission from Nature 
Publishing group)    
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CNTs and graphite, with values of 1300 and 10–20 m 2  g  − 1 , respectively. The 
large surface area provides more active sites for the electrochemical reac-
tions involved in the energy storage process. Another distinctive advantage 
of graphene is its fl exibility compared to brittle graphite. This can create an 
opportunity for designing adjustable energy-storage devices.  15   Graphene 
also possesses high surface-to-volume ratio, a feature which confers stipu-
lating a signifi cant advantage in fast ion transport, enabling a higher rate 
capability compared to graphite. Moreover, in a bulk single-walled CNT, 
only one-third of nanotubes are metallic and the remainder are semicon-
ducting. As a result, the available charge carrier density is suppressed for 
such a single-walled CNT fi lm as compared to graphene, which behaves as 
a semi-metal with exceptionally high electron mobilities.  16   In addition, 
interfaces in CNT networks are lossy.  17   The controllable surface chemical 
groups of graphene make for easier functioning in versatile applications in 
comparison to graphite and CNTs. Furthermore, graphene exhibits a key 
advantage over CNTs in that it precludes the problem of residual metallic 
impurities, which are diffi cult to remove, thus hindering many practical 
applications of CNTs, including energy storage.  15   All the above advantages 
have encouraged the use of graphene in LIBs in preference to other 
carbonaceous nanostructured materials. 

 The specifi c capacity of graphene could reach 540 mA h g  − 1 , which is much 
larger than that of graphite.  16   However, higher capacity (730 and 784 mA h g  − 1 ) 
could also be obtained by embedding CNTs or fullerene macromolecules 
into graphene layers to increase the interlayer distance, which may provide 
additional sites for the accommodation of Li  +   ions.  17   Figure  5.2  displays the 
relationship between the  d -spacing and charge capacity of graphene 
nanosheet (GNS) families and graphite.  17   

  Another report claimed synthesized fl ower-like GNSs with improved Li 
storage, where Li  +   ions could not only adsorb on both surfaces of the GNS, 
but also be stored on the edges and covalent sites.  18   It has also recently been 
found that GNSs displayed relatively high reversible capacity of 672 mA h g  − 1  
and reasonable cyclic performance.  19   This improved effi ciency can be 
explained by the presence of a large number of functional groups and the 
abundance of micropores and/or defects, i.e. the Li  +   ions could be stored on 
both sides of the graphene surface.  20   One of the highest reported initial 
capacities (1264 mA h g  − 1  at a current density of 100 mA g  − 1 ) has been dem-
onstrated on high-quality GNSs with  ∼ 4 layers and a large specifi c surface 
area (492.5 m 2  g  − 1 ).  21   Such high capacity has been attributed to the fewer 
layers of graphene with a large surface area, curled morphology and disor-
dered structure, many edge-type sites or nanopores, the reaction of Li  +   ions 
with the residual H, and a broad electrochemical window (0.01–3.5 V).  22   
During GNS preparation, the structural parameters, including surface func-
tional groups, specifi c surface area, interlayer spacing, defects or degree of 
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  5.2      (a) Relationship between the  d -spacing and the charge capacity 
of GNS families and graphite. (b) Charge/discharge cycle performance 
of (i) graphite, (ii) GNS, (iii) GNS + CNT and (iv) GNS + C 60 . (Reprinted 
from Ref.  17  with permission from Elsevier Science)    
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disorder, can be systematically tuned up by using different reduction 
methods, such as hydrazine reduction, low-temperature pyrolysis and elec-
tron beam irradiation, investigating their effects on Li storage properties.  23   
By manipulation of these structural parameters, the key criterion for 
evaluating the reversible capacity and the improved Li storage properties 
was found to be the intensity ratio of the Raman D band to the G band. 
Figure  5.3  illustrates different interfaces between GNSs and electrolyte, 
which can be extended to the edges as additional storage sites. Moreover, 
it has also been reported that the defects on interfaces are the dominant 
factors for improving performance.  23   
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  Graphene-based paper has also been tested as a fl exible electrode 
material. Although the graphene paper is mechanically enduring with a 
Young ’ s modulus of 41.8 GPa and tensile strength of 293.3 MPa, and shows 
a high electrical conductivity of 351 S cm  − 1 , its electrochemical performance 
was not satisfactory, probably owing to the restacking of GNSs.  24   One of 
the promising candidates for large-capacity and super-high-rate anode for 
high-power and high-energy Li  +   ion batteries under fast charge and 
discharge conditions can be graphene doped by nitrogen or boron.  25   It 
has been established that the unique 2D structure, disordered surface 
morphology, hetero-atomic defects, better electrode/electrolyte wettability, 
increased inter-sheet distance, improved electrical conductivity and 
thermal stability of the doped graphene are benefi cial to rapid surface Li  +   
absorption and ultrafast Li  +   diffusion and electron transport.  26   

 Fascinating results have already been achieved and published in the 21 st  
century relating to GNSs as electrode materials for LIBs. However, detailed 
Li storage mechanisms are still not clear, due to various possible Li  +   ion 
storage sites in a GNS electrode, such as that (i) Li  +   ions might intercalate 
few-layer GNS with a LiC 6  intercalation mechanism; (ii) Li  +   ions may be 
adsorbed and accumulated on both surfaces of a GNS; (iii) Li  +   ions can be 
stored on the layer edges and covalent sites; (iv) Li  +   ions could be deposited 

  5.3      (a) Irreversible Li storage at the interface between GNS and 
electrolyte. (b) Reversible Li storage at edge sites and internal defects 
(vacancies, etc.) of nanodomains embedded in GNS. (c) Reversible Li 
storage between (002) planes. (Reprinted from Ref.  17  with permission 
from Elsevier Science)    
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in the nanopores/cavities and defect sites; (v) Li  +   ions may be accommo-
dated in the interlayer and void spaces of GNS; (vi) Li  +   ions can react with 
oxygen-containing functional groups or hetero-atoms such as residual 
hydrogen.  27–30   

  5.1.1     Graphene anodes 

 Although graphitic carbon has been widely used as an anode material in 
LIBs, it still exhibits low Li storage capacity (i.e. less than 372 mA h g  − 1 ).  6   
The low storage capacity of graphite is ascribed to limited Li  +   ion storage 
sites within the  sp  2  carbon hexahedrons – typically one per hexahedron 
yielding LiC 6 . Recently, two confi gurations have been proposed to go 
beyond the limitation of the LiC 6  composition: one is double layer adsorp-
tion  31   and another is covalent molecule confi guration.  32   In the latter case, 
each Li atom is trapped at a covalent site on the benzene ring and therefore 
the highest Li storage capacity corresponds to LiC 2  and is  ∼ 1116 mA h g  − 1 . 
Therefore, it is obvious that a single layer of graphene in the LiC 6  complex 
is not a promising insertion material, but attainment of the double-layer or 
covalent structure could yield attractive performance. 

 Li  +   ions could be stored between the GNS interlayers if each single GNS 
could be reassembled with spacers to achieve ‘pseudo-graphite’ with a large 
interlayer distance. This would lead to a higher profi ciency. In fact, it has 
been reported that the specifi c capacity of GNS increased from 540 mA h g  − 1  
to 730 mA h g  − 1  when GNS was carefully intercalated by CNTs.  33   Further 
progress can be made if such intercalation can be achieved by C 60  molecules. 
In this case, the specifi c capacity increased to 784 mA h g  − 1 . However, the 
battery shows poor cyclic performance as the capacity drops from 
540 mA h g  − 1  to 290 mA h g  − 1  after only 20 charge–discharge cycles. Never-
theless, the demonstration of graphene as a potential anode material sup-
ports the need for further research into other methods for fabricating 
graphene anodes. 

 Graphene paper can be prepared by fl ow-directed vacuum fi ltration and 
hydrazine reduction of prefabricated GO paper as one of the alternative 
methods. The reported distance between the obtained graphene layers was 
approximately 0.375 nm, larger than that of graphite (0.334 nm).  34,35   Despite 
the drastic capacity drop from 680 to 84 mA h g  − 1  after just the fi rst cycle, a 
comparatively fl at discharge plateau existed at 2.20 V in the fi rst discharge 
curve with a discharge capacity of 582 mA h g  − 1 . This fact highlighted the 
potential of using graphene paper in a new updated primary battery 
system.  34   The advantage of using graphene paper as an electrode is that it 
is applicable as a single electrochemically active component without the 
need for the polymer binders and other additives that are required for the 
fabrication of conventional electrodes.  35   
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 Another approach has been used to control the distance between graph-
ene layers.  36   In this method, the GNSs are functionalized by oxalic acid 
molecules, poly-condensed under the evolution of water via oxalyl bonding 
and assembled along the tubular axis of templating CNTs, forming layered 
coaxial tubes. Nevertheless, both insuffi cient cyclic performance for the 
graphene-based electrode and the irreversible loss of capacity during the 
fi rst cycle need to be addressed in the future. These types of material systems 
are strongly infl uenced by: the spacing of  d  (002) within the GNSs; specifi c 
surface area; functional groups on the graphene; and defects.  37   The increase 
in capacity has arisen from the use of graphene instead of graphite and the 
expansion of the interlayer spacing of the GNSs, which improves the inser-
tion storage. In addition, defects in the graphene also contribute, and high 
reversible capacities (794–1054 mA h g  − 1 ) and good cyclic stability have been 
reported.  37   On the other hand, the irreversible capacity loss was attributed 
to the presence of oxygen-containing functional groups which leads to the 
formation of a solid electrolyte interface (SEI) fi lm and to the reaction of 
Li  +   ions with these groups.  38   Modelling work based on density functional 
theory (DFT) has shown that the introduction of armchair and zigzag edges 
leads to enhanced adsorption of Li  +   ions and improved diffusion proper-
ties.  39   This theoretical research suggests that if a nanoribbon of graphene is 
used as the anode material, the advantage of enhanced adsorption of Li  +   ions 
and their increased diffusion rate can be fully exploited. Another benefi t of 
the use of small graphene sheets such as graphene nanoribbons is that the 
diffusion distance of Li  +   ions can be reduced, which makes the reaction rate 
of intercalation and de-intercalation much faster. GNSs must be oriented in 
a direction that facilitates Li  +   ion insertion and extraction in order to fully 
realize this benefi t. Otherwise, nanoholes must exist on the GNSs, which is 
unlikely, although such nanoholes have been proposed in the basal graphene 
plane on the round-shaped natural graphite.  40    

  5.1.2     Graphene-based heterogeneous hybrids 

 It has been reported that the transition metal oxides can reversibly react 
with Li  +   ions and thus can provide Li storage capability.  41   For example, SnO 2  
has high theoretical Li storage capacity of 782 mA h g  − 1 , much higher in 
comparison with graphite. Unfortunately, during charge–discharge cycles, 
SnO 2  experiences a very large volume change which causes crumbling and 
cracking of electrodes, resulting in defi cient cyclic performance. In order to 
solve these problems, GNSs in an ethylene glycol solution can be reassem-
bled in the presence of rutile SnO 2  nanoparticles, as schematically presented 
in Fig.  5.4 . 

  It is clearly shown in this fi gure that the GNSs were homogeneously dis-
tributed between the SnO 2  nanoparticles in such a way that a nanoporous 
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structure with a large amount of void space developed. The dimensional 
confi nement of SnO 2  nanoparticles by the surrounding GNS limits the 
volume expansion upon Li insertion. Consequently, the pores between SnO 2  
and the GNSs can be used as buffering spaces during charge–discharge 
cycles, leading to improved cyclic operations.  41   In another reported approach, 
Co 3 O 4 , owing to its high theoretical capacity (890 mA h g  − 1 ), has also been 
anchored on the GNSs as an advanced anode material.  42,43   In these hybrid 
materials, the GNSs not only provided buffering spaces, but also prevented 
the agglomeration of Co 3 O 4  nanoparticles. In addition, the GNSs in the 
hybrids serve as the electrical conducting network to improve the power 
density of the electrodes. GNSs themselves have also worked as electrode 
materials for Li  +   ion storage. Furthermore, the metal oxide nanoparticles 
between the GNSs effectively prevented agglomeration of GNSs and kept 
them available for Li insertion and extraction. This fi nal result also maintains 
a large specifi c surface area that may have the negative effect of inducing 
high irreversible capacity loss during the reported fi rst charge–discharge 
cycle due to the formation of SEI fi lms.  36   The net effect on long-term stability 

  5.4      Schematic structure of hybrids including metal oxides such as 
SnO 2  and GNSs which enhance the cycle performance of electrodes. 
(Reprinted from Ref.  41  with permission from Elsevier Science)    
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is a subject for further improvement. In addition to the homogeneous GNS/
metal oxide mixtures, self-assembly methods using surfactants or polymers 
have been used to construct ordered metal oxide GNS nanocomposites.  44   In 
such layered nanostructures, stable alternating layers of nanocrystalline 
metal oxides with GNS or graphene stacks are developed. 

 A general strategy has been demonstrated to achieve improved electro-
chemical performance by constructing 3D nanocomposite architectures 
based on the combination of nanosized Sn particles and GNSs.  45   Electro-
chemical tests demonstrated the highly reversible nature of the reaction 
between Li  +   and Sn/GNS nanocomposites. In one of the last reports, Li was 
stored on both sides of GNS (Li 2 C 6 ) with a theoretical capacity of 
744 mA h g  − 1 .  45   For Si, it has been shown that enhanced cyclic performance 
can be achieved in electrodes prepared by simple mixing of commercially 
available nano-sized Si and graphene. After 30 cycles, the mixed Si/graph-
ene composite retained a capacity of approximately 1168 mA h g  − 1  and an 
average Coulombic effi ciency of 93 %. Composites consisting of Si nano-
particles and graphene paper have also established high Li  +   ion storage 
capacities and cycling stability with storage capacity  > 2200 mA h g  − 1  after 50 
cycles and  > 1500 mA h g  − 1  after 200 cycles with a decrease rate of  ∼ 0.5 % per 
cycle.  46   From these results, the benefi ts of using GNS-based hybrids are 
obvious. However, despite the promising early results, further work is 
needed to systematically compare the performance of GNS-based materials 
to other carbonaceous materials and to build a level of understanding that 
can lead to optimization of the GNS-based composite electrodes.  

  5.1.3     Electrode additive 

 Due to their outstanding electrical conductivity, GNSs have been consid-
ered as ideal conductive additives to hybrid nanstructured electrodes. For 
instance, it has been reported that nanostructured TiO 2  GNSs, developed 
by a self-assembly technique, exhibited signifi cantly enhanced Li-ion 
insertion/extraction compared with pure TiO 2 .  44   In contrast to pure TiO 2 , 
phase-doubled specifi c capacity and improved capacitance at high 
charge–discharge rate were obtained. These developments may be attrib-
uted to increased electrode conductivity in the presence of a percolated 
GNS network embedded into the metal oxide electrodes.  44   Later, this 
anatase TiO 2 /graphene composite anode was combined with a LiFePO 4  
cathode to form a full cell that operated at 1.6 V and demonstrated negli-
gible fade even after more than 700 cycles at a one-hour discharge rate.  47   
This battery potentially offers long life and low cost, along with safety, 
all of which are critical to stationary and vehicle applications. Another 
composite nanostructure based on a combination of LiFePO 4 /GNSs was 
prepared by the co-precipitation method, and the capacity and cycle 
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performances of LiFePO 4  were considerably enhanced.  48   GNSs have also 
been shown to stabilize the performance of Li 4 Ti 5 O 12  (LTO) anodes for 
LIBs. While LTO anodes are advantageous owing to their well-known zero-
strain characteristics, the electrical conductivity of LTO is intrinsically poor, 
and GNS can be utilized as an effective additive to increase the surface 
conductivity of the nanocomposites.  49   

 Therefore, all reports published so far have concluded that the use of 
GNSs as an electrode additive is a very effective way of achieving an overall 
improvement in the characteristics of the electrodes. Due to its specifi c 
surface area and the presence of functional groups, edges and defects, GNS-
based electrodes have demonstrated enhanced performance for electro-
chemical energy devices. Early examples of improvements achieved with 
GNSs are as follows:

   •   The interactions between GNS and supported catalyst particles have 
been shown to improve catalyst durability for fuel cells.  

  •   Hybrids of GNS and metal oxides or GNS and conducting polymers 
have demonstrated synergic effects for super-capacitor applications.  

  •   Combination of GNS with Li storage materials has yielded increased 
electrode capacity.    

 Further work should include pursuing the most suitable techniques for 
preparing GNSs for electrochemical applications and methods to control 
the number of layers, the extent of defects and surface functionality. All 
improvements must be developed and tailored to address requirements for 
specifi c applications. Moreover, early successes reported so far warrant 
continued exploration of the synthesis of GNS-based nanostructured elec-
trode materials with high electrochemical performance, for example, GNS-
supported precious or non-precious metals and binary catalysts with high 
activity and stability that may have application to alcohol oxidation or 
oxygen reduction.   

  5.2     Performance of graphene in 

electrochemical capacitors 

 Development of nanostructured composite materials for electrochemical 
capacitors (ECs) is another important area where nano-sized complex com-
pounds with unique structural variables such as anchored, wrapped, sand-
wich, layered and mixed nanostructures have demonstrated signifi cant 
improvement compared to individual constituents.  4   ECs utilizing graphene/
metal oxide combined nanostructures have already established higher 
energy density compared to conventional physical capacitors, higher charg-
ing/discharging rate capability and longer cycle-life than primary/secondary 
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batteries.  50   The main energy storage mechanisms include carbon-based 
electric double layer (EDL) and metal oxide- or polymer-based pseudo-
capacitive charge storage. The former depository mode is an electrostatic 
(physical) process with fast charge adsorption and separation at the inter-
face between electrode and electrolyte. The latter is a chemical process 
involving redox reactions between electrode materials and electrolyte 
ions.  51,52   The two charge storage modes are determined by electrode materi-
als. As a result, much attention has been paid to the exploitation of the 
electrode materials aimed at increasing specifi c capacitance as well as 
high power density. During the last decade graphene, owing to its attractive 
characteristics, such as large surface area, good fl exibility, excellent 
electrical conductivity, good chemical and thermal stability, has been 
considered to be a very promising candidate for super-capacitor electrode 
materials.  53–57   

 Recent reports describing the fi rst generation of graphene-based 
super-capacitors have shown that they can exhibit excellent performance 
with a specifi c capacitance of 75 F g  − 1  together with an energy density of 
31.9 Wh kg  − 1  in ionic liquid electrolytes.  53   Figure  5.5  displays scanning 
electron microscope (SEM) and transmission electron microscope (TEM) 
images of chemically modifi ed graphene and a schematic view of the test 
assembly obtaining specifi c capacitance of 135 and 99 F g  − 1  in aqueous and 
organic electrolytes.  57   

  Reduced graphene with a low degree of agglomeration can be achieved 
by using a gas–solid reduction process.  55   A maximum specifi c capacitance 
of 205 F g  − 1  in an aqueous electrolyte with an energy density of 28.5 Wh kg  − 1  
has been observed. Another approach for graphene development is based 
on exfoliation at a temperature of 200 °C and under a high vacuum.  56   It has 
been demonstrated that the graphene produced possesses a specifi c capaci-
tance as high as 260 F g  − 1  at a scanning rate of 10 mV s  − 1  in an aqueous 
system. With microwave irradiation or direct heating of GO suspensions in 
propylene carbonate, modifi ed graphene was obtained by exfoliation and 
reduction of graphite oxide powders simultaneously. Reduced GO was used 
as electrode material in ECs, and capacitance of 191 F g  − 1  and 120 F g  − 1  was 
achieved in KOH  58   and tetraethylammonium tetrafl uoroborate (TEABF 4 )  59   
electrolytes, respectively. It has also been reported that the interfacial 
capacitance of graphene depends on the number of layers, which can be 
calculated according to the specifi c surface area.  60   These results have con-
fi rmed the dependence of the space charge layer capacitance of graphene 
on the number of layers and opened up understanding of the electronic 
structure of multilayer graphene using an electrochemical approach. 

 In an alternative report, a GNS-based super-capacitor exhibited a 
superior energy density of 85.6 Wh kg  − 1  at room temperature and 136 Wh kg  − 1  
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at 80 °C, both of which are comparable to a Ni metal hydride battery.  61   
These encouraging results were obtained by using environmentally benign 
ionic liquids which are capable of operating at a high voltage of 4.5 V. In 
addition to this case, directly-grown vertically-oriented GNS on Ni current 
collectors as electrodes for EDL capacitors effi ciently fi ltered 120 Hz 
current with a resistor–capacitor time constant less than 0.2 ms.  62   

 All the above-mentioned works have highlighted that more fundamental 
understanding of the chemical and physical mechanisms that give rise to 
the electrochemical properties of graphene-based nanostructures is essen-
tial. This effort will require further experimental work to systematically 
vary surface area, functional groups and defects to explore the resulting 
effect on properties as well as analytical work to reconcile observations with 
physical principles.  

  5.5      (a) SEM and (b) TEM images of chemically modifi ed graphene. 
(c) Low and high (inset) magnifi cation SEM images of a chemically 
modifi ed electrode surface. (d) Schematic view of test assembly. 
(Reprinted from Ref.  41  with permission from Elsevier Science)    
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  5.3     Prospects of using graphene in lithium 

ion batteries (LIBs) and electrochemical 

capacitors (ECs) 

 In the fi eld of electrochemical energy conversion and storage, graphene has 
already shown promise for applications in LIBs and ECs. In relation to 
further development of LIBs and ECs, its unique properties, summarized 
previously in Table 4.1 (p. 141), are as follows:

   •   superior electrical conductivity to graphitic carbon;  
  •   high surface area – the theoretical specifi c surface area of monolayer 

graphene is 2620 m 2  g  − 1 ;  
  •   a high surface-to-volume ratio, which provides more active sites for ion 

adsorption and/or electrochemical reactions;  
  •   ultrathin thickness that obviously shortens the diffusion distance of ions;  
  •   structural fl exibility that paves the way for constructing fl exible 

electrodes;  
  •   thermal and chemical stability which guarantee its use in harsh 

environments;  
  •   abundant surface functional groups which make it hydrophilic in 

aqueous electrolytes and provide binding sites with other atoms or 
functional groups;  

  •   a broad electrochemical window which is critical for increasing energy 
density, which is proportional to the square of the window voltage.    

 In addition, graphene electrodes used for ECs have a major innovation 
arising from the fact that they are not like activated carbons which achieve 
a large surface area because of a rigid porous structure, having rather an 
intrinsic fl exible, open pore system.  12,55   which offers potential for fast ion 
transport kinetics. This feature is particularly important for LIBs. However, 
the development of graphene and GNS-based nanomaterials and their 
applications in the fi eld of electrochemical energy is still in its infancy and 
many challenges need to be overcome. Well-controlled methods of synthesis 
and processing of graphene and GNS-based nanostructures are only begin-
ning to emerge. A better understanding of the correlation between electro-
chemical performance and the properties of graphene nanostructures and 
their interactions within hybrids is required. In addition, current electrode 
designs should be revisited to explore whether graphene and GNS-based 
nanostructures with their unique structure and properties may enable 
enhanced performance. For instance, the development of a novel and effec-
tive battery electrode, based on nano-sized Li storage materials, may be 
possible using graphene to create an aligned structure that promotes Li  +   
ion insertion and extraction while also facilitating good electrical conductiv-
ity within the electrode. 
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 All the above results have indicated that graphene has considerable 
potential as a new anode material in LIBs and ECs. An important aspect 
which cannot be ignored is the cost of mass production. The prospect that 
GNS prepared through chemical exfoliation of graphite in polar solvents 
or chemical reduction of GO can be produced on a large scale at a relatively 
low cost, which is important for their practical applications looks promising. 
However, great challenges for GNS used as electrodes in LIBs and ECs 
remain and they have to be addressed in near future. They are as follows:  17  

   •   Due to differences in opinions, the Li storage mechanisms in GNS need 
to be clearly established – for example, a Li 2  covalent molecule model 
predicting the highest Li storage capacity of 1116 mA h g  − 1  (LiC 2 )  23   or 
absorption of Li on both sides of a GNS resulting in two layers of Li 
per layer of GNS to give a Li 2 C 6  model.  63   Relationships between Li 
storage and defects, oxygen-containing functional groups, number of 
layers and lateral size of the GNS also need to be elucidated.  

  •   The initial capacity of GNS is much higher than that of graphite-based 
ones but suffers from large irreversible capacity, low initial Coulombic 
effi ciency and fast capacity fading, features which are mainly owing to 
the restacking of GNS and side reactions between GNS and electrolytes 
arising from the abundant functional groups and defects.  

  •   There is no obvious voltage plateau to provide stable potential outputs, 
and there is a large hysteresis between the charge–discharge curves of 
GNS which will be a major drawback for their practical use in com-
mercial LIBs. As for ECs, EDL capacitance is limited by the easy 
agglomeration and restacking of GNS, resulting in a small surface area 
and low energy density.  

  •   Although effective reduction of GO has been obtained, the electrical 
conductivity of the resulting reduced GO is usually quite low compared 
with graphite.    

 Another direction in the development of graphene for effi cient ECs is 
the manufacture of ultrathin and transparent GNSs as electrodes. Figure 
 5.6  illustrates examples of both types of GNSs (from 25 nm to 100 nm).  6,64   
The ultrathin and optically transparent GNSs have several advantages:

   •   allowance for ECs in transparent electronics;  
  •   elimination of the presence of current collectors which leads to a simpli-

fi ed and lightweight architecture;  
  •   fl exible and robust GNSs as thin as 25 nm;  
  •   possibility of enabling graphene to be printed out for full integration 

with printable electronics. The capacitance obtained by using developed 
ultrathin GNSs for charge–discharge analysis was 135 F g  − 1  in 2M KCl 
electrolyte for GNS with thickness of 25 nm. These GNSs had transmit-
tance of 70 % at 550 nm.  64       
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 Graphene has generally been considered an ideal building block in 2D 
and 3D composite nanomaterials sandwiched with various metal oxides. So 
far the sandwich nanostructures obtained have already exhibited excep-
tional performance in applications such as super-capacitors,  65,66   batteries,  17,67   
sensors  15,68   and photovoltaics.  69–72   It therefore appears that signifi cant 
synergistic effects are expected between graphene and inorganic nano-
structures when combined at the molecular scale, and these may create 
unexpected properties different from those of each individual component. 

 In addition to all of the above examples of use of GNSs in LIBs and ECs, 
much effort has been focused on fi nding substitutes with larger capacity 
and slightly more positive intercalation voltage compared to Li/Li  +  , so as 
to reduce the possible safety problems of Li plating.  73   Typically, nanostruc-
tured metal oxides can provide a capacity more than two times larger than 
that of graphite with higher potential.  74   The electrode reaction mechanism 
of metal oxides can be typically classifi ed into three groups:  75–77   (i) conver-
sion reaction; (ii) Li–alloy reaction; and (iii) Li insertion/extraction 
reaction. 

 The conversion reaction mechanism is as follows:

 M O e Li M Li Ox y y y x y+ + ↔ +− +2 2 0
2[ ]       [5.1]  

where M is a metal such as Sn, Co, Ni, Fe, Cu or Mn, and the fi nal product 
consists of a homogeneous distribution of metal nanoparticles embedded 

  5.6      Morphology of ultrathin and transparent GNSs: (a) photographs of 
fi lms on glass substrates; (b) TEM images from graphene suspension; 
(c) SEM images of 100 nm GNDS on glass substrate. (Reprinted from 
Ref.  6  with permission from The Royal Chemical Society)    
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in a Li 2 O matrix. Nevertheless, their application in practical LIBs is signifi -
cantly hindered by inadequate cyclic performance caused by substantial 
volume expansion and severe aggregation of metal oxides during charge–
discharge cycle. A further problem is the large voltage hysteresis between 
charge and discharge together with poor energy effi ciency. 

 The Li–alloy reaction mechanism is as follows:

 M O e Li M Li Ox y y y x y+ + → +− +2 2 0
2[ ]       [5.2]  

 M e Li Li M+ + ↔− +z z z       [5.3]   

 A good example is a Sn-based oxide initially following the conversions (5.2) 
and (5.3) forming Li 2 O and metallic Sn. Subsequently, the  in situ  formed 
Sn distributed in Li 2 O can store and release Li  +   ions according to Li–Sn 
alloying/de-alloying reactions up to the theoretical limit of Li 4.4 Sn 
corresponding to a theoretical reversible capacity of 782 mA h g  − 1  based on 
the mass of SnO 2 .  75   However, its poor cyclic performance caused by large 
volume changes (up to 300 %) during charge–discharge leads to mechanical 
disintegration and the loss of electrical connection of the active material 
from current collectors. 

 The Li insertion/extraction reaction mechanism involves the insertion 
and extraction of Li  +   into and from the lattice of the metal oxide which can 
be described as follows:

 MO e Li Li MOx y y y x+ + ↔− +
      [5.4]   

 For example, TiO 2  is usually used as an anode material intercalated by Li 
with a volume change smaller than 4 % in the reaction: TiO 2   +   x Li  +    +   x e  −    ↔  
4Li x TiO 2  (0  ≤   x   ≤  1). The Li intercalation and extraction process with a 
small lattice change ensures its structural stability and cycling life. The Li 
intercalation potential is about 1.5 V, thus intrinsically maintaining the 
safety of the electrode through the avoidance of electrochemical Li deposi-
tion. However, the problem is low specifi c capacity, poor Li ionic and elec-
tronic conductivity and high polarization, resulting from the slow ionic and 
electronic diffusion of bulk TiO 2 .  75   In supercapacitors, nanostructured metal 
oxides provide higher pseudo-capacitance through bulk redox reactions 
compared with surface charge storage of carbonaceous materials. However, 
the large volume variation-induced structure change breaks the stability of 
electrode materials, causing rapid capacity loss during charge–discharge 
processes. Consequently, Li can react with metallic/semi-metallic elements 
and metal alloys, such as Si, Sn, Ge, Bi, Cu–Sn and Ni–Sn showing high 
capacity, while their applications are facing the same challenge as metal 
oxides, i.e. large volume change during Li alloying/de-alloying processes, 
which leads to the severe capacity fading.  75–77    
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  5.4     Composite graphene/semiconductor 

nanocrystals in LIBs and ECs 

  5.4.1     Structural models of graphene/semiconductor 
nanocrystals 

 As described above, there are still challenges with respect to the successful 
use of graphene in LIBs and ECs. These follow from the substantial agglom-
eration and restacking after the removal of dispersed solutions and drying 
due to the Van der Waals interactions between GNSs. As a result, the 
electrochemical performance of GNSs in LIBs and ECs has been lowered. 
It is well-known that the most notable feature of graphene is a very large 
electrochemically active surface area. Cyclic voltammetry has exhibited a 
13 times higher capacitance on GNSs compared to bare glassy carbon.  78   To 
this extent, there are potential advantages of using GNSs in LIBs and ECs. 
One effi cient and relatively simple method is impregnation of metal oxide 
nanoparticles into GNSs. This fabrication process is schematically presented 
in Fig.  5.7 .  17   

  The main purpose of this mechanism is to maximize the combined advan-
tages of both GNS and metal oxide nanoparticles as active materials joined 
together for practical applications. This operation can be utilized for LIB 
and EC devices, improving the electrochemical energy storage and, to some 
extent, even solving the current electrode problems of the individual com-
ponents of graphene or metal oxides as active materials. The GNSs in the 
nanocomposite provide chemical functionality for metal oxide nanoparti-
cles. Considering that the metal oxide nanoparticles usually stipulate higher 
capacity, owing to their structure, size and crystalline orientation in the 
composite nanomaterial, the established nanocomposites should be consid-
ered as new nanomaterials possessing their own functional properties. 
These properties can be tuned up or down depending on specifi c require-
ments from the potential applications. This can be carried out mechanically, 

  5.7      Schematic preparation of graphene/metal oxide nanocomposites 
with synergistic effects between graphene and metal oxide 
nanoparticles. (Reprinted from Ref.  17  with permission from Elsevier 
Science)    
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chemically and/or electrochemically. Moreover, metal oxide nanoparticles 
impregnated on GNSs not only suppress the restacking of GNSs, but 
also increase the electrochemically active surface area of GNSs resulting in 
high chemical functionality. However, it has to be admitted that anisotropy 
does exist in GNSs  79   and, in order to reach a uniform dispersion and 
the desired controlled morphology of the GNS-based composite, care 
should be taken during their preparation. Another great advantage of 
this modifi ed GNS-based nanostructure is the ability to create electron-
conductive networks. As a result, the development of new nanostructures 
based on GNSs with embedded nanoparticles of metal oxides ensures new 
electrochemical capabilities of the designed nanostructures and suppres-
sion of the agglomeration of GNSs. This direction of nanomaterials research 
has already received a lot of attention from the various groups and resulted 
in a great many highly-cited publications.  80–159   The quality of the GNSs 
produced, and, consequently, their applications can be categorized as 
follows:

   •   GNSs or reduced GO fl akes for conductive paints, composite materials, 
etc.;  

  •   planar GNSs for high-performing electronic functional devices;  
  •   planar GNSs for non-active and lower-performing devices.    

 The properties of the GNSs produced depend signifi cantly on the quality 
of material, type of defects and substrate and are generally strongly affected 
by the production method, as graphically presented in Fig.  5.8 .  80   

  Up to now, the following GNS/metal oxide nanocomposites have been 
investigated and reported:

   •   nano-sized oxides anchoring on GNS for LIBs: Co 3 O 4 ,  81–86   TiO 2 ,  87–89   
SnO 2 ,  90–102   Fe 2 O 3 ,  103,104   Fe 3 O 4 ,  105–111   Mn 3 O 4 ,  112   MnO,  113   NiO,  114   MoO 3 ,  115   
CuO,  116–118   Cu 2 O,  119,120   CeO 2 ,  122   LiFePO 4 ;  88,121    

  •   nano-sized oxides anchoring on GNS for ECs: Co 3 O 4 ,  123,124   RuO 2 ,  125,126   
TiO 2 ,  126   SnO 2 ,  90   Fe 3 O 4 ,  126   Mn 3 O 4 ,  136   MnO 2 ,  127–135   ZnO;  137,138    

  •   GNS-wrapped metal oxide nanoparticles: Fe 3 O 4 ,  139   TiO 2 ,  140   NiO,  141   
V 2 O 5 ,  143   MoO 2 ;  142    

  •   GNS-encapsulated metal oxide nanoparticles for LIBs: Co 3 O 4 ,  144   
Fe 3 O 4 ,  145,146   Fe 2 O 3 ;  104    

  •   2D sandwich-like model;  147–149    
  •   GNS/metal oxides nanoparticles multilayered structures: SnO 2 –NiO–

MnO 2 ,  150   TiO 2 ,  151   NiO,  152   MnO 2 ;  153,154    
  •   3D GNS (normally  ≤  10 wt% in composite) conductive networks among 

metal oxides: Li 4 Ti 5 O 12 ,  155,156   LiFePO 4 ,  125   TiO 2 ,  157   Li 3 V 2 (PO 4 ) 3 ,  158   Fe 2 O 3 .  159      

 Conclusions from the review of progress in developing such composite 
nanomaterials can be summarized as follows:

�� �� �� �� �� ��



 Composite graphene/semiconductor nanostructures 231

© Woodhead Publishing Limited, 2014

   1.   As a 2D support, GNSs are an ideal supporting structure for uniformly-
dispersed metal oxide nanoparticles. Interactions between GNSs and 
metal oxide nanoparticles have been shown to be dependent on the size, 
shape and crystallinity of the nanoparticles. The nanocomposites devel-
oped have demonstrated synergic effects and advanced electrochemical 
properties.  

  2.   Restacking of GNSs can be eliminated by using metal oxide nanoparti-
cles. A better understanding of the correlation between the electro-
chemical performance and structure, properties and interaction within 
the developed GNS-based nanocomposites is needed.  

  3.   GNSs have been considered as effective 2D building blocks for the 
progression and advancement of 3D conductive porous networks, 
improving the poor electrical properties and charge transfer pathways 
of pure metal oxides.  

  4.   The volume change and agglomeration of metal oxides can be sup-
pressed by employing GNS with embedded metal oxide nanoparticles. 
However, well-controlled methods of preparation and synthesis of such 
GNS-based nanocomposites are only beginning to emerge. Further 
work should be focused on pursuing the most suitable methods address-
ing the anisotropy issue of GNS.  

  5.8      Combination of approaches to mass-production of graphene, 
which allow a wide variety of choices of quality, size and potential 
price for any particular application. (Reprinted from Ref.  80  with 
permission from Nature Publishing)    
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  5.   Early success warrants continuing exploration of the synthesis of GNS-
based nanocomposites on and between GNSs, ensuring excellent 
bonding, interfacial interactions and electrical contacts between GNSs 
and metal nano-oxides.  

  6.   Successful computation of GNS-based nanocomposites remains a 
problem. When the solid matter is considered, the layered composite 
nanostructures are so complex that current existing models, as well as 
the computer ’ s power to model structures which can yield particular 
properties, run out of steam. Therefore, in order to improve the design 
and adequately predict both the physical and electrochemical properties 
of GNS-based nanocomposites, new approaches to modelling are 
required. Ultimately, researchers will need software which would be 
able to reveal how a nanomaterial ’ s structural alterations – for example, 
a change in a nanocomposite crystal ’ s lattice structure – infl uence its 
properties and functions.     

  5.4.2     Multifunctionalities of graphene as a support 

 Modern nanomaterials have attracted great scientifi c and industrial interest 
owing to their size-related unique characteristics and a wide variety of 
potential applications. Research into their properties has proceeded in 
several directions. First, design rules are being developed for complex hier-
archical nanostructured systems through exploiting the analogy of nano-
particles with molecules.  159   Although robust and reproducible synthesis of 
relatively simple nanoparticles has been reported,  160   when more complex 
and composite nanostructures are considered, uncontrolled agglomeration 
and growth of large particles that often lose their dispersibility and good 
properties remains a challenge. Moreover, the required physical, chemical 
and electrochemical properties of the complex nanostructures are depend-
ent upon uniform morphology and good crystallinity, which can only be 
achieved by the synthesis of nanoparticles with controlled sizes, crystal-
orientation and shapes, where the aspect ratio, high dispersion and hetero-
geneity are known. 

 Second, it is vital to characterize the process of integration of complex 
nanostructures in a much more rigorous manner than is done at present, 
by shifting away from the ‘proof-of-concept’ experiments and towards 
quantitative assessment of the developed complex nanostructures. Recent 
advances in the development of GNSs and GO have demonstrated that 
both can serve as a perfect 2D support for anchoring metal or metal oxide 
nanoparticles in complex nanocomposites.  161   In this regard, evaluating the 
interactions of different metal oxides with GNSs and GO, the coexistence 
of nanoparticle assemblies and individual nano-oxides and plotting 
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phase-like diagrams are signifi cant in providing guidance for the develop-
ment of manufacturing methods of these nanocomposites. 

 Third, understanding the kinetic factors and roles of thermal fl uctuations 
in the formation of certain nanocomposites is equally important.  162   As a 
result, so far there have been no reports that the defect-free structures and 
precisely controlled inter-particle spacing have been achieved during the 
preparation of nanocomposites. The employment of GNSs and GO as a 
support for different nanostructured composites provides a unique oppor-
tunity and a variety of practical solutions. For example, self-assembly of 
several types of semiconductor nanoparticles with different bandgaps on 
GNSs may create a stack of cascaded multiple  p-n  junctions with bandgaps 
matched to the solar spectrum, thereby reducing the heat loss due to carrier 
relaxation. This is particularly important for photovoltaic cells. Further-
more, the effi ciency of photovoltaic devices may benefi t from the ordering, 
orientation and close packaging of anisotropic rod-shaped semiconductor 
nanocomposites. 

 Fourth, employment of well-designed techniques, such as chemical  in situ  
deposition, sol–gel processes and hydrothermal synthesis, which have been 
widely used in the preparation of a broad range of GNS/metal oxide com-
posites, can open new opportunities for the development of an integrated 
supporting network for discrete metal nanoparticle applications in LIBs 
and ECs. The implementation of this strategy is schematically shown in 
Fig.  5.9 . 

  In this approach, both GNSs and reduced GO are dispersed in aqueous 
or organic solvents by electrostatic stabilization and chemical functionaliza-
tion. The presence of hydrophilic oxygen- and hydrogen-containing func-
tional groups such as epoxides, hydroxides and carboxylic groups on the 
surface enables GO or reduced GO to be well dispersed.  17   These scatterers 
enable the chemical reaction with metal ions from the precursors of inor-
ganic and organic metal salts, which undergo hydrolysis or  in situ  redox 
reactions, to anchor them on the surface of GNS with multiple functionali-
ties. After fi ltration and annealing, the developed nanocomposites are ready 
to use. Recently, there have been several successful reports of the homo-
geneous anchoring of Co 3 O 4   80   and RuO 2   125   on the GNS surface. In both 
cases, the nanoparticles were within a 5–20 nm range. In contrast, the 
hydrous RuO 2  nanoparticles without GNS support tend to agglomerate and 
form larger particles with a size of hundreds of nanometers or even tens of 
micrometers.  125   The  in situ  growth of self-assembled anatase TiO 2  on GNS 
for increased Li  +   ion insertion has also been reported.  87   In this approach, 
anionic sulphate surfactants were used to assist the stabilization of GNS in 
aqueous solutions and to facilitate the self-assembly of anatase TiO 2  on 
GNS, as schematically presented in Fig.  5.10 . This battery potentially offers 
long life and low cost, along with safety, all of which are critical to stationary 

�� �� �� �� �� ��



234 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

  5.9      Schematic view of wet-chemistry approach to fabricating GNS/
metal oxide nanocomposites. (Reprinted from Ref.  17  with permission 
from Elsevier Science)    
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  5.10      Schematic view of anionic sulphate surfactant-mediated 
stabilization of graphene and growth of self-assembled TiO 2 /few-layer 
graphene sheet hybrid nanostructures. (Reprinted from Ref.  17  with 
permission from Elsevier Science)    
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and vehicle applications. It can be emphasized that this approach can be 
extended to the production of other metal oxide nanostructures such as 
nanoneedles,  128   nanowires  129   and semiconductor/metal catalysts  163   on GNSs. 

  In another study, GNS/LiFePO 4  nanocomposites were prepared by the 
co-precipitation method. The reported capacity and cycle performance 
were substantially improved.  121   Finally, a combination of bottom-up and 
top-down methods in assembly, orientation and patterning of metal oxide 
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nanoparticles on GNSs and GO may lead to large-area high-quality nano-
particle arrays. The self-organization of nanoparticles on GNS assisted by 
fl ow, external fi elds, confi nement or photopatterning is also emerging as a 
strategy for the preparation of hierarchical, multifunctional composite 
nanostructures with programmable properties.  

  5.4.3     The role of oxygen contained in graphene 

 Hetero-atom doping to the graphitic framework leads to changes of struc-
ture with subsequent enhancement of the thermal and electrochemical 
properties because such doping usually changes the Fermi level.  164   Thus, the 
presence of many oxygen-containing functional groups on the edges and 
surface of both GNSs and reduced GO is one of the major advantages of 
graphene over CNTs. The latest results seem to suggest that these functional 
groups strongly infl uence the size, shape and distribution of metal oxide 
particles on the GNS. Due to well-defi ned redox reactions and the low costs 
of some hydroxides, they can be applied on the surface of GNSs and GO 
in order to increase specifi c capacitance as well as to make new nano-
composites. One example of such techniques is the development of single-
crystalline Ni(OH) 2  hexagonal nanosheets, which can be grown directly on 
GNSs, as graphically presented in Fig.  5.11 .  165   

1. Ni precursor
coating

Graphene
sheet (GS)

Graphite oxide
sheet (GO)

2. Hydrothermal
transformation

1. Ni precursor
coating

2. Hydrothermal
transformation

  5.11      Ni(OH) 2  nanocrystal growth on GNS (upper) and GO sheet 
(lower) with 5 % and 20 % oxygen, respectively. (Reprinted from Ref. 
 17  with permission from Elsevier Science)    
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  5.12      (a) Galvanostatic discharge curves of Ni(OH) 2  grown on GNS at 
different discharge current densities; (b) average specifi c capacitance 
for Ni(OH) 2  grown on GNS at different discharge current densities; 
(c) TEM image of Ni(OH) 2  grown on GNS. (Reprinted from Ref.  165  
with permission from The Royal Chemical Society)    
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  It has been reported that these newly developed nanocomposites exhib-
ited very high specifi c capacitance of  ∼ 1335 F g  − 1  (Fig.  5.12 ).  165   In contrast to 
GO–MnO 2  nanocomposites,  127   a simple physical mixture of pre-synthesized 
Ni(OH) 2  nanoplates and GNS displayed a lower specifi c capacitance. 

  This appeared to indicate that the interaction between GNS and nano-
particles is important and may affect the charge transport from the nano-
particles to the conducting graphene network. Experiments with securing 
highly-dispersed RuO 2  nanoparticles with a size less than 5 nm on the 
surface of GO revealed that the presence of oxygen plays an important role 
in the formation and anchoring of well-dispersed fi ne nanoparticles on a 
2D graphene support.  125   In another example, it was found that GNS–
Co(OH) 2  nanocomposites can be successfully synthesized by using Na 2 S in 
water and isopropanol, in which the deposition of Co 2 +   and the reduction 
of GO occur simultaneously.  166   The specifi c capacitance of these nano-
composites was reported to be 972.5 F g  − 1 , which is substantially higher 
than each individual counterpart (137.6 and 726.1 F g  − 1  for GNS and 
Co(OH) 2 , respectively). This fact again confi rmed that nanocomposites 
exhibit a synergistic effect. 

 This example, together with the above-mentioned report on the develop-
ment of GNS/Ni(OH) 2  nanosheets, suggests that, apart from the morphol-
ogy, nanoparticle sizes and their crystallinity, the specifi c capacitance of 
nanocomposites is also strongly dependent on the oxygen content of the 
underlying GNS.  166   For instance, low oxygen content in GNS has resulted 
in weaker chemical interactions with coating species on the surface. This, in 
turn, enabled diffusion of the pre-coated small nanoparticles and their 
recrystallization into single-crystal nanoplates with a well-defi ned shape 
due to fewer functional groups and defects, as indicated in Fig.  5.11 . In 
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contrast, the highly oxidized GO surface, possessing about 20 % of oxygen, 
with a high concentration of oxygen groups and defects interacts strongly 
with the pre-coated particles, offering a strong pinning force to the small 
particles that hinders diffusion and recrystallization and therefore results 
in irregular shaped nanocrystals.  165   This report also suggested that there are 
two methods for interfacial interactions of metal oxide nanoparticles with 
GO.  161   They are as follows:

   1.   reactive chemisorption on functional groups (such as HO–C = O and 
–OH) that bridge metal centres with carboxyl or hydroxyl groups at 
oxygen-defect sites;  

  2.   Van der Waals interactions between the pristine region of GNS and 
metal oxide nanoparticles.    

 Moreover, it should also be possible to control the particle size of metal 
oxide nanoparticles by varying and regulating the concentration of metal 
ions in a solution and the amount of the added graphene. All the above 
fi ndings warrant further study in this area, including the development of 
the desired synthesis of novel GNS/metal oxide nanocomposites with con-
trolled size, morphology and crystallinity using oxygen-defi ned GNSs as a 
carbon support for LIBs and ECs.   

  5.5     Development of three-dimensional 

conductive networks 

  5.5.1     Suppression of restacking of graphene 

 As has been discussed above, GNSs and GO as well as GNS/metal oxide 
nanocomposites have recently been synthesized by different template 
methods. In some cases, the newly-developed GNS/metal oxide nano-
structures themselves can function as templates for growing novel hetero-
structured materials and 3D conductive networks. These GNS/metal oxide 
nanostructures can be combined into core–sheath or sandwich-like layered 
confi gurations, which permit the formation of hetero-junctions within the 
3D conductive networks, yielding specifi c functional properties and tunable, 
adjustable and effi cient devices. 

 However, as has also been shown, the GNS/metal oxide nanostructures 
may suffer from the serious agglomeration and restacking after removal of 
suspension solvents owing to the existing Van der Waals forces between 
adjacent GNSs. If either restacking or agglomeration has occurred, this 
would inevitably lead to a substantial loss of effective surface area of 
nanocomposites within the 3D conductive network and, consequently, 
much poorer electrochemical properties than expected. Therefore, prevent-
ing developed GNSs as well as GNS/metal oxide nanostructures from 

�� �� �� �� �� ��



238 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

restacking has been considered as one of the key elements in improving the 
electrochemical performance of GNS-based materials in LIBs and ECs.  17   

 Owing to the synergistic effect between GNS and metal oxide nano-
particles, metal oxide nanoparticles can be utilized as an effective separator 
of the adjacent GNSs. The loading of metal oxide fi ne particles can inhibit 
or decrease the possibility of serious agglomeration and restacking of graph-
ene, thus subsequently increasing the available electrochemically-active 
surface area of graphene with a fl exible and relatively porous structure. 
Some recent reports have suggested a sol–gel method of preparation of 
hydrous RuO 2  nanoparticles anchored on graphene,  125   in which nanosized 
RuO 2  serves as spacers to support GNS with an apparent increase in pore 
volume in this hetero-structure. Another report has shown the use of a 
polymeric binder during the preparation of RuO 2  nanostructures for super-
capacitor applications.  167   The bottom-up approach, in which each GNS is 
fully separated by a mesoporous silica cell for the development of 2D 
sandwich-like mesoporous silica (GM-silica), has been proposed.  147   Such 
GM-silica sheets have served as a suitable, reliable platform for creating 
various 2D-based nanosheets, such as metal oxide sandwich-like nano-
structures (Co 3 O 4 , TiO 2 ), mesoporous carbon and carbon nitride.  17,147–149   
Figure  5.13  schematically illustrates the fabrication process of GNS/TiO 2 -
based nanosheets and titania nanosheets without graphene.  17,149   

  It has been acknowledged that sandwich-like GNS/TiO 2  nanosheets 
exhibited a high rate capability and an excellent cycle performance, having 
great potential as a high-rate anode material for Li storage.  149   The results 
obtained so far showed that the GNS-based nanosheets fully separated by 

  5.13      Fabrication of GNS-based titania nanosheets and TiO 2  
nanosheets without graphene. (Reprinted from Ref.  17  with 
permission from Elsevier Science)    
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metal oxide nanoparticles not only increased the available active surface 
area which is essential for higher electrochemical activity, but could also 
signifi cantly improve their electrochemical performance. Nevertheless, 
although scalable fabrication techniques employing GNS-based sandwich-
like layered graphene/silicon anode hetero-structures have recently been 
investigated,  168   such limitations of graphene as low mass loading and poor 
scalability characteristics remain as challenges. These have to be overcome 
in order to achieve further commercialization of the reported GNS-based 
nanocomposites.  

  5.5.2     Suppression of volume change of 
semiconductor crystals 

 Effective conductivity between building elements of the modern LIBs and 
ECs is essential to their high effi ciency and long-term stability. It is well-
known that semiconductor metal oxide-based electrodes usually have inad-
equate electrical conductivity. Therefore, in engineering conductive 3D 
networks, responsive additives such as carbon black have to be added to 
optimize the electrical resistivity of the electrodes in their manufacturing, 
but these are not able to deliver energy in the charge–discharge process. 
Another approach to ensuring suffi cient electrical conductivity of nano-
structured semiconductor metal oxide electrodes is their intercalation by 
various metal ions, which is particularly effective, provided that the thick-
ness of the layer is less than 20 nm.  169   Figure  5.14  clearly displays the differ-
ence in conductivity between the metallic and semiconductor oxide 
nanolayers. A conductive atomic force microscopy (AFM) image of a 
nanostructured Nb 2 O 5  thin fi lm deposited on Si substrate covered by Au 
has confi rmed the huge difference in conductivity of two nanomaterials 
joined together. The Nb 2 O 5  thin fi lm appeared almost non-conductive in 
comparison with the conductive substrate. 

  Therefore, in order to increase the overall conductivity of the multilay-
ered electrodes of electrochemical cells, the amount of additive ions has to 
be optimized and in each specifi c combination of nanomaterials it will be 
different. In this regard, modelling can help in designing the required elec-
trode structure as, in addition to the percentage of intercalating ions, the 
texture and morphology of the developing layered electrodes also infl uence 
their conductivity. GNSs can also be used in designing and developing 
conductive 3D networks for the reason that they are different from 
the common conductive additives. GNS is not only a good electrically 
conductive carbon material, but also an electrochemically active compo-
nent. Consequently, it is expected that GNSs will soon will be widely 
employed as conductive carbon constituents in multilayered semiconductor 
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  5.14      Conductive AFM image of nanostructured Nb 2 O 5  thin fi lm on Si 
substrate covered by Au.    
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metal oxide nano-electrodes to construct a 3D conductive network among 
metal oxide nanoparticles.  155   

 One powerful and accurate technique to examine the electrochemical 
behaviour and corresponding reactions on interfaces of the modern multi-
layered LIBs and ECs is electrochemical impedance spectroscopy (EIS).  170   
EIS can also assist in the comprehensive evaluation of phenomenological 
electrode–solution interactions and can distinguish between different con-
tributions on the basis of their respective time constants. So far, EIS analysis 
has been used to access the combined resistance of electrodes, electrolyte 
and current collectors in the high-frequency range, charge transfer resist-
ance with complex impedance plots, and the Warburg resistance in 
the lower frequency range, all of which are interpreted with the help of 
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equivalent circuit models. Depending on the fi tting results of the EIS spec-
trum, recent research has demonstrated that graphene-encapsulated Co 3 O 4  
nanocomposite has a signifi cantly lower fi lm resistance  R  f   =  10.5  Ω  and 
charge-transfer resistance  R  ct   =  27.9  Ω  than those of bare Co 3 O 4  ( R  f   =  27.8  Ω  
and  R  ct   =  97.9  Ω ).  144   Figure  5.15  schematically illustrates a graphene-
encapsulated metal oxide nanocomposite.  17   Very similar results with 
lower interface impedance and smaller Niquist plots were also observed in 
nanocomposites based on GNS/LiFePO 4   125   and GNS/Li 4 Ti 5 O 12 .  155   

  Therefore, based on the results reported so far, it can be concluded that 
graphene can not only improve the electrochemical activity of the complex 
semiconductor metal oxide-based nano-electrodes, but also retain the high 
overall conductivity of these electrodes in LIBs and ECs. This would warrant 
further research towards the optimization of the structure and electro-
chemical performance of GNS/metal oxide nanocomposites employed in 
different practical devices. 

 There are a few semiconductor metal oxides, such as SnO 2 , Co 3 O 4  and 
Fe 3 O 4 , which are distinguished from the other oxides by their high theo-
retical specifi c capacity. These have been considered as very promising 

  5.15      Schematic view of the fabrication of graphene-encapsulated 
metal oxide nanocomposite. (Reprinted from Ref.  17  with permission 
from Elsevier Science)    
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candidates for the potential replacement of the current commercialized 
graphitic materials in high-energy electrodes in LIBs. However, these ma-
terials generally undergo severe structural and volume changes during Li 
insertion and removal, leading to the pulverization of their electrodes and, 
consequently, fast capacity loss.  171   During recent years, various approaches 
have been adopted to address the above-mentioned challenges. However, 
the use of GNS with its excellent electrical conductivity and superb 
mechanical fl exibility is emerging as one of the most appealing matrices for 
improving the performance of nanostructured semiconductor metal oxides. 
As has been discussed in the previous topics, GNSs can be considered as 
2D building blocks for 3D conductive networks. Uniformly distributed 
metal oxide nanoparticles such as SnO 2 ,  41   Co 3 O 4 ,  81   Mn 3 O 4 ,  112   Fe 3 O 4   139   and 
Co 3 O 4 ,  144   successfully anchored on the surface of GNS, or wrapped between 
GNS layers, or encapsulated by individual graphene sheets, have already 
been reported. These complex high-capacitive GNS/metal oxide nano-
composites allowed the suppression of the volume change of metal oxides. 
The designed samples of GNS-based 3D structures have exhibited a large 
elastic buffer space to accommodate the volume expansion/contraction 
of metal oxide nanoparticles and confi ne them during the Li insertion/
extraction process. 

 It was also previously mentioned that these designed-to-application 3D 
structures have effi ciently prevented the aggregation and cracking or 
crumbling of the electrode material upon cycling. In addition, they 
were able to retain the large overall electrode capacity, good cycling per-
formance and high rate capability. One of the reported examples is a 3D 
structure based on GNS-wrapped Fe 3 O 4  nanoparticles as an anode for high-
performance LIBs.  139   Figure  5.16  illustrates SEM images of the developed 
3D structure based on GNS and commercial Fe 3 O 4  nanoparticles before 
and after 30 discharge–charge cycles. It was observed that the commercial 
Fe 3 O 4  nanoparticles were isolated and dispersed well in the initial state 
(Fig.  5.16 a). However, the changes in morphology and microstructure of 
Fe 3 O 4  nanoparticles after such testing were clearly visible (Fig.  5.16 b). 
The particles were agglomerated and became smaller with the average 
size decreasing from 735 to 428 nm, indicating the pulverization of the par-
ticles during cycling (Fig.  5.16 c). On the other hand, no visual changes were 
indicated for GNS-based nanocomposite after testing (Fig.  5.16 d). The 
Fe 3 O 4  particles were still closely embedded between the GNS layers, and 
the surface morphology, surface-to-volume ratio and particle size were 
almost the same. The reported changes were to Fe 3 O 4  particle sizes: 196 nm 
before and 213 nm after testing. These results confi rmed the vital role of 
graphene in providing a fl exible wrap of Fe 3 O 4  particles, increasing surface-
to-volume ratio, which has resulted in higher specifi c capacitance, and in its 
ability to accommodate the volume change during cycling.   
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  5.16      SEM images of (a, b) commercial Fe 3 O 4  particles and (c, d) GNS/
Fe 3 O 4  nanocomposite before (a, c) and after (b, d) 30 discharge/charge 
cycles. (Reprinted from Ref.  17  with permission from Elsevier Science)    
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  5.5.3     Improvement of electrochemical properties 
of LIBs and ECs 

 In the years since 2000, numerous studies have been focused on 2D semi-
conductor oxide materials as well as on graphene because of their remark-
able physical, chemical, mechanical and electrochemical properties which 
are opening a new fi eld for researchers in materials science, chemistry and 
physics, with the prospect of progressing new and diverse applications. 
For LIBs and ECs, the electrochemical properties are as important as the 
physical and chemical properties and, therefore, several reports have 
recently highlighted improvement in the electrochemical properties of 
GNS/metal oxide nanocomposites developed as electrode materials. Such 
semiconductors as SnO 2 , Fe 3 O 4 , Co 3 O 4 , RuO 2  and MnO 2  were used in these 
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nanocomposites owing to the synergistic effects. The electrochemical merits 
of GNS/metal oxide nanomaterials have been particularly addressed in 
comparison with their bulk oxide forms without the presence of 
graphene. 

 One of the major achievements associated with adopting newly-
developed GNS/metal oxide nanocomposites is improvement in cycling 
performance. It is well-known that the Li-storage mechanism of metal 
oxides is based on either a Li  +   ion intercalation reaction or a Li conversion 
reaction. The major drawback of metal oxide materials is that their capacity 
decreases rapidly upon cycling, which is caused by a large volume change 
and/or by lower electrical conductivity. As a result of employing GNS/metal 
oxide nanocomposites, improvement in cycleability owing to the synergistic 
effect between graphene and metal oxides has been obtained. For example, 
Co 3 O 4  nanoparticles, anchored on GNS, have shown much better cycling 
performance than graphene and Co 3 O 4 .  81   The reported reversible capacity 
of GNS and Co 3 O 4  decreased from 955 to 638 mA h g  − 1  and from 817 to 
184 mA h g  − 1 , respectively, up to 30 cycles. In contrast, the reversible capacity 
of the graphene/Co 3 O 4  composite slightly increased with cycling, reaching 
 ∼ 935 mA h g  − 1  after 30 cycles, as demonstrated in Fig.  5.17 a. Another, study 
also reported improvement in the cycling performance of ECs.  125   In this 
case, hydrous RuO 2  anchored on GNSs and graphene retained 97.9 % of 
the original capacity after 1000 cycles, which is a great improvement 
compared to a pure RuO 2  electrode ( ∼ 42.0 %) and graphene (90.9 %).  125   
This excellent electrochemical stability was attributed to the 2D carbon 
support and double-layer capacitance of GNS. 

  Another important GNS-based nanostructure is graphene-wrapped 
metal oxides, in which metal oxide particles are wrapped between adjacent 
graphene layers.  139   In this report, a graphene-wrapped Fe 3 O 4  composite 
demonstrated a high reversible specifi c capacity of 1026 mA h g  − 1  after 
30 cycles, which is signifi cantly higher than that of commercial Fe 3 O 4  
(475 mA h g  − 1 ) and bare Fe 2 O 3  (359 mA h g  − 1 ) with a rapid capacity 
fading, as displayed in Fig.  5.17 c.  139   Moreover, it has recently been confi rmed 
that fl exible, graphene-encapsulated metal oxides, fabricated by electro-
static co-assembly between negatively charged GO and positively charged 
oxide nanoparticles, could effectively suppress the aggregation and 
accommodate the volume change of oxide nanoparticles upon cycling.  144   
The resulting graphene-encapsulated Co 3 O 4  nanoparticles exhibit a 
high reversible capacity of 1100 mA h g  − 1  in the initial cycle, and over 
1000 mA h g  − 1  after 130 cycles. Such GNS-based 3D structures have a large 
elastic buffer space to accommodate the volume change and prevent the 
aggregation of metal oxide particles during Li insertion/extraction, and 
effi ciently suppress the cracking or crumbling of the electrode materials 
during cycling. 
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 All the above-mentioned examples suggest that designing conductive 3D 
GNS-based networks and nanostructures with an elastic fl exible framework 
is benefi cial for their electrochemical performance in LIBs and ECs. In the 
3D framework small nanoparticles can be strongly bonded to GNS, allow-
ing them to suppress their volume change, improve their electrical conduc-
tivity and contact with the electrolyte, and decrease the effective transport 
distance of Li  +   ions and electrons. Consequently, GNSs can not only facili-
tate the fl exibility of nanocomposites, but also ensure improvement in the 
electrochemical properties of the developed structures. 

 Long-term stability and high rate capability at fast charge and discharge 
rates are also essential for LIBs and ECs in order to improve the perfor-
mance of hybrid and electric vehicles as well as portable power tools.  172   
It is therefore expected that the next generation of nanostructured 
hybrid materials for these applications will have a higher reversible 
accommodation of Li at high rates compared to bulk materials due to the 
shortened distance of Li  +   ion and electron transport. However, the huge 
volume change and poor electrical conductivity of metal oxides during Li  +   
insertion/extraction cycles inevitably result in rapid cracking and crumbling 

  5.17      (a) Cycling performance of graphene, Co 3 O 4  and GNS/Co 3 O 4  
composite. (b) Rate capability of GNS/Co 3 O 4  composite and Co 3 O 4  at 
various current densities. (Reprinted from Ref.  17  with permission 
from the Elsevier Science)    
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of the electrode, leading to the fast capacity loss of metal oxides. 
Employment of newly-developed GNS/metal oxide nanocomposites can 
open a new opportunity for much better rate capability compared to bulk 
oxide electrodes.  81–83,87,90–94   In all these cases, it was confi rmed that GNS/
metal oxide nanocomposites demonstrated better performance by inhibit-
ing the large volume change and providing good electron conduction paths. 

 For instance, GNS/Co 3 O 4  nanocomposite retained a reversible capacity 
of 800 mA h g  − 1  at 50 mA g  − 1 , whereas the capacity of a Co 3 O 4  electrode 
counterpart rapidly droped to 541 mA h g  − 1 . Figure  5.17 b shows the revers-
ible capacity of the GNS/Co 3 O 4  nanocomposite and Co 3 O 4  at other rates: 
715 and 239 mA h g  − 1  at 150 mA g  − 1 , 631 and 122 mA h g  − 1  at 250 mA g  − 1 , and 
484 and 53 mA h g  − 1  at 500 mA g  − 1 .  81   In another example, GNS/Fe 3 O 4  nano-
composite exhibited a much better rate performance compared to com-
mercial Fe 3 O 4  and bare Fe 2 O 3  particles. In particular, when the rate reaches 
a value as high as 1750 mA g  − 1 , the capacity of the composite is still 
520 mA h g  − 1 , 53 % of the initial capacity, while the capacities of Fe 3 O 4  and 
Fe 2 O 3  electrodes drop dramatically to 10 and 3 % of the initial capacity at 
such a high rate, as presented in Fig.  5.17 d.  139   Other reports have highlighted 
very similar results in improvement of the rate capability for GNSe/SnO 2   93,94   
and GNS/Mn 3 O 4   112   nanocomposites. 

 Considering the great achievements in the electrochemical performance 
of GNS/metal oxide nanocomposites used as electrodes of LIBs and ECs, 
it is highly likely that a future for such electrodes is commercially feasible 
through their further optimization and better design. All the research done 
so far has demonstrated substantial improvements in increased capacity/
capacitance, rate capability, improved cycling stability and increased energy 
and power densities. However, in order to secure the acceptance of these 
nanocomposites by the different industries, several important challenges 
remain to be addressed. These are as follows:

   •   Large-scale, low-cost and simple production of graphene is one of the 
most important challenges.  

  •   Control of the developed interface between GNS and metal nano-
oxides is needed, as most of the electrochemical reactions and charge 
transfers occur on the interfaces. Better understanding of the surface 
chemistry of GNS/metal oxides interfaces is crucial for improving the 
rates of electrochemical interfacial reactions.  

  •   Reproducibility in performance must be improved by smart design and 
control of the developing morphology and phase compositions of the 
semiconductor nano-oxides. This would lead to optimization of the 
structure–property relationships at the nanoscale.  

  •   Considering such GNS properties as fl exibility and light weight, much 
more attention should be dedicated to the technological progress of 
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portable, compact, ultrathin and even fl exible energy storage devices for 
advanced thin and wearable electronics and wireless communications.  

  •   Much better compatibility of the composites for use in the entire EC or 
LIB devices is needed, not just high performance of the nanocomposite 
electrodes.  

  •   A major concern with GNS is their poor surface adhesion. Until GNS 
can be adequately protected and their integrity preserved, GNS/metal 
oxide nanocomposites will be limited to applications with low wear.    

 With continuous exploitation and improvements of all the above-
mentioned aspects, it is evident that GNS/metal oxide nanocomposites for 
both LIBs and ECs will fi nd their way in various practical applications 
such as in portable tools, personal electronics, wireless communications, 
electric vehicles, hybrid electric vehicles and plug-in hybrid electric 
vehicles, etc.   

  5.6     Nanostructured thermopower wave sources 

 As the demand for energy-effi cient sources of power at the nanoscale for 
various applications has increased since 2000, scientists are dedicating their 
efforts to the development of micro- or nano-sized energy storage  173–175   and 
harvesting  176–180   systems which are capable of releasing energy at high rates. 
The motivation for this evolution has been based on the use of nano-scaled 
energy sources in such emerging activities as remote nanoscale sensor net-
works, fl exible electronic devices, disposable medical diagnostics and micro-
electromechanical systems.  181–184   However, no reliable sources of power 
exist which are capable of direct conversion of the chemical energy to oscil-
lating current at the nanoscale. One possible alternative to conventional 
power sources at the nanoscale is the utilization of nano-structured thermo-
electric (TE) materials.  185–188   

 The ‘quality’ of TE as a material is characterized by its Seebeck coeffi -
cient,  S , electrical conductivity,   σ  , and thermal conductivity,   κ  , which are 
combined in the thermoelectric fi gure of merit,  Z   =   S  2   σ  /  κ  .  189   For nanostruc-
tured TE material development, the main target is, therefore, to maximize 
 Z . However, the transport properties,  S ,   σ   and   κ  , usually vary with environ-
mental conditions which results in a temperature-dependent function  Z ( T ). 
Thus, in any condition range, material with different properties has to be 
used in order to achieve a high fi gure of merit. Typically, nanostructured TE 
material is operated at a temperature difference of several hundred degrees. 
Under this condition, a pronounced climate profi le will develop in the 
material, so that for a specifi c material the  Z  criterion will have an optimum 
high value only in a small spatial range. The spatially varying temperature 
profi le together with the temperature-dependent material properties leads 
directly to the concept of local selection of the particular material or 
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composition which brings the highest overall effi ciency or power output to 
the device. An effi ciency improvement compared to homogeneous material, 
in certain cases up to 50–100 %, can be achieved by the use of functionally 
graded nanomaterials.  190   

 Initiation of the chemical decomposition releases heat that travels much 
faster along the nanotube than in the annulus, resulting in a reaction wave 
guided by the CNT. The coupled thermal diffusion and chemical reaction 
terms can be described using the following modifi ed Fourier ’ s Law equation 
with a non-linear source term to account for the chemical reaction:  187  
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where  G  0  is the interfacial conductance between the CNT and cyclotrimeth-
ylene-trinitramine (TNA),  d  M  is the outer diameter of the TNA − CNT 
system and  d  N  is the CNT diameter. The parameter   χ   is the thermal con-
ductivity,   ρ   is the density,  Q  is the enthalpy of reaction,  y  is the molar con-
centration of reactive material,  k  0  is the Arrhenius pre-factor,  R  is the 
universal gas constant,  E  a  is the activation energy of decomposition and  C  p  
and  M  W  are the (molar) specifi c heat and molecular weight of the material, 
respectively. The second term on the right-hand side accounts for the 
thermal source of the decomposition reaction, with the mole fraction of 
unreacted material ( y / y  0 ) decreasing in time and space (according to the 
spatial profi le of  T ) according to
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 Considering heat transfer from the annulus and thermal diffusion, the equa-
tion for the temperature ( T  2 ) evolution in the CNT can be as follows:  187  
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where the subscript ‘2’ refers to properties of the CNT. Equations  5.5–5.7  
are solved using the following boundary conditions:
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0 0 001( , ) .= =     (the last approximating a zero boundary condition) 

with the pulse width parameter  w   =  2  ×  10  − 11  m 2 ·  β  .  T  ambient  is the ambient 

�� �� �� �� �� ��



 Composite graphene/semiconductor nanostructures 249

© Woodhead Publishing Limited, 2014

temperature, assumed to be 298 K. The parameter grouping   β    =  ( C  p  E  a )/
( −  QR ) is the inverse dimensionless adiabatic reaction temperature rise, 
which has proved to be important for determining wave characteristics. The 
function  T ( x ,  t   =  0) is a Gaussian pulse, offset by 298 K, to simulate initiation 
by a rapid pulse of heat. For instance, heat can be initiated from a laser or 
resistive fi lament. Here,  g  is the maximum initial temperature. From numer-
ous simulations, it can be empirically determined that it must be greater 
than 0.16  ×  exp(0.37  β  ) to commence a propagating reaction wave. Physi-
cally, the magnitude of the temperature initial condition must increase with 
  β   since that parameter is proportional to the specifi c heat and activation 
energy. More drive must be supplied in the initial pulse for larger values of 
  β   to overcome the specifi c heat and activation energy and increase the 
initial reaction rate suffi ciently to sustain self-propagation. The initial condi-
tion for the composition of the material,  y / y  0 , corresponds to a completely 
unreacted annulus, with the exception of the  x   =  0 boundary, which is almost 
entirely reacted so as to be consistent with the temperature condition, as is 
necessary for numerical stability. The boundaries of the system are assumed 
to be adiabatic, and the system is made to be suffi ciently long that the wave 
is far from the boundaries.  187   

 Following Zeldovich ’ s theory of thermal fl ame propagation,  191   the system 
of equations can be scaled down to nanodimensions. A non-dimensional 
temperature  u   =  ( R / E  a ) T , time   τ    =  ( −  Qk  0  R )/( C  p  E  a ) t , and space   ξ    =  
 x [(  ρ C  p /  χ M  W )( −  Qk  0  R / C  p  E  a )] 1/2  has been shown to appropriately scale the 
system and resulting reaction wave.  187   A conversion   η   can be defi ned 
( M  W  y )/  ρ    =  1  −    η  . Other parameters of importance are the thermal diffusivi-
ties   α    =  (  χ M  W /  ρ C  p ) of the annulus and of the nanotube,   α   2 . The resulting 
equations are as follows:
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where   α   0   =    α   2 /  α  ,  γ β ρ1
2 2

0 04= −( / )( / )d d d G M C kN M N W p     and   γ   2   =  (4 G  0   β M  W2 )/
( d  N   ρ   2  C  p,2  k  0 ). Interestingly, this shows that the only terms affected by the 
diameter of the thermal conduit or the fuel layer are the interfacial heat 
exchange terms,   γ   1  and   γ   2 . For   β  ,   α   and   α   2 , average values over the tempera-
ture range of 300–1700 K were used. Since   β   is the non-dimensionalized 
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adiabatic reaction temperature rise, the maximum temperature was iterated 
until a consistent average   β   of 10.6 for TNA was reached. Over the same 
range,   α   is 4.3  ×  10  − 8  m 2 /s and   α   2  is 0.001 m 2 /s. Depending on the concentra-
tion of defects, the thermal diffusivity of the nanotube,   α   2 , may at least vary 
over an order of magnitude.  186   The value selected here was the median. 
Consequently, considering all the above-mentioned equations, the oscilla-
tory behaviour of the thermopower waves can be modelled and analysed. 

 There have been several practical reports relating to experimental obser-
vations of thermopower wave oscillations by using different nanostructured 
materials.  193–199   A typical structure of a thermopower wave generator based 
on a CNT array and a cross-section of CNT coupled with TNA and a nano-
structured material with a high Seebeck coeffi cient is schematically pre-
sented in Fig.  5.18 . In these devices, the thermopower waves are realized 
using TNA as a fuel around a shell of a multiwalled CNT array by a self-
propagating exothermic reaction. These response waves induce a concomi-
tant thermopower wave of high power density ( > 7 kW/kg), resulting in an 
electrical current that travels along the same direction.  187   In such ther-
mopower devices, the highly conductive CNT core allows the axial trans-
portation of free electrons, which are generated via a large temperature 
gradient across the device. In these systems, the high thermal conductivity 
of the CNT array guarantees the continuation of the reaction and the 
propagation of the thermopower waves. 

  The main limitation of the works carried out at the beginning of the 21 st  
century was the low voltage generated, which was generally in the order of 
30–50 mV for masses in the range of several milligrams. The main reason 
for this was the relatively low Seebeck coeffi cient of CNTs (80  μ V K  − 1 ).  193–195   
Consequently, in order to increase the effi ciency of thermopower wave 
generators, nanostructured materials such as Bi 2 Te 3  and Sb 2 Te 3  with their 
large respective Seebeck coeffi cients of 287 and 243  μ V K  − 1  have been inves-
tigated.  186,195   These nanomaterials can potentially replace CNTs in the next 
generations of thermopower sources. One of the main requirements of a 
thermopower source core material is high electrical conductivity. A higher 
electrical conductivity can increase the power output as it allows larger 
currents. This means that materials such as Si, even in its highly doped state, 
with a large Seebeck coeffi cient ( ∼ 1500  μ V K  − 1 ) are rendered ineffi cient due 
to their low electrical conductivity. On the other hand, both Bi 2 Te 3  and 
Sb 2 Te 3  have high electrically generated power. The electrical conductivity 
of Bi 2 Te 3  is of the order of 10 5  S/m, while Sb 2 Te 3  exhibits an electrical con-
ductivity in the range of 5  ×  10 3 –10 4  S/m.  196   A high thermal current is also 
required to sustain the propagation of the thermopower waves. The thermal 
responses of Bi 2 Te 3  and Sb 2 Te 3  are low (1 and 2.5 W m  − 1  K  − 1 , respectively).  197   
In order to compensate for that, highly thermally conductive substrates 
such as Al 2 O 3  with thermal conductivity of 20 W m  − 1  K  − 1  can be used to 
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  5.18      (a) Schematic view of a thermopower wave generator based 
on a CNT array. (b) Cross-section of CNT coupled with TNA and 
nanostructured materials with high Seebeck coeffi cient. (Reprinted 
from Ref.  187  with permission from the American Chemical Society)    
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achieve the desired thermally generated power.  197   Another advantage is the 
combination of these nanomaterials in one device as they represent  p - 
(Sb 2 Te 3 ) and  n -type (Bi 2 Te 3 ) semiconductors providing high output AC 
power. 

 Other materials which can be successfully utilized in the next generation 
of energy sources for different applications are nanostructured semiconduc-
tors ZnO  198   and MnO 2 . ZnO, as a typical  n -type semiconductor, appeared to 
be one of most outstanding candidates as the core thermoelectric ma terial 
for thermopower-based energy sources. ZnO possesses a relatively high 
Seebeck coeffi cient (approximately  − 360  μ V K  − 1  at 85 °C) which increases 
with temperature, a high electrical conductivity at elevated temperatures of 
above 300 °C (ZnO fi lm resistance of 250  Ω  at 300 °C, hence suitable for 
operation in thermopower wave sources), high thermal conductivity 
(15 W m  − 1  K  − 1  at 300 °C) and good chemical stability. Optical images of the 
ZnO samples used before and after the reaction are presented in 
Fig.  5.19 a.  195   A typical thermopower voltage signal obtained across a sample 
of the fuel/ZnO/Al 2 O 3  system is shown in Fig.  5.19 b. The voltage profi le 
exhibited two distinct regions: an initial phase during the wave propagation 
and a cooling down phase until the temperature across the ZnO fi lm reached 
equilibrium (Fig.  5.19 c). The initial reaction phase is a region of rising 
voltage as the wavefront spreads across the sample until all the combustion 
fuel is consumed. This is followed by a region of exponential decay. The 
moving temperature gradient resulted in voltages with peak magnitudes of 
up to 500 mV and oscillations with peak-to-peak amplitude of up to 400 mV. 
The power obtained from these devices can be as large as 1 mW.  197   

  Another very interesting example of a nanostructured material which has 
been recently investigated as a suitable candidate for thermoelectric wave 
sources is MnO 2 .  200   It was shown that coupling of solid fuel to the MnO 2  
layers resulted in the highest output voltage (1.8 V) reported up to now for 
thermopower wave systems. Due to the high Seebeck coeffi cient, the 
reported output voltage was at least 300 % higher than any other previously 
reported thermopower wave system.  200   

 Table  5.1  summarizes the performance of the nanostructured materials 
used up to now as thermopower wave sources. The results presented clearly 
display that the combination of the CNT, TNA and nanostructured thermo-
electric materials increased the maximum output voltage compared to ther-
moelectric material based only on CNT. Observations obtained so far are 
combined and presented in Fig.  5.20 , which compares different nanomateri-
als used on thermopower wave energy sources with the best available 
super-capacitors in terms of specifi c power, voltage and oscillation ampli-
tudes. Axis Y in this fi gure is arbitrary. Analysis of the data presented shows 
that, although super-capacitors can exhibit higher rates of energy discharge, 
they are ineffi cient for long-term energy storage as they have a very high 
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  5.19      (a) Photo of the 1 – Al 2 O 3  substrate, 2 – ZnO deposited on Al 2 O 3  
substrate, 3 – fuel/ZnO/Al 2 O 3  sample, 4 – sample after thermopower 
wave propagation. (b) Oscillatory thermopower voltage signal 
obtained using the fuel/ZnO/Al 2 O 3  device. (c) Reaction propagation 
velocities for the fuel/ZnO/Al 2 O 3  thermopower systems. (Reprinted 
from Ref.  194  with permission from the Royal Chemical Society)    
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 Table 5.1      Nanostructured materials for thermopower wave sources  

Output CNT  185  i 2 Te 3   186  Sb 2 Te 3   195  ZnO  198  MnO 2   200  

Voltage (max) 210 mV 350 mV 200 mV 500 mV 1.80 V
Specifi c power 

(kW/kg)
4–7 kW/kg 1 kW/kg 0.6 kW/kg 0.5 kW/kg 1.5 kW/kg

self-discharge rate. Moreover, they are bulky and are capable of generating 
only DC power. In addition, thermopower wave systems can produce alter-
nating voltages with concomitantly high specifi c power. They do not suffer 
from problems such as self-discharge and are much smaller in size. More 
work is underway in order to improve the effi ciency as well as the specifi c 
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power of the thermopower wave systems so that they can be a viable minia-
turized energy generation technology.    
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    6 
  Nanostructured semiconductor 

composites for solar cells  

 DOI : 10.1533/9781782422242.267

     Abstract :   The chapter reviews recent developments in nanostructured 
semiconductor composites for solar cells. It begins by describing the 
operating principle of the photovoltaic cell and the strategic potential 
of nanostructured semiconductors in photovoltaics. The chapter then 
discusses structured transparent electron conductors, semiconductor 
quantum dot absorbers and dye-sensitized solar cells.  

   Key words :   photovoltaics  ,   structured transparent electron conductors  , 
  semiconductor quantum dot absorbers  ,   solar cells  ,   dye-sensitized solar 
cells.         

  6.1     Operating principle of a liquid-junction 

photovoltaic cell 

 The fi eld of photovoltaics has made steady theoretical and technological 
progress since the discovery of photo-induced current by French physicist 
Alexandre Becquerel in 1839. Global warming and the impending exhaus-
tion of fossil fuels are placing increased demands on sustainable energy, in 
particular energy harvested from sunlight. 

 Given that the world ’ s requirement for energy is predicted to reach  ∼ 28 
Terawatt (TW) by 2050,  1   in order to meet such high usage, alternative 
energy sources, for example solar energy conversion and others, will have 
to reach the TW scale. Greenhouse gas emissions, increasing production 
costs of non-renewable fossil fuels and unreliable geopolitical constraints 
have also underscored the increasing need to develop alternative effi cient 
energy sources. One area that continues to attract a lot of interest is the 
advancement of solar cells. The focus of solar energy utilization has pre-
dominantly been on electricity (photovoltaics  2  ) and hydrogen generation 
(water splitting  3–5  ). Most photovoltaic systems absorb energy from the sun 
to convert it into an electrical signal.  6   In the years since 2000, signifi cant 
progress in the enhancing of the performance of such systems has been 
made  7   and today they are one of the most promising alternative sources of 
energy.  8   

 This is particularly important for Australia as the country is blessed with 
high sunlight activity all year around in many areas. Photovoltaic systems 
produce electricity directly from sunlight in one step, avoiding the problems 
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of other alternative energy sources, and have already proven to be reliable 
power suppliers for various satellite systems, hot-water appliances and port-
able devices.  9   Due to the maturity of the silicon industry, approximately 
80 % of the solar market is dominated by technology based on Si, which is 
an indirect gap semiconductor and requires Si wafers thicker than 200  μ m 
to function well as a solar cell.  10   On the other hand, thin-fi lm technologies 
such as CdTe and CuInGaSe 2  use direct bandgap compound semiconduc-
tors.  11,12   Although substantial progress has been achieved in the develop-
ment of thin fi lms based on these materials with thickness in the range 
1–3  μ m, there are potential limitations in materials availability and higher 
cost at the TW scale.  10   

 To put things in perspective with regard to the status and potential ben-
efi ts of each type of modern technology for solar cell fabrication, Plate XIX 
(see colour section between pages 232 and 233) summarizes the best obtained 
laboratory cell effi ciencies for the different available technologies at the end 
of 2010.  10   This chart clearly shows that the best Si-based solar cells boast 
27 % effi ciency while the most profi cient thin-fi lm solar cells are in the 20 % 
range. Triple junction solar cells have reached up to 41 % effi ciency, and the 
most superior organic and emerging inorganic solar cells reach between 8 
and 11 %.  13   It is therefore evident that further progress in reaching the set 
TW target is inseparably connected with the development of ‘smart’ nano-
structured materials with improved solar energy conversion. This can be 
achieved not only by selecting an acceptable compromise between the effi -
ciencies of the newly-developed materials and their manufacturing costs, but 
also by careful selection of appropriate technologies for improved solar cells. 

 To understand where the improvements can be made, let ’ s consider a 
process of solar energy conversion in detail. A schematic illustration of the 
mechanism of solar-to-electric signal conversion is presented in Fig.  6.1 . 
Generally speaking, the liquid-junction photovoltaic cell consists of a 
photo-anode, a counter electrode cathode and a reference electrode. As 
clearly shown in Fig.  6.1 , upon the exposure of the photovoltaic cell to the 
sun, the photo-anode adsorbs energy ( h ν  ) from the solar radiation to create 
electrons (e  −  ) and holes (h  +  ). The photo-generated electrons are driven 
naturally or by the application of an external bias voltage to an underlying 
conducting substrate to generate a  photo-current . At the same instant, 
photo-generated holes are scavenged by the surrounding electrolyte and 
carried to the cathode where they recombine with the electrons and com-
plete the circuit. Voltage and the current fl ow are typically expressed with 
respect to a reference electrode. 

  The effectiveness of solar cells is in converting solar energy to electricity. 
This depends on the effi ciency of the cell. Consequently, a vast majority of 
research effort has been focused on the development of novel materials for 
photo-anodes. 
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  6.1      Schematic interpretation of a liquid-junction-based photovoltaic 
cell. (Reprinted from Ref.  93  with permission of the Electrochemical 
Society)    

Reference
electrode

Photoanode
(substrate+catalyst)

Cathode

hu

Potentiostat

e

e

(to external circuit)e

(to electrolyte)h

 The ideal materials of a photo-anode should:

   •   absorb light from a substantial part of the solar spectrum effi ciently;  
  •   provide high surface-to-volume area for maximum light absorption;  
  •   effectively utilize the absorbed energy to produce maximum 

electron–hole pairs;  
  •   facilitate rapid transport of the charges;  
  •   preferably be inexpensive and easily available;  
  •   be non-corrosive and non-toxic;  
  •   be stable in the electrolyte for a long period of time.    

 There are many materials which have been utilized as possible candidates 
for photo-anodes. These include organic,  14   semiconductor oxides  6,15   and 
polymer-based composites.  14,16   Among them, nanostructured semiconduc-
tor oxides have attracted considerable interest as they can satisfy most of 
the above-mentioned requirements for photo-anodes. 

 In an ideal defect-free semiconductor, the electrons would be distributed 
in such a way that they occupy energy levels in a completely fi lled band 
(valence band), which is separated from a higher-positioned conduction 
band. The gap between these two bands is called bandgap ( E  g ).  17   An ideal 
semiconductor can absorb light from any portion of the solar spectrum 
depending upon the size of the gap. One possible way to manipulate the 
bandgap is simply to change the particle size of the semiconductor.  11,18   This 
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process is called the size quantization effect and is schematically presented 
in Fig.  6.2 .  10   The effects of quantization were monitored using photo-
electrochemical techniques and were observed in several semiconductor 
oxides.  19   

  Atomic vacancies can create irregularities (defects) in the semiconductor 
lattice structure. The defects are represented as energy states (referred to 
as trap sites) within the bandgap and also alter the electronic properties of 
the semiconductor to make it an  n -type or  p -type semiconductor. These 
traps will delay or prevent the electrons from moving to the external circuit. 
The e  −  –h  +   pair can also undergo recombination resulting in a decrease 
in photocurrent generation (the dotted lines in the nanoparticle shown in 
Fig.  6.3  represent possible routes for e  −  –h  +   recombination). Thus, defects 
play a vital role in controlling the photo-electrochemical activity of a 
semiconductor.  20,21   

  When the semiconductor makes contact with an electrolyte, usually an 
electrical double layer is formed as a result of this contact. This electrical 
double layer causes deformation of the bandgap at the semiconductor sur-
faces. The direction of this deformation depends upon the nature of the 
defects ( n - or  p -type). This process is called band bending, and it is graphi-
cally represented in Fig.  6.2  for an  n -type semiconductor. On the other hand, 

  6.2      Energy diagram of a semiconductor bulk and nanoparticle 
showing physical charges (quantization effect) and details of various 
electron processes that occur under illumination. (Reprinted from 
Ref.  10  with permission of the Electrochemical Society)    

Bulk

CB
Δf0

CB

VB

Semiconductor
electrolyte interface

Distance (nm)

VB

e

h

h

r0

et

e

ht

EFEg W

ve
P

ot
en

tia
l (

V
)

+
 v

e

Nanoparticle

Δf =

Δf = potential difference
k  = Boltzmann constant
r0 = radius of the particle
W = width of the depletion layer
LD = Debye length

k T
6e

r – (r0 – W)
LD

1+
2(r0 – W)

r

�� �� �� �� �� ��



 Nanostructured semiconductor composites for solar cells  271

© Woodhead Publishing Limited, 2014

the extent of band bending depends on numerous factors (applied potential, 
doping level of semiconductor, etc.) and infl uences e  −  –h  +   pair separation. 
The external voltage can change the extent of band bending.  22   Control of 
charge fl ow in the case of nanoparticulate fi lms is also achieved by the 
application of a suitable bias voltage.  17    

  6.2     Nanostructured semiconductors as solar 

harvesting materials: strategic potential of 

inorganic semiconductors in photovoltaics 

 The recent thrust in designing semiconductor nanostructured assemblies 
for solar cell applications has increased interest in understanding the 
dynamics and kinetic details of interfacial electron and hole transfer.  23–27   
Simultaneously, most of the photovoltaic research efforts have been focused 
on net photo-conversion effi ciency, whereas understanding of various 
electron-transfer steps at the fundamental level is still lacking. Early studies 
have shown that photogenerated electrons and holes in a semiconductor 
nanoparticle can be transferred across the interface in picoseconds.  28–37   

 One possible way to boost the effi ciency of the photocatalytic reaction 
is to couple semiconductor nanoparticles to noble-metal co-catalysts.  38–48   

  6.3      The steps involved in the transport of photo-generated electrons 
from the semiconductor to the substrate via Au nanoparticles. 
Favourable energies are essential for charge transport (a). The scheme 
to improve the solar to electric conversion using CdS deposited on 
TiO 2  (b). (Reprinted from Ref.  93  with permission of the 
Electrochemical Society)    
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Specifi cally, noble-metal co-catalysts enhance the quantum yield of the 
photo-induced electron-transfer process as follows:

   •   improving charge separation within the semiconductor particle;  
  •   discharging photo-generated electrons across the interface;  
  •   providing a redox pathway with low over-potential.    

 Utilization of nanostructured semiconductors and inorganic 
nanoparticles in photovoltaics has the following three aims:  49  

   1.   Exploitation of semiconductors with high strategic potential, which have 
large absorption coeffi cients but relatively low diffusion length ( L  diff ) of 
photo-generated charge carriers. For this purpose, very low local 
absorber layer thicknesses ( d  local ) have to be employed and/or new con-
cepts of defect passivation have to be implemented. The challenge is to 
determine the appropriate preparation techniques for absorbers with 
high strategic potential, materials combinations suitable for charge-
selective contacts, and morphologies for photon management offer the 
potential to minimize recombination losses, resistive losses and optical 
losses in solar cells.  50    

  2.   Extension of the strategic potential of semiconductors by implementing 
strategies of effi cient light trapping with nanostructures which reduce 
the amount of absorber material required. For example, pillars with 
length of the order of  μ m and average diameters and distances of several 
100 nm can lead to quite effi cient light trapping. An increase in the path 
length of incident solar radiation by up to a factor of 73 was measured 
recently in Si nanowire solar cells,  51   which is above even the randomized 
scattering limit.  52   Another example is CdSe nanopillars.  53   These have 
been embedded in an ordered matrix of porous alumina and contacted 
with a CdTe layer embedding the CdSe nanopillars in the top region of 
the solar cell.  

  3.   Reduction of processing costs and energy pay-back time of solar cells 
by reducing processing temperatures and/or by applying printable 
absorbers from suspensions of absorber nanoparticles.  54   For instance, 
metal nanoparticles can be printed on substrates and transformed 
into absorbing semiconductor layers by oxidation, selenization or 
sulphurization. This has been demonstrated for metal nanoparticles 
of Cu and In, which were printed and subsequently selenized into a 
CuInSe 2  absorber.  55   Another example is the printing of semiconductor 
nanoparticles and their sintering onto layers and crystallites. Nanopar-
ticle layers of CdTe and CdSe have been deposited by spin-casting, 
resulting in solar cells with an energy conversion effi ciency (  η  )  ≈  3 % 
after annealing in air.  56   Nanocrystal and nanoring inks of CuInSe 2  have 
been proposed recently for the development of low-cost solar cells.  57   
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A very promising route is the use of specifi c properties of semiconductor 
particles with quantum confi nement which can be realized by 
solution-casting of colloidal quantum dots (QDs).  58      

 Semiconductor QDs have been successfully employed in the operation 
of solar cells. Moreover, they provide the advantage of slowing the relaxa-
tion time of hot charge carriers.  54,59   This is because in QDs the quasi-
continuous conduction and valence energy bands of a bulk semiconductor 
are replaced by a discrete electronic structure. The spacing between these 
discrete energy levels is such that the possible relaxation processes that can 
occur are limited – creating what is known as a phonon bottleneck and 
allowing only slower multi-phonon emission. Specifi cally, choosing PbSe 
QDs offers certain advantages over other materials. For example, the large 
Bohr radius (46 nm) of PbSe allows the synthesis of a wide array of PbSe 
particles in the quantum size regime. Furthermore, using PbSe QDs not 
only allows them to achieve strong quantum confi nement but also helps 
electronic coupling to nearby electron-accepting materials because their 
electronic wave function extends in space beyond the QD particle.  

  6.3     Principles of inorganic solid-state 

nanostructured solar cells 

 The maximum theoretical power-conversion effi ciency of a single-junction 
solar cell device is approximately  ∼ 32 %.  60   The main deviation from this 
ideal limit occurs through the loss-in-potential, which can be closely defi ned 
for the highly effi cient solar cells as the difference between the optical 
bandgap of the photoactive semiconductor divided by the charge of an 
electron, and the open-circuit voltage ( V  OC ). Most semiconductors of the 
highest strategic potential produced at relatively low temperatures possess 
very low values of  L  diff . In order to minimize recombination losses in the 
solar cell absorber, the local absorber layer thickness has to be minimized 
to  d  local   <   L  diff . However, it is often the case that only a small fraction of the 
sunlight can be absorbed at very low values of  d  local  considering that the 
optical absorption length (  α    − 1 ) can be much larger than  d  local  at a given 
wavelength (  λ  ). It is therefore evident that to increase the effi ciency of the 
solar cells, the absorber layer thickness has to be increased to an effective 
absorber layer thickness ( d  eff ) by folding the surface on which the absorber 
layer is deposited.  61   The ratio between the extended internal surface area 
and the external surface area is the so-called roughness factor ( F  R ). In this 
regard, dye-sensitized solar cells (DSSCs)  62–70   represent an extreme example 
since  d  local  corresponds to the thickness of only one layer of dye molecules 
and  F  R  should be of the order of 1000. One recent breakthrough in the 
development of nanoporous semiconductors for DSSCs was reported in 
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1991, where the nanoporous TiO 2  fi lm with very high surface area, utilized 
in DSSCs, exhibited  ∼ 9 % effi ciency.  71   

 Because high densities of electronic defect states are available for both 
excess electrons and excess holes in nanoporous semiconductors, the devel-
opment of charge-selective contacts and suppression of recombination are 
critical in inorganic nanostructured solar cells. For instance, it has been 
proposed to sandwich an ultrathin (10–20 nm) pyrite layer between large-
gap electron and hole conductors as in a p–i–n structure for pyrite-based 
solar cells.  72   In the p–i–n concept, a relatively thick undoped absorber layer 
is contacted by very thin highly doped  p -type and  n -type nanostructured 
semiconductor layers. This concept has been further developed for a-Si:H 
solar cells to minimize the recombination losses and improve the collection 
effi ciency of photo-generated charge carriers which is strongly enhanced by 
drift in the electrical fi eld of a p–i–n structure (drift length  L  drift  »  L  diff ).  73   
Recent publications confi rmed that this consideration has successfully 
played a dominating role in the use of Schottky barriers in QD solar cells.  74   

 Plate XXa (see colour section between pages 232 and 233) schematically 
represents an inorganic solid-state solar cell with  ultrathin nanocomposite 
absorber .  49   This principle aims to increase  L  diff  of the bare absorber material 
to an effective diffusion length  L  eff , being a characteristic of the nanocom-
posite which was recently confi rmed by nanocomposite absorber based 
on TiO 2  and In 2 O 3 .  75   The main idea in this approach is to divide photo-
generated electrons and holes locally to distances larger than the overlap 
of their wave functions and to decrease by this means their recombination 
probability. The infl uence of the limiting charge-selective contact is mini-
mized by forming it at an external interface of the nanocomposite absorber.  75   

 Another concept for nanostructured inorganic solar cells, often called 
 extremely thin absorber solar cell , utilizes the need for an extremely thin 
absorber being contacted between transparent electron and hole conduc-
tors and being folded within a transparent matrix.  49   This method is graphi-
cally presented in Plate XXb. Based on such an approach,  d  local  should be 
signifi cantly larger than the tunnelling length ( d  tunnel ) in order to avoid 
shunts between the transparent electron and hole conductors. 

 The last concept, graphically presented in Plate XXc, is called  depleted-
hetero-junction colloidal QD solar cells .  76   The effi ciency in such solar cells 
can be enhanced by high exciton diffusion lengths, which can be reached 
by the surface passivation of QDs with adequate surfactants. Moreover, the 
average distance between QDs should be low enough for suffi cient trans-
port of separated charge, but at the same time large enough to preserve 
specifi c electronic states of QDs. 

 Requirements for achieving high photo-currents in inorganic 
nanostructured solar cells are: the right combinations of different length 
scales (refl ected by  d  tunnel ,  L  diff ,  L  drift ,  d  local ,  d  eff ,  L  eff ,   α    − 1  and   λ  ) as well as 
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appropriate combinations of nanomaterials in charge-selective hetero-
junctions. These ensure the minimization of losses in the photo-voltage due 
to potential drops and recombination at interfaces.  77    

  6.4     Structured transparent electron conductors 

  6.4.1     Nanostructures based on TiO 2  

 The fi rst and the second generations of solar cells were predominantly 
based on solid-state junction devices, for which Si was the most common 
material and the most abundantly used commercially. In these solar cells, 
the processes of light absorption, charge generation, separation and trans-
port were utilized by the same material. However, a new emerging class of 
solar cells represents new concepts for light harvesting and charge collec-
tion as briefl y described in the previous section. These new approaches rely 
heavily on the development of a new class of polycrystalline nanostructured 
materials, which can provide new solutions for old problems. So far, 
excitonic solar cells have been very promising to be more effi cient.  71   In this 
type of cell, the typical physicochemical processes of light absorption, 
exciton creation and separation, charge injection, charge transport and col-
lection are assigned to different parts of the cell, and the cell is composed 
of different materials which are optimized for the specifi c task.  62   One of the 
most promising and extensively investigated semiconductor nanomaterial, 
providing substantial improvement in the performance of the new genera-
tion of solar cells, is TiO 2 .  32,34,54,59,62,78–92   Polycrystalline TiO 2  is a remarkable 
semiconductor with an average measured bandgap of 3.05 eV, which makes 
it photoactive in the UV portion of solar spectrum. However, the UV 
portion of the solar spectrum accounts for just  ∼ 3 % of the total energy 
radiated by the sun. Therefore, in order to fabricate an effi cient photovoltaic 
cell, there are three directions that researchers are currently pursuing:

   1.   improve photo-current generation by minimizing charge recombination 
across the bandgap;  

  2.   develop nanomaterials that can absorb light from visible and IR por-
tions of the light spectrum;  

  3.   develop nanomaterials that satisfy both of the above criteria.    

 From the non-stoichiometric point of view, most of the physical and 
electrochemical properties of TiO 2  relevant to solar energy conversion have 
been comprehensively summarized in a recent monograph.  22   One of the 
interesting properties of TiO 2  is the fact that it can be oxidized and reduced 
within a single phase, leading to the formation or removal of point defects 
that are thermodynamically reversible. Defect disorder therefore plays 
a critical role in the reactivity and photo-reactivity of TiO 2   22   and, 
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consequently, assessing the developed nanostructures of TiO 2  and their 
photo-reactivity in the next generation of solar cells in essential. Table  6.1  
provides a few examples of recently developed TiO 2 -based semiconductor 
nanocomposites for use in photo-anodes. 

  The incident photon-to-current conversion effi ciency (IPCE) in Table 
 6.1  is calculated using the following equation:  93  

 
IPCE

I
I

(%)
( / )

( ) ( / )
= ×

×
×1240

100
2

2
sc

inc

A cm
nm W cmλ     

  [6.1]  

where  I  sc  is short circuit current and  I  inc  is incident light power. 
 The IPCE values from Table  6.1  indicate that in general the developed 

composite materials can out-perform semiconductors. The mechanisms of 
charge generation and separation, and the path of transport for representa-
tive composites belonging to some of the categories listed in Table  6.1  are 
schematically displayed in Fig.  6.3 . It is clearly shown that a metal can be 
deposited over a semiconductor to synthesize a composite that improves 

 Table 6.1      Examples of semiconductor based photo-anode nanocomposites  

Composite 
materials Examples IPCE Application Ref.

Semiconductor 
and metal

TiO 2  
 TiO 2 –Au 
 TiO 2 –Pt

5 %
  28 % 
 27 %

Minimize charge 
recombination, 
improve photocurrent

89

Semiconductor 
and dye

TiO 2  
 TiO 2 –
Ru-based dye

60 % 
 80 %

Dye improves the 
ability of the 
photoanode to 
absorb light from 
visible and IR regions

79

Semiconductor 
with another 
semiconductor

TiO 2  
 TiO 2 –CdSe

5 % 
 16 %

Depending on the 
particle size of the 
CdSe component, 
different sections of 
visible light can be 
absorbed

80

Doped 
semiconductor 
and dye

TiO 2  
 N-doped TiO 2  
 N-doped    
 TiO 2 -Ru-CBB  a  

28 % 
 14 %  
28 %

While the TiO 2  alone 
is not photoactive in 
the visible, the 
addition of dye to the 
doped TiO 2  makes it 
photoactive in the 
visible

81

    a    Ru-CBB: cisdithiocyanato-bis(2,2 ′ -bipyridyl-4,4 ′ -dicarboxylate)-ruthenium (II).   
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charge separation by decreasing recombination. Figure  6.3 a, for instance, 
displays the mechanism of charge transfer from a TiO 2  conduction band 
to the collecting substrate via a Au nanoparticle. There is great potential 
for the employment of this method to decrease recombination in a 
semiconductor. 

 An alternative approach, graphically presented in Fig.  6.3 b, is to deposit 
a second semiconductor over the TiO 2 . In this case, CdSe can be used, as 
this semiconductor has a small bandgap ( E  g   ∼  1.6–2.7 eV). CdSe absorbs 
visible light to generate e–h pairs. The bandgaps of CdSe and TiO 2  are 
located in such a way that photo-generated electrons from the conduction 
band of CdSe are injected into the conduction band of TiO 2  and collected 
at the substrate. The advantage of this procedure is that both TiO 2  and CdSe 
can absorb light from different portions of the solar spectrum, consequently 
improving the overall effi ciency of the solar-to-electric conversion process. 

 There are few mature technologies available for the development of 
effi cient nanostructured TiO 2 . Traditionally, nanoporous layers of TiO 2  for 
DSSCs were prepared by screen printing or by the so-called ‘doctor blade 
technique’.  94   The network of interconnected TiO 2  nanoparticles was formed 
by the subsequent sintering in air at temperatures of about 450 °C. During 
this process, the organic molecules were burned out and necks were formed 
between the TiO 2  nanoparticles during the sintering process. Nevertheless, 
a disadvantage of this technique arose from diffi culty in controlling the 
preferential orientation of TiO 2  nanoparticles. An alternative process for 
effi cient of preparation TiO 2  nanoparticles is electrophoretic deposition 
(EPD).  95   EPD has been shown to provide improved benefi ts in solar cell 
technologies. Up to now, it is one of the most selective processes, because 
deposition occurs only at positions on a substrate where the substrate con-
ductivity is the highest. Another advantage of EPD is that layer morphology 
and connection of nanoparticles by subsequent sintering can be adjusted 
separately. For example, it has been reported that TiO 2  nanoparticles were 
preferentially orientated after EPD at lower temperatures  96   and the average 
coordination number of TiO 2  nanoparticles was increased by pressing.  97   

 Unlike evaporation, sputtering, chemical vapour deposition and some 
other of wet chemical processes, the materials utilization rate in EPD is 
better than 90 %, partly owing to selectivity and partly because there is 
extensive know-how on the re-use and recycling of EPD chemistries. A 
further advantage of EPD is the excellent thickness control over a 
wide range. In terms of processing conditions, it is a low-temperature 
atmospheric process that allows the fabrication of 3D nanometre scale or 
nanometre planar structures with great precision and control. 

 Sol–gel processing under controlled humidity has been widely used 
for the preparation of porous TiO 2  as a substrate for solar cells, reported 
creating extremely thin absorber.  98   TiO 2  nanoparticles were dipped in 
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suspensions and ultrathin nanoporous TiO 2  layers were prepared as shown 
in Fig.  6.4 a.  99,100   Spraying of nanoparticles can be also a suitable alternative 
for large-scale processing. By using TiO 2  nanoparticles with relatively large 
diameter of about 100 nm in sol–gel processing, more open porous struc-
tures with relatively large pore sizes have been obtained.  101   It has also been 
reported that a high degree of light scattering has been reached for micro-
crystalline TiO 2  layers deposited by spray pyrolysis from Ti-isopropoxide 
in isopropanol solution.  102   The successful combination of micro- and 
nanostructured TiO 2  will be advantageous for any future development of 
solar cell substrates attached with ultrathin nanocomposite absorber. 

  TiO 2  nanotubes can be developed by utilizing anodization in fl uorine-
containing electrolytes. Reports relating to TiO 2  nanotubes can be found in 
some of the recent reviews.  103,104   There are also recently published reports 
outlining the potential of TiO 2  nanotube arrays for DSSCs.  105,106   The diffu-
sion length of electrons injected into TiO 2  nanotubes was in the order of 
100  μ m.  106   It was illustrated that the tube diameters, their morphology, wall 
thickness and lengths can be successfully controlled by the components and 
their concentrations in the electrolyte and by the anodization conditions. 
There are also rapid techniques producing TiO 2  nanotubes by breakdown 
anodization, which may become of interest for large-scale applications.  107   
However, it should be noted that dense and homogeneous Ti layers depos-
ited on a transparent conductive oxide layer are required for the develop-
ment of TiO 2  nanotubes, and this would give rise to the need for adequate 
deposition techniques. TiO 2  nanotube arrays may become of great interest 
for inorganic nanostructured solar cells due to their open structure and 
relatively low value of  F  R . 

 One of the highest photo-conversion effi ciencies ( ∼ 7.12 %) obtained for 
hierarchically structured TiO 2  has been reported for TiO 2  nanotubes pre-
pared by a combination of a two-step electrochemical anodization com-

  6.4      SEM images of cross-sections of an ultrathin nanoporous TiO 2  
layer (a) and an array of ZnO nanorods (b). The plane of the cross-
section was tilted. (Reprinted from Ref.  49  with permission from 
Elsevier Science)    
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bined with a hydrothermal process as schematically displayed in Fig.  6.5 .  108   
Effi ciency was further enhanced to 7.75 % upon exposure to O 2  plasma.  62   

  Intercalation of the developed nanostructures by various cations such as 
H  +   and Li  +   has recently been considered as an effective means to increase 
the overall conductivity of nanostructured materials thereby enhancing 
their performance.  109   With regard to TiO 2  nanotubes, cationic intercalation 
caused reduction of Ti 4 +   sites which, in turn, resulted in a substantial increase 
in the photocurrent.  62   Some of the recent achievements have relied on the 
ability to fabricate nanotubes on various substrates (Al 2 O 3 , glass, conduct-
ing glass, plastics, etc.),  110   which paved the way for further development of 
fl exible structures on high-temperature-resistant (polyamide) substrate.  111,112   
This fact opened up the potential to tailor both the morphology and the 
shape of nanotubes on the fl exible plastic substrates in order to enhance 
the optical density of the sensitized layer.  113,114   Figure  6.6  depicts schemati-
cally the growth of nanotubes on different substrates.  62     

  6.4.2     ZnO nanorod array 

 Zinc oxide (ZnO) is semiconductor with a large bandgap ( ∼ 3.37 eV for the 
bulk at room temperature) and large exciton binding energy ( ∼ 60 meV). 
ZnO is one of the most important transparent conductive oxides in thin-fi lm 
photovoltaic, and it can be doped up to high free carrier concentrations 
with electron drift mobility of the order of 10 cm 2 /Vs.  115   In the years since 
2000, ZnO has been extensively explored in the fi elds of electronics and 
optoelectronics.  116   In particular, due to its excellent stability at elevated 
temperatures, ZnO has been considered as a very promising semiconductor 
for high-temperature thermo-electrical applications and solar cells.  117,118   For 
example, Fig.  6.4 b shows an SEM image of wet-chemically prepared ZnO 
nanorod arrays, which have been considered as very promising substrates 
for   η  -solar cells. Well-defi ned morphologies of crystalline nanostructures of 
ZnO have been achieved using very different preparation techniques.  119,120   

 For instance, ZnO nanorods can be fabricated by electrochemical prepa-
ration.  121   This technique allows a relatively wide variation of parameters, 
for example by controlling the compact ZnO substrate,  122   the concentration 
of ions during electrochemical deposition  123   or the concentration of added 
anions in the solutions.  124   The tailoring of diameters and lengths of ZnO 
nanowires has a great infl uence on the light scattering with and without 
extremely thin absorber layers.  125   Alternatively, ZnO nanostructures pre-
pared by EDS at low temperature have shown high measured quantum 
effi ciency in photoluminescence.  126   

 As far as photo-conversion effi ciency is concerned, excitonic solar cells 
provide higher surface-to-volume ratio in comparison to single-junction 
cells. This ratio can be increased by enhancing dye uptake and consequently 
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improving optical density. Recently, various strategies have been utilized 
to enhance the surface-to-volume ratio, such as ZnO nanowires coupled 
with dendrite-like branched structure,  127   mixture of nanowires and 
nanoplates  128,129   and ‘nano-forest’ comprising high-density, long-branched 
‘tree-like’ multigenerated hierarchical ZnO nanowire photo-anodes.  62,130   
This last approach is schematically presented in Fig.  6.7 . 

  Hybrid cells based on a combination of nanowires and nanoplates have 
been tailored to take advantage of both the high surface area provided by 
nanoplates and the improved electron transport along a nanowire network.  62   
Solar cells built from branched nanowires showed photocurrents of 1.6 mA/
cm 2 , internal quantum effi ciencies of 70 % and overall effi ciencies of 0.5 %. 
Solar cells constituted from appropriate hybrid morphologies showed 
photocurrents of 3 mA/cm 2  and overall effi ciencies of 1.1 %, while both the 
nanowire and hybrid cells showed larger open-circuit voltages compared to 
nanoplate cells.  129   Moreover, it has been confi rmed that further enhance-
ment of photo-conversion effi ciency can be obtained by exploiting ZnO and 
TiO 2  nanonetworks. The nanonetworks demonstrated three-fold enhance-
ment of effi ciency compared to a nanowire photo-anode with the 
same thickness. Cell effi ciency of 1.6 % was obtained in 1.5  μ m thick 
photo-anode.  131   The reported improvement was attributed to the increased 

  6.6      Graphical illustration of the scheme of nanotubes grown on 
different substrates. Top to bottom: smooth substrate (conducting 
glass); rough substrate (polycrystalline alumina); fl exible substrate 
(plastic sheet). Pore size as a function of the applied voltage on 
different substrates, namely, alumina, ITO/PET and Ti foil. Solid lines 
are linear fi ts of the experimental data. (Reprinted from Ref.  62  with 
permission from Elsevier Science)    
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  6.7      Schematic view of two routes for hierarchical ZnO nanowires 
hydrothermal growth. Length growth (LG) (a–b–c), branched growth 
(BG) (a–b–d), and hybrid (a–b–c–d–e). (Reprinted from Ref.  62  with 
permission from Elsevier Science)    
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dye uptake of the mixed network, with respect to nanowire array. In the 
case of nano-forest geometry, the effi ciency increase was attributed to 
greatly enhanced surface area, and reduced charge recombination was 
achieved by providing direct conduction pathways along the crystalline 
ZnO ‘nano-tree’ multigeneration branches. 

 It has also been reported that shape- and size-selective ZnO nanorods 
may be fabricated by a microwave-assisted chemical bath deposition 
method, where the diameters of ZnO nanorods can be varied systematically 
over hundreds of nanometres.  132   The employment of spray pyrolysis enabled 
relatively large diameters of ZnO nanorods to be obtained on substrate 
from ZnCl 2  solution at temperatures above 500 °C.  133   Due to the local 
extension of space charge regions, control of the free carrier concentration 
in ZnO nanorod is vital for nanostructured solar cell applications.  134   It has 
been shown that the free electron concentration in electrochemically grown 
ZnO nanorods decreased strongly from more than 10  19   cm  − 3  to about 
10  18   cm  − 3  after annealing.  135   However, the exact control of the free carrier 
concentration in wet-chemically prepared ZnO nanorods seems still chal-
lenging. Therefore, despite numerous efforts to improve the new fabrication 
methods of ZnO nanostructures for solar cells, the highest reported photo-
conversion effi ciency for ZnO-based DSSCs is still 7.5 %.  136   This was 
achieved by application of a hierarchically assembled network comprising 
sub-micrometer sized clusters of small nanoplates and application of a 
compact buffer layer inhibiting electron back reaction.  

  6.4.3     Emerging CuIn  x  Ga 1   −    x  (Se  y  S 1   −    y  ) 2  thin-fi lm solar cells 

 Recent reports have also focused on the development of different emerging 
nanostructured thin fi lms for solar cells. Despite the fact that the laboratory 
results obtained so far have been considered to be outstanding and several 
companies with different process approaches have rushed to scale the exist-
ing technologies, there is still a gap between the small cell effi ciencies of 
20 %  137   and the large module effi ciencies which are between 10 and 12 %. 
This is partly due to the complex nature of the quaternary material and 
somewhat due to the diffi culties inherent in scaling up the expensive 
vacuum-based CdTe and CuInGaSe 2  (CIGS) deposition approaches that 
were adapted in the early 1990s during the research and development phase 
of this material system. Consequently, there is a drive to identify lower cost 
processing methods for CIGS fi lm growth with the ability to yield high-
effi ciency solar cells at high yield. 

 This drive has recently produced a report where roll-to-roll EPD-based 
CIGS technology was discussed.  10   The EPD step of the process has the 
capability to control the Cu/(In + Ga) and Ga/(In + Ga) metal ratios reliably. 
Based on this technology, CIGS layers were formed by EPD of precursor 
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CIGS layers that were later converted to high-quality chalcopyrite through 
rapid thermal annealing (RTA) as graphically presented in Fig.  6.8 . Solar 
cells were fabricated in a roll form and then cut and sorted for module 
manufacturing. Large area solar cell effi ciencies of over 12 % were demon-
strated using this technology. Modules with 10 % effi ciency and 1 m 2  area 
were fabricated. 

  The same report  10   has highlighted challenges in the fabrication of CuInSe 2 , 
CuInS 2  and CuInGaSe 2  by EPD. Co-deposition of the CuInSe 2  precursor 
layer in a citrate solution without organic additives was also investigated. 
Figure  6.9  illustrates the voltammetric data and the SEM image of the cross-
section of the microstructure obtained.  10   At the initial stages of fi lm growth, 
Cu-rich Se phases form during deposition. An alternative report suggested 
that Cu-rich phases facilitate the incorporation of Se and the formation of 
CuInSe 2  by the following mechanism:  138  

 Cu e Cu+ −+ →2 2       [6.2]  

 Se Cu e Cu Se+ −+ + →4
22 4       [6.3]  

 Cu  Se  e CuSe+ + −
++ + + + →2 4

11 6 4( ) ( ) ( )x x x       [6.4]  

 CuSe  In  e CuIn Se( ) ( )1
3

13+
+ −

++ + →x x xx x       [6.5]   

  As a result, the incorporation of In in the CuInSe 2  fi lm is facilitated by the 
formation of CuSe phases. This mechanism results in a non-uniform com-
position of the precursor fi lm CuInSe 2  layer with a Cu 2 Se layer next to the 
Mo interface. Both the compositional non-uniformities and the modular 

  6.8      Schematic view of the thin fi lm CuInGaSe 2  solar cell. (Reprinted 
from Ref.  10  with permission of the Electrochemical Society)    
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microstructure make it diffi cult to electrodeposit the CuInSe 2  material from 
simple complex chemistries. 

 Another report has recently confi rmed that the electroplating bath tech-
nique has capability to deposit InSe as well as GaSe layers that can be 
successfully used for the preparation of Ga-containing precursors and 
CIGS layers.  139   However, the development of specialized electrolytes with 
long-term stability and the ability to control the crucially important 
Cu/(In + Ga) and Ga/(Ga + In) molar ratios is of utmost importance for 
the successful application of electrochemistry to CIGS fi lm growth. 
Reproducibility with minimal thickness variations and the slightest surface 
roughness of all layers has been found to be critical for a well-controlled 
absorber.  140   

 Surface roughness and thickness control are highly infl uenced by nuclea-
tion and growth of In on Cu. Fast interdiffusion was observed between the 
electroplated Cu and In and a CuIn 2  alloy phase formed during In deposi-
tion at room temperature.  140   The alloy formation is believed to promote 
a conformal deposition of a few In monolayers; the fast interdiffusion 
counterbalances the In deposition and lowers the In content at the surface. 
The 3D island growth is believed to be delayed until a threshold value of 
In content is reached at the surface. The time when this threshold value 
is reached depends on the In deposition rate and the grain size and the 
diffusivity of the Cu.   

  6.9      Cyclic voltammograms of a Mo electrode in a solution containing 
5 mM CuSO 4 , 15 mM InSO 4 , and 10 mM SeO 2 , sodium citrate solution 
at pH 2.5 and 25 °C and 75 °C. Inset: cross-section of the resulting 
deposit at  − 1.3 V vs MSE and 75 °C. (Reprinted from Ref.  10  with 
permission of the Electrochemical Society)    
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  6.5     Semiconductor quantum dot absorbers 

  6.5.1     Sensitization and charge separation with 
quantum dots 

 Exciton wave function can be confi ned in semiconductor nanocrystals of low 
dimension so that the energy levels of the electron and hole are shifted, 
resulting in increased bandgap (quantum confi nement).  141   Consequently, the 
use of semiconductor nanocrystals of low dimension, which are also known 
as QDs, as light harvesters for the third generation of solar cells has attracted 
great interest in the scientifi c community due to specifi c features of these 
materials. It has been proven that QDs have adsorption spectra tuneable 
from the visible to the near infrared region by changing their sizes. They 
can be produced by available low-cost techniques and both multi-exciton 
generation by a single photon  142   and the presence of intraband transitions  143   
have been claimed. This should, in principle, allow Queisser–Shockley 
limit to be overcome.  144   Among semiconductor materials for QDs, special 
attention has been given to CdSe, PbS, CdS, PbSe during last few years. PbS 
and PbSe especially are of great interest due to their large electron and hole 
radius. The tuneability of the electronic states of QDs together with their 
solution-based preparation make them very interesting as potential 
absorbers in inorganic nanocomposite solar cells. In fact, the sensitization of 
various wide-bandgap metal oxides with PbS, CdS, Ag 2 S, Sb 2 S 3  and Bi 2 S 3  
QDs was demonstrated more than 15 years ago.  145   Electron injection from 
CdSe QDs into TiO 2  has been investigated, for example, by surface photo-
voltage.  146   Charge-selective type II tunnelling structures based on QDs have 
also been established for closely packed CdTe and CdSe nanocrystals  147   and 
proven directly by surface photo-voltage spectroscopy.  148   

 Unfortunately, the reported performance of QDs employed up to now in 
DSSCs is relatively ineffi cient if compared with the performance of solar 
cells. Nevertheless, QD-based solar cells provide for photo-electrochemical 
systems not directly comparable with those of solar cells: the electrolyte as 
well as the counter electrode has to be changed, in order to make them 
compatible in terms of both chemical stability and electron transport.  149   In 
order to improve the performance of QDs in solar cells, the use of 1D metal 
oxide semiconductors has recently been proposed for photovoltaic applica-
tions as graphically represented in Fig.  6.10 .  62   

  Due to the highly promising features of QDs, great effort is currently 
being devoted to improvement in the assembling of devices integrating 
QDs in 1D-based photo-anodes. Sensitization of metal oxide-based photo-
anodes with QDs can be achieved by both  in situ  (direct generation of QDs 
on photo-anode surface) and  ex situ  (anchoring of preformed QDs) tech-
niques. Polydisperse nanocrystals are obtained using the  in situ  technique, 
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while monodisperse colloidal QDs are linked to the metal oxide surface by 
means of  ex situ  techniques. The choice of sensitization method has a great 
impact on the performance of the cell  150   as well as the choice of both 
counter electrode and electrolyte. 

 In the vast majority of recently published reports dedicated to the use of 
semiconductor 1D structures, the authors claim superior performances 
attributed to an improved electron transport provided by these structures. 
However, despite all these efforts, the best performances have still been 
obtained through the use of nanoparticulate fi lms.  62   One interesting recent 
example is the anchoring of different sized CdSe-QDs to sensitize TiO 2  
fi lms, composed of either nanoplates or nanotubes. As a result, the reported 
IPCE values have been increased from 35 % to 45 % (with 3 nm CdSe), 
when nanoplates were substituted by nanotubes.  11,113   The next step was 
the sanitation of  successive ion layer absorption and reaction  (SILAR) 
technique TiO 2  nanoplates and nanotubes  114   attached with CdS. Compari-
son of the devices obtained demonstrated the superior performance of 
TiO 2  nanotube photo-anodes. In particular, more than a two-fold increase 
in IPCE value was found for TiO 2  nanotubes (55 % vs 26 %), attributed 
to better charge separation and transport provided by the nanotubes, 
while a corresponding increase of about 20 % was displayed in the photo-
current density (6.18 mA/cm 2  vs 5.14 mA/cm 2 ). All investigations have dem-
onstrated a strong correlation between particle sizes and the maximum 
IPCE observed and confi rmed that the lower the QDs diameter the higher 
the IPCE.  62   

 A ZnO-nanorod/CdTe-QD/CdSe-QD/CuSCN system has recently shown 
that the related charge-selective layer systems can be incorporated directly 
into solar cells.  151   Collective electronic states are formed in the close-packed 
ensembles of nanocrystals. This fact has been demonstrated for dense 
layers of PbSe-QDs packed closely in a plane using scanning tunnelling 
microscopy  152   or for dense layers of CdSe-QDs using optical methods.  153   

  6.10      Semiconductor QDs on TiO 2  nanoplates (a) and TiO 2 1D 
nanostructures (b). (Reprinted from Ref.  62  with permission from 
Elsevier Science)    
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 Figure  6.11  depicts transmission electron microscopy (TEM) images as 
well as diffuse refl ectance absorption spectra for bare TiO 2  nanorod fi lm 
and the TiO 2  nanorod after being subjected to several cycles of a chemical 
bath deposition process for incorporation of CdS.  62   In this device, a remark-
able 1.91 % photo-conversion effi ciency was obtained by sensitizing with 
CdS rutile TiO 2  nanorods prepared by a hydrothermal method.  154   It is note-
worthy that the phenomenon of ‘saturation’ occurring after a certain 
number of depositions of QDs was observed, as evidenced in the absorption 
spectra of CdS-sensitized TiO 2  nanorods, where the optical density did not 
increase any further after nine cycles of the chemical bath deposition. 

  Another approach represents the use of pre-synthesized CdTe-QDs.  155   
Short circuit current density of 6 mA/cm 2  on a TiO 2  nanotube array was 
reported. A substantial increase of up to 13.0 mA/cm 2  in photo-current 
density can be further obtained by a sequential deposition of CdS and CdSe 
on the TiO 2  nanotube array, which is higher than the single contribution 
provided by the two QDs. 

 An original confi guration with ‘mulberry-like’ structured CdSe-QDs as 
sensitizers for TiO 2  nanotubes has been recently proposed,  156   and appropri-
ate scanning electron microscopy (SEM) with energy dispersive X-ray 
(EDX) analyses for such a structure are presented in Fig.  6.12 . The new 
structures developed may reach a remarkable photocurrent density of 
16 mA/cm 2  in a three-electrode set-up. This notable photo-response has 
been ascribed to the multilevel absorption of the ‘mulberry-like’ CdSe 

  6.11      (Left) TEM images under different magnifi cations of CdS-
sensitized TiO 2  nanorod (a, b and c); HRTEM image CdS QDs coated 
TiO 2  nanorods: (a), (b) and (c) TEM image. (d) HRTEM image. (Right) 
Diffuse refl ectance absorption spectra of a bare TiO 2 -nanorod fi lm 
(curve a) and the TiO 2 -nanorod fi lms after introduction of one 
cycle (curve b), three cycles (curve c), fi ve cycles (curve d), 
seven cycles (curve e), nine cycles (curve f) and 11 cycles (curve g) 
of the chemical bath deposition process for incorporation of CdS. 
(Reprinted from Ref.  62  with permission from Elsevier Science)    
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architecture, as well as to decreased exciton recombination dynamics 
courtesy of the 3D multi-junction between the nanoclusters and TiO 2  
nanotubes.   

  6.5.2     PbS and PbSe quantum dot layers 

 It has been reported that the quantum confi nement effect contributes to 
the extension of the photovoltaic potential of low-bandgap semiconductors 
such as PbS or PbSe (bandgaps are about 0.41  157   and 0.27 eV  158   for PbS and 
PbSe, respectively) by shifting their bandgap to an optimal value for high 
energy conversion effi ciency. A Schottky diode-like solar cell structure 

  6.12      SEM analysis of ‘mulberry-like’ CdSe cluster anchored on TiO 2 : 
(a) and (b) top view at different magnifi cations; (c) cross-section view; 
(d) EDX analysis (0.98 % atomic CdSe percentage was identifi ed). 
SEM analyses show the coverage of TiO 2 , quite homogeneous along 
the main axis of TiO 2  tubes and the hierarchical structure of CdSe 
nanoclusters. (Reprinted from Ref.  62  with permission from Elsevier 
Science)    
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comprising a layer of PbSe-QDs almost 200 nm thick and a Mg contact gave 
a solar energy conversion effi ciency of 1.1 % ( I  SC   =  12 mA/cm 2 ,  V  OC   =  0.25 V) 
at AM1.5, and the infrared power-conversion effi ciency of 3.6 % was 
confi rmed.  57   The development of a depleted Schottky junction with the 
PbSe-QD layer was vital for obtaining large drift lengths (10  μ m for holes 
and 1  μ m for electrons) in comparison to the much lower diffusion lengths.  159   
Correlations between  V  OC  and the bandgap of the PbSe-QDs as well as 
between  V  OC  and the metal work function of the metal forming the Schottky 
contact to the QD layer have been impressively demonstrated and, conse-
quently,  I  SC   >  21 mA/cm 2  and   η    =  2.1 % at AM1.5 were reached.  160   A very 
similar result was observed for PbSe-QD layers deposited on a 20 nm thick 
PEDOT:PSS layer and coated with a Ca contact.  161   The value of  V  OC  
increased with a decrease in diameter of the PbSe-QDs and with the intro-
duction of the PEDOT:PSS layer, while  I  SC   =  21.9 mA/cm 2 ,  V  OC   =  0.24 V, fi ll 
factor (FF)  =  45.5 % and   η    =  2.4 % were reached for a particle diameter of 
4.5 nm and  d  eff   <  100 nm.  161   

 The average distance between PbSe-QDs or PbS-QDs has been reduced 
by ethanedithiol treatment linking neighbouring QDs.  162   This measure 
resulted in an increase in hole mobility by one order of magnitude, while 
the concentration of free holes in the PbSe-QD layer decreased strongly to 
the order of 10 16  cm  − 3 . In an advanced design consisting of a SnO 2 :F/TiO 2 /
PbS-QD/Au system, values of   η    =  3.5 % ( V  OC   =  0.54 V,  I  SC   =  10.5 mA/cm 2 ) 
were obtained at AM1.5  163   and have been increased even further to   η    =  
5.1 %.  164   This is the largest reported value obtained for a solar cell based 
on QDs. In an ITO/ZnO/PbS-QD/Au system, a value of   η    ≈  3 % has been 
reported.  165   The advanced design of solar cells with PbSe- and PbS-QDs 
contains the elements also used in the concepts discussed above.  166   As a 
result of all these developments, it has been envisaged that energy conver-
sion effi ciencies above 6–10 % will be reached in the near future after 
optimization of photon management.  

  6.5.3     Passivation and interface conditioning with 
quantum dot layers 

 The development of QDs has also opened new opportunities for local pas-
sivation concepts in solar cells. In a clear example, nanocrystals can be 
passivated by applying core–shell hetero-structures,  167   by the right choice 
of linker molecules  168   or by introducing specifi c electron donor or acceptor 
molecules.  169   A passivation concept for large contact areas involving local 
modulation of QDs of different size and/or capping remains a challenge. 
The energy level alignment of QDs of a given diameter can be tuned by 
varying the molecular dipoles of adsorbed molecules. This was demon-
strated for TiO 2  sensitized with CdS-QDs coated with different benzenthiol 
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derivates.  49   It is probable that surface conditioning of QDs assists in substi-
tuting Au contacts in Schottky junction-based QD solar cells. 

 The application of QDs in solar cells may enable the development 
of solar cells with energy conversion effi ciencies above the Shockley–
Queisser  170   limit (for solar cells with a single bandgap). The great potential 
of QDs for large solar energy conversion effi ciency as well as possible 
confi gurations of QD solar cells have been recently discussed.  171   However, 
a great deal of technological development and fundamental research is 
needed to generate exploration of specifi c physical effects, such as the 
extraction of hot charge carriers, multi-exciton generation or electronic 
transport in mini-bands of QDs, possible in future high-effi ciency solar cells. 
It is emphasized that relatively high quantum effi ciencies may be achieved 
by multi-exciton generation in semiconductor QDs.  172     

  6.6     Dye-sensitized solar cells (DSSCs) 

  6.6.1     TiO 2 -based dye-sensitized solar cells 

 DSSCs are unique compared with almost all other types of solar cells in 
that electron transport, light absorption and hole transport are each handled 
by different materials in the cell.  6,60,65,83   The development of DSSCs is attrac-
tive simply because they can be manufactured from cheap materials that 
do not need to be highly purifi ed and can be printed at low cost.  22,71   Since 
the 1990s and early 2000s, one of the most popular materials utilized in 
different designs of DSSC has been semiconductor polycrystalline TiO 2  
possessing wide bandgap. Historically, the power-conversion effi ciency of 
DSSCs quickly reached  ∼ 10 % in late 1990s, but progress was then slower 
with only  ∼ 11.5 % being claimed by the late 2000s.  173   However, during the 
last few years alternative nanostructured semiconductors and technologies 
for their preparation have been reported, which will be discussed in the 
following paragraphs. 

 A typical schematic diagram of a DSSC and its operation is presented in 
Fig.  6.13 a.  60   One of the major differences between DSSCs and conventional 
photovoltaic cells is the essential lack of a built-in electric fi eld throughout 
most of the DSSCs. The majority of conventional solar cells are based on a 
 p – n  semiconductor junction,  170   which results in a built-in electric fi eld (the 
space charge layer). The purpose of this fi eld is to separate photo-generated 
electrons and holes before they recombine. This electric fi eld may also 
be established by a semiconductor–electrolyte junction (the photo-
electrochemical cell) or by a semiconductor–metal junction (such as a 
Schottky diode). The width of the fi eld is inversely proportional to the 
square root of the semiconductor doping density; for semiconductors used 
in solar cells, it is typically hundreds of nanometres.  65   
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  6.13      (a) Liquid-based DSSCs comprise a transparent conducting oxide 
(such as fl uorine-doped tin oxide, FTO) on glass, a nanoparticle photo-
anode (such as titania) covered in a monolayer of sensitizing dye, 
a hole-conducting electrolyte and a Pt-coated, FTO-coated glass 
back-contact. (b) Energy level and device operation of DSSCs; the 
sensitizing dye absorbs a photon (energy  h ν  ), the electron is injected 
into the conduction band of the metal oxide (titania) and travels to 
the front electrode (not shown). The oxidized dye is reduced by the 
electrolyte, which is regenerated at the counter-electrode (not shown) 
to complete the circuit.  V  OC  is determined by the Fermi level ( E  F ) of 
titania and the redox potential ( I  3 / I ) of the electrolyte. (Reprinted from 
Ref.  60  with permission of the Nature Publishing Group)    
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  Figure  6.13 b displays a basic energy diagram of DSSC operation. The 
system contains a wide-bandgap semiconductor electrode (TiO 2 ), a dye that 
is attached to the semiconductor, a redox electrolyte and a counter electrode 
(the specifi c materials are discussed later). Upon illumination of the DSSC, 
an electron is injected from the dye into the semiconductor fi lm. Following 
the injection, a hole is transferred to the redox electrolyte, thus generating 
the dye. The injected electrons must cross the semiconductor layer and 
reach the conductive substrate, while the oxidized ions diffuse towards the 
counter electrode where they are reduced to their original state by the 
electron travelling through the external wire. Consequently, while there is 
no net charge in the system, electrons fl ow through the external wire.  60   

 The processes involved in the operation of the DSSC are quite effi cient. 
In particular, the initial charge separation, i.e. the electron injection, is an 
ultrafast, effi cient process.  174   However, to obtain the fairly high optical 
density that is required for effective solar energy conversion, it is necessary 
to use the high surface area of semiconductor electrodes  175  . These electrodes 
consist of nanosized conductor colloids which are sintered onto a transpar-
ent substrate. The sintering process forms electrical contact between the 
various colloids and between the colloids and the substrate.  176   Electrodes 
have a porous geometry and a very large surface area. For example, when 
10–20 nm colloids are used, the surface area of a 10  μ m thick electrode is 
approximately 1000 times greater than the substrate area.  177   Consequently, 
in this fi gure, the transport issues regarding both the photo-injected electron 
and the electrolyte ions are represented by different shades. 

 There are several important issues regarding the effi ciency of the cell 
operation that must not be ignored. The geometry of the nanoporous elec-
trodes imparts special characteristics that differentiate these electrodes 
from their compact analogues. These porous electrodes are strongly infl u-
enced by the following factors: the open structure of the electrodes that 
permits electrolyte penetration through the entire electrode; the small size 
of the individual colloidal particles that cannot support a high space charge; 
and the low inherent conductivity of the semiconductor with respect to 
the penetrating electrolyte. These inherent properties of the nanoporous 
electrodes have several implications for the functioning of DSSCs:  50,178  

   •   Transient electric fi elds generated upon illumination are neutralized 
under steady-state conditions, although they may be an important factor 
in transient measurements.  

  •   Charge carrier motion through the TiO 2  occurs primarily via diffusion 
rather than drift.  

  •   The activity of the electrolyte ions may change upon charge accumula-
tion in the solid nanoporous electrode, thus being different in the dark 
and under illumination.  
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  •   Systems without excess supporting electrolyte, such as some solid-state 
versions of the DSSC, may not be able to effi ciently neutralize the fi eld 
generated by photo-induced charge separation, leading to enhanced 
charge recombination.    

 As in any other photovoltaic system, the performance of DSSCs is limited 
by the recombination process. In short, during the operation of a DSSC, the 
injected electrons diffuse through the TiO 2  fi lm towards the conducting 
substrate, while the oxidized ions move in the opposite direction to be 
regenerated at the counter electrode. The porous geometry that permits 
electrolyte contact through the entire electrode also provides a high surface 
area for the recombination of the photo-injected electrons with the holes 
in the dye layer or reducible species in the electrolyte.  179   The small size of 
the individual particles in the nanoporous electrode, screened by the inter-
penetrating electrolyte, cannot support an appreciable space charge.  180   Thus, 
in contrast to a conventional photovoltaic cell, where the space charge layer 
prevents the majority of the charge from reaching the surface, there is 
usually no energy barrier in the semiconductor to prevent electrons from 
being back-injected into the dye or electrolyte. Other factors must dominate 
the recombination in the DSSC. 

 Although the use of a combination of electrolyte and dye-coated TiO 2  
has been proven to be successful, new approaches to the development of 
all solid-state DSSCs (ss-DSSCs)  23,69   or use of the embedded graphene as 
a counter electrode for DSSCs  181,182   have recently emerged. Nevertheless, 
despite all the latest advances, it has to be admitted that at present the 
power-conversion effi ciencies of ss-DSSCs have been far below the effi cien-
cies of their counterparts that use liquid electrolytes. The best performing 
ss-DSSCs to date use spiro-OMeTAD as hole-transporting material (HTM) 
and sintered nanoparticle-based mesoporous TiO 2  fi lms as photo-anodes.  183   
The highest effi ciency of such reported ss-DSSCs was obtained when the 
thickness of the mesoporous TiO 2  fi lms was about 2  μ m, fi ve times thinner 
than the thickness needed for suffi cient light absorption.  184–186   Incomplete 
fi lling of the mesoporous TiO 2  fi lms with HTMs has been identifi ed as a 
major factor limiting the performance of ss-DSSCs when the thickness of 
the TiO 2  fi lms is beyond 2  μ m.  187–191   For instance, the pore fi lling fraction (i.e. 
volume fraction of the pores fi lled by the HTMs) of spiro-OMeTAD is more 
than 60 % for a 2–3  μ m thick fi lm  189,190   but drops to  ∼ 20–40 % as the fi lm 
thickness increases to 8–11  μ m.  190   The ineffective fi lling of the pores in thick 
TiO 2  fi lms with spiro-OMeTAD causes low hole injection effi ciency from 
the dye cation to spiro-OMeTAD, short recombination lifetime of charge 
carriers and poor hole transport through spiro-OMeTAD.  190,191   Although 
considerable effort has been made to improve the pore fi lling, effective 
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fi lling of thick nanoparticle-based mesoporous TiO 2  fi lms with HTMs 
remains a challenging task.  192–194   

 One of the latest approaches to solving the diffi culties of fi lling sensitized 
fi lms with solid HTMs is to replace the sintered nanoparticle-based 
mesoporous TiO 2  fi lm with vertically ordered nanostructures. Recently, 
much effort has been devoted to developing vertically ordered nanostruc-
tures for DSSCs.  195–200   Such structures provide a direct pathway for electron 
transport and therefore reduce the probability of electron recombination. 
Moreover, the ordered structures provide a straight channel for fi lling the 
pores of the sensitized fi lm with electrolytes. Despite the considerable 
amount of effort, synthesizing vertically ordered nanostructures with a 
suffi ciently high internal surface area that can be used as photo-anodes for 
DSSCs remains a challenge. Consequently, DSSCs based on such photo-
anodes, to date, have suffered from low internal surface area and thus 
insuffi cient dye loading, resulting in low effi ciencies.  195–198,201,202   

 It was a reasonable assumption  60   that an over-potential of only 200 mV 
may be suffi cient for hole regeneration, thus allowing for power-conversion 
effi ciencies of more than 20 %, as graphically presented in Fig.  6.14 . Signifi -
cant recombination rates, coupled with diffi culty in achieving high levels of 
pore-fi lling in thicker fi lms, means that ss-DSSCs currently work best at a 

  6.14      Maximum obtained power-conversion effi ciencies versus 
absorption onset for various loss-in-potentials. (Reprinted from Ref.  60  
with permission of the Nature Publishing Group)    
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thickness of only a few micrometers.  203   The biggest issues for newly devel-
oped ss-DSSCs are their incomplete light harvesting and lower internal 
quantum effi ciency, which together result in current densities that are lower 
than conventional liquid-based DSSCs. 

  Recent scientifi c reports, however, provide confi dence that improvement 
in donor-pi-acceptor dyes, careful control over the  p -dopant  204   and fabrica-
tion of high-effi ciency ss-DSSCs using multilayer TiO 2 -coated ZnO nanowire 
arrays sensitized with Z907 dye as the photo-anode and spiro-OMeTAD as 
the solid-state HTM  205   can increase the effi ciency of DSSCs to over  ∼ 5.5 %. 
Figure  6.15 , for example, gives a SEM image of the developed structure and 
obtained effi ciency for ss-DSSC TiO 2 -coated ZnO nanowire arrays.  205   
In this ss-DSSC the straight channel between the vertically aligned 
nanostructures combined with a newly developed multistep HTM fi lling 
process allowed effective fi lling of the sensitized fi lm to a thickness of up 
to 50  μ m with spiro-OMeTAD. The resulting ss-DSSCs yield an average 
power-conversion effi ciency of 5.65 %.  205   

  In most of the reported results for the development of new ss-DSSC, 
solid hole conductors are almost exclusively fabricated through solution–
deposition techniques. However, pore-fi lling can never be complete through 
such procedures because there is space left when the solvent evaporates.  206   
The pore-fi lling fraction, which is defi ned as fraction of porous volume 
taken by the hole conductors,  60   can be as high as 60–80 % with small-

  6.15      SEM image of the structure and reported obtained effi ciency of 
solid-state dye-sensitized solar cells based on TiO 2 -coated ZnO 
nanowire arrays. (Reprinted from Ref.  205  with permission of the 
American Chemical Society)    
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molecule hole conductors, and pores are generally uniformly fi lled 
throughout the entire fi lm thickness. Improving the pore-fi lling fraction is 
an important strategy for reducing recombination and might be achieved 
by infi ltrating hole conductors from the melt.  207    

  6.6.2     WO 3 - and Nb 2 O 5 -based dye-sensitized solar cells 

 DSSCs have attracted a great deal of attention among researchers of 
photovoltaic devices because they provide the following advantages:

   •   require mostly abundant materials from earth;  
  •   offer respectable effi ciencies;  
  •   low level of requirement for high-temperature material processing;  
  •   offer simplicity of cell assembly.    

 Therefore, they represent an excellent potential for many applications. 
The operating mechanism of the standard DSSC was explained in the previ-
ous section. The best reported effi ciency of DSSCs based on TiO 2  is 
approaching  ∼ 12 %.  60   While the vast majority of DSSC research is focused 
on further development of TiO 2 -based DSSCs, other semiconductor oxides 
have also been studied as adequate alternatives,  64   most notably ZnO-based 
DSSCs, which have achieved 5 % conversion effi ciency.  133–136,208   ZnO is 
a wide-bandgap material with a similar band structure to TiO 2  and 
comparable electron injection dynamics.  125,128   

 Another semiconductor material which has been demonstrating great 
potential as photo-anode in ss-DSSCs is WO 3 .  63   WO 3  is a transition metal 
oxide with wide bandgap that is commonly observed in a range from 
2.6–3.1 eV  209   for most of its crystal phases, which responds to the blue–UV 
region of the light spectrum. Although its bandgap energy is relatively nar-
rower than that of TiO 2 , WO 3  itself is an extremely stable material that can 
endure most harsh environments, such as exposure to strong acids, and with 
a proven history of effective and effi cient absorption and chemisorption in 
different gaseous sensors.  210   The carrier mobility of WO 3  is also reported to 
be within the range of TiO 2 .  211   Moreover, modern technologies facilitate the 
preparation of WO 3  in various nanoforms – from nanoplates to nanowires. 
Variation of suitable WO 3  nanostructures for specifi c design of ss-DSSCs 
allows optimization of suitable surface-to-volume ratio for maximum dye 
loading. Other reported properties of WO 3  were comprehensively covered 
in some of the latest reviews.  212,213   

 One approach to the design of WO 3 -based DSSCs is coating WO 3  with 
TiO 2  for a more active oxide surface which favours the dye adsorption. It 
is important that the open current voltage  V  oc  should be larger because the 
excited electrons can now be injected to the more negative conduction band 
of TiO 2  and then step down to the conduction band of WO 3 . Coating the 
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WO 3  nanoparticle surface with TiO 2  was followed by treating the sample 
using aqueous TiCl 4  solution at the elevated temperature of 70 °C.  63   The 
resulting surface morphology of TiCl 4 -treated WO 3  has been improved, as 
shown in Fig.  6.16 a. It was reported that the modifi cations occurred in the 
whole bulk of the thin fi lm, and the strong presence of Ti element was 
confi rmed by EDX analysis (Fig.  6.16 b).  63   

  It has been reported that the performance of a 12  μ m treated WO 3  DSSC 
reached an overall effi ciency of 1.46 %.  63   While Fig.  6.16 c displays the 
improvement in  J – V  characteristics made by the TiCl 4  treatment, Fig.  6.16 d 
exhibits that the quantum ability of the WO 3  DSSC has also been enhanced 
by the treatment, as the peak effi ciency approached 55 % and a broader 
peak range of 460–570 nm was observed. However, the TiCl 4 -treated WO 3  
DSSC still performs in the lower end compared with the standard TiO 2 -

  6.16      (a) Top view of the TiCl 4 -treated WO 3  fi lm and the magnifi ed 
view as inset. (b) Cross-section view of the fi lm with inset – EDX 
showing presence of Ti element. (c)  J – V  characteristics of the treated 
12  μ m WO 3  DSSC in comparison with the untreated one and their 
corresponding physical photo-images. (d) IPCE for the TiCl 4 -treated 
12  μ m WO 3  DSSC. (Reprinted from Ref.  63  with permission of the 
American Chemical Society)    
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based DSSCs because the TiO 2  coating did not form a complete shell struc-
ture to entirely insulate the WO 3  surface. Therefore, the charge recombination 
level within the cell could still be very high. 

 Another remarkable semiconductor, which can be considered as an 
alternative to widely used TiO 2  for ss-DSSCs, is Nb 2 O 5 . Potentially, 
nanostructured Nb 2 O 5  can be an even more suitable candidate for ss-DSSCs 
than TiO 2  and other semiconductors.  63,213   It has wider bandgap ( ∼ 3.4–4.0 eV) 
and higher conduction band,  214   comparable electron injection effi ciency  215   
and better chemical stability.  216   In most of reports dedicated to the develop-
ment of Nb 2 O 5  for ss-DSSCs published so far, Nb 2 O 5  nanostructures 
were represented as nanoparticles, nanorods and nanofi bre networks. 
Unfortunately, their photo-conversion effi ciencies and photo-currents 
have not reached the levels reported for similar ss-DSSCs based on 
nanostructured TiO 2  owing to reduction in their dye-loading sites.  217,218   It 
was found that the larger lattice dimensions of orthorhombic Nb 2 O 5 , com-
pared to anatase TiO 2 , create a major challenge for optimization of the 
Nb 2 O 5  morphology for ss-DSSCs.  216   

 Nevertheless, a breakthrough was reported recently in the development 
of Nb 2 O 5  crisscross nanoporous networks with a thickness of  ∼ 4.0  μ m. This 
nanoporous network was fabricated using a novel anodization method at 
elevated temperatures.  219   In brief, anodization intervals from 30–240 min 
resulted in Nb 2 O 5  fi lms comprising 1.5–6.0  μ m thick nanoporous structures. 
After anodization, the sample was annealed in air at a temperature of 
440 °C for 20 min, with a slow ramp up and down rate of 1 °C/min. Three 
main factors concerning the prevention of the formation of porous layers 
thicker than 500 nm during Nb anodization have been considered.  220,221   The 
fi rst is the high chemical dissolution rate of the porous layer caused by fl uo-
rine ions in the electrolytes. The second is the development of a thick barrier 
layer on the bottom of the pores, which inhibits further ion diffusion and 
growth of the porous layer. In order to increase the layer thickness up to 
several micrometers, ethylene glycol was utilized as the solvent instead of 
water. This reduced the chemical dissolution effect on the porous layer.  221   
The third is the enhancement of the ion diffusion rate. This was achieved 
by optimization of the electrolyte temperature at 50 °C, thereby enhancing 
the growth rate of the porous layer.  222   SEM images of the fi nal structure of 
the developed Nb 2 O 5  crisscross nanoporous network are presented in Fig. 
 6.17 , where Figs  6.17 a and  6.17 b are the top and bottom views, respectively, 
of the Nb 2 O 5  porous network. The obtained thickness of the porous Nb 2 O 5  
layer was  ∼ 4.0  μ m after approximately 120 min of anodization. 

  The Nb 2 O 5  crisscross nanoporous network represents a stratifi ed struc-
ture consisting of several different regions. A bulky porous layer of  ∼ 100–
200 nm thickness can be observed on top (Figs  6.17 c and  6.17 d). This layer, 
with similar morphology and thickness to previously-reported anodized 
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  6.17      SEM images of Nb 2 O 5  nanoporous network: (a) top view of the 
nanoporous network; (b) bottom view of the nanoporous network; 
(c) cross-section view of the top of the nanoporous network; (d) cross-
sectional view of the Nb 2 O 5  network indicating the thickness of the 
fi lm; (e) cross-section of the network from a different angle; (f) higher 
magnifi cation of cross-section view of nanoporous network; (g) three-
dimensional schematic of the different cross-sectional views of 
nanoporous network.    

NbO 2  structures, could be the initial porous layer formed at the beginning 
of the anodization process. The absence of a barrier layer underneath this 
initial layer provides further evidence for an enhancement of the ion diffu-
sion rate created by our unique anodization method at an elevated tem-
perature. The top morphologies of both upper and underneath layers were 
very similar, except that the side walls of the upper layer are thinner and 
the pores less ordered.  219   From the SEM images, this in-between layer 
appears to be made up of compressed vein-like nanostructured networks, 
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which are connected to each other via lateral openings. The top view sche-
matic of the in-between layer is shown in Fig.  6.17 g. If the layer is sectioned 
along the dotted line or any parallel lines, ‘Structure A’, demonstrating the 
‘nano-veins’ morphology, can be observed (Fig.  6.17 f). These ‘nano-veins’ 
have internal diameters ranging from 30–60 nm, whereas the ‘nano-vein’ 
valve diameters are typically reduced in diameter from  ∼ 40 to 80 % of the 
veins’ original internal diameters.  219   The valves are the residuals grown from 
the internal walls, possibly due to the chemical dissolution caused by fl uo-
rine ions in the electrolytes. 

 Another type of nanostructure also observed in the cross-sectional SEM 
image (Fig.  6.17 e), designated as ‘Structure B’, can be obtained mathemati-
cally by cutting a layer along the dashed line in Fig.  6.17 g. This confi guration 
consists of compressed pore networks with dispersed distribution. From the 
high-resolution TEM images, this crisscross nanoporous network can 
provide excellent directional pathways for electron transfer in addition to 
enhanced surface area, which fulfi ls the prerequisites for developing highly 
effi cient ss-DSSCs. 

 Two Nb 2 O 5  crisscross nanoporous networks with thickness of  ∼ 2.0 and 
 ∼ 4.0  μ m were assembled into ss-DSSCs, as graphically represented in Fig. 
 6.18 a, and their IPCE has been tested. The results obtained were compared 
to the IPCE of the ss-DSSC based on nanostructured anatase TiO 2  with the 
same thickness. The combined results are displayed in Fig.  6.18 b.  219   The 
IPCE spectrum of the dye-loaded 4  μ m thick Nb 2 O 5  nanoporous network 
reveals two broad peaks in a wide wavelength range (400–750 nm). The 
centre of the fi rst peak is at 450 nm with a peak magnitude of 52.4 %, while 
the second peak is at 575 nm with 61.1 % conversion effi ciency. Signifi cant 
photo-conversion capabilities can also be observed for wavelengths up to 
750 nm. The results obtained confi rmed that it is possible to create ss-DSSCs 
based on sophisticatedly accomplished nanostructured Nb 2 O 5 . It is evident 
that the developed Nb 2 O 5  crisscross nanoporous network is superior to any 
other Nb 2 O 5  nanostructures for ss-DSSCs reported so far. More impor-
tantly, the ss-DSSC based on the 4.0  μ m thick Nb 2 O 5  crisscross nanoporous 
network exhibited approximately 20 % better effi ciency compared to the 
ss-DSSC based on TiO 2  nanotube arrays with a similar thickness. This 
enhancement becomes more evident for the 2  μ m thick Nb 2 O 5  nanoporous 
network, which surprisingly provided almost 100 % improvement in 
effi ciency compared with a TiO 2  nanotube array. This appeared to suggest 
that this noteworthy enhancement in the conversion effi ciency could be 
primarily due to the sophisticated surface area of the Nb 2 O 5  nanoporous 
networks. The 2 and 4  μ m thick Nb 2 O 5  nanoporous networks have a 
greater surface area by factors of 100 and 45 %, respectively, in comparison 
to the equivalent TiO 2  nanotube arrays according to the dye coverage 
characterization provided in Figs  6.18 c and  6.18 d. 
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  Consequently, the results presented above are just the fi rst attempts 
at the development of effi cient and effective ss-DSSCs based on 
nanostructured Nb 2 O 5 . These results justify the necessity for further research 
focusing on optimization of the Nb 2 O 5  nanoporous network structure. The 
next obvious step could be to increase the thickness of the photo-anode 
while maintaining a high degree of photo-conversion effi ciency. In this 
regard, the electrochemical anodization method at elevated temperatures 
has proven to be an effective process in fabricating porous morphologies. 
This nanoporous network offers superior dye-loading sites, excellent 
continuous and directional pathways for electron transfer, as well as 
enhanced productive electron lifetimes. Up to now, a Nb 2 O 5  nanoporous 
network with a thickness of  ∼ 4.0  μ m has been achieved.  219   The advantages 
of this nanoporous network, together with the wide bandgap and high 
conduction band edge of Nb 2 O 5 , could make it an ideal material for the 
creation of photo-anodes for highly effi cient ss-DSSCs. The demonstrated 
conversion effi ciency of 4.1 % from a  ∼ 4.0  μ m thick Nb 2 O 5  photo-anode is 
about 50 % higher than that of a TiO 2  nanotube array with a similar 
thickness.  219   The 4.1 % effi ciency achieved is lower than the 15 % 
value which justifi es commercialization but creates real research and
 development opportunities to enhance performance by synthesizing thicker 
porous structures as well as utilizing front-side illumination by realizing 
these structures on transparent conductive substrates.   

  6.7     Future trends in technological development 

 By the end of 21 st  century, the world ’ s energy requirements will be four 
times what they are at present,  223   and it is inevitable that solar cells will play 

  6.18      Characteristics of the DSSCs fabricated using crystalline Nb 2 O 5  
nanoporous networks and anatase TiO 2  nanotube arrays. (a) Confi guration of 
the DSSC fabricated incorporating the Nb 2 O 5  nanoporous network. (b) IPCE 
spectra of DSSCs fabricated using Nb 2 O 5  nanoporous networks and TiO 2  
nanotube arrays of various thicknesses. IPCE was calculated using the relation 
IPCE %  =  100 hcj (  λ  )/ e λ P (  λ  ), where  h  denotes the Planck constant,  c  the velocity 
of light,  e  the electron charge,   λ   the wavelength,  j (  λ  ) the photocurrent density 
at   λ   and  P (  λ  ) the power density of light at   λ  . (c) Table of dye coverage details 
for the Nb 2 O 5  nanoporous networks and TiO 2  nanotube arrays. N3 dye attached 
on Nb 2 O 5  nanoporous networks and TiO 2  nanotube arrays was desorbed by 
immersing the samples in a 10 mM KOH solution. The concentration of the 
desorbed dye determined by UV–vis spectroscopy was used to calculate 
the dye coverage in the samples. (d) UV–vis absorption spectra of N3 dye 
desorbed from Nb 2 O 5  nanoporous networks and TiO 2  nanotube arrays of 
various thicknesses. (Reprinted from Ref.  219  with permission of the American 
Chemical Society)    
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a much more signifi cant role in satisfying the world ’ s growing energy 
demands in the near future. The ultimate goal of any development of highly 
effi cient solar cell technology is to achieve the maximum possible photo-
conversion with the great prospect of commercialization based on the 
potential for long-term functional stability with reasonably cost-effective 
manufacturing. In order to deliver this goal, solar cell technology must not 
only be effi cient and inexpensive, but also acceptable and benefi cial in use 
compared to conventional fossil fuel technologies and able to compete 
favourably against incumbent photovoltaic technologies. Several recent 
major advances in the design of dyes and electrolytes for DSSCs have led 
to record power-conversion effi ciencies. Donor–pi–acceptor dyes absorb 
much more strongly than commonly employed Ru-based dyes, thereby 
allowing most of the visible spectrum to be absorbed in thinner fi lms. Light-
trapping strategies are also improving photon absorption in thin fi lms. New 
Co-based redox couples are making it possible to obtain higher open-circuit 
voltages, leading to a new record power-conversion effi ciency of 12.3 %. 
Solid-state hole conductor materials also have the potential to increase 
open-circuit voltages and are making ss-DSSCs more adaptable. Engineer-
ing of the interface between the titania and the hole transport material is 
being used to reduce recombination and thus attain higher photo-currents 
and open-circuit voltages. The combination of these strategies promises to 
provide much more effi cient and stable solar cells, paving the way for large-
scale commercialization. 

 The latest advances in the design of dyes and electrolytes for DSSCs and 
functionally structured nanomaterials for ss-DSSCs have led to their 
increased effi ciency of around 14 %. This has subsequently provided 
substantial incentive to the development of laboratory-scale devices with 
effi ciency greater than 15 %.  224,225   One of the greatest opportunities for 
improving the overall competence of all type of DSSCs is to reduce the 
energy gap of the dyes, thus providing more light to be adsorbed in the 
spectral range of 650–940 nm. However, from the practical point of view, to 
develop such a dye that strongly absorbs all the way from 350–940 nm is an 
extremely challenging task. Usually, the spectral width of the dye and the 
peak absorption coeffi cient are inversely related to each other. Therefore, 
the most promising strategies reported so far for harvesting of the whole 
spectrum are the employment of a combination of visible- and near-
infrared-absorbing dyes  60   and improvement of performance of the solar 
cells through better engineering of their hetero-interfaces.  226   

 The increase in the photo-conversion effi ciency values since year 2000 
has been relatively slow compared to the previous decade. This indirectly 
gave the impression that the performance of the newest DSSCs is near its 
peak, which has to be partially justifi ed considering that the conventional 
iodide- and Ru-based DSSCs have a realistic maximum possible effi ciency 
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of little more than 13 %.  225   On the other hand, the loss-in-potential can 
certainly be inevitably reduced to 500 mV by closer matching of the energy 
levels at the hetero-junction, employing more strongly adsorbing dyes in 
thinner fi lms. By reducing the recombination losses, it is possible to obtain 
effi ciencies as high as  ∼ 19 % with dye capable of absorbing out to 920 nm.  60   

 It has to be admitted that, although there have been substantial initial 
studies relating to the development of ss-DSSCs, a complete understanding 
of the overall lifetimes and degradation mechanisms of ss-DSSCs based on 
newly-created composite nanomaterials would justify further detailed 
investigation.  227   

 EDS for solar cells is an active area of modern research, and it has been 
shown to provide improved benefi ts in several solar technologies. For Si 
solar cell contacts, EDS metal contacts result in 1–2 % improvement in the 
solar cell effi ciency.  93   This is probably due to a lower processing tempera-
ture with better yield than screen printing, improved contact resistance, 
lower overall resistance and the ability to fabricate small contacts that 
refl ect the sunlight less. It is expected that EDS will become a game changer 
through its ability to reduce manufacturing costs to less than $0.50/W, 
making solar energy affordable to the public. 

 An alternative course to achieve effi cient light harvesting is by appropri-
ately engineering the cell. In this regard, the development of organic 
photovoltaic cells – particularly those based on polymers – has attracted 
considerable attention in recent years, owing to their low cost and poten-
tially high power-conversion effi ciencies.  228,229   Recent progress in the devel-
opment of polymer solar cells has improved power-conversion effi ciencies 
from 3 % to almost 9 %. Based on semiconducting polymers, these solar 
cells are fabricated from solution-processing techniques and have unique 
prospects for achieving relatively inexpensive solar energy harvesting, 
owing to their material and manufacturing advantages. The potential appli-
cations of polymer solar cells are broad, ranging from fl exible solar modules 
and semi-transparent solar cells in windows, to building applications and 
even photon recycling in liquid-crystal displays. 

 The most advanced polymer solar cells are those based on 
polymer–fullerene systems, whose power-conversion effi ciencies are now 
approaching 10 %.  229   Fullerene derivatives have become the standard 
 n -type molecules for use in polymer solar cells owing to their strong 
electronegativity and high electron mobility. 

 Alternatives to glass water-tolerant DSSCs have recently emerged due 
to unique features of their technology.  230   However, sputtered transparent 
conducting oxides on plastic are still relatively expensive, less transparent 
and possess higher resistance than the same nanomaterials deposited on 
glass. As a consequence, this design of ss-DSSCs has been less effi cient so 
far. Further improvements in performance and cost-effective approaches 
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need to be developed in future in order for these ss-DSSCs to be competi-
tive with glass-based ss-DSSCs.  231–234   

 In the past, the co-sensitization of the Ru metal complex dyes was con-
sidered to be challenging owing their low molar extinction coeffi cients.  60   
However, the employment of organic dyes may provide a possible solution 
to this problem. Organic dyes possess substantially higher molar extinction 
coeffi cients than the Ru metal complex dyes, which in turn require smaller 
surface areas. As a result, it is possible to co-sensitize thinner DSSCs without 
signifi cantly reducing light harvesting in any portion of the spectrum.  233   

 All the recent advances in the development of solar cells technology 
outlined above indicate that, although rapid progress in photovoltaic 
research has already provided substantial positive growth, the main chal-
lenge now faced by the industry is to develop techniques for storing the 
energy harvested during the day for use at night. Only then will solar energy 
rise to take its place as a major provider of sustainable energy.  
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  Plate XX      (Chapter 6) Schematic cross-sections of inorganic 
nanostructured solar cells: (a) with ultrathin nanocomposite absorber; 
(b) extremely thin absorber; (c) quantum dot absorber. (Reprinted 
from Ref. 49 with permission from Elsevier Science)    

(a) (b)
Glass/TCO contact
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    7 
  Nanostructured semiconductor composites 

for solid oxide fuel cells (SOFCs)  

 DOI : 10.1533/9781782422242.321

     Abstract :   The chapter describes modern nanomaterials and designs for 
solid oxide fuel cells (SOFCs), including cathode, anode, interconnect 
and electrolyte materials. The chapter then discusses the trend towards 
miniaturization and lowering of the operating temperatures of SOFCs. It 
then describes new advances and tools for rational SOFC material 
design. The chapter concludes with future SOFC applications and 
markets.  

   Key words :   solid oxide fuel cells (SOFC)  ,   miniaturization of SOFC  , 
  low-temperature SOFC.         

  7.1     Introduction to materials and designs for solid 

oxide fuel cells (SOFCs) 

 Energy demand has increased substantially over the last few decades due 
to the growth of various industries, economies and countries. However, 
since the beginning of the 21 st  century the effi ciency provided by the differ-
ent power supplies has been insuffi cient. Nowadays, to secure a stable 
power supply while reducing the impact of CO 2  emissions on the environ-
ment, a rational combination of renewable and other energy sources with 
advanced power grids based on centralized power sources, such as thermal 
power generation, is required. Therefore, enhancement of the overall effi -
ciency of thermal power generation is essential. Moreover, to conserve 
energy sources, it is also important to make full use of fossil fuels via the 
widespread use of ultra-high-effi ciency thermal power systems. Figure  7.1  
graphically represents the gradual improvement in the overall performance 
of various power suppliers since the 18 th  century when the steam engine 
was discovered.  1   Historically, from this era and through the peak years of 
the Brayton–Rankine combined cycle with gas turbines (GT) and steam 
turbines (ST), the drive was to maximize power generation capability by 
continuously increasing operating temperature and pressure. Nonetheless, 
the discovery of the gas turbine combined cycle (GTCC) and solid oxide 
fuel cells (SOFCs), which can be combined in the triple cycle, allowed the 
upscaling of the the reported effi ciency. Some of the recent industrial 
reports confi rm that the triple combined cycle integrated with SOFCs 
located upstream of the GTCC can reach productivity of 63 %.  2   Since 
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  7.1      Plant thermal effi ciency (%) vs year – the historical transformation 
of power generation effi ciency.    
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SOFCs are placed in a high-pressure area upstream of the GT combustor, 
they must have a robust structure, and hence tubular ceramic SOFCs are 
suitable for this purpose. By cascading the energy from fossil fuels (includ-
ing coal) in three stages (SOFC, GT and ST), the system is capable of 
generating power with extremely high effi ciency compared with other exist-
ing heat engines. 

  The SOFC is a high-temperature electrochemical device that converts 
the chemical energy in fuels (such as hydrogen, methane, butane or even 
gasoline and diesel) into electrical energy by exploiting the natural ten-
dency of oxygen and hydrogen to react offering the potential for clean and 
effi cient power generation. By controlling the means by which such a reac-
tion occurs and directing the reaction through a device, it is possible to 
harvest the energy given off by the reaction.  3–5   Fuel cells are simple devices, 
containing no moving parts and only four functional component elements: 
cathode, electrolyte, anode and interconnect.  6–10   SOFC technology domi-
nates competing fuel cell technologies because of the ability of SOFCs to 
use currently available fossil fuels, thus reducing operating costs. Alterna-
tive fuel cell technologies (e.g. molten carbonate, polymer electrolyte, 
phosphoric acid and alkali) require hydrogen as their fuel. Widespread use 
of such fuel cells would require a network of hydrogen suppliers, similar to 
our familiar gas stations. Figure  7.2  schematically displays the operating 
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principle of the SOFC.  11   The SOFC is constructed with two porous elec-
trodes which sandwich an electrolyte. Air fl ows along the cathode. When an 
oxygen molecule contacts the cathode/electrolyte interface, it catalytically 
acquires four electrons from the cathode and splits into two oxygen ions. 
The oxygen ions diffuse into the electrolyte material and migrate to the 
other side of the cell where they detect the anode (also called the ‘fuel 
electrode’). The oxygen ions encounter the fuel at the anode/electrolyte 
interface and react catalytically, giving off water, CO 2 , heat and – most 
importantly – electrons. 

  The electrons travel through the anode to the external circuit and back 
to the cathode, providing a source of useful electrical energy in an external 
circuit. Provided that both fuel and oxygen are supplied continuously, these 
electrochemical reactions generate electricity continuously. Although elec-
trode reactions and overall SOFC reaction have been summarized,  12,13   it 
must be stressed that the SOFC was fi rst conceived following the discovery 
of solid electrolytes in 1899 by Nernst.  14   The measured potential difference 
( E ) of the SOFC is therefore determined by the well-known Nernst 
equation:  15  
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  7.2      Principle of operation of a solid oxide fuel cell. (Reprinted from 
Ref.  11  with permission from The Electrochemical Society)    
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where  ti     is the average ionic transference number (ionic conductivity/total 
conductivity  =    σ   i  / (  σ   i   +    σ   e ), where   σ   i ,   σ   e , are ionic and electronic conductiv-
ities, respectively) of oxygen ions in electrolyte,  T  is the operating tempera-
ture,  R  is the gas constant,  F  is the Faraday constant, ( pO  2 ) A  is the oxygen 
activity on the air side, and ( pO  2 ) F  is the oxygen activity on the fuel side. In 
the case without any external circuit, the potential difference  E  corresponds 
to the open-circuit voltage (OCV). For instance, OCV of  ∼ 1.0 V can be 
calculated for an SOFC operating at working temperature of 800 °C with 
air and room temperature-humidifi ed hydrogen as oxidant and fuel, respec-
tively. Under cell operating conditions, i.e. when a current passes through 
it, a fi ngerprint characteristic of fuel cells is the relationship between voltage 
( V ) and current density ( I ).  11,16   

 High effi ciency and fuel adaptability are not the only advantages of 
SOFCs. SOFCs are attractive as energy sources because they are clean, 
reliable and almost entirely non-polluting. Since there are no moving parts 
and the cells are therefore vibration-free, the noise pollution associated 
with power generation is also eliminated. Typically, a single SOFC could 
only produce around 1.0 V OCV. Therefore, to generate a reasonable 
voltage, SOFCs are not operated as single units but rather as an array of 
units of a ‘ stack ’, with interconnections joining the anodes and cathodes of 
adjacent units. Usually, the anode is made of Ni/yttria-stabilized zirconia 
(YSZ) cermet, the electrolyte is made of YSZ and the cathode is electroni-
cally conductive perovskite Sr-doped LaMnO 3  (LSM) or other perovskite 
nanomaterials.  17   

 Two possible design confi gurations for SOFCs have emerged: a planar 
design (Fig.  7.3 a) and a tubular arrangement (Fig.  7.3 b).  1   In the planar 
design, the components are assembled in fl at stacks, with air and fuel fl owing 
through channels built into the cathode and anode. In the tubular design, 
components are assembled in the form of a hollow tube, with the cell con-
structed in layers around a tubular cathode; air fl ows through the inside of 
the tube.   

  7.2     Nanostructured cathode materials 

 Although the operating concept of SOFCs is relatively simple, the selection 
of materials for the individual components represents enormous challenges. 
Each material must have the electrical properties required to perform its 
function in the cell. There must be suffi cient chemical and structural stabil-
ity to enable fabrication and operation at high temperatures. The fuel cell 
needs to run at high temperatures in order to achieve suffi ciently high 
current densities and power output; operation at up to 1000 °C is possible 
using the most common electrolyte material YSZ. Reactivity and interdif-
fusion between the components must be as low as possible. The thermal 
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  7.3      Typical confi guration of planar design (a) and tubular design (b) of 
SOFC. (Reprinted from Ref.  1  with permission from the Elsevier 
Science)    
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expansion coeffi cients of the components must also be as close to one 
another as possible in order to minimize the thermal stresses which may 
lead to cracking and mechanical failure. The air side of the cell must operate 
in an oxidizing atmosphere and the fuel side must operate in a reducing 
atmosphere. The temperature and atmosphere requirements drive the 
materials selection for all the other components.  18–23   

 The electrodes, which support the electrochemical reactions, play a vital 
role in determining the performance and durability of these devices. Effec-
tive electrode materials must balance a spectrum of criteria, including cost, 
thermal and chemical stability, electronic conductivity and catalytic activity. 
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A number of successful electrode materials have been identifi ed; the most 
widely adopted constituents are composite structures providing electronic, 
ionic and gas phase percolation, which promote electrochemical activity 
throughout the bulk of the electrode. The contiguous contact of electronic, 
ionic and gas phases at so-called triple phase boundaries (TPBs) provides 
a direct indication of the electrochemical activity of the electrode. Improve-
ments in tomography techniques have allowed SOFC electrode microstruc-
tures to be characterized in three dimensions, giving unprecedented access 
to a wealth of microstructural information on the nature of triple phase 
contact and percolation. With improved availability of advanced tomo-
graphic techniques, fuel cell developers are increasingly equipped to link 
processing routes to electrode microstructure and, in turn, electrochemical 
performance, such that the intelligent engineering of SOFC electrodes is 
becoming a reality.  24–26   

 In terms of stack design, most development has been focused on planar 
and tubular design cells, each of these systems having a number of interest-
ing variations. For example, the planar SOFC may be in the form of a 
circular disk fed with fuel from the central axis, or it can be in the form of 
a square plate fed from the edges. The tubular SOFC might be of a large 
diameter ( > 15 mm), or of a much smaller diameter ( < 5 mm), the so-called 
microtubular cells. In addition, tubes may be fl at and joined together to 
achieve higher power density and easily printable surfaces for depositing 
the electrode layers. Figure  7.4  illustrates typical planar cell stacks (a) and 
tubular cell bundle (b), respectively.  11   

  One of the inherent advantages of tubular cell bundles is that the air and 
the fuel are naturally isolated because the tubes are closed at one end. 
However, in the case of planar cell stacks, an effective seal must be provided 
to isolate air from the fuel. It is imperative that the seal has a thermal 
expansion match to the fuel cell components; it must be electrically insulat-
ing and it must be thermochemically stable under the operational condi-
tions of the stack. Also, the seal should exhibit no deleterious interfacial 
reactions with other cell components; it needs to be stable under both high-
temperature oxidizing and reducing operational conditions, be created at a 
low enough temperature to avoid damaging cell components (under 850 °C 
for some materials), and not migrate or fl ow from the designated sealing 
region during sealing or cell operation. In addition, it is essential that the 
sealing system is able to withstand thermal cycling between the cell operat-
ing temperature and room temperature. A number of different sealing 
approaches are under development, including rigid, bonded seals (e.g. glass-
ceramics and brazes), compliant seals (e.g. viscous glasses) and compressive 
seals (e.g. mica-based composites); multiple sealants may also be used in 
any given stack design between different cell components. Successful devel-
opment of sealing materials and concepts for planar SOFCs is probably the 
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  7.4      Illustration of the planar cell stacks design (a) and an alternative 
tubular geometry design being developed by Siemens (b). (Reprinted 
from Ref.  11  with permission from The Electrochemical Society)    

(a)

(b)

most important issue for the long-term performance stability and lifetime 
of planar SOFC stacks and hence for their eventual commercialization at 
competitive costs. 

 The single biggest advantage of tubular cells over planar cells is that they 
do not require any high-temperature seals to isolate oxidant from the fuel, 
and this makes the performance of tubular cell stacks very stable over long 
periods of time (several years). However, their areal power density is much 
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lower (about 0.2 W cm  − 2 ) compared to planar cells (up to 2 W cm  − 2  for single 
cells and at least 0.5 W cm  − 2  for stacks), and manufacturing costs are higher. 
The volumetric power density is also lower for tubular cells than for planar 
cells. To increase the power density and reduce the physical size and the 
cost of tubular SOFC stacks, equivalent tubular geometry cells, as illustrated 
in Fig.  7.4 b, are under development by Siemens.  11   Such alternate geometry 
cells combine all the advantages of the tubular SOFCs, such as not requiring 
high-temperature seals, with the provision of higher area and volumetric 
power densities. The performance of these new design cells is higher than 
that of cylindrical tubular cells, but still lower than that of anode-supported 
planar cells. 

 Taking into account all infl uential factors affecting the performance of 
the SOFC and its manufacturing costs, the main directions of further 
improvements in the performance of SOFCs can be summarized as follows:

   •    Development of better performing cathodes . Cathodes perform several 
roles within a SOFC: reduction of molecular oxygen, transport of charged 
species to the electrolyte and distribution of the electrical current associ-
ated with the oxygen reduction reaction. The cathode must meet all the 
above requirements and be porous in order to allow oxygen molecules 
to reach the electrode/electrolyte interface. In some designs (e.g. tubular), 
the cathode contributes over 90 % of the cell ’ s weight and therefore 
provides structural support for the cell.  5,27   Therefore, development of 
alternative cathode composite nanomaterials that function effectively is 
a vital step in the realization of technologically viable SOFCs capable of 
being effi cient at intermediate temperatures.  28–31    

  •    Lowering the operating temperature for SOFCs . SOFC operation at high 
temperatures (800–1000 °C) means that the components of the stack 
need to be mainly ceramic. A tubular or box section design is commonly 
used which results in low volumetric power density. For smaller scale 
operations, there is a strong trend to move to lower operating tempera-
tures (500–750 °C), where a wider range of materials can be used, allow-
ing cheaper fabrication costs and longer stability of the SOFC.  12,32,33   
However, there is no consensus as to the optimal operating temperature 
of SOFCs for the time being.  

  •    Structural and dimensional modifi cations of YSZ as the electrolyte of 
SOFC . As the electrolyte in SOFC is exposed to both oxidizing (air side) 
and reducing species (fuel side) at high temperatures, successful long-
term SOFC stability requires that electrolytes have the following 
properties:
   –   suffi cient ionic conductivity;  
  –   superior stability;  
  –   dense structure.     
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  •    Search for alternative high-performing electrolytes . The search for alter-
native solid electrolyte materials has been an active research area for 
many years.  34   At present, several promising candidates as alternatives 
to YSZ have emerged: gadolinia-doped ceria (GDC)  35   and LaGaO 3 -
based structures.  36    

  •    Miniaturization of SOFCs . The large energy densities of SOFCs and the 
versatility in fuel used, i.e. not limited to hydrogen, have generated inter-
est in the deployment of micro-SOFCs (  μ  -SOFCs) for mobile power 
generation in the lower 1–500 W range.  37   Foreseeable applications 
include portable electronic devices (which are now powered by recharge-
able batteries), vehicle power supplies and auxiliary power units.  38,39    

  •    Improvement of interconnect long-term stability . The interconnect (also 
called biopolar plate) in planar fuel cells performs the vital roles of 
separating the fuel from air, collecting the current from the electrodes, 
conducting the electrical current between each layer of the stack, 
distributing reactant gas evenly across the face of each electrode and 
providing mechanical support to the SOFC and stack structure.  40    

  •    Direct utilization of liquid fuels in SOFCs for portable applications . High 
operating temperature (500–1000 °C) of SOFCs has two consequences: 
high effi ciency and fuel fl exibility. A variety of fuels can be reformed 
within the cell stack (internal reforming) or through a separate 
fuel reformer (external reforming). This fl exibility allows the use of 
fuels such as biogas, liquid hydrocarbon fuels and landfi ll gas and 
enables SOFCs to be especially suited to standalone and remote 
applications.    

 Since all the above factors are equally important, let ’ s consider them in 
detail. In order for SOFCs to reach their commercial potential, the materi-
als and processing must also be cost-effective. The fi rst successful SOFC 
used Pt as both the cathode and the anode, but fortunately less expensive 
alternatives are available now. Today, the most commonly used cathode 
material is LaMnO 3 , a  p -type perovskite. Typically, it is doped with rare 
earth elements (e.g. Sr, Ce, Pr) to enhance its conductivity. Most often it is 
doped with Sr and referred to as LSM (La 1   −    x  Sr  x  MnO 3 ). The conductivity of 
these perovskites is all electronic (no ionic conductivity), a desirable feature 
since the electrons from the open circuit fl ow back through the cell via the 
cathode to reduce the oxygen molecules, forcing the oxygen ions through 
the electrolyte. In addition to being compatible with YSZ electrolytes, it has 
the further advantage of having adequate functionality at intermediate fuel 
cell temperatures (about 700 °C), allowing it to be used with alternative 
electrolyte compositions. Any reduction in operating temperature reduces 
operating costs and expands the materials selection, creating an opportunity 
for additional cost savings. Figure  7.5  displays scanning electron microscopy 
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(SEM) images of the typical cross-section of the planar SOFC (Fig.  7.5 a) 
and infi ltrated LSM–YSZ cathode (Fig.  7.5 b), respectively.  27   

  Figure  7.5  clearly shows that nanostructured cathode material has a very 
complex structure. This is probably because the cathode process is extremely 
versatile with multiple potential series and parallel mechanistic steps. An 
example of this is given in Fig.  7.6 a for a relatively simple case of oxygen 
reduction at a Pt/YSZ interface.  29   Multiple reactions occurring at TPBs 
confi rmed that, a rational design process for higher performing cathodes 
demands a more fundamental understanding, and this requires the quanti-
fi cation of the various conditions for cathode polarization: electrocatalytic 
reduction (activation polarization), ionic and electronic conduction (ohmic 
polarization), and gas diffusion (concentration polarization).  27   In this 

  7.5      SEM images of the typical cross-section of the planar SOFC 
(a) and infi ltrated cathode (b), respectively. (Reprinted from Ref.  27  
with permission from The Electrochemical Society)    
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  7.6      (a) Process of oxygen reduction reactions at simple air/PtYSZ TPB 
(b). FIB/SEM 3D reconstruction of SOFC cathode/YSZ interface. 
(Reprinted from Ref.  27  with permission from The Electrochemical 
Society)    
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regard, microstructure plays a critical role in quantifying cathode perfor-
mance. Figure  7.6 b provides a 3D image of the reconstruction of Siemens 
SOFC cathode nanomaterial, obtained from a series of sequential SEM 
images.  27   Phase contrasting allows for identifi cation of each phase. This, in 
turn, allows for quantifi cation of the critical parameters necessary to deter-
mine the sources of cathode polarization. By quantifying the phase bounda-
ries, it was possible to calculate the TPB length and surface area, and later 
to determine the fundamental reactions which occur at each feature of the 
structure. Therefore, by integrating calculation with measurements of the 
reaction rates and fundamental rate constant, with quantifi ed micro- and 
nanostructures of the measured cathode materials, and comparing to elec-
trochemical measurements, a fundamental and rational based approach to 
cathode development can provide the framework for further reductions in 
cathode polarization and ultimately optimization of the SOFC operating 
temperature.  41,42   

  There are a few notable reviews dedicated to the overview of the per-
formance of the different cathode materials.  13,41–43   Most of the properties of 
the perovskite-type oxide materials considered in these reviews are sum-
marized in Table  7.1 . 

  As the length of the TPB correlates well with the interfacial resistances 
to electrochemical oxidation of fuel at the anode  44   and reduction of oxygen 
at the cathode,  45–48   in order to improve the cathode performance in the 
SOFC it is necessary to extend the TPB and to increase the number of 
active reaction sites. This can be achieved by developing materials with a 
higher mixed ionic–electronic conductivity and optimizing the nanostruc-
ture of electrodes. 

 Nanostructured materials for SOFC electrodes possess signifi cantly 
higher surface areas and have already displayed superior electrochemical 
properties.  49   There are different processes involved in preparation of nano-
structured electrodes for SOFCs. For example, chemical vapour deposition 
(CVD) has been used in fabrication of functionally graded composite cath-
odes.  48   Nanostructures were graded in terms of both structures and compo-
sition. Results in this report highlighted that nanostructured electrodes 
substantially reduce the cathode/electrolyte interfacial polarization resist-
ance (0.17  Ω  cm 2 ). The power density of an anode-supported cell consisting 
of Sr-doped samarium cobaltite (SSC) and Ce 0.8 Sm 0.2 O 1.9  cathode and Ni–
Ce 0.8 Sm 0.2 O 1.9  anode reached 0.375 W cm  − 2  at 600 °C while the long-term 
stability of these electrodes is still waiting to be reported. 

 Another example is a wet impregnation method, which has shown 
promise in recent years. This method was used for preparation of nano-
structured electrodes with reported high performance.  50,51   An additional 
report  52   has also demonstrated that adding LaCoO 3  (LSCo) to LSM–
YSZ cathode by the infi ltration method had a dramatic impact on the 
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 Table 7.1      Perovskite-type oxide materials: thermal expansion coeffi cient (TEC), 
electronic (  σ   e ), and ionic conductivities (  σ   i ) in air  

TEC ( × 10  − 6  K  − 1 )  T  (°C)   σ   e  (S cm  − 1 )   σ   i  (S cm  − 1 )

La 0.8 Sr 0.2 MnO 3 11.8 900 300 5.93  ×  10  − 7 
La 0.7 Sr 0.3 MnO 3 11.7 800 240 –
La 0.6 Sr 0.4 MnO 3 13 800 130 –
Pr 0.6 Sr 0.4 MnO 3 12 950 220 –
La 0.8 Sr 0.2 CoO 3 19.1 800 1220 –
La 0.6 Sr 0.4 CoO 3 20.5 800 1600 0.22
La 0.8 Sr 0.2 FeO 3 12.2 750 155 –
La 0.5 Sr 0.5 FeO 3 – 550 352 –

– 800 369 0.205
La 0.6 Sr 0.4 FeO 3 16.3 800 129 5.6  ×  10  − 3 
Pr 0.5 Sr 0.5 FeO 3 13.2 550 300 –
Pr 0.8 Sr 0.2 FeO 3 12.1 800 78 –
La 0.7 Sr 0.3 Fe 0.8 Ni 0.2 O 3 13.7 750 290 –
La 0.8 Sr 0.2 Co 0.8 Fe 0.2 O 3 20.1 600 1050 –
La 0.8 Sr 0.2 Co 0.2 Fe 0.8 O 3 15.4 600 125 –
La 0.6 Sr 0.4 Co 0.8 Mn 0.2 O 3 18.1 500 1400 –
La 0.6 Sr 0.4 Co 0.8 Fe 0.2 O 3 21.4 800 269 0.058
La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 15.3 600 330 8  ×  10  − 3 
La 0.4 Sr 0.6 Co 0.2 Fe 0.8 O 3 16.8 600 – –
La 0.8 Sr 0.2 Co 0.2 Fe 0.8 O 3 14.8 800 87 2.2  ×  10  − 3 
La 0.8 Sr 0.2 Co 0.8 Fe 0.2 O 3 19.3 800 1000 4  ×  10  − 2 
La 0.6 Sr 0.4 Co 0.9 Cu 0.1 O 3 19.2 700 1400 –
Pr 0.8 Sr 0.2 Co 0.2 Fe 0.8 O 3 12.8 800 76 1.5  ×  10  − 3 
Pr 0.7 Sr 0.3 Co 0.2 Mn 0.8 O 3 11.1 800 200 4.4  ×  10  − 5 

Composition TEC ( × 10  − 6  K  − 1 )  T  (°C)   σ   e  (S cm  − 1 )   σ   i  (S cm  − 1 )

Pr 0.6 Sr 0.4 Co 0.8 Fe 0.2 O 3 19.69 550 950 –
Pr 0.4 Sr 0.6 Co 0.8 Fe 0.2 O 3 21.33 550 600 –
Pr 0.7 Sr 0.3 Co 0.9 Cu 0.1 O 3 – 700 1236 –
Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3 20 500 30 –
Sm 0.5 Sr 0.5 CoO 3 20.5 700  ∼  900  > 1000 –
LaNi 0.6 Fe 0.4 O 3 11.4 800 580 –
Sr 0.9 Ce 0.1 Fe 0.8 Ni 0.2 O 3 18.9 800 87 0.04

performance, but forming a mixed Sr-doped LaCo 0.2 Mn 0.8 O 3  had no 
effect. Mixed conductivity at the TPB may explain the improved perfor-
mance. It has also been demonstrated that the impregnation of nanosized 
particles, forming connected networks, into SOFC electrodes led to 
considerable improvement in overall functioning.  53   Impedance analysis of 
the impregnated electrode suggests that the particular morphology of the 
nanostructured pore–wall coating minimizes the rate-limiting step in the 
oxygen reduction reaction within LMS-YSZ cathodes. 
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 Although the wet impregnation method has been shown to be an effec-
tive technique to achieve the desired morphology; which has been refl ected 
by high performance, the durability of these nanostructures over long 
periods at high temperatures remains a big concern. Basically, the nano-
structured particles tend to aggregate at a high temperature and, conse-
quently, catalytic activity decreases with operating time. Moreover, it should 
be stressed that nanomaterials synthesized by different methods usually 
have very different nanostructures and properties. For cathode materials 
with the same composition, the nanostructures prepared by a sol–gel or 
glycine–nitrate combustion method as a rule have much smaller grain size 
and higher active surface area compared with those prepared by a conven-
tional solid-phase reaction, thus leading to better SOFC performances. 
However, the feasibility of scale-up and cost of these processes must 
be taken into account when considering incorporation into practical 
applications.  13   

 In addition, the selection of an appropriate fabrication technique for 
LSM preparation depends on the SOFC design. For example, at Siemens 
Westinghouse a tubular cell design is being developed.  11   The cell is con-
structed by extruding a cathode tube and building the rest of the cell around 
it. Another example is the approach taken by NexTech Materials, where 
several planar cell designs are being investigated; the cathode is designed 
as the bottom supporting layer, and fabricated with tape casting techniques 
using nanoscale particles.  50   In both cases, the challenge is to sinter the 
cathode adequately, often by co-sintering with the other components, 
while maintaining suffi cient interconnected porosity. Improving the 
performance of the existing cathode materials can also be achieved through 
optimization of processing, composition and microstructure. Work on the 
optimization of interfacial properties and stability is also necessary for 
stack development. However, more fundamental studies on the reaction 
mechanisms and the kinetics of oxygen reduction in SOFC cathodes are 
highly desirable and the work should be intensifi ed in the near future.  

  7.3     Electrolytes for SOFCs 

 In the schematic representation of the SOFC, shown in Fig.  7.2 , the electro-
lyte is exposed to both oxidizing (air side) and reducing species (fuel side) 
at high temperatures. Therefore, once the molecular oxygen has been con-
verted to oxygen ions, it must migrate through the electrolyte to the fuel 
side of the cell. In order for such migration to occur, the electrolyte must 
possess high ionic conductivity and no electrical conductivity. It should be 
fully dense to prevent short circuiting of reacting gases through it, and it 
must also be as thin as possible to minimize resistive losses in the cell. As 
with the other materials, it needs to be chemically, thermally and structur-
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ally stable across a wide temperature range. Its coeffi cient of thermal expan-
sion should be compatible with the coeffi cients of thermal expansion of the 
anode and cathode of the SOFC. In addition, for long-term stability of the 
SOFC, it is essential for the electrolyte to have an ionic transference number 
close to unity,  15   i.e. the electronic conductivity of electrolyte must be suffi -
ciently lower in order to provide high energy conversion effi ciency. 

 There are several typical candidate materials:  34   YSZ, gadolinium-doped 
cerium oxide (GDC), (La,Sr)(Mg,Ga)O 3  (LSMG) and doped Bi 2 O 3 . Of 
these, the fi rst two are the most promising. Bi 2 O 3 -based materials have a 
high oxygen ion conductivity and lower operating temperature (less than 
800 °C), but do not offer enough crystalline stability at high temperature to 
be broadly useful.  6   It may seem straightforward to design an oxide ion 
conductor by simply adding more dopants to increase the oxygen vacancy 
concentration. This strategy, however, might not be valid in many cases 
because factors such as vacancy ordering, dopant segregation and compat-
ibility with other SOFC components must be taken into consideration. The 
most suitable material that satisfi es the requirements of the SOFC electro-
lyte is YSZ.  15   Yttria serves the dual purpose of stabilizing zirconia into the 
cubic structure at high temperatures and also providing oxygen vacancies 
at the rate of one vacancy per mole of dopant. A typical dopant level is 
10 mol% yttria.  4,54   A plot of ionic conductivity as a function of temperature 
for the most common SOFC electrolyte materials is presented in Fig.  7.7 . 
In this fi gure, YSZ has shown the lowest ionic conductivity. Nevertheless, 
so far this is the only material that has been demonstrated to provide long-
term stability under SOFC operating conditions up to 80 000 h at  T   =  1000 °C. 

  Grain boundary conduction is very important for YSZ  55   and, since the 
grain boundary contribution increases with decreasing temperature, it is 
particularly important for lowering of SOFC operating temperatures. 
For example, for YSZ produced by several different methods, the fraction 
of the total resistance due to grain boundary resistance is negligible at 
900 °C, but increases to  ∼ 0–40 % at 700 °C, and then further to  ∼ 10–65 % 
at 500 °C.  34   Grain boundary transport becomes especially important for 
nanostructured materials due to their high proportion of grain boundary 
area. For example, processing YSZ to produce grain sizes less than 
10 nm resulted in conductivities which were 50 % higher than those of 
materials with larger grain sizes.  56   Thus, the benefi ts of small particle sizes 
in reducing processing temperatures must be balanced against increased 
grain boundary resistance, particularly at lower operating temperatures. 

 In order for YSZ to be used at the lower temperatures, a typical approach 
to minimize ohmic loss is to decrease the thickness of YSZ. A thin, dense 
fi lm of YSZ electrolyte (approximately 40  μ m thick) needs to be applied to 
the cathode substrate. A reliable method to engage the electrolyte, known 
as electrochemical vapour deposition, offers high purity and a high level of 
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process control. Electrochemical vapour deposition overcomes the problem 
of depositing a dense fi lm onto a porous substrate by passing oxygen 
through the inside of the cathode tube while chlorides of Zr and Y are 
passed along the outside. They react at the tube surface to form YSZ and, 
because the reaction comes to the surface from both sides, the porosity is 
closed off. Once the porosity is closed off, the electrolyte deposition con-
tinues, but now the oxygen diffuses through the growing YSZ layer to react 
with the chlorides, thereby ensuring a highly dense electrolyte layer. While 
the process is effective, it can be relatively expensive and capital-intensive, 
and it requires excellent quality control.  4   

 Alternative electrolyte deposition methods that show promise are spray 
and dip coating followed by sintering. Colloidal suspensions of YSZ are 
applied in thin layers of at least 20  μ m, using nanosize (5–10 nm) particles 
in order to meet the critical requirement of low porosity. Through careful 
engineering of the particle size distribution and dispersions, these deposi-
tion techniques are likely to replace electrochemical deposition.  6   

 Cerium oxide (ceria) has also been considered as a possible electrolyte. 
Its advantage is that it has high ionic conductivity in air, but it can operate 
effectively at much lower temperatures (under 700 °C). This temperature 

  7.7      Conductivity as a function of temperature for YSZ, GDC and 
LSMG.    
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range signifi cantly broadens the choice of materials for the other compo-
nents, which can be made of much less expensive and more readily available 
materials. The problem is that this electrolyte is susceptible to reduction on 
the anode (fuel) side. At low operating temperatures (500–700 °C), grain 
boundary resistance is a signifi cant impediment to ionic conductivity. Efforts 
are underway to develop compositions which address these problems.  8   Like 
zirconia, ceria forms the fl uorite structure and is a common electrolyte 
material for SOFCs. In comparison to zirconia, ceria has a higher conductiv-
ity, particularly at low temperatures, and a lower polarization resistance.  57   
The primary disadvantage of ceria is electronic conduction at low oxygen 
partial pressures.  57,58   Like zirconia, ceria is doped to increase conductivity 
and, also like zirconia, the highest conductivity occurs for ions with the 
lowest size mismatch, which for cerium is Gd and Sm.  34,59   The conductivity 
of the most widely used ceria-based electrolyte, Ce 1 −    x  Gd  x  O 2  (CGO) has 
been investigated.  60–63   Below 600 °C, the conductivities of CGO are consist-
ently higher than those of YSZ or scandia-stabilized zirconia (ScSZ). Similar 
to zirconia, the conductivity increases with increasing dopant concentration 
to a maximum (e.g. 0.20–0.25 Gd  64  ) and then decreases. The range of 
conductivities for Ce 0.9 Gd 0.1 O 2  and Ce 0.8 Gd 0.2 O 2  are similar, and Ce 0.9 Gd 0.1 O 2  
has been shown to have better stability than Ce 0.8 Gd 0.2 O 2  at low oxygen 
partial pressure. Performance of the electrolyte at low oxygen partial 
pressures is important, so both compositions are used.  65   

 The existence of two differently-sized cation sites in the perovskite struc-
ture expands the range of possible dopants. For example, although Sr and 
Mg are the most common dopants for LaGaO 3 , the La site can also be 
doped with Ba  66   or Gd.  67   Doping with Ba, rather than Sr, affects the 
octahedral tilt angle, which reduces the activation energy, such that at high 
temperatures the conductivity of La 0.9 Ba 0.1 Ga 0.8 Mg 0.2 O 2.85  is lower than that 
of La 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 2.85  (LSGM), but the reverse is the case at lower 
temperatures.  66   The conductivities of La 0.9 Ba 0.1 Ga 0.8 Mg 0.2 O 2.85  and other 
perovskite materials are shown in Fig.  7.8 .  34   Other La-based perovskites, 
including LaScO 3 -, LaInO 3 - and LaYO 3 -based materials, are oxygen ion 
conductors  58   and thus potential electrolyte materials. Due to the lower cost 
of Al relative to Ga, LaAlO 3 -based materials are particularly attractive 
as electrolytes for SOFCs.  34   Although the stability of aluminates is quite 
good, their conductivity is lower than other potential materials (e.g. 
La 0.9 Ba 0.1 Al 0.9 Y 0.1 O 3  in Fig.  7.8 ). 

  Proton-conducting or mixed-ion-conducting oxides have been investi-
gated as electrolytes in fuel cells.  68   One of the advantages of such fuel cells 
is that, since hydrogen is transported through the electrolyte, the fuel is not 
diluted with water vapour. The most common proton-conducting oxide is 
BaCeO 3 , which has been doped with various oxides, including those of 
Sa, Nd  69   and Yb,  70   for use in SOFCs. Figure  7.8  demonstrates that the 
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conductivity of neodymium–yttria co-doped BaCeO 3  is particularly high. 
Other proton-conducting oxides for potential application in solid oxide fuel 
cells include BaSc 0.5 Zr 0.5 O 3 ,  71   (La,Pr) 0.9 Ba 1.1 GaO 3.95  and Nd 0.9 Ba 1.1 GaO 3.95 .  34    

  7.4     Nanostructured anode materials 

 The anode (the fuel electrode) must meet most of the same requirements 
as the cathode for electrical conductivity, thermal expansion compatibility 
and porosity, and needs to be an excellent catalyst for the oxidation of the 
fuel. The reducing conditions combined with electrical conductivity require-
ments make metals attractive candidate materials.  25   So far most of develop-
ments of anode materials have been focused on Ni owing to its abundance 
and affordability.  72   However, its thermal expansion (13.3  ×  10  − 6 /C compared 
with 10  ×  10  − 6 /C for YSZ) is too high to pair it in pure form with YSZ; 
moreover, it tends to sinter and close off its porosity at typical operating 
temperatures. These problems have been solved by making the anode out 
of a Ni–YSZ composite. The YSZ provides structural support for separated 
Ni particles, preventing them from sintering together while matching the 
thermal expansions. Adhesion of the anode to the electrolyte is also 
improved.  4   

 Anodes are applied to the fuel cell through powder technology processes. 
Either a slurry of Ni is administered over the cell and then YSZ is deposited 

  7.8      Conductivity of perovskite oxides in air. (Reprinted from Ref.  34  
with permission from Elsevier Science)    
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by electrochemical vapour deposition, or a Ni–YSZ slurry is applied and 
sintered. More recently NiO–YSZ slurries have been used, the NiO being 
reduced to particulate Ni in the fi ring process. In order to maintain porosity, 
pore regulators such as starch, carbon or thermosetting resins are added. 
These burn out during fi ring and leave pores behind. There are a number 
of problems associated with this approach. First, the process tends to form 
tortuous porosity pathways that reduce the transport effi ciency of reacting 
gases through the anode. Second, there is an increased likelihood of crack-
ing on fi ring because of the thinness of the interior solid structure left 
behind. Third, there are environmental issues in relation to the burning of 
the pore formers. For these reasons, recent research is investigating the 
possibility of a freeze-drying approach to forming porous structures without 
the use of fi llers. The slurry is applied through a simple dipping process and 
then freeze-dried; the resulting ice is then sublimed out of the unfi red struc-
ture. The resulting pore structure – neatly aligned because of the way water 
crystallizes – allows effi cient fl ow of gases to and from the electrolyte/anode 
interface. The fi neness of the pore structure is easily controlled by adjusting 
the solids content (and therefore water content) of the slurry.  9   

 Other choices of material are under investigation.  73–75   Although Ni–YSZ 
is currently the anode material of choice and the freeze-drying process 
solves most of the identifi ed problems, Ni still has a disadvantage: it cataly-
ses the formation of graphite from hydrocarbons. The deposition of graphite 
residues on the interior surfaces of the anode reduces its usefulness by 
destroying one of the main advantages of SOFCs, namely their ability to 
use unreformed fuel sources. 

 Cu–cerium oxide anodes are being studied as a possible alternative.  5   Cu 
is an excellent electrical conductor, but a poor catalyst of hydrocarbons; 
cerium oxide is used as the matrix in part because of its high hydrocarbon 
oxidation activity. A composite of the two thus has the advantage of being 
compatible with cerium oxide electrolyte fuel cells. Initial results using a 
wide range of hydrocarbon fuels are very promising. 

 Incorporating oxide-based catalysts is an approach that has been tried to 
overcome the limitations of the Ni-based anodes in directly utilizing hydro-
carbons, and it has fulfi lled some of the requirements. It was reported that 
a catalytic layer of Ru–CeO 2 /CeO 2 –ZrO 2 /Ru–CeO 2  used on the top of the 
conventional Ni-based anode.  25   Ceria is well-known catalyst, and might be 
expected to increase the activity of the anode for the electrochemical oxida-
tion of methane. The catalytic layer allows internal reforming of isooctane 
without coking (carbon deposition) and yields stable power densities (0.3–
0.6 W cm  − 2 ) (as graphically presented in Fig.  7.9  25 ). 

  This concept of using a bi-layer anode is interesting, even though the 
catalytic layer possessed lower gas permeation and higher electronic resist-
ance. Another cerium dioxide-based anode is a Cu–CeO 2  composite, used 
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as the SOFC anode for the direct oxidation of hydrocarbon fuels. In con-
trast to Ni, Cu is not an active catalyst for carbon formation. The addition 
of CeO 2  provides active catalytic sites. However, sintering of Cu at high cell 
operating temperatures has limited its use in practical SOFCs.  76   Moreover, 
the conditions under which such anodes could be used for direct hydrocar-
bon oxidation can be a potential problem for their widespread application, 
whilst their long-term performance in terms of deactivation from carbon 
deposition is another concern. The development of such anodes is a very 
active area of current research.  

  7.5     Interconnects for SOFCs 

 Just as an internal combustion engine relies on several cylinders to provide 
enough power to be useful and effective, so too can excess fuel cells be used 
in combination in order to generate enough voltage and current. This means 
that the cells must be connected together and a mechanism for collection 
of electrical current needs to be provided, hence the need for interconnects. 
The interconnect functions as the electrical contact to the cathode, ensuring 
air and fuel separation within the cell stack while protecting it from the 
reducing atmosphere of the anode. 

  7.9      Electrochemical performance of SOFC with Ba 0.5 Sr  −   0.5 Co 0.8 Fe 0.2 O 3   −     σ    
as the cathode, Sm 0.15 Ce 0.85 O 2   −     σ    (SDC) as the electrolyte ( ∼ 20  μ m) and 
Ni–SDC as the anode ( ∼ 700  μ m), with air and room temperature 
humidifi ed H 2 . (Reprinted from Ref.  25  with permission from Nature 
Publishing group)    
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 The high operating temperature of the cells combined with severe envi-
ronments means that interconnects must meet the most stringent require-
ments of all the cell components: 100 % electrical conductivity, no porosity 
(to avoid mixing of fuel and oxygen), thermal expansion compatibility and 
inertness with respect to the other fuel cell components. It will be exposed 
simultaneously to the reducing environment of the anode and the oxidizing 
atmosphere of the cathode. 

 Interconnects serve various vital functions in SOFC stacks. They provide 
electrical connection between the anode of one individual cell and the 
cathode of the neighbouring one, and act as physical barrier to avoid 
any contact between the reducing and the oxidizing atmospheres. The 
criteria for the interconnect materials are the most stringent of all cell 
components. In general terms, the interconnect has to meet the following 
demands:  1,77,78  

   •   excellent electrical conductivity – the acceptable area-specifi c resistance 
(ASR) level is considered to be below 0.1  Ω  cm 2 ;  

  •   adequate stability in terms of dimensions, microstructure, chemistry and 
phases at operating temperature around 800 °C in both oxidizing and 
reducing atmospheres during 40 000 h (service lifetime);  

  •   excellent imperviousness to oxygen and hydrogen to prevent direct 
combination of oxidant and fuel during operation;  

  •   coeffi cient of thermal expansion (CTE) matching those of electrodes 
and electrolyte, around 10.5  ×  10  − 6  K  − 1 , so that the thermal stresses devel-
oped during start-up and shut-down could be minimized;  

  •   no reaction or interdiffusion between interconnect and its adjoining 
components;  

  •   excellent oxidation, sulphidation and carbon cementation resistance;  
  •   adequate strength and creep resistance at elevated temperatures;  
  •   low cost, as well as ease of fabrication and shaping.    

 In general, there are only two approaches in developing interconnect 
materials for SOFCs, i.e. ceramics and metallic alloys. Interconnects can be 
applied to the anode by plasma spraying after which the entire cell is 
co-fi red. Any reduction in component costs (either raw materials or process-
ing) directly translates into improved energy affordability. The strong 
economic incentive to use traditional metals for interconnect is driving the 
development of intermediate- and low-temperature SOFCs. At operating 
temperatures in the 900–1000 °C range, interconnects made of Ni base 
alloys such as Inconel® 600 are possible.  10   At or below 800 °C, ferritic steels 
can be used. At even lower temperatures (below 700 °C), it becomes pos-
sible to use stainless steels, which are comparatively inexpensive and readily 
available.  8   
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  7.5.1     Lanthanum chromites as interconnects 

 The traditional material used for the SOFC interconnect is LaCrO 3  for 
high-temperature applications ( ∼ 1000 °C).  1,77   Firstly, this material exhibits a 
remarkably high electric conductivity under SOFC operating conditions 
compared with typical ceramics,  79   and the conductivity can be improved 
signifi cantly by doping with Mg, Sr or Ca. Secondly, the melting point of 
LaCrO 3  is 2783  ±  20 K, and the material could remain stable at both the 
cathode and anode environment.  80   Thirdly, average CTE of LaCrO 3  is 
9.5  ×  10  − 6  K  − 1 , which is quite close to the CTE of YSZ (10.5  ×  10  − 6  K  − 1 ). 

 Many properties of LaCrO 3  will be improved accordingly by means of 
appropriate doping, which has been summarized in a recent review.  77   In 
terms of mechanical strength, Mg doping is less effective than that of Ca 
and Sr, and the strengths of Sr-doped LaCrO 3  (LSC) are generally better 
than those of Ca-doped LaCrO 3 . In terms of CTE, at the same dopant level, 
LSC has higher CTE than Ca-doped LaCrO 3 , which makes LSC closer to 
YSZ. In conductivity, Ca-doped LaCrO 3  is higher than that doped by Sr; 
nevertheless, both of them are much higher than undoped LaCrO 3 . In 
relation to Cr evaporation, the activity of CrO 3  in La 0.84 Sr  0.16 CrO  3  (5.5  ×  
10  − 6 ) is lower than that for La 0.79 Ca 0.21 CrO 3  (3  ×  10  − 4 ), indicating that Sr is 
more effective in reducing the CrO 3  activity.  1   

 On the other hand, certain weaknesses of LaCrO 3  have been reported.  81   
They are as follows:

   •   LaCrO 3  is a  p -type semiconductor, and its conductivity decreases with 
decreasing oxygen partial pressure as LaCrO 3  becomes oxygen 
defi cient.  

  •   compared with typical engineering materials, La, being a rare-earth 
element, is expensive.  

  •   LaCrO 3  is a ceramic material, and processing methods are limited which 
results in limitations as to the geometry of interconnect that can be 
fabricated.  

  •   LaCrO 3  is diffi cult to sinter to a high relative density, so the processing 
of a hermetic LaCrO 3  layer is quite diffi cult, which is the most signifi cant 
drawback.    

 To achieve full densifi cation, two options can be considered: (i) a conven-
tional liquid-phase sintering process can be used to promote densifi cation; 
(ii) fi ring LaCrO 3  between Cr 2 O 3  plates (sandwich confi guration) in con-
junction with fast heating and cooling schedule improves the densifi cation 
process.  82   These factors undoubtedly added manufacturing complexity and 
costs are inevitably incurred. Because of these weaknesses of LaCrO 3 , 
signifi cant research efforts have been dedicated to fi nding an alternative 
material.  
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  7.5.2     Metallic alloys as interconnect 

 For a YSZ SOFC operating at about 1000 °C, the material of choice is 
LaCrO 3  doped with a rare earth element (Ca, Mg, Sr, etc.) to improve 
its conductivity.  1,77   Ca-doped CrO 3  is also being considered because it 
has better thermal expansion compatibility, especially in reducing 
atmospheres.  27   

 Reduction of the operating temperature of the SOFC down to 600–800 °C 
opens an opportunity for metallic materials to be potential replacements 
for LaCrO 3  as interconnect. They can be successfully employed as intercon-
nect because of their advantages compared with high-temperature LaCrO 3 :  83  

   •   Metallic materials have high mechanical strength. Interconnect in 
anode-supported SOFCs also acts as a mechanical support for ceramic 
parts and as a constructional connection to the external inlets and 
outlets. In some cases, interconnect has been designed with extra chan-
nels for distributing the gas in co-, cross- and/or counter-fl ow confi gura-
tions. Traditional LaCrO 3  could not fulfi l this requirement.  

  •   Metallic materials have high thermal conductivity, which could elimi-
nate the presence of thermal gradient both along the interconnect plane 
and across the components.  

  •   Metallic materials have high electronic conductivity, thereby decreasing 
in resistance of the cell and increasing output.  

  •   Ease of fabrication, low cost and ready availability. It should be pointed 
out that almost all the candidate alloys typically contain Cr and/or Al 
(Si is a third possibility, but much less used) to provide oxidation resist-
ance by forming oxide scales of Cr 2 O 3  and Al 2 O 3 , respectively. For the 
chromia formers, there should be enough Cr in the alloys to form a 
continuous oxide scale and to effectively provide oxidation resistance 
under SOFC operating conditions.  1   The Al content in these alloys should 
be kept to a minimum to avoid formation of a continuous alumina layer, 
considering the insulating nature of alumina scales.  83      

  Cr-based alloys 

 At very high temperature (900–1000 °C), Cr-based oxide dispersion 
strengthened (ODS) alloys were used to replace LaCrO 3 . A typical alloy is 
Ducrolloy (Cr–5Fe–1Y 2 O 3 ) which was specifi cally designed by Plansee 
Company to match the CTE of other SOFC components.  84   Some other Cr-
based ODS alloys include: Cr–5Fe–1.3La 2 O 3 , Cr–5Fe–0.5CeO 2 , Cr–5Fe–
0.3Ti–0.5Y 2 O 3  and others. 

 The reason for choosing Cr-based (chromia formation) alloys is because 
chromia has high conductivity compared to other oxides.  77   However, due 
to its high Cr content, Cr poisoning of the cathode and excessive chromia 
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growth are inevitable. Apart from that, ODS alloys are more diffi cult and 
costly to fabricate.  1   Since melting can affect the dispersion of the oxides, 
these techniques are powder metallurgy based and designed to produce 
near-net-shape components. For example, a powder metallurgy technique 
for directly producing sheets of interconnects has been reported; however, 
the cost of the alloy was still quite high.  40    

  Fe-Cr-based alloys 

 To fabricate a continuous chromia layer, the substrate alloy should have 
suffi cient Cr content. The critical minimum Cr content has been summa-
rized in literature  83   and is approximately 20–25 % in order to ensure the 
formation of a protective, continuous Cr 2 O 3  scale. Note that low Cr content 
(5 % and 10 %) has also been used as interconnect. However, the oxidation 
resistance was reduced signifi cantly when lowering the Cr content.  85   Low-Cr 
steels ( < 5 % Cr) consist of nearly pure Fe oxide accompanied by internal 
oxide precipitates of Cr 2 O 3  and/or FeCr 2 O 4  spinels. With increasing Cr 
content, the scales become richer in spinel and chromia, which is accompa-
nied by a decrease of the scale growth rate. Nominal composition of Fe–
Cr-based alloys is shown in Table  7.2 .  40   

  Stainless steels are usually divided into four groups:  83  

   1.   ferritic steels;  
  2.   austenitic steels;  
  3.   martensitic steels; and  
  4.   precipitation hardening steels.    

 Among these, usually the ferritic stainless steels are the most promising 
candidates for SOFC interconnect applications because of their body-
centred cubic structure, which makes the CTE quite close to that of other 
SOFC materials. In addition, the processing methods of this type of alloys 
are quite simple.  86   However, the effect of substrate impurities, Si and Al, on 
the performance of interconnect must not be neglected, especially Si, which 
could form a continuous layer between substrate and scale. Pacifi c North-
west National Lab (PNNL) has systematically investigated the (Mn,Co) 3 O 4 -
coated SUS430 alloy (»0.5 wt pct Si), showing that ASR will increase sharply 
at 4000 h due to the formation of continuous silica layer. Accordingly, SUS 
441, with the addition of Nb and Ti based on SUS430, has also been tested. 
The results demonstrated that ASR is quite low even for bare metal, because 
Nb tied up Si to prevent the formation of a SiO 2  layer at the scale/metal 
interface.  1   

 During SOFC stack operation, the interconnect will face a reducing 
environment on the anode side and an oxidizing one on the cathode side. 
Therefore, exposure tests in air, to an H 2 O  +  H 2  gas mixture simulating the 
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anode side service gas, and to air/H 2  gas dual atmosphere simulating 
real operating conditions have been carried out in various reports. In the 
H 2   +  H 2 O gas mixture, the chromia morphology is slightly modifi ed and 
the adhesion of the scale is improved. In the dual atmosphere, the scales 
formed in air contained Fe-rich spinel or Fe 2 O 3  nodules, which were not 
present in the alloys exposed to air on both sides. This suggests that the 
mobility of Fe is accelerated by hydrogen at the anode side.  1,40,87    

  Ni–Cr-based alloys 

 Ni–Cr-based alloys, compared with Fe–Cr-based alloys, have always dem-
onstrated better oxidation resistance and satisfactory scale electrical con-
ductivity. In order to obtain a continuous chromia layer, only 15 % Cr was 
needed to establish a reasonable resistance to hot corrosion, which is lower 
than Fe–Cr-based alloys, and the optimum content was 18–19 %. Also, Ni-
based alloys are mechanically stronger. Nominal compositions of Ni-based 
alloy are shown in Table  7.3 .  40   

  Most Ni–Cr-based alloys exhibited excellent oxidation resistance in moist 
hydrogen, growing a thin scale that was dominated by Cr 2 O 3  and 
(Mn,Cr,Ni) 3 O 4  spinels or Cr 2 O 3 .  88   Therefore, it could be used as clad metal 
or plated layer in the anode side.  89   In air oxidation, high Cr containing 
alloys, such as Haynes 230 and Hastelloy S, formed a thin scale mainly 
comprising Cr 2 O 3  and (Mn,Cr,Ni) 3 O 4  spinel during high temperature expo-
sure. On the other hand, low Cr containing alloys, such as Haynes 242, 
developed a thick double-layer scale consisting of a NiO outside layer 
above a chromia-rich substrate, raising concern over its oxidation resistance 
for interconnect applications.  1,40,77,88      

  7.6     Miniaturisation of SOFCs 

 Miniaturization of SOFCs is one of the major directions in their develop-
ment at the beginning of the 21 st  century. SOFCs have shown great potential 
because, depending on type of fuel cells, they can be utilized not only for 
the production of stationary energy but also for mobile applications for 
vehicle and portable electronics.  11   Polymer electrolyte fuel cells (PEFCs) 
have been demonstrated to be the most suitable for mobile applications.  20   
The scaling-down factor is an important issue for compact, portable applica-
tions. Miniature SOFCs are predicted to have signifi cant market penetra-
tion because of the expectation that they can produce energy densities per 
volume and specifi c energy per weight signifi cantly larger compared to 
state-of-the-art rechargeable Li-ion and Ni metal hybrid batteries and also 
larger than PEFCs, especially when hydrocarbon fuels are used.  90   Consider-
ing the speed of the development of modern electronic devices and the 
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energy demand created by the expansion of their functionalities, it is envis-
aged that even updated modern rechargeable batteries will not be capable 
of matching this demand in the foreseeable future without changing their 
size. Therefore, compact SOFCs could provide an alternative to satisfy this 
growing demand. In principle, it is possible to scale-down the size of the 
whole device to micrometer level without affecting the overall SOFC effi -
ciency. This is because direct conversion of chemical energy into electrical 
output energy does not suffer from the restrictions on thermodynamic 
effi ciency associated with conventional thermomechanical energy produc-
tion methods. 

 One of the substantial prerequisites for the use of SOFCs in mobile 
applications is the decrease of their operating temperature down to 
350–600 °C.  91   This temperature range will open opportunities for new and 
unique architectures, materials and technologies in the manufacture of 
miniaturized SOFCs. Two basic successful designs of miniaturized SOFCs 
for portable application at lower temperatures have been reported so far: 
microtubular SOFC and thin-fi lm   μ  -SOFC.  12,27,33   The fi rst design allows 
scaling-down the size of the SOFC at the millimeter range, whereas the 
second design was prepared on Si substrates at the sub-millimeter range by 
using microfabrication technologies. 

  7.6.1     Microtubular SOFCs 

 Based on a recent review of the microtubular SOFC design,  92   the main 
limiting factor for employing SOFCs in portable power production was the 
high operating temperature. Another report described the development of 
a microtubular SOFC stack based on YSZ tubes with wall thickness of 
0.2 mm and an internal diameter of just 2 mm.  93   Such a design can success-
fully withstand rapid temperature cycling between 400 and 800 °C at a rate 
of  ∼ 200 °C/min without failure. The stack was a robust design with high 
effi ciency. Another report demonstrated tolerance of thermal cycling at a 
much higher heating/cooling rate of 4000 °C/min.  94   These promising fi ndings 
have boosted research activity towards the miniaturization of SOFC 
design in order to improve processing of the cell ’ s elements and advance 
the materials’ performance. 

 The most customary microtubular SOFC stack design is a heat exchanger-
like arrangement with a bundle of microtubular SOFCs with hydrogen 
fl owing inside each cell and air fl owing outside the cells. In the contrast to 
the planar SOFC, where appropriate sealing is vital, tubular SOFCs only 
need sealing at the junction with cells and manifolds. It has to be admitted 
that, owing to very small dimensions, microtubular SOFCs need to be sealed 
more accurately than their larger counterparts. So far the most promising 
electrolyte material remains YSZ due to its toughness and because the CTE 
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is compatible with the other cell materials. YSZ can be deposited or extruded 
and can also be co-extruded with other functionally graded materials. 
Microtubes of various electrolytes such as GDC and Sr- and Mg-doped La 
have also been extruded.  95   

 An alternative to the extrusion procedure – electrophoretic deposition 
(EPD) – has recently been proposed for fabrication of the elements of 
microtubular SOFCs.  96   EPD is a very versatile technique which displayed 
several advantages for fabrication of multilayers for SOFCs.  97   An example 
of a microtubular SOFC is presented in Fig.  7.10 a.  37   This SOFC consisted 
of 25 microtubular cells with a diameter of 0.8 mm in a 5  ×  5 confi guration. 
The tubular cells were based on anode-supported GDC electrolyte and 
stored in a porous La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3  (LSCF) matrix. The electrode area 
of the single bundle was about 5 cm 2 . The demonstrated effi ciency obtained 
for a single microtubular cell of 0.8 mm in diameter increased from 
350 mW cm –2  at 550 °C, with hydrogen as fuel,  98   to more than 1.0 W cm –2  
upon improvement of the anode microstructure.  99   Consequently, the overall 
power density for a stack of three bundles with fuel manifolds, each bundle 
having fi ve microtubular cells, was about 2.0 W cm –3  at 550 °C.  100   Further 
improvement is on its way and will be based on the use of bi-layer electro-
lytes to block the electronic conductivity of GDC.  100   

  More research directed at the improvement of the microtubular SOFC 
must concentrate on enhancing of the electrochemical performance of the 
stack, reducing polarization losses at the electrodes and improving the stack 
design. In this regard, alternative materials and manufacturing techniques 
can open new possibilities for improvement in cell performance and 
effi ciency.  

  7.6.2     Thin-fi lm   μ  -SOFCs 

 Thin-fi lm   μ  -SOFCs based on Si substrates with sub-millimeter scale lateral 
dimensions are very promising for use in portable electronic devices operat-
ing at low temperatures. Modern state-of-the-art microfabrication tech-
niques allow, in principle, the building of a thin-fi lm design SOFC on a single 
chip with other electronic circuits, enabling extended, remote operation of 
portable electronic devices.  101   Integration of the thin-fi lm materials into the 
development of 3D structures will open new opportunities to improve 
SOFC performance. 

 Considering the number of reports dedicated to the development of thin-
fi lm   μ  -SOFCs and fabrication of the entire device on one substrate, it can 
be concluded that, although the reported results are promising, the market 
penetration of these devices is still fragmentary. A maximum power density 
of 140 mW cm –2  at 575 °C has been reported for SOFCs based on YSZ elec-
trolyte using hydrogen as fuel.  102   In this SOFC, a porous Pt cathode layer 
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  7.10      Typical confi guration of the microtubular design (a) and the 
planar design (b) of SOFC. (Reprinted from Ref.  37  with permission 
from the Electrochemical Society)    

10 mm

400 nm

(a)

(b)

Cross-section

Substrate

Cathode

Electrolyte

Anode

Bottom view

after fracture

was deposited on the YSZ electrolyte side and a porous NiO–YSZ thin fi lm 
on the porous Ni side to boost the anode TPB. These layers were fabricated 
by pulsed laser deposition. The approach of using Ni substrate for   μ  -SOFCs 
fabrication has also been reported.  102   

 Another example of a   μ  -SOFC design, where a conventional dual-
chamber confi guration was used, is shown in Fig.  7.10 b.  37   In this   μ  -SOFC 
design, the dense free-standing electrolyte membrane acts as an air/fuel 
barrier and as mechanical support for anode and cathode thin fi lms.  103   
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However, from a practical point of view, the most important problem to 
be resolved in near future for the fabrication of   μ  -SOFCs is their thermome-
chanical stability. Residual tensile or compressive stresses deriving from 
thermal expansion mismatch with the substrate can lead to buckling and/or 
failure of the free-standing membrane even at relatively low temperatures. 
It was found that the deposition technique affects the residual stress in the 
electrolyte fi lms.  104   Therefore, only a larger thickness/area ratio allowed such 
stress to be reduced. However, at the same time this   μ  -SOFC design was less 
effi cient from the electrochemical point of view. 

 A different report has described ultra-thin   μ  -SOFCs fabricated by lithog-
raphy and etching techniques.  105   In this   μ  -SOFC design, YSZ fi lms as thin 
as 50 nm were deposited by RF sputtering on a silicon wafer with porous 
Pt fi lms for both anode and cathode, which were fabricated by DC sputter-
ing. The reported power density for ultra-thin YSZ electrolyte fi lm was 
130 mW cm –2  at 350 °C, which was excellent for such a low temperature. In 
addition, an extra GDC layer between the YSZ and cathode fi lms increased 
the power output to 200 mW cm  − 2  at 350 °C, reaching 400 mW cm  − 2  at 400 °C. 

 For   μ  -SOFC systems to become competitive in the market place, their 
materials and fabrication technologies need to be improved. A system 
comprising not only a   μ  -SOFC device but also a gas-processing unit for fuel 
reforming and post combustion, together with a suitable thermal manage-
ment system, would represent such improvement.  37   

 One of the biggest challenges for thin-fi lm   μ  -SOFC development is 
boosting the materials performance. For the time being, both electrolyte 
membrane and electrodes with low over-potentials, especially cathode, have 
not reached their optimum performance. For example, some improvement 
can be achieved in ionic conductivity of the polycrystalline fi lms when 
depositing epitaxially-ordered electrolyte fi lms.  37   This will also have a ben-
efi cial effect on thermomechanical reliability. It has recently been discov-
ered that epitaxially-grown Sm-doped ceria (SDC) single crystals are stable 
in low-oxygen partial-pressure environments, while similar polycrystalline 
fi lms were dramatically unstable.  105   In addition, further selection and fabri-
cation of the cathode could be the crucial factors in the successful develop-
ment of   μ  -SOFCs.   

  7.7     Low-temperature SOFCs 

 The key technical issue that has limited the deployment and wide industrial 
acceptance of SOFCs is their high operating temperature, resulting in 
higher systems costs and performance degradation rates. Further complica-
tions associated with the high operating temperature of SOFCs are slow 
start-up and shut-down cycles and high maintenance costs. Considerable 
efforts have been applied since 2000 for the improvement of SOFCs 
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performance by reducting their operating temperatures to the intermediate 
temperature (IT) range of 650–800 °C. In this IT range, metallic intercon-
nections, can be used as an alternative to the ceramic components, and 
fabrication costs can be reduced. If the operating temperature for miniatur-
ized SOFCs can be further reduced to below 600 °C, both radiation heat 
transfer and sintering rates exponentially decrease, resulting in much lower 
insulation cost and improved overall SOFC performance.  18,33,91   

 Moreover, if the operating temperature can be reduced further to less 
than  ∼ 350 °C, cheap stainless steel interconnects, elastometric/polymeric 
seals and other alternative materials can be utilized with a high rate of 
success.  91   In addition, rapid start-up and repeated thermal cycling from 
ambient to operating temperature become possible. All these factors are 
critical for the portable and transportation applications of SOFCs. A clear 
example is proton-exchange membrane fuel cells (PEMFCs), which were 
much preferred to SOFCs due to their low operating temperature of 
 ∼ 100 °C, even though PEMFCs require hydrogen fueling. 

 Apart from the reduction costs, lowering the SOFC operating tempera-
ture can help in bringing their performance up to the theoretical optimum 
effi ciency. For example, the maximum theoretical effi ciency of an SOFC 
using CO as fuel increases from 63 % at 900 °C to 81 % at 350 °C.  91   However, 
it should be noted that lower operating temperature does not automatically 
result in higher system effi ciency due to possible cell polarization losses. 
Therefore, the difference between the attained and the theoretical effi cien-
cies increases as the operating temperature decreases. Overall effi ciency 
depends on thermodynamics (attained voltage relative to the theoretical 
open-circuit potential and fuel use) and kinetics (polarization losses) during 
operation.  36   One example of improvement in SOFC performance is graphi-
cally presented in Plate XXIIa (see colour section between pages 232 and 
233).  91   The increase in overall SOFC effi ciency was achieved by fabricating 
a bi-layered structure of 50 nm thick YSZ and 50 nm thick GDC. This struc-
ture has obtained a peak power density of  ∼ 400 mW cm  − 2  at 400 °C and has 
demonstrated small polarization loss at such low temperatures.  104   Plate 
XXIIb schematically illustrates the power output of LT-SOFCs from a single 
cell to a module design and the approximate power requirements of a 
variety of portable and mobile applications.  91   

 The total thickness of the LT-SOFC in the demonstrated cells was about 
0.5 mm, and the expected interconnect thickness is 1.5 mm. Thus, based on 
areal power density of 2 W cm  − 2 , the stack volumetric power density and the 
gravimetric power density are  ∼ 10 W cm  − 3  and  ∼ 3 kW/kg, respectively.  91   
Figure  7.11  provides a comparison of the specifi c obtained power of an 
LT-SOFC with various energy conversion devices. For example, it is seen that 
the developed LT-SOFC exceeded an internal combustion engine in power 
density (Fig.  7.11 a).  91   Moreover, with liquid hydrocarbon fueling, SOFCs and 
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internal combustion engines have essentially the same specifi c energy, that 
of the fuel ( ∼ 1 kWh/kg).  106   As a result, since the LT-SOFC has essentially the 
same power and energy density as an internal combustion engine (Fig.  7.11 b), 
it could potentially transform the automotive sector as, for example, a range 
extender for plug-in hybrid electric vehicles (PHEVs) operating on conven-
tional fuels. The corresponding 10 kW stack would only be a small cube of 
10 cm per edge, as shown in Fig.  7.11 b. However, it must be noted that other 
reports have claimed achievable power densities of  ∼ 2 W cm  − 2 , albeit at 
800 °C with YSZ-based cells.  107,108   However, these laboratory-scale button-
cell results do not directly translate to full-scale stack performance because 
of numerous parasitic losses such as cell–interconnect interfacial resistances, 
thermal gradients and higher fuel use. Nevertheless, this demonstrates the 
potential of this technology if these losses can be addressed. 

  For portable and transportation applications, volumetric and gravimetric 
power densities are key performance metrics. Issues relating to fueling of 
SOFCs are highly dependent on the operating temperature and the elec-
trode materials used. Lowering the operating temperature to the IT range 
has an impact on the effi ciency of internal reforming, the propensity of 
carbon formation to occur and the extent to which impurities such as 
sulphur interact with the anode. The steam reforming (oxygenolysis) of 
hydrocarbons is a well-established process used on an industrial scale for 
the production of hydrogen.  12   The reaction is presented below in  (7.2)  and 
results in the formation of a mixture of CO and H 2  (syngas). Further reac-
tion via water gas shift (WGS), as shown below in  (7.3) , converts CO and 
steam into more H 2 . During internal reforming, these two reactions occur 
simultaneously, the equilibrium composition of the gas dictated by tempera-
ture and pressure. The CO and H 2  produced are subsequently electrochemi-
cally oxidized by the O 2 −   ions at the anode  (7.3 and 7.4) :

 C H H O CO / Hx y x x x y+ ↔ + +2 22( )       [7.2]  

 CO H O CO H+ ↔ +2 2 2       [7.3]  

 CO O CO e+ ↔ +− −2
2 2       [7.4]  

 H O H O e2
2

2 2+ ↔ +− −
      [7.5]   

 Figure  7.12  depicts the thermodynamically predicted composition of a 
system supplied with methane over a range of temperatures for three 
different steam-to-carbon (S/C) ratios.  12   Although the thermodynamically 
predicted composition may not be realized for lower temperatures owing 
to kinetic limitations, at a higher temperature range, relevant to IT-SOFC 
operation, kinetics are fast and the predictions are a reasonable indicator 
of the actual fuel composition. The amount of solid-phase carbon expected 
to form is also displayed. 
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  7.11      (a) Comparison of specifi c power of the present  ∼ 2 W/cm 2  SOFC 
at 650 °C compared with various energy conversion devices as a 
function of power density. (b) Ragone plot (specifi c energy versus 
specifi c power) for various energy devices compared with the present 
SOFC conductivity of perovskite oxides in air. (Reprinted from Ref.  91  
with permission from  Science )    
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  The temperature and steam content both have a strong effect on the 
formation of carbon, as shown by Fig.  7.12 . Operating dry (i.e. with no 
initially added steam), carbon formation becomes progressively worse with 
increasing temperature, whereas an S/C of 2 or more results in complete 
suppression of carbon.  12   Between these bounds (S/C  =  1), carbon formation 
is predicted to be highest in the IT range. In practice, an S/C ratio of 
between 2 and 3 is used to safely avoid carbon deposition. However, exces-
sive addition of steam can lower the system effi ciency due to fuel dilution 
and the energy required to raise the steam. The lowest temperature at which 
an SOFC can effectively achieve internal reforming is contentious. The 
reforming reaction will occur at an appreciable rate over an appropriate 
catalyst, given an ample supply of steam at temperatures above  ∼ 500 °C. 
Direct coupling of the reforming reaction to the anode of the IT-SOFC then 
allows the oxidation of the hydrogen-rich reformate at the anode, shifting 
the equilibrium of the reforming reaction in such a way that a high conver-
sion of hydrocarbon fuels can be achieved, even at operating temperatures 
down to 500 °C. Moreover, since the reforming reaction is strongly 
endothermic ( Δ  H   =   + 206 kJ mol  − 1 ), cooling of the cell will occur, lowering 
the requirement for additional air cooling, reducing the parasitic air blower 
load and increasing net system effi ciency. A small external pre-reformer 
may also be needed to convert higher hydrocarbons to methane before fuel 
enters the stack. 

 As was mentioned previously, various contaminants in the fuel interact 
with SOFC elements and degrade cell performance. Sulphur is a particular 
‘poison’ for Ni-containing anodes even at very low concentrations of few 
ppm.  109   Desulphurizers are therefore commonly used to remove sulphur, 
though this adds to the complexity, cost and maintenance burden of the 
system. The interaction of sulphur (typically in the form of H 2 S) with the 
anode is complex. Increasing temperature tends to lessen the degrading 
effect of sulphur on performance. However, steam and hydrogen content, 
oxide ion fl ux to the anode surface and the metallic and electrolyte material 
composition all have an effect.  

  7.8     Toward further performance increase of SOFCs at 

lower temperatures 

 Although the developed LT-SOFCs ( ∼ 650 °C) with high power density are 
already suitable for numerous stationary applications, signifi cant increases 
in power density and reductions in temperature are achievable by further 
optimizing the bi-layer thicknesses to increase optimal performance, incor-
porating electrodes with even greater conductivity, and engineering 
infi ltrated nanostructured catalytically active electrodes. One feasible 
approach is optimization of the electrolyte layers for enhancement of 
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  7.12      Thermodynamic predictions of the equilibrium composition for 
methane fed at different temperatures and steam-to-carbon ratios. The 
combined CH 4   +  H 2 O input amount is 1 kmol in each case. (Reprinted 
from Ref.  12  with permission from the Royal Chemical Society)    
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optimal performance without increasing ASR. Although the optimal 
reported LT-SOFC performance was increased to  ∼ 2 W cm –2  with addition 
of the bi-layer,  110   the full theoretical value was not achieved because neither 
the total nor the relative thickness was optimized. As the thickness of mixed 
ionic and electronic conducting (MIEC) electrolytes, such as GDC, is 
decreased, the electronic leakage current increases, resulting in lower per-
formance. Consequently, there is an optimum thickness in terms of trade-off 
between reducing ASR with thinner electrolytes and increasing optimal 
performance with thicker electrolytes.  111   Figure  7.13  illustrates the 

  7.13      (a) Schematic of ceria/bismuth oxide bi-layer concept 
demonstrating the effect of relative thickness on interfacial oxygen 
partial pressure and ESB stability. (b) Current–voltage behaviour (left  y  
axis) and power density (right  y  axis) for SOFCs with GDC single-layer  

   and ESB/GDC bi-layer    electrolytes at 650 °C using 90 standard 
cubic centimetre per minute of 3 % wet H 2  (anode side)/dry air 
(cathode side). With ESB/GDC bi-layer electrolyte, a power density of 
 ∼ 2 W/cm 2  at 650 °C was achieved because of higher performance and 
reduced cathodic polarization. By controlling total thickness and 
thickness ratio of more conductive DWSB/SNDC bi-layer electrolyte, 
the projected maximum power density    is  ∼ 3.5 W/cm 2  under the 
same conditions. (c) Effect of total thickness and thickness ratio of 
bi-layered electrolyte on OCP. OCP increases as total thickness and 
ESB/GDC thickness ratio increase and as temperature decreases, 
indicating the potential to achieve theoretical OCP at these 
temperatures. (Reprinted from Ref.  91  with permission from  Science )    

(a)

(b)

(c)

LGDC

LGDC/LESB < �optimal

GDC/ESB (48:4)

ESB (4 mm)

GDC (48 mm)

ESB (6 mm)

GDC (16 mm)

ESB (5 mm)

GDC (10 mm)

GDC (10 mm)

1.00

1.2 4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

1.0

0.8

0.6

0.4

GDC

ESB/GDC

DWSB/SNDC
(projected)

0.2

0.0
0 1 2 3 4 5 6 7 8

0.95

0.90

0.85

0.80

0.75

0.70
0 500 550

Temperature (°C)
600 650

GDC/ESB (16:6)

O
pe

n-
ci

rc
ui

t p
ot

en
tia

l (
V

)

P
ot

en
tia

l (
V

)

P
ow

er density (W
/cm

2)

GDC/ESB
(10:5)

GDC
(single layer)

ESB decomposes ESB is stable

LGDC/LESB > �optimal

LESB LGDC LESB

PO2
air

PO2
fuel

PO2 Profile
Interfacial

PO2

Decomposition
PO2

Current density (A/cm2)

�� �� �� �� �� ��



358 Nanostructured semiconductor oxides

© Woodhead Publishing Limited, 2014

development of a new functionally graded ceria-bismuth oxide bi-layered 
electrolyte for an IT-SOFC (Fig.  7.13 a) with measured  C – V  characteristics 
(Fig.  7.13 b) and the effect of total thickness variations in order to achieve 
the optimal power density (Fig.  7.13 c).  91   

  Based on two decades of research on the fundamentals of ion conduc-
tion,  112   the highest conductivity solid oxide electrolyte with a co-doped 
stabilized Bi 2 O 3  [Dy 0.08 W 0.04 Bi 0.88 O 1.56  (DWSB)] has been reported.  113   In fact, 
at 350 °C, the ASR of 10  μ m thick DWSB was only 0.6  Ω  cm 2 , low enough 
for SOFC operation at this temperature. DWSB has higher conductivity 
compared with erbia-stabilized Bi 2 O 3  (by a factor of 1.9)  113   and Sm–Nd-
doped ceria (SNDC) has higher conductivity compared to GDC (by a factor 
of 1.4),  114   and these characteristics can be used to increase their respective 
thicknesses with no impact on the electrolyte ASR at a temperature of 
650 °C. It has been reported that an IT-SOFC can achieve  ∼ 2 W cm  − 2  by 
employing approximately 14  μ m thick ESB/GDC (4:10 ratio) electrolyte.  110   
Increasing this to 21  μ m thick DWSB/SNDC (7.5:13.5 ratio) would signifi -
cantly increase optimal performance with no change in ASR, as shown in 
Fig.  7.13 b. Furthermore, considering the 12-fold higher conductivity of 
DWSB compared with SNDC at 650 °C, increasing the DWSB thickness 
from 7.5 to 22.5  μ m adds less than 9 % to the ohmic ASR, while signifi cantly 
increasing total bi-layer thickness to 36  μ m, relative (22.5:13.5 ratio) Bi 2 O 3  
thickness.  91   As a result, increasing the optimal performance to 1 V without 
increasing the total polarization would have a signifi cant effect on maximum 
power density, as projected for DWSB/SNDC.  91   

 At lower temperatures, the ceria-based electrolytes have a wider electro-
lytic domain (the region where ionic conductivity dominates over elec-
tronic), and the Bi 2 O 3 -based electrolytes have higher thermodynamic 
stability under reducing conditions. Therefore, obtaining theoretical open-
circuit potential (OCP) using DWSB/SNDC bi-layers at lower tempera-
tures can be achieved with both thinner total electrolyte layer and higher 
relative Bi 2 O 3  thicknesses, further reducing ohmic resistance as temperature 
decreases. In fact, the Bi 2 O 3  decomposition P O2  decreases from 10  − 11.9  atm at 
650 °C to 10  − 22.1  atm at 350 °C.  91   The latter is comparable to typical 
anode-fuel P O2 s and, as such, it is possible that DWSB could be used as a 
single layer at 350 °C to take advantage of both its low ASR and unity 
transference number (thus obtaining theoretical OCP). 

 The second feasible approach is the optimization of electrode microstruc-
ture to compensate for thermal activation. Exponentially decreasing 
area-specifi c electrode reaction rates (activation polarization) with decreas-
ing temperature can be compensated by shifting the effective particle 
diameter of the catalytic phase from the micro (10  − 6 ) to the nano (10  − 9 ) 
regime, dramatically increasing 3D TPB density [(10  − 6 /10  − 9 ) 3   =  10 9 ], and 
thus proportionally reducing activation polarization.  91   Moreover, it is 
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the reduced operating temperature that makes these nanostructured elec-
trodes stable against coarsening, the primary performance degradation 
mechanism. 

 However, this particle size reduction must be done without negatively 
impacting percolation of the ionic/electronic and gas phase conduction 
paths that contribute to the electrode ’ s ohmic and concentration polariza-
tions, respectively. Consequently, nanostructured cathodes have been fabri-
cated by infi ltration of precursor solutions into porous ionic–electronic 
conducting scaffolds.  115   For example, a recent report  116   has demonstrated 
that infi ltrated LSM in nanofi bre YSZ scaffolds effectively decreased 
cathodic polarization from 70 to 90 % compared with a conventionally 
mixed LSM–YSZ cathode. Moreover, infi ltration has also been demon-
strated to result in low polarization and stability at temperatures below 
600 °C.  50   To reduce the temperature to below 600 °C, a multifaceted, 
multidisciplinary approach is required to deconvolute the multiple mecha-
nistic contributions to electrode polarization, including catalytic, solid-state 
and pore transport contributions. By combining focused ion beam and SEM 
to quantify the cathode microstructure (in terms of morphology and 
porosity for gas diffusion, solid-phase surface area for gas adsorption/
surface diffusion, and TPBs for the charge transfer reaction) with 
electrochemical impedance spectroscopy (EIS), it was possible to obtain 
direct logarithmic relationships between charge-transfer resistance and 
TPB length in typical random porous electrode structures.  117   Kinetic rate 
constants and mechanistic results were obtained and demonstrated that 
cathode materials such as LSM have facile dissociative adsorption of O 2  
and are rate-limited by the lattice incorporation step, whereas LSCF has 
rapid incorporation and is limited by oxygen surface coverage.  118   These 
kinetic mechanistic measurements combined with the microstructure-
polarization results provide the ability to rationally design and optimize the 
composition and microstructure of electrodes for LT operation.  

  7.9     Rational SOFC material design: new 

advances and tools 

  7.9.1     Continuum modeling 

 In optimization of SOFC design, in order to predict values of the experi-
mentally measurable parameters, such as exchange current density and 
ASR of a cell, coupled continuum and phenomenological models can be 
used.  15,38,119,120   These provide a means to understand the rates of charge and 
mass transfer processes in detail and predict them in a variety of circum-
stances. Figure  7.14  graphically illustrates the interdependence of models 
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at different lengths and timescales for the rational study of SOFC 
materials.  38   

  In turn, these models can predict the behaviour of materials or the per-
formance of fuel cells under various conditions when the phenomenological 
parameters are known. For example, continuum models have been success-
fully applied to various aspects of electrode operation,  121   from the global 
response of porous mixed conducting electrodes  122,123   to the performance of 
heterogeneous composite electrodes described using particle/resistor net-
works  124   and homogenized treatment,  125   and to detailed reaction rates or 
intermediate steps of surface and interfacial processes.  126   Moreover, con-
tinuum models can link calculations indirectly to the experimental meas-
urements, thus providing a means of verifying their predictions. For instance, 
these set-ups can be used to predict the performance of fuel cells from 
materials properties derived from simulations, including the molecular level 
reaction sequence, rate-limiting steps, detailed defect structures, surface 
structures and phenomenological parameters (e.g. surface-adsorbed oxygen 
concentration  15  ), some of which may not be readily accessible from 
experiments. 

 Furthermore, a model conformal to electrode geometry is required to 
examine the effect of the microstructure on the performance of a porous 
electrode. Therefore, these phenomenological/continuum models have been 
successfully used with cells consisting of thin-fi lm/patterned electrodes. As 
described in detail elsewhere,  127   these models have been used to predict 
potential and defect distribution in a thin-fi lm working electrode with 

  7.14      Interdependence of models at different length and timescale and 
characterization techniques for the rational study and design of SOFC 
materials. (Reprinted from Ref.  38  with permission from the Elsevier 
Science)    
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current collectors of different geometries (strips, grids and circular pads), 
the critical spacing between current collectors to minimize the effect of 
sheet resistance on performance, and the relative contributions from com-
peting bulk and TPB pathways of a patterned electrode under cathodic 
polarization. 

 The reactions on both cathode and anode are quite complex, often involv-
ing adsorption, dissociation and reduction/oxidation of gas molecules, trans-
port of adsorbed surface species and participation of point defects (e.g. 
oxygen vacancies and electrons/electron holes). An electrochemical driving 
force may not only alter the concentrations of surface species within a 
mixed conductor, but also change their energies. Further, the composition 
and structure of an active electrode surface may be different from those of 
the bulk phase due to surface elemental segregation.  128   As a consequence 
of this, the linkage of electrochemical response with detailed surface prop-
erties and reaction mechanisms is quite a challenge and continues to be an 
important research pursuit.  

  7.9.2     Quantifi cation of the microstructure effect 

 The 3D porosity and morphology of the electrode are critical factors infl u-
encing its performance. Other important factors include the exposed cata-
lyst surface area, facility of gas transport through pores, resistance to ionic 
and electronic transport through solid phase and length of TPB lines. Plates 
XXIa and XXIb (see colour section between pages 232 and 233) provide a 
schematic diagram of charge and mass transport, specifi cally in the solid 
phase, highlighting the complexity of these processes.  38   There have been 
several strategies dedicated to the improvement and optimization of the 
electrode microstructure, including the formation of composite electrodes, 
functionally graded microstructures and infi ltration of active electrode 
phases on electrolyte scaffolds. Optimization of the electrodes is a very 
diffi cult task because many of the important features compete with one 
another; for example, surface area may increase at the expense of gas-phase 
diffusion.  15   

 Modelling of electrode reactions and interactions with gaseous environ-
ments at high temperatures at the microlevel  129,130   has been proven to be a 
useful tool for understanding electrode performance. Another model type 
for mixed ionic–electronic conducting electrodes is based upon porous 
electrode theory  122   and uses homogenized microstructural parameters and 
linear irreversible thermodynamics in reaction rates. 3D reconstruction by 
FIB/SEM  131   and phase-sensitive X-ray computed tomography is a recent 
and promising development, providing high-resolution microstructural 
details of the structures of porous electrodes. The information obtained has 
been used in homogenized models for performance prediction. 
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 One of the latest approaches to the modelling of SOFCs is based on the 
use of 3D reconstructions as the domain for electrochemical simulations 
using the lattice-Boltzmann method or the fi nite element method.  132   The 
former has been applied primarily in the anode using models developed for 
Ni patterned electrodes, gas diffusion and ionic transport. The last has been 
activated and applied to an LSCF cathode using effective linear irreversible 
thermodynamic parameters (not detailed reaction rates) based on surface 
exchange and tracer diffusion coeffi cients. Recent results in such modelling 
are presented in Plate XXIc.  38   The fi gure shows the results for the simula-
tion of the electrochemical response of 3D porous electrodes reconstructed 
by X-ray computed tomography. 

 While simulations conformal to the reconstructed electrode microstruc-
tures constitute a powerful computational framework, some challenges still 
remain. They are as follows:

   •   3D reconstructions may require extensive and skilled FIB/SEM or 
synchrotron work.  

  •   Simulations deployed on the actual porous structures need sophisticated 
numerical methods and, depending on the complexity of phenomena 
modelled, can require very complicated constitutive equations and/or 
parameter determination.  15   Such simulations can corroborate the 
accuracy of homogenized models and, when homogenized models 
break down, provide the most accurate and detailed means of 
simulation.  

  •   The detailed microstructure may also be able to act as a sort of well-
defi ned electrode in and of itself: the  a priori  digital representation of 
explicit microstructural geometry might allow fundamental study.  38      

 Nevertheless, the ultimate goal is to use 3D geometry for numerical simu-
lation of the performance of SOFC electrodes in engineering design, in 
conjunction with detailed, mechanistic, non-linear phenomenological rate 
expressions serving as boundary conditions  133   and informed by parameters 
derived from patterned or porous electrodes.  38    

  7.9.3     New directions and future perspectives 

 One important modern direction in modelling is to exploit nanostructures 
and nano-architectures derived from a variety of templates in order to 
transcend some of the diffi culties facing materials development for energy 
applications. Specifi cally, the use of nanomaterials as electrode materials 
and catalysts expands their extended surface area dramatically.  119,120   Nano-
structured thin-fi lm catalysts are the only practical materials found and 
reported so far.  120   The support is a thin monolayer of an oriented array of 
organic whiskers, less than 1  μ m tall and 30  ×  55 nm in cross-section. It is 
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applied to a roll-good substrate (a material made by a roll-to-roll process) 
with a number density of 30–40 whiskers per square micrometer, and then 
magnetron sputter-coated with catalyst thin fi lms. Modelling of such hier-
archical 3D nanoporous architectures may dramatically enhance the rates 
of change and mass transfer processes while improving the mechanical 
integrity and robustness. These nanostructured electrodes and interfaces 
are known for increased numbers of active sites for electrochemical reac-
tions, extremely high surface-to-volume ratio, reduced length of ion diffu-
sion to active sites and greater fl exibility in surface modifi cation for catalysis 
and electrocatalysis.  134   

 Another important new direction is the development of a predictive 
multiscale computational framework, through rigorous validation at each 
scale by carefully designed experiments under  in situ  conditions, for the 
rational design of better structured materials for a new generation of 
SOFCs. These new SOFCs can be powered by readily available fuels. While 
signifi cant progress has been made in developing SOFC materials, in 
probing and mapping electrode surface species relevant to electrode pro-
cesses, and in unravelling some of the mechanisms of the electrode 
processes, many challenges still remain to bridge the gaps between models 
at different scales or between theoretical predictions and experimental 
observations. Only when the detailed mechanisms of the rate-limiting steps 
are clearly understood and verifi ed will it be possible to rationally design 
better-structured nano- and micromaterials. 

 All the above-mentioned developments illustrate that the level and 
quality of fundamental research in the fi eld need to continue unabated. 
Particularly benefi cial would be a clear comprehension of the surface area 
and activity loss mechanisms, and insight into the causes of durability loss 
associated with the ageing mechanisms and with externally and internally 
generated impurities. It is vital to perform well-designed experiments at 
each scale under  in situ  conditions in order to validate and perfect the 
predictability of the individual models at different scales. Linking the global 
performance or functionality of a 3D porous electrode with the  local  struc-
ture, composition and morphology of nanostructured surfaces and inter-
faces remains a grand challenge.  38   Validation and integration of information 
collected from different scales are critical to developing a computational 
framework across multiple scales for the rational design of materials with 
exceptional functionality.   

  7.10     SOFC applications and markets 

 Forty years have passed since the fi rst successful demonstration of a SOFC. 
Through ingenuity, materials science and micro- and nanotechnologies, 
extensive research and commitment to developing alternative energy 
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sources, that seed of an idea has germinated and is about to bloom into a 
viable, robust energy alternative. Materials development will certainly 
continue to make SOFCs increasingly affordable, effi cient and reliable. 

 The US government is taking a proactive role in expediting the technol-
ogy through the Solid State Energy Conversion Alliance (SECA), which is 
coordinated by the Department of Energy and Pacifi c Northwest National 
Laboratory. The technical goal is to develop mass-producible, modular 
SOFC units capable of 3–10 kW at a price of $400/kW. The SECA ’ s approach 
is to develop industrial collaborations and to extend the fi nancial support 
for technical research. In this regard, analysts expect that the overall market 
for fuel cell technology could reach $115 billion by the year 2015. The 
market share that will belong to SOFCs is unclear but will surely be signifi -
cant, as SOFCs are targeted for use in three energy applications: stationary 
energy sources, transportation and military applications.  2   

 Stationary installations would be the primary or auxiliary power sources 
for such facilities as homes, offi ce buildings, industrial sites, ports and mili-
tary installations. They are well-suited for mini-power-grid applications at 
places like universities and military bases. According to the SECA, world-
wide demand for electricity is expected to double by 2030. SOFC technol-
ogy is ideal for such an expansion, since much of the anticipated demand 
is expected to come from growing economies with minimal infrastructure. 
SOFCs can be positioned on-site, even in remote areas; on-site location 
makes it possible to match power generation to the electrical demands of 
the site. 

 Stationary SOFC power generation is no longer just a hope for the future. 
Siemens Westinghouse has tested several prototype tubular systems, with 
excellent results. Meanwhile, in Australia, Ceramic Fuel Cells Pty Ltd has 
been operating prototype planar fuel cell plants since 2001 and it is expected 
to be ready with market-entry products in 2013. 

 In the transportation sector, SOFCs are likely to fi nd applications in both 
trucks and automobiles. In diesel trucks, they will probably be used as aux-
iliary power units to run electrical systems, for example, air conditioning 
and on-board electronics. Such units would preclude the need to leave 
diesel trucks running at rest stops, thereby leading to savings in diesel fuel 
expenditures and a signifi cant reduction in both diesel exhaust and truck 
noise. Meanwhile, automobile manufacturers have invested at least $4.5 
billion in fuel cell research (not all SOFC).  11   There are an estimated 600 
million vehicles worldwide, 75 % of which are personal automobiles, and 
the number is expected to grow by 30 % by 2015.  21   With more stringent 
environmental restrictions in the US and European Union, automobile 
manufacturers are under growing time pressure to bring non-polluting cars 
to the market place. SOFCs are attractive prospects because of their ability 
to use readily available, inexpensive fuels. 
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 Market penetration in the near future will be dependent on fuel fl exibility 
and thermal cycling. How best to use SOFC fuel fl exibility depends on 
desired fuel choice and operating temperature for a particular application. 
For stationary distributed generation applications, the ability to internally 
reform natural gas with conventional Ni–YSZ cermet anodes at  ≥ 700 °C has 
been well-demonstrated.  91   Unfortunately, at lower temperatures Ni–YSZ 
anodes experience performance degradation due to carbon coking and 
sulphur poisoning as well as Ni oxidation to NiO during thermal cycling.  135   
However, CeO 2 -based anodes are utilized and have been demonstrated to 
increase both coking and sulphur tolerance as well as the ability to operate 
directly on hydrocarbon fuels.  91   

 All-ceramic anodes are also being developed (e.g. La 0.4 Sr 0.6 Ti 1   −    x  Mn  x  O 3  
and Sr 2 Mg 1   −    x  Mn  x  MoO 6   −     δ     136  ) because they do not undergo metal/metal-oxide 
phase transition (e.g. Ni/NiO) during thermal cycling. They also exhibit 
enhanced coking and sulphur tolerance, but to date have lower perfor-
mance due to insuffi cient electronic conductivity and/or low electrocatalytic 
hydrocarbon oxidation activity. 

 Regardless, as temperature is reduced, the tendency toward coking can 
be compensated by a higher degree of external reforming. The DWSB/
SNDC bi-layer electrolyte makes SOFC operation down to  ∼ 350 °C feasible 
if appropriate electrodes are developed. Although these temperatures 
would require a thermally integrated external fuel reformer, the overall 
system effi ciency should still be higher than PEMFCs using hydrocarbons 
as the source of H 2 .  91   

 Finally, SOFCs are of great interest to the military as they can be installed 
and established on-site in remote locations. They are quiet and non-
polluting. Moreover, the use of fuel cells could signifi cantly reduce 
deployment costs: 70 % by weight of the material that the military moves 
is nothing but fuel.  
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  Plate XXI      (Chapter 7) Schematic diagram of charge and mass 
transport within and on the surface of (a) a single-phase mixed 
conducting porous electrode and (b) a composite (mixed conductor  +  
electrolyte) porous electrode. (c) Initial 3D FEM simulation of adsorbed 
oxygen species on the surface and at the TPBs of a porous LSM 
electrode. (Reprinted from Ref. 38 with permission from Elsevier 
Science)    
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  Plate XXII      (Chapter 7) (a) Schematic diagrams of structure of high-
performance LT-SOFCs from low magnifi cation (stack) to high 
magnifi cation (nano/microstructured electrodes). Functionally graded 
bismuth oxide (electrolyte 1) / ceria (electrolyte 2) bi-layered 
electrolytes effectively reduce ohmic polarization at lower 
temperatures. Carefully controlled nanostructured electrodes by 
infi ltration provide highly extended reaction sites compensating 
exponentially reduced oxygen reaction kinetics at cathode and 
allow use of hydrocarbon fuels at anode at reduced temperatures. 
(b) Estimation of power output with LT-SOFCs from a single cell to a 
module (upper) and schematic diagram of power requirements 
according to various applications (lower). On the basis of 
demonstrated high power density ( ∼ 2 W/ cm  − 2  at 650 °C) of the state-of-
the-art LT-SOFC, a 10 cm by 10 cm planar cell corresponds to  ∼ 200 W 
power output. A stack of 50 planar cells with interconnects (10 cm by 
10 cm by 10 cm) can provide 10 kW, and a module consisting of 10 
stacks can provide 100 kW. (Reprinted from Ref. 91 with permission 
from  Science )    
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    8 
  Semiconductor nanocrystals 

in environmental sensors  

 DOI : 10.1533/9781782422242.374

     Abstract :   This chapter reviews the applications of various semiconductor 
nanocrystals utilized in environmental sensors, including pH, dissolved 
oxygen (DO), dissolved organic carbon (DOC) and dissolved metal ion 
sensors. The chapter then discusses the modifi cation of semiconductor 
nanocrystals for sensing electrodes, and conductivity measurements and 
the modern trend towards the improvement of antifouling resistance for 
solid-state water quality sensors.  

   Key words :   solid-state environmental sensors  ,   nanostructured 
semiconductor sensing electrodes  ,   antifouling technologies  ,   doping 
semiconductor nanocrystals         

  8.1     Solid-state pH sensors 

 Water is becoming increasingly valued in society, especially in Australia 
where the nation has experienced extended droughts over the last decades. 
This has resulted in a general decline in the level of water in rivers, estuaries 
and surface collection dams, with increasing concern over the deteriorating 
water quality of ecosystems supported by these waters. Managing various 
ecological systems, as well as the potable water drinking supply, will need 
to be supported by appropriate levels of monitoring, and one way to quickly 
determine the health status of a body of water is by measuring its main 
parameters such as pH, dissolved oxygen (DO), conductivity, turbidity, etc. 
To solve increasing water pollution problems, complicated continuous 
on-line monitoring and multistage treatment processes are required. In this 
regard, portable, inexpensive, reliable, robust and accurate solid-state water 
quality sensors are needed. 

 On the other hand, in Australia, Water Authorities now require on-line 
information about water quality on a much larger scale. As a result of this, 
traditional methods of water quality analysis, where people collect samples 
of water at various locations and at different points in time, then return to 
laboratory for subsequent analysis, are not effi cient. Today, water quality 
analysis requires constant monitoring of the different parameters in the 
major catchments. This creates a new paradigm in water quality sensing as 
the information has to be collected and eventually transferred wirelessly 
over a certain period of time. Consequently, when the accurate measure-
ment of such water quality parameters as pH, DO, conductivity, turbidity, 
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etc. is mandatory at different depths and at high spatial resolution and the 
measuring instruments have to be part of wireless distributed sensor 
networks, miniature, solid-state, cheap sensors would likely be the most 
preferable option.  1,2   

 Another complication arises from the fact that the area of the main water 
catchments of Australia ’ s major cities, where water quality must be estab-
lished and maintained, is comparable with the area of capital cities. For 
example, Fig.  8.1 a illustrates a real satellite image of one Australian capital 

  8.1      Satellite image of the Australian city of Brisbane and its major 
water catchment (Lake Wivenhoe) (a), installed distributed wireless 
sensors network on Lake Wivenhoe (b) with an example of the sensor 
node (c). (Reprinted from Ref.  141  with permission from Elsevier 
Science)    
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city – Brisbane, which has a population of over two million inhabitants – and 
its major water catchment – Lake Wivenhoe. This image clearly shows that 
monitoring of the water quality is needed on a complex lake profi le over 
an area of approximately 250 km 2 , which requires large-scale sensing and 
hundreds of reliable and miniature sensors incorporated into a distributed 
wireless sensors network (Fig.  8.1 b). This network has already been installed 
on the lake and each node of the network (Fig.  8.1 c) has a capacity to 
incorporate between six and eight sensors set up at different depths. 
However, experience shows that, as the number of sensors and nodes in a 
wireless network grows, the amount of data increases tremendously and 
hence not all of it can be utilized. As a result, a new generation of sensor 
networks includes cheap on-device data storage, which can store an 
abundance of data and transfer only the requested data representing the 
information people desire from the network, rather than referral to a 
traditional database. This area undoubtedly requires much more progress 
if such sensors are to become widespread. 

  Although modern laboratory testing of water quality is suffi ciently accu-
rate, research into the development of miniature, robust, inexpensive water 
quality sensors has recently pointed out that solid-state sensors using metal 
oxide sensing electrodes (SEs) are a better choice for dealing with a 
fast-changing, large range of DO concentrations, turbidity and pH, which 
cannot be covered by contemporary, time-consuming laboratory analytical 
methods.  3–5   Moreover, the lack of reliable and miniature sensors with high 
antifouling resistance capable of being deployed in the next generation of 
sensor networks has been identifi ed as a major limiting factor in implement-
ing real-time on-line spatially distributed water quality monitoring.  6   However, 
based on the latest research results, there is no doubt that over the next 
decade solid-state sensors will become the prevalent technology for obtain-
ing information about rapid changes in diversifi ed aqueous environments. 

 The development of single or multisensor assemblies will enable the 
fabrication of larger and more complex of sensor parts as well as improving 
structural effi ciency and design fl exibility, optimizing materials compatibil-
ity, maximizing sensor properties and reducing cost. Unfortunately, it has 
to be admitted that ‘the advances in sensor development have not kept pace 
with the advances in materials’.  7   Today, new sensor materials often require 
totally new methods, processes and approaches. Traditional solid-state 
sensor materials or improved versions of them usually require just improved 
concepts within typical manufacturing processes to reach new levels of 
performance. Such improvements may be achieved in the sensor develop-
ment process itself, or through the development of special procedures for 
employing a traditional method. These facts are directly related to the 
development of chemical solid-state sensors in general and metal oxide 
fi lm-based sensors in particular. 
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 However, a newly emerging trend can be dated from the end of the last 
century. In this trend, the nanostructured semiconductor oxide-based SEs 
and reference electrodes (REs) are gradually replacing SE (REs) made of 
noble metals in chemical sensor structures. Thanks to a new approach in 
the screening of potential candidates for SE (RE) use, based on combina-
torial and high-throughput development of sensing materials,  8,9   this trend 
continues its growth in the 21 st  century at a rate faster than ever before. 
Recent advances in the development of solid-state water quality sensors 
with nanostructured metal oxide SEs have confi rmed that solid-state sensors 
based on thick/thin-fi lm SEs are capable of measuring pH,  10–46   DO  47–65   and 
dissolved metal ions in water.  66–83   The progress has already resulted in a 
number of highly successful sensors. It is evident that the high catalytic 
activity of nanostructured SEs is due to several factors: high surface-
to-volume ratio, orientation of nanostructures in SE and/or different 
population of the crystal edges located on prismatic and pyramidal parts 
of nanocrystals.  84   

 Doping of the base nanostructured oxide-SE by materials with high 
catalytic activity (noble metal nanostructures and other nano-oxides) has 
been considered as an effective method of changing the electrocatalytic 
activity and improving the properties of oxide-SEs for various chemical 
sensors.  47,84–88   It should be noted that the defect disorder of doped oxide-
SEs has led to the formation of donor levels located in the upper part 
of the energy gap of the semiconductor fi lm-SE which are primarily 
responsible for the observed improvement in the properties.  89   However, the 
origin of these effects is diffi cult to rationalize, mainly due to incomplete 
information concerning the oxide ’ s phase purity, surface composition and 
surface orientation, all of which can, in principle, alter the electrocatalytic 
behaviour of the doped nanostructured semiconductor-SE. 

 For instance, RuO 2  has recently been considered as one of the most 
promising candidates among other semiconductor fi lm-SEs for reliable pH 
and DO sensors. This fact has unequivocally been supported by a large 
number of publications during the last few years. Up to the present time, 
RuO 2 , as an electronically conductive oxide of rutile structure, has been 
included in the important class of electrode materials, mainly based on its 
practical application in electrocatalysis.  19,90,91   In an aqueous environment, 
water dissociates into OH  −   groups and proton species. Considering the basic 
rules of defect chemistry, one may expect that incorporation of protons into 
a RuO 2  lattice would result in the formation of Ru vacancies (required for 
charge compensation) or the removal of oxygen vacancies. The catalytic 
activity of nanostructured semiconductor oxides in various reactions in 
water generally increases with decreasing surface oxygen binding energy 
and, in the general case, this reaction cannot be attributed to diffi culties of 
DO separation from the surface. It is natural to assume that the oxygen 
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binding energy is a measure of cation reactivity of oxide-forming elements. 
An inverse relationship exists between oxygen binding energy with catalyst 
surface area and cation reactivity, where decreases in binding energy with 
surface area correspond with increasing cation reactivity and, hence, the 
relatively high catalytic activity of oxides. So far, most attempts at doping 
RuO 2  with nanostructured oxides such as TiO 2 ,  20,92   Co 3 O 4 ,  93   NiO,  90,94,95   
Ta 2 O 5 ,  87,96   ZrO 2 ,  97   La 2 O 3 ,  60   and CeO 2   98   have shown that it is practically 
impossible to predict the exact sensing properties and behaviours of the 
doped RuO 2 -SEs. The aim of those fragmentized improvements was mainly 
to improve the high catalytic activity of the composite oxides, predomi-
nantly for electrocatalysis.  99   From these studies, it was clearly concluded 
that the activity of modifi ed materials differs from that of the undoped 
RuO 2 -SEs.  100   The large surface-to-volume ratio of these nanomaterials 
and small active size of SEs meant that these SEs could provide a unique 
opportunity to sense the environment in nanoscale spaces such as those 
found in a living cell or even a cell nucleus. 

 Through intelligent design of chemical molecular recognition events 
between receptor and analyte at the surface of a nanocrystal or nanowire, 
coupled with large electrical responses to these events, it has proven pos-
sible to develop a wealth of new highly selective and sensitive pH and DO 
sensors as well as E-tongues capable of monitoring heavy metals in drinking 
water and detecting bacteria and traces of organics in recycled water. 
However, for the time being the available data is insuffi cient to outline the 
development trend conclusively, and progress in using this data is slow 
because of a lack of knowledge in relation to the actual structure at the 
functional-group level. The situation regarding the use of RuO 2  for sensors 
is even worse since most of the above-mentioned studies were focused only 
on the catalytic activity of oxygen, and not on the electrochemical behav-
iour of the doped RuO 2 -SE. Taking this into account, it needs to be stressed 
that the comprehensive characterization of the nanostructured SE material 
is a complex task and requires a combination of microscopic, diffraction, 
spectroscopic and electrochemical measurement methods. 

  8.1.1     Modifi cation of semiconductor nanocrystals for pH 
sensing electrodes 

 In general terms, the pH of a solution can be considered as a measurement 
of its acidity.  2   Distilled water is neutral and therefore has a pH of 7.0. 
Traditionally, pH has been assessed by means of the well-known pH glass 
electrode invented by W.S. Hughes in 1922. In fact, this was the fi rst recorded 
chemical sensor. In this sensor, the pH of a solution was detected through 
chemical exchange signals in a thin glass membrane. This breakthrough was 
followed by a stream of other types of sensors for identifying a variety of 
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chemicals from oxygen to glucose. Developments in the semiconductor 
microelectronics industry led to the development in the 1980s of miniatur-
ized circuits and sensor arrays that were able to exploit signal pattern 
recognition for differentiating various chemicals and biochemicals. Around 
this time, nanochemistry and defect chemistry were beginning to produce 
myriad examples of nanocrystals and nanowires with controlled size and 
shape and with surfaces that could be chemically modifi ed allowing them 
to function as new sensor platforms for monitoring chemical and biochemi-
cal contaminants in water, air and food, as well as having biomedical and 
security applications. In fact, the fi rst review concerning semiconductor 
oxides that can be successfully used as SEs for pH sensors was published 
in 1984.  18   Since this publication, a number of researchers attentively and 
enthusiastically pursued the idea of using thick/thin-fi lm nanostructured 
semiconductor oxides as pH-sensitive SEs. Moreover, since the 1990s, 
nanotechnology and doping techniques have inspired the next step in pH 
sensor development as the demand for small, reliable and inexpensive solid-
state pH sensors has increased. Although the pH glass electrode still remains 
the most commercially successful sensor, the aim of modern research is to 
create a long-lasting robust miniature pH sensor insensitive to most of the 
dissolved interfering ions compared to the fragile pH glass electrode, which 
shows signifi cant interference from F  −   ions.  27   Another aim is to develop a 
built-in antifouling feature for SEs to prevent biofouling. 

 Table  8.1  summarizes the latest developments in fi lm metal oxide 
semiconductor-SEs reported up to now for planar solid-state pH sensors. 
Even a brief analysis of the data presented in this table confi rms that sig-
nifi cant progress has recently been made on the RuO 2 -based pH sensors. 
The RuO 2 -SE demonstrates one of the highest sensitivities to pH of all the 
semiconductor oxides, along with high accuracy and less interference due 
to dissolved ions in water. Over the last few years, CMSE and SSN TCP 
Laboratories of CSIRO (Australia) have been working on the development 
and improvement of water quality sensors based on various RuO 2 -based 
nanostructures, focusing on the fundamental issues as well as potential 
applications. This research has been inspired by the pioneering work of the 
Spanish group who used Ru-containing pastes for the SEs of their solid-
state multisensors.  4,12,56   Figure  8.2 a illustrates typical pH sensitivity for SEs 
based on Ru-containing paste while Fig.  8.2 b shows multisensor set-up for 
simultaneous measurement of pH, DO, conductivity, turbidity and water 
temperature.  4   The thickness of the RuO 2 -SE was generally less than 10  μ m. 
The established Nernstian slope for such a SE was approximately 57.72 mV/
pH. The intercept at pH 0 provided an apparent standard electrode poten-
tial ( E  0 ′  ) of about 640  ±  10 mV vs Ag/AgCl,Cl  −  -RE. 

   Reasonable agreement was obtained between the Nernstian slopes and 
 E  0 ′   values for the different RuO 2 -SEs of the sensors. The curve closely 
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  8.2      (a) Voltage variations vs pH for SE based on Ru-containing 
electrode paste. (b) Set of planar water quality sensors. (Reprinted 
from Ref.  4  with permission from Elsevier Science)    

followed a straight line. However, the standard deviation of the output 
voltage was experimentally found to be  ±  30–50 mV in the entire pH 
measurement range. This is apparently due to the presence of Pb, Ca, Mn 
and Si in the Ru-containing electrode paste.  101   In fact, it was reported that 
these pastes contain only  ∼ 24 mol % of Ru.  102   It was also published that the 
commercial Ru-containing electrode pastes used as SE in pH sensors 
partially responded to the presence of halides, sulphate, bromide and 
carbonate anions in water.  101   Apparently, this was mainly caused by the 
presence of Pb in the available pastes. As a consequence of this, in order 
to improve adhesion, selectivity and SE reliability, alternative SE 
nanostructures have been proposed. Although nanostructured RuO 2 -
SEs and Pt-doped RuO 2 -SEs have exhibited similar sensitivity to pH 
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measurement, they extended the pH range from 2.0 to 13.0.  5,47   A big 
improvement ( ±  2 mV) was also recorded in reproducibility of results 
between different days when measurements were carried out. This was 
probably due to the nanofabricated structure and morphology of the RuO 2 -
SE. Results of pH measurements taken with a pure Pt-SE revealed that 
the angle of the Nernstian slope for the Pt-SE is less than the angle of the 
Nernstian slope for the RuO 2 -SE.  47   Thus, it was concluded that the 
nanostructured RuO 2 -SE possesses a better sensitivity along with a com-
plete pH measurement range. 

 So far, results from long-term stability testing have revealed that the 
lifetime of the solid-state pH sensor based on the nanostructured RuO 2 -SE 
is greater than 24 months; further testing of the long-term stability is still 
in progress. This is also a big improvement compared to the published six 
months lifetime for a thick-fi lm SE based on Ru-containing pastes.  4   Recently 
declared results regarding the long-term stability of pH measurement using 
a CSIRO sensor based on a nanostructured RuO 2 -SE at 23 °C and pH 8.0 
are shown in Fig.  8.3 . 

  Substantial voltage drift during the fi rst month of testing was due to H  +   
transport through the SE, which is governed by H 2  trapping at the trap sites 
existing at the grain boundaries or micropores of the nanostructured SE,  47   
as well as being due to heterogeneous oxidation of the developed SE within 
the fi rst week of its exposure to aqueous environment.  54   The complexity of 

  8.3      Long-term stability of pH measurement by multisensor based on 
nanostructured RuO 2 -SE. (Reprinted from Ref.  6  with permission from 
IOP Publishing)    
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  8.4      A cross-sectional view of the sensor substrate featuring a 20 mol % 
Cu 2 O-doped RuO 2 -SE showing a SEM image of the surface of SE (b) 
and tortuous paths of charge carries to the Pt current conductor (a). 
(Reprinted from Ref.  54  with permission from Elsevier Science)    
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the developed morphology of the 20 mol % Cu 2 O-doped RuO 2 -SE is sche-
matically shown in Fig.  8.4 .  54   It was found that in the developed Cu 0.4 Ru 3.4 O 7  
 +  RuO 2 -SE structure, both ‘inner’ and ‘outer’ active surfaces of the complex 
oxide structures are taking part in electrochemical reactions and conse-
quently enhancing the sensing properties of the SE.  54,57   Therefore, in order 
to stabilize the sensor ’ s response from the practical point of view, all newly-
developed sensors must be conditioned in water for at least three weeks 
before any meaningful results of the pH measurements can be obtained.  6   

  Thus, two results in the development of sensors have been found to be 
important:

   1.   Freshly prepared RuO 2 -SEs are affected by the slow non-random 
voltage drift responsible for the diffusion of H  +   ions through the struc-
ture of the complex SEs and neglecting the effects of the other ions. 
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Drift is signifi cant for the fi rst six days and is stabilized only after 15–20 
days with negligible drift afterwards.  

  2.   Active sites for oxygen reduction are not limited to the triple bounda-
ries, but extend to the RuO 2 -SE surfaces.  54,57   After voltage stabilization, 
the output signal remained stable during the following months of testing, 
displaying a standard drift of around  ±  1.5 mV/month.    

 Typical dynamic characteristics of a solid-state pH sensor based on 
nanostructured RuO 2 -SEs at different pH levels at a temperature of 23 °C 
are presented in Fig.  8.5 a.  5   The average response time ( T  90 ) for pH changes 
made by acid-base titration was within  ±  2 s, which is faster than the response 
time of less than 6 s reported for similar sensors with SEs based on 
Ru-containing pastes.  4   Although the absolute voltage value for pH meas-
urements drifted lower with time, the response time remained at only a few 
seconds during all experiments. Bearing in mind that the measurement of 
pH changes is required not only in warm, but also in cold water, dynamic 
characteristics of the RuO 2 -SE were also studied at low temperatures. 
The results of these tests confi rmed that the operating temperature 
does infl uence the response and recovery rate. It was experimentally deter-
mined that the response and recovery time decreases with the drop in 
temperature. 

  The response time for a solid-state pH sensor based on a nanostructured 
RuO 2 -SE vs working temperature is presented in Fig.  8.5 b.  6   It is clearly 
revealed in this fi gure that, as the water temperature cools to about 9 °C, 
the response/recovery time increases to approximately 8–10 min. However, 
the response time improves with the increase in working temperature. For 
instance,  T  90  improves from 8–10 min to about 3–5 min at a temperature of 
12 °C. Nevertheless, the recovery rate remains slow. All the above results 
indicate that, due to the nature of water quality monitoring (24 h per day; 
7 days per week), even such a sluggish response/recovery rate of the sensor 
at low temperatures should allow adequate information in relation to 
changes in water quality to be obtained and analysed.  

  8.1.2     Doping semiconductor nanocrystals 

 Since year 2000 it has been clearly shown through the development of 
numerous sensors that selective doping of the nanostructured SEs of water 
quality sensors is an attractive and essential method for further improve-
ment in their performance and functionalization. In practice, nanostruc-
tured semiconductor SEs can be doped in various ways, such as intercalation 
of electron donors or acceptors, substitution doping, encapsulation in 
the lattice, molecular adsorption and covalent sidewall functionaliza-
tion.  10,20,33,47,49,52,54,57   Studies of doped semiconductor SEs of the sensors 
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  8.5      (a) Dynamic characteristics of nanostructured RuO 2 -SE in aqueous 
solution vs a Ag/AgCl-RE at changes in pH of the solution at a 
temperature of 23 °C. (Reprinted from Ref.  5  with permission from 
Elsevier Science). (b) Response time for sensor based on RuO 2 -SE vs 
water temperature. (Reprinted from Ref.  6  with permission from IOP 
Publishing)    
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include electrical measurement of individual SEs on sensors, electrochemi-
cal and spectral investigation of doped SEs in the solutions, and thin-fi lm 
characteristics such as transport properties.  103   Doping modifi es the charge 
distribution in the band structure and changes the Fermi level position, as 
was established in Chapter 1;  104–106   therefore, the electrochemical properties 
will be varied. 

 Most of the nanostructured semiconductor oxides with high electronic 
conductivities have shown some oxygen defi ciency and corresponding vari-
ation (reduction) in the oxidation state of the predominant metal. This is 
due to their slightly non-stoichiometric composition.  84   In fact, doping can 
not only change slightly or signifi cantly the stoichiometry of the oxide, but 
it can also develop complex and/or mixed valence oxides with completely 
different electrochemical properties. Therefore, the search for a stable 
dopant which possesses high enough binding energy, yet will not affect the 
electronic and transport properties of the base semiconductor nano-oxide, 
is a very challenging task. 

 For example, in recent CSIRO developments aimed at improving water 
quality sensors properties, nanostructured Ta 2 O 5 , La 2 O 3 ,  60   Cu 2 O,  10,49,54   and 
ZnO  52,55   dopants for RuO 2 -SEs have been investigated. Intensive variations 
and manipulations with different oxides, including their sizes and molar 
concentrations, revealed that the greatest improvement was achieved when 
Cu 2 O and ZnO dopants were utilized in SE fabrication. Optimization of 
the molar percentage of the dopant in the RuO 2  nanostructure has led to 
the conclusion that typically the maximum advance in the sensing and 
antifouling properties of the SE can be attributed to the fact that the base 
semiconductor oxide represents nanoparticles with dimensions of 
500–900 nm and the dopant is generally an oxide with dimensions from 
20–50 nm.  10,55   As the analyte in most cases represents multicomponent 
systems, selectivity has been considered as one of the most important sensor 
characteristics. 

 Investigation of the interference effects of various dissolved salts on the 
sensor measurement potential in aqueous solutions has been performed 
using the fi xed interference method.  10   Interference testing of a sensor based 
on 20 mol % ZnO-RuO 2 -SE using solutions containing Li  +  , Na  +  ,  SO4

2−    , K  +  , 
Na  +  , Br  −  , Cl  −  , Mg 2 +  , NO 3 −   and Ca 2 +   ions, at concentrations from 10  − 7 –10  − 1  mol/L 
and a temperature range of 11–30 °C were involved in this analysis. 
Figure  8.6  illustrates the means by which a 20 mol % ZnO-doped RuO 2 -SE 
can improve selectivity of the solid-state sensor in a temperature range 
11–30 °C.  52   

  Delta potential difference is defi ned as the difference between the sen-
sor ’ s potential difference measurements in an aqueous test solution con-
taining none of the dissolved salts and the solution containing dissolved 
salts. The results obtained demonstrate that the solid-state sensor based on 

�� �� �� �� �� ��



 Semiconductor nanocrystals in environmental sensors  387

© Woodhead Publishing Limited, 2014

  8.6      Interference testing of the solid-state sensor based on sub-micron 
20 mol % ZnO-doped RuO 2 -SE at a temperature range of 11–30 °C. 
(Reprinted from Ref.  52  with permission from Elsevier Science)    
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20 mol % ZnO-doped RuO 2 -SE is not susceptible to the most common ions, 
with the exception of KBr. Only one Br  −   ion exhibited cross-sensitivity to 
20 mol % ZnO-doped RuO 2 -SE in the high concentration range of 10  − 2 –
10  − 1  mol/L, whereas at the low concentration range of 10  − 7 –10  − 2  mol/L, no 
effect on the sensor ’ s potential difference was observed. One possible 
explanation of this cross-sensitivity is the likelihood that heterogeneous 
oxidation enhances the concentration of bromide at the SE surface.  57   This 
cross-sensitivity must be taken into consideration when the industrial sensor 
prototype is manufactured – a simple correction factor may be proposed 
which considers the rate of change of the SE response as a function of KBr 
concentration. 

 Apart from changes in adsorption/desorption dynamics, doping can also 
modify the structure and morphology of SEs. For example, Fig.  8.7  depicts 
SEM images of the different RuO 2 -based SEs of a water quality sensor.  10   
Notably, the undoped nanostructured RuO 2 -SE (Fig.  8.7 a) has a relatively 
porous structure,  61   which could easily accumulate heavy biofouling during 
long-term measurements. In extreme cases, for example, the assessment of 
water quality parameters in sewage, biofouling can completely cover the 
surface of undoped RuO 2 -SE (as clearly presented in Fig.  8.7 b), causing a 
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  8.7      SEM images of (a) undoped RuO 2 -SE (reprinted from Ref.  61  with 
permission from Elsevier Science) (b) undoped RuO 2 -SE after three 
months in sewerage environment and (c) 20 mol % Cu 2 O-doped 
RuO 2 -SE. (Reprinted from Ref.  10  with permission from Elsevier 
Science)    
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total loss of the sensor ’ s functionality. On the other hand, 20 mol % Cu 2 O-
doping (Fig.  8.7 c) can not only decrease the porosity of the doped complex 
Cu 0.4 Ru 3.4 O 7   +  RuO 2 -SE down to practically zero, but can also enhance the 
surface-to-volume ratio, resulting in improvement in the sensor ’ s sensitivity 
and its antifouling resistance.  10      

  8.2     Electrochemical dissolved oxygen (DO) sensors 

  8.2.1     Galvanic and polarographic sensor technologies 

 DO is the term describing the amount of oxygen dissolved in a unit volume 
of water and has been considered as one of the most important parameters 
of water quality. It usually varies from 0.5–8.0 ppm. In water quality applica-
tions, such as aquaculture (including fi sh farming) and waste water treat-
ment, the level of DO must be kept relatively high (7.0–8.0 ppm). For 
aquaculture, if the DO level falls too low the fi sh will suffocate. In sewage 
treatment, bacteria decompose the solids. If the DO level is too low, the 
bacteria will die and decomposition ceases. In contrast, if the DO level is 
too high, energy is wasted in aeration of the water. With industrial applica-
tions, including boilers, the make-up water must have low DO levels to 
prevent corrosion and boiler scale build-up, which inhibits heat transfer. 
Although DO is displayed as mg/L or ppm, DO sensors do not measure the 
actual amount of oxygen in water, but instead evaluate the partial pressure 
of oxygen in water. Oxygen pressure is dependent on both the salinity (pH) 
and the temperature. Therefore, both pH and DO are interconnected and 
changes in one parameter will inevitably affect the other. 

 There are two fundamental techniques for measuring DO: galvanic and 
polarographic. Both sensors use an electrode system where the DO reacts 
with the cathode to produce current. If the electrode materials are selected 
to keep the difference in potential between the cathode and anode at  − 0.5 V 
or greater, an external potential is not required and the system is called 
galvanic. Provided that an external voltage is applied, the system is called 
polarographic. The comparison of these two methods is as follows:

   •   Galvanic probes are more stable and accurate at low DO levels than 
polarographic probes.  

  •   Galvanic probes often operate several months without electrolyte or 
membrane replacement, resulting in lower maintenance cost.  

  •   Polarographic probes need to be recharged after several weeks of 
heavy use.    

 Galvanic DO sensors consist of two electrodes, an anode and a cathode, 
which are both immersed in electrolyte (inside the sensor body). In the 
sensor, an oxygen-permeable membrane separates the anode and cathode 
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 Table 8.2      Oxygen saturation based on temperature and salinity  141    

Temperature 
(°C)

Salinity (ppt)

0 ppt 9 ppt 18.1 ppt 27.1 ppt 36.1 ppt 45.2 ppt

0 14.62 ppm 13.73 12.89 12.10 11.36 10.66
10 11.29 10.66 10.06 9.49 8.96 8.45
20 9.09 8.62 8.17 7.75 7.35 6.96
25 8.26 7.85 7.46 7.08 6.72 6.39
30 7.56 7.19 6.85 6.51 6.20 5.90
40 6.41 6.12 5.84 5.58 5.32 5.08

from the water being measured. As oxygen diffuses across the membrane, 
it interacts with the sensor ’ s internals to produce an electrical current, which 
usually represents the sensor output measured in mV. Galvanic DO sensors 
are designed to allow higher pressure to be applied on the membrane and, 
consequently, more oxygen is able to diffuse across the membrane to create 
the current. This is achieved by passing the current across a thermistor (a 
resistor that changes output with temperature), which corrects for mem-
brane permeability errors due to temperature change. In other words, 
increasing permeability at higher temperature allows more oxygen to 
diffuse into the sensor, even though the oxygen pressure has not changed. 
This would give a falsely high DO reading if the thermistor was not used. 
To represent sensor output in ppm or mg/L, the temperature of the water 
must be known. As a result, a separate temperature sensor can be used or 
one can be built into the sensor. This device is independent from the ther-
mistor connected between the anode and cathode to compensate for mem-
brane permeability variations due to temperature change. Since the partial 
pressure of DO is a function of the temperature of the sample, the DO 
sensor must be calibrated at the sample temperature or the sensor ’ s meter 
must automatically compensate for varying sample temperature. The 
reading of a DO sensor should also be corrected for the amount of salt in 
the sample. Oxygen saturation based on temperature, salinity and solubility 
of solutes as a function of temperature are presented in Tables  8.2  and  8.3 ,  141   
respectively. 

   Amongst electrochemical sensors, amperometric Clark cells have con-
ventionally been used in most applications.  107   A typical example of such a 
sensor is schematically displayed in Fig.  8.8 . This type of sensor monitors 
the oxygen reduction current, which is controlled by the oxygen fl ux result-
ing from diffusion across the gas-permeable membrane separating the cell 
from the solution. This fl ux is proportional to the DO concentration (Fick ’ s 
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 Table 8.3      Solubility of solutes as a function of temperature (mg of 
solutes per litre of water)  141    

Solute

Temperature (°C)

0 20 40 60 80 100

O 2 69 43 31 14 0
CO 2 3 350 1 690 970 580
NaCl 357 000 360 000 366 000 373 000 384 000 398 000
KCl 276 000 340 000 400 000 455 000 511 000 567 000

  8.8      Schematic view of the solid-state DO sensor. (Reprinted from Ref. 
 139  with permission from Elsevier Science)    
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law). In the typical Clark cell, the cathode is a hydrogen electrode and 
carries a negative potential with respect to the anode. 

  Electrolyte surrounds the electrode pair and is contained by the mem-
brane. With no oxygen, the cathode becomes polarized with hydrogen and 
resists the fl ow of current. When oxygen passes through the membrane, the 
cathode is depolarized and electrons are consumed. The cathode electro-
chemically reduces the oxygen to hydroxyl ions:

 O H O e OH2 22 4 4+ + ↔− −
      [8.1]   

 The anode reacts with the product of the depolarization with a correspond-
ing release of electrons:

 Zn OH Zn OH e+ ↔ +− − −4 24
2( )       [8.2]   

 The electrode pair permits current to fl ow in direct proportion to the 
amount of oxygen entering the system. The magnitude of the current gives 
a direct measure of the amount of oxygen entering the sensor. Because all 
of the oxygen entering the sensor is chemically consumed, the partial pres-
sure of oxygen in the electrolyte is zero. Therefore, a partial pressure gradi-
ent exists across the membrane and the rate of oxygen entering the sensor 
is a function of the partial pressure of oxygen in the water being measured. 
However, in many applications the oxygen consumption of the Clark cells 
is not negligible in comparison to the oxygen self-diffusion in the sample 
and therefore reliable and stable sensing signals are not obtained in unstirred 
or small volumes. In general, these problems may be solved by using 
electrochemical potentiometric sensors which, based on their defi nition, 
are non-oxygen-consuming.  108    

  8.2.2     Electrochemical potentiometric DO sensors 

 The techniques most commonly used for DO detection are as follows:

   •   titrimetric method using Winkler titration;  109    
  •   optical methods of analysis (luminescence methods);  110    
  •   colourimetry;  111    
  •   electrochemical techniques.  112      

 The luminescence measuring technique has been used for DO detection 
in the concentration range 0.20–20 mg/L and up to now has been adopted 
as a standard technique by the US Environmental Protection Agency 
(USEPA).  111   Although all of the above-mentioned techniques are highly 
sensitive, if DO measurement is required at high spatial resolution, then 
miniature, robust electrochemical sensors with high antifouling resistance 
would probably be the best option for implementation in wireless sensor 
networks.  49   Because direct DO measurements at different locations at high 
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spatial resolution can be relatively expensive, ongoing monitoring using 
miniaturized economical potentiometric sensors will provide an alternative 
method of assessing and evaluating various aqueous environments. 

 In this context, several concepts leading toward the development of 
highly-sensitive electrochemical sensors based on nanostructured metal 
oxides have been proposed since 2000.  5,6,14,16,27,64,71,74–76   Among semiconduc-
tor metal oxide-SEs investigated to date, doped nanostructured RuO 2  has 
been considered as one of the most promising SE materials for potentio-
metric electrochemical DO sensors.  52,54,55   It has been confi rmed that selec-
tive doping of RuO 2  by another semiconductor nano-oxide can facilitate 
the formation of mixed oxides.  49,52,55,60,61,65   The development of a sub-micron 
complex oxide SE matrix modifi es the lattice, resulting in enhanced proper-
ties of the sensor, such as higher sensitivity to the measuring parameter and 
better selectivity.  64   In addition, the doping may lead to totally different 
physicochemical properties of the SE.  113   Moreover, successful doping of a 
RuO 2 -SE can not only change the major sensor characteristics, but also 
improve its antifouling resistance,  49,61   which is critical for most practical 
applications.  114   A typical example of a tubular electrochemical sensor for 
simultaneous measurement of pH and DO is presented in Fig.  8.9 . In this 
sensor, a nanostructured 20 mol % ZnO-doped RuO 2 -SE is used for DO 
measurement and a nanostructured 20 mol % Cu 2 O-doped RuO 2 -SE is 
utilized for pH measurement. A miniaturized Ag/AgCl, Cl  −  -RE has been 
assembled within the alumina sensor assembly. 

  Considering doped semiconductors, the fundamental deviations in the 
electronic structure of doped mixed oxide-SEs commonly result in the 
formation of donor levels located on the upper part of the bandgap of 
the semiconductor SE. These donor levels are largely responsible for the 
signifi cant advance in properties.  10   The dopant not only acts as a charge 
donor, but also transforms the structure of the nano-oxide and supplies 
excess carriers to the conductivity band which, in turn, increases the 
conductivity.  106   The use of donor nano-oxides will generate electronic 
defects in the nanostructure which maximize the infl uence of adsorbates 
on the conductivity. All of these aspects have contributed to the advances 
in the sensitivity, selectivity and stability characteristics of the sensors. 

 In order to investigate the surface area of 20 mol % ZnO-doped RuO 2 -SE 
structures, atomic force microscopy (AFM) measurements have been com-
pleted. Plate XXIII (see colour section between pages 232 and 233) shows 
2D and 3D AFM images of the surface of a 20 mol % ZnO-doped RuO 2 -SE 
sintered at 800 °C with appropriate analysis. AFM measurements were 
carried out at scan rate of 1 Hz and scan size of 1000 nm. The AMF analysis 
conducted confi rmed that in the complex SE structure the distance between 
the highest and lowest points is within the 100–400 nm range and the height 
of the major grains varies between 30 and 50 nm. The minimum recorded 
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  8.9      Water quality sensor elements: (a) Ag/AgCl, Cl  −   reference 
electrode; (b) alumina sensor assembly covered by ceramic protective 
layer and attached with Cu 2 O-doped RuO 2 -SE and ZnO-doped RuO 2 -
SE, respectively; (c) stainless steel protective sheet and housing of the 
probe with built-in fi lter.    

(a) (b) (c)

Miniature reference
electrode

Magn
16000x RuO2 - Cu2O

1 mm

1.15 mm

586 nm

504 nm

558 nm

626 nm

629 nm

Sub-micron 20 mol %
Cu2O-doped RuO2-SE and
20 mol % ZnO-doped
RuO2-SE

grain diameter was 26.44 nm and the maximum was 95.15 nm. The 3D AFM 
image of the SE surface and analysis of the depth of the measured scan size 
also suggested only a very small percentage of deviation in the depth of the 
sample. The actual measured active surface area for SE sintered at 800 °C 
was 7110.596 nm 2  and was much bigger then that of the measured active 
surface area of 2955.119 nm 2  for a similar SE sintered at 900 °C. The AFM 
results obtained have confi rmed ‘better structured’ and uniformly distrib-
uted morphology of the 20 mol % ZnO-doped RuO 2 -SE sintered at 800 °C. 

 Due to the very small active areas of nanostructured SEs, they can 
be successfully utilized not only in tubular bulk sensors but also in planar 
miniature multisensor assemblies. A typical example of such a multisensor 
is schematically displayed in Fig.  8.10 .  6   This integrated water quality 
multisensor employs a nanostructured RuO 2 -SE for pH and a Cu 0.4 Ru 3.4 O 7  
 +  RuO 2 -SE for DO measurements. The multisensor is capable of recording 
pH, DO, conductivity, temperature and turbidity of the measuring 
aqueous solutions. Extensive experimental studies have concluded that it is 
preferable to utilize a nanostructured RuO 2 -SE for pH measurement and 
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a Cu 0.4 Ru 3.4 O 7   +  RuO 2 -SE for DO measurement on the same sensor 
substrate.  5,10,49,52,55,61   

  If electrochemical reactions of DO measurement by a semiconductor SE 
are to be considered, it should be noted that in a solid-state nanostructured 
semiconductor SE, any solid surface forms surface groupings (the surface 
imperfections), by the reaction of coordinatively- or valence-unsaturated 
surface atoms on the bare surface with DO molecules. For the following 
one-electron oxygen reduction process

 O e O or O e Oaq ads aq ads2 2 2 2
22, , , ,+ ↔ + ↔− − − −

      [8.3]   

 it is expected from the Nernst equation that the open-circuit potential will 
be as follows:
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ads     
  [8.4]   

 Here,  O ads2,
−     denotes the activity of adsorbed superoxide ions and the other 

parameters have their standard meanings.  64   The sensing performance of DO 
sensors with attached thick-fi lm microstructured TiO 2 -coated RuO 2 -SE  4,12   
and thin-fi lm nanostructured RuO 2 -SE  5,6,64,65   was measured in standard 
buffer solutions, in which DO concentration was regulated by pumping a 
N 2 /O 2  gas mixture with various fi xed O 2  concentrations through the buffer 
solution. Although the changes of DO concentration in water achieved by 

  8.10      Schematic view of both sides of the integrated water quality 
monitoring multisensor. (Reprinted from Ref.  6  with permission from 
IOP Publishing)    
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this method are time-consuming, this approach keeps the pH of the solution 
intact. DO sensors with attached RuO 2 -SEs were conditioned in the buffer 
solution for at least two hours before the measurement. A linear response 
was obtained in output voltage variation for all RuO 2 -SEs vs an Ag/
AgCl,Cl  −  -RE with DO detection limits from 0.5–8.0 ppm (log[O 2 ],  − 4.71–
 − 3.59) in water, as clearly illustrated in Fig.  8.11 .  4,6   

  In this fi gure, it is shown that the straight line confi rms the fast electrode 
reaction  (8.3)  involving one electron per oxygen molecule. This could be 
attributed to superoxide  O2

−     ions at the surface electrode reaction.  65   The 
output voltage was stable with a Nernstian slope of  − 59.4 mV/decade  4   and 
 − 41 mV/decade  64   and produced negligible drift during the testing period. 
Standard deviations of the output voltage were found to be around  ±  5 mV 
in the entire DO measuring range. Further improvement in DO sensitivity 
has been achieved when the nanostructured RuO 2  was doped with  ∼ 10–
20 mol % of Cu 2 O or ZnO nano-oxides. In this case, the DO sensitivity 
increased up to –47.4 mV/decade for 10 mol % Cu 2 O  10,49   and –48.6 mV/
decade for 10 mol % ZnO.  52,55   Although the main purpose of doping RuO 2  
with nanostructured Cu 2 O or ZnO was the development of high antifouling 
resistance,  61   it also served well for increasing DO sensitivity and improving 
the selectivity of the DO sensor. 

 Nevertheless, it was also experimentally determined that, although the 
gas fl ow controllers had a constant gas-mixture pumping rate ( ∼ 100 cm 3 /
min) during all experiments, a deviation of  ± 1.5 mV in DO measurement 
did still occur.  64   This suggested that, apart from the fast electrode reaction 
 (8.3) , other much slower electrode processes are possibly also involved in 
DO measurement using a nanostructured RuO 2 -SE in strong alkaline solu-
tions. It has to be noted that this slight deviation of the measured potential 
difference from a straight line indicates that the OH  −   ions are possibly 
involved through, for example, heterogeneous dissolution of the SE accord-
ing to:

 RuO OH RuO H O e2 4
2

24 2 2+ ↔ + +− − −
      [8.5]  

 RuO O RuO e2 2 4+ ↔ +− −
      [8.6]  

 2 2 22 2 3 2RuO H e Ru O H Oag+ + ↔ ++ −
      [8.7]   

 whereby the reduced components (Ru 2 O 3 , RuO 4 ) are enriched as a layer 
at the surface.  52   This indicates a supporting infl uence of OH  −   ions in the 
kinetics of the oxygen adsorption reaction  (8.1) . All the above-mentioned 
results indicated that chemical structure and electronic band complex 
for the electrode surface layer have an infl uence on the DO measurement 
and that the RuO 2 -SE is affected by heterogeneous oxidation, which has 
recently been verifi ed by X-ray photoelectron spectroscopy (XPS) surface 
analysis.  54     
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  8.11      (a) Voltage response of the potentiometric TiO 2 -coated RuO 2  
electrode as a function of the logarithm of the DO concentration in 
water at 25 °C. (Reprinted from Ref.  4  with permission from Elsevier 
Science) (b) Nanostructured RuO 2 -SE at a temperature of 23 °C. 
(Reprinted from Ref.  6  with permission from IOP Publishing)    
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  8.3     Conductivity measurements 

 Conductivity is a measurement of the ability of an aqueous solution to 
transfer an electrical current. The current is carried by ions and therefore 
the conductivity increases with the concentration of ions present in solution, 
their mobility and the temperature of the water. Conductivity measure-
ments are related to ionic strength. However, this is not a qualitative 
exercise (i.e. it is not known which ions are present). Resistance, which 
is an electrical calculation expressed in  Ω , is the inverse of conductivity. 
Traditionally, conductivity sensors have been used for the determination 
of water quality in the following applications:  115  

   •   Mineralization: this is commonly called total dissolved solids. Total dis-
solved solids information is used to determine the overall ionic effect 
in a water source. Certain physiological effects on plants and animals 
are often affected by the number of available ions in water.  

  •   Noting variation or changes in natural water and waste waters quickly.  
  •   Estimating the sample size necessary for other chemical analysis.  
  •   Determining the amounts of chemical reagents or treatment chemical 

to be added to the water sample.    

 Elevated dissolved solids can generate ‘mineral tastes’ in drinking water. 
Corrosion or encrustation of metallic surfaces by water high in dissolved 
solids causes problems with industrial equipment and boilers, as well as 
domestic plumbing, hot water heaters, toilet fl ushing mechanisms, faucets, 
washing machines and dishwashers. 

 There are two types of solid-state sensor which can be used to measure 
conductivity: those with two SEs or those with four SEs.  4   In the latest 
CSIRO development four working Pt/Ag/Pd-SEs were used on the sensor 
substrate as presented in Fig.  8.10 .  6   Conductivity measurements by multi-
sensor revealed that by using ‘a four SEs system’ and 3 V p/p square wave 
at 500 Hz, the sensor is capable of measuring conductivity from  ∼ 5  μ S/cm 
(de-ionized water) up to 200  μ S/cm with acceptable accuracy. On the other 
hand, published results concerning utilization of different serigraphic 
Ru-containing pastes for conductivity measurements  4   showed that the 
lowest measured conductivity was only 500  μ S/cm. CSIRO SEs have proved 
to be much more sensitive, possibly due to the metallic nature of the SEs 
and their superior resistance compared to SEs based on Ru-containing 
pastes. Use of inexpensive metallic Pt/Ag/Pd alloy as SEs in an integrated 
water quality multisensor provided signifi cant improvement, specifi cally 
towards the low conductivity range (5–200  μ S/cm). Results of these meas-
urements are presented in Fig.  8.12 .  6   

  In these assessments, the sensor cell is effectively a four-wire resistance 
unit.  I  cell  is the AC current that fl ows through the cell when 3 V p/p at 500 Hz 
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  8.12      Multisensor response as a function of conductivity in 5–200  μ S/
cm range at a temperature of 20 °C for Pt/Ag/Pd-SEs. (Reprinted from 
Ref.  6  with permission from IOP Publishing)    
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is applied to the two-wire electrodes.  V  4wire  is the RMS AC voltage which 
appears across the four-wire electrodes when 3 V p/p at 500 Hz is applied. 
The X-axis in Fig.  8.12  is a set of known conductivity solutions measured 
in  μ S/cm by a calibrated commercial conductivity meter. The range 
5–1200  μ S/cm has been considered as the most interesting conductivity 
range for potable water and other recycled water applications. The meas-
ured characteristic was linear and stable over numerous cycles of measure-
ment with no signifi cant hysteresis effect. Moreover, due to the absence of 
units in the published conductivity measurements graph,  4   it was impossible 
to directly compare the results obtained for our Pt/Ag/Pd-SE with the pre-
viously published results for a SE based on Ru-containing pastes. In addi-
tion, substantial improvement in the response time was obtained for the Pt/
Ag/Pd-SE. The response time of the developed conductivity sensor based 
on the Pt/Ag/Pd-SE to the conductivity changes was approximately 1–3 s at 
a temperature of 20 °C compared to about 2 min for the similar sensor based 
on Ru-containing pastes.  4     
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  8.4     Antifouling technologies for solid-state water 

quality sensors 

 Biofouling is a serious problem that costs, for example the shipping industry, 
more than $200 billion per annum.  116   The accumulation of bio-organisms 
such as algae, mussels and barnacles increases the object water resistance 
and, consequently, fuel consumption. This means additional costs for ship-
ping companies and increased CO 2  emissions. With regard to environmental 
water quality sensors, biofouling makes these sensors non-operational 
within a very short period of time. Therefore there is a tremendous interest 
in the development of antifouling technologies using nanoscale materials, 
especially in water quality sensors, where doping of a semiconductor SE by 
another nanoscale semiconductor oxide can yield improvement of the sen-
sor ’ s characteristics and likewise increase the SE ’ s antifouling resistance. 
Tailoring nanostructured SEs of water quality sensors for high antifouling 
resistance has been one of the main priorities of the advance of water 
quality sensors in the 21 st  century.  47,59   Many bio-organisms in fresh and 
marine environments adhere to the components of any deployed instru-
ments, and the growth of this biological material on the sensor is known as 
biofouling. This results in the need for expensive and frequent maintenance 
unless the sensor ’ s SEs are protected from this process. Resistance to the 
accumulation of biofouling is identifi ed as antifouling and therefore there 
is a strong demand for the development of antifouling strategies applicable 
for electrochemical solid-state sensors.  117   

 In the past, antifouling was achieved by the use of coatings containing 
strong biocides.  114   However, due to their ecological consequences, many of 
these biocides have been prohibited and thus a new generation of novel 
antifouling strategies is under development. In this context, several propo-
sals for improvement of the antifouling resistance of electrochemical 
sensors, based on nanostructured metal oxides, have recently been put 
forward.  118–124   The study of and copying of natural mechanisms is known as 
‘bio-mimicry’, and researchers are increasingly investigating and adopting 
a biomimetic approach for antifouling. This is largely due to the need to 
develop innovative approaches to a problem that has yet to be controlled 
comprehensively by any environmentally benign antifouling technologies. 
The recurring theme of combining surface chemistry and surface topogra-
phies has been identifi ed as an area where the most signifi cant advances in 
the new antifouling technologies will be generated and accomplished.  114   
Notably, the majority of boimimetic surfaces have surface features at single 
length scales and predominantly have species-specifi c antifouling effects.  123,124   

 Since year 2000, the development of multiple scales of topography has 
been a tangible step toward the modifi cation of the sensor ’ s SE materials.  121   
The bio-inspired development of multiple-scale surfaces is exemplifi ed by 
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the production of hierarchically wrinkled surfaces with multiple length 
scales ranging from nanometers to millimetres.  123   Another approach for 
the improvement of the antifouling resistance of the sensor ’ s SE is based 
on the development of nanostructured SE materials possessing super-
hydrophobic properties.  119,120,122   Most super-hydrophobic surfaces have 
more extreme effects in terms of settlement and the attachment of bio-
materials.  119   Although little is still understood and recognized regarding the 
properties of super-hydrophobic surfaces of nanostructured complex oxide 
SEs in the aqueous environment, the most important factor associated with 
super-hydrophobic surfaces may not be minimizing adhesion, but rather 
reducing the scale of roughness.  114   

 An alternative novel antifouling strategy is based on the development of 
complex oxide nanostructured SEs with improved morphologies. This can 
be achieved by doping the base nano-oxide with a small amount of another 
nano-oxide possessing high antifouling properties. Since nanostructured 
Cu 2 O is a well-known antifouling agent used in commercial marine paints 
for biofouling prevention,  125–129   it has been utilized for doping RuO 2 -based 
SEs in CSIRO research.  10   As described in the previous sections, nanostruc-
tured RuO 2  with a rutile structure has been extensively tested and is 
considered to be one of the most promising SE materials for solid-state pH 
and DO sensors. It has been recently reported that the electrochemical 
solid-state DO sensor based on a nanostructured Cu 2 O-doped RuO 2 -SE 
can provide improved DO sensitivity and selectivity, with acceptable 
response and recovery rates for environmental monitoring.  49   The increase 
in antifouling resistance has been achieved by Cu 2 O doping with the devel-
opment of a Cu 0.4 Ru 3.4 O 7   +  RuO 2  complex oxide.  10,61   Although both 10 and 
20 mol % Cu 2 O-doped RuO 2 -SEs have similar morphology and microstruc-
ture,  10   it has also been determined that a solid-state DO sensor based on a 
 ∼ 20 mol % Cu 2 O-doped RuO 2 -SE has exhibited superior antifouling resist-
ance to a similar DO sensor based on a 10 mol % Cu 2 O-doped RuO 2 -SE.  61   
Figure  8.13  provides SEM images at the same scale of the unaffected areas 
of both 10 and 20 mol % Cu 2 O-doped RuO 2 -SEs after a three-month trial 
in a sewage environment.  54,61   

 Figure  8.13 a depicts a water droplet on the surface of the Cu 0.4 Ru 3.4 O 7   +  
RuO 2  with a water contact angle of 130°, confi rming the super-hydrophobic 
nature of the Cu 0.4 Ru 3.4 O 7   +  RuO 2 -SE and the presence of a large number 
of hydroxyl groups on its surface.  130   It is evident from these SEM images 
that there is not much difference in the grain size distribution between the 
10 and 20 mol % Cu 2 O-doped RuO 2 -SEs. However, a very thin layer ( ∼ 10–
50 nm) of biofouling has been observed on the main grains and grain 
boundaries of the 10 mol % Cu 2 O-doped RuO 2 -SE (Fig.  8.13 b). On the 
other hand, there were no observations of similar biofouling deposits 
on the main grains and grain boundaries of the 20 mol % Cu 2 O-doped 
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  8.13      (a) Water droplet on nanostructured 20 mol % Cu 2 O-doped 
RuO 2 -SE indicating super-hydrophobic property of its surface. 
(Reprinted from Ref.  54  with permission from Elsevier Science), SEM 
images of 10 mol % Cu 2 O-doped RuO 2 -SE with some deposits of 
biofouling (b); 20 mol % Cu 2 O-doped RuO 2 -SE (c) with no apparent 
biofouling on the SE grain boundaries. (Reprinted from Ref.  61  with 
permission from Elsevier Science)    
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RuO 2 -SE (Fig.  8.13 c). All these observations suggest that an effective 
improvement in biofouling resistance can be achieved by  ∼ 20 mol % Cu 2 O 
doping of the RuO 2 -SE, promising a long-term biofouling resistance of the 
SE. These results have also shown that relative improvement in antifouling 
resistance can be achieved with much smaller amounts of Cu 2 O in the 
SE structure compared to the amounts of Cu 2 O pigment particles in 
commercial antifouling paints ( ∼ 80 mol %).  131,132    

  8.5     Solid-state turbidity sensors 

 ISO 7021-1999 Standards describes turbidity as the reduction of transpar-
ency of a liquid caused by the presence of undissolved matter.  133   Turbidity 
is used as a measure of colloidal and suspended matter in water systems. 
These materials often react with chlorine disinfectant, therefore, in potable 
water supplies turbidity is carefully controlled to ensure that disinfectant 
levels and public health are properly maintained.  134–137   Turbidity is espe-
cially important for recycled water, when potable substitution is involved. 
In addition to these health concerns, turbidity is also an aesthetic parameter, 
as consumers expect a sparkling clear water supply. Turbidity can vary from 
a river full of mud and silt, where it would be impossible to see through the 
water (high turbidity), to a spring or drinking water which appears to be 
completely clear (low turbidity). Turbidity can be caused by the following:

   •   silt, sand and mud;  
  •   bacteria and other germs;  
  •   chemical precipitations.    

 It is vital to measure the turbidity of domestic water supplies, as those 
supplies often undergo some type of water treatment which can be affected 
by the turbidity. For example, during the wet season when mud and silt are 
washed into rivers and dumps, high turbidity can rapidly block fi lters and 
eventually prevent them from working effi ciently. Where chlorination of 
water takes place, even quite low turbidity can prevent the chlorine from 
killing microorganisms in the water. Some treatment systems, such as sedi-
mentors, coagulators and gravel pre-fi lters, are designed to remove turbid-
ity. However, it is important for operators of both large and small treatment 
systems to know how well these systems are operating. Consequently, 
turbidity measurements of water before and after each part of the system 
can provide the controller with valuable information, especially when 
maintenance and/or cleaning is required. 

 CSIRO turbidity sensors using solid-state components and utilizing a 
common electronics module have recently been developed. Although 
there are plenty of turbidity measuring instruments currently available 
on the market, most of these are expensive and not directly compatible 
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with wireless distributed sensor networks. Consequently, CSIRO has 
developed a custom turbidity sensor optimized for network and multisensor 
applications. An example of a turbidity sensor incorporated into a 
multisensor assembly is given in Fig.  8.10  above. Figure  8.14  provides 
further information in relation to turbidity signal conditioning used in the 
inexpensive CSIRO sensor. 

  Every turbidity sensor, regardless of its optical confi guration, must be 
calibrated with a known standard. This is the reference to which the meas-
ured values are compared. The most widely used measurement unit for 
turbidity is the FTU (formazin turbidity unit). This unit can be used for 
all turbidity sensors which employ formazin (C 2 H 4 N 2 ) as the calibration 
standard. The USEPA uses formazin, but states its measuring units as 
nephelometric turbidity units (NTU). 

 For drinking water suppliers, the following guidelines should be taken 
into account:

   •   Drinking water should have a turbidity of 5 NTU or less. Turbidity of 
more than 5 NTU would be noticed by users and may cause rejection 
of the supply.  

  •   Wherever drinking water is chlorinated, turbidity should be less than 
5 NTU and preferably less than 1 NTU for chlorination to be effective.    

 Therefore, development of a turbidity sensor capable of accurate meas-
urement of both high and low turbidity is essential in water quality analysis. 
A multisensor incorporated turbidity sensor has already been reported by 

  8.14      Turbidity signal conditioning of inexpensive CSIRO turbidity 
sensor for multisensor application. (Reprinted from Ref.  141  with 
permission from Elsevier Science)    
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the Spanish research group.  4   CSIRO used a similar 90-degree scattering 
optical method in its turbidity sensor. It allows small standalone or fl ow-
through cells to be mounted on either a multisensor or as part of an on-line 
fl ow-through manifold system, as illustrated in Fig.  8.14 . The electronics of 
the sensor has been simplifi ed to reduce the manufacturing cost and keep 
it at less than $150. Figure  8.15  shows some data for the low- and high-
turbidity range for the CSIRO sensor at 23 °C.  6   It has a resolution of 
0.1 NTU and can measure in the range 1–2000 NTU with reasonable linear-
ity. Figure  8.15 a provides turbidity measurement data in the 1.0–150 NTU 
range and Fig.  8.15 b is a magnifi ed section covering 1.0–13.0 NTU turbidity 
measurements. The light source is an infra-red light-emitting diode (IR 
LED) with a collimating lens system and a photodiode detector. Power to 
the LED has been changed sequentially during turbidity measurement in 
order to demonstrate the output signal intensity. 

  There is clearly a linear relationship between turbidity and output sensor 
mV for both low and high turbidity ranges. Biofouling from a contaminated 
source has been an ongoing issue during the use of the turbidity sensor in 
industrial applications requiring frequent maintenance. Therefore, turbidity 
sensors of an alternative design should be applied in order to minimize the 
impact of frequent calibrations. One approach commonly employed is the 
use of an automatic intermittent wiper. Another is to exploit the mildly 
toxic properties of Cu corrosion products by installing a Cu annulus around 
the window area of the sensor. In the case of the cylindrical cell, it may be 
worth revisiting the original concept with a glass tube. This would isolate 
the LEDs and photodiodes from the test medium and open up the possibil-
ity of a linear cleaning cycle using a plunge/piston device. Non-linearity of 
the turbidity output is usually affected by the absorption of incident light. 
An additional detector in line with the LED may be used to measure 
absorption and apply a correction to the displayed turbidity. This would be 
most easily implemented in the cylindrical cell. In fact, all sensor 
modifi cations should be tested to the requirements of the ISO Standard 
15839-2003 outlining performance testing requirements for water quality 
sensors.  138    

  8.6     Solid-state dissolved organic carbon 

(DOC) sensors 

 Dissolved organic carbon (DOC) is generally defi ned as organic matter that 
is able to pass through a fi lter which removes material between 0.70 and 
0.22 mm in size. Determining the concentration of DOC in an aqueous 
solution, such as a sample of waste water or potable water, is important in 
diverse fi elds including pollution abatement and industrial processing 
situations.  139   This is particularly valuable to Australia as a prolonged 
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  8.15      Measurements of high (a) and low (b) turbidity ranges at 23 °C. 
(Reprinted from Ref.  6  with permission from IOP Publishing)    
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drought since 2000 has resulted in increased adoption of recycled water to 
alleviate the environmental strain. CSIRO recently fi nished development 
of an inexpensive hand-held device for monitoring traces of DOC in 
aqueous solutions.  140   The patented DOC sensor has an innovative design 
based on an UV255 LED as the light source, a refl ecting mirror and an 
UV-sensitive photodiode as detector. A general view of the hand-held 
device together with the signal conditioning box and a diagram showing the 
main components is given in Fig.  8.16 .  141   The main body (1) incorporates a 
UV255 LED (4) as the light source and a UV photodiode (5) as the 
detector in the housing (6), whilst the outer sleeve (2) houses a glass refl ect-
ing mirror (3). Sensor 1 has a front-surface mirror, whereas sensor 2 has a 
back-surface mirror. The front-surface mirror can be a cheaper glass whilst 
the back-surface mirror has to be UV-grade quartz. The mirror at the base 
of the movable sleeve refl ects the UV signal back to the photodiode and is 
secured to the sensor body using a plastic screw, which homes into a captive 
position each time the sleeve is refi tted (this ensures that the path length 
of the absorption cell is constant). The UV photodiode has a current output 

  8.16      Sensor with fi xed outer sleeve (a), signal conditioning box (b) 
and diagram showing main components of the sensor (c). (Reprinted 
from Ref.  141  with permission from Elsevier Science)    
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which the pre-amp converts to a voltage, and the AC signal is fi ltered and 
rectifi ed to produce an analogue output voltage that is proportional to 
transmission intensity. 

  Laboratory trials revealed that the new hand-held device exhibited 
a good linear absorbance with DOC from 5 to  ∼ 100 ppm, as illustrated in 
Fig.  8.17 a.  141   However, the most interesting results were obtained at the 
ppb level, where the sensor ’ s detection limit was established at  ∼ 10 ppb of 
DOC.  140   C 8 H 5 KO 4  was used for calibration purposes. Some tests were con-
ducted on water taken from CSIRO laboratory taps and some on recycled 
water from the Melbourne Hunt Club site. Samples were measured with 
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  8.17      (a) Absorbance of DOC detected by a hand-held UV255 sensor 
in water at 20 °C. (b) Effect of turbidity on absorbance of newly-
developed hand-held UV255 sensor. (Reprinted from Ref.  141  with 
permission from Elsevier Science)    
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the DOC sensor and compared with values obtained when measured using 
a commercially available UV-Vis spectrometer. Very good correlation was 
found as presented in Table  8.4 .  141   

   However, during fi eld trials it was also established that turbidity does 
affect absorbance readings and therefore provides a false ‘high’ concentra-
tion. Rise in turbidity (from 0 to 15 NTU) increases absorbance and requires 
compensation. Possible use of a 20 wavelength system (Fig.  8.17 b) could 
alleviate errors. Consequently, if DOC has to be measured in high-turbidity 
solutions such as waste water, the testing solution has to pass through a 
1  μ m fi lter prior to measurement. Therefore, the best analysis of the water 
can be achieved if the hand-held DOC sensor is used in conjunction with 
the turbidity sensor.  

  8.7     Solid-state dissolved metal ion sensors 

 Modern environmental monitoring requires simultaneous on-site measure-
ments not only of major water quality parameters (pH, DO, conductivity, 
turbidity, temperature, etc.) but also a number of different dissolved chemi-
cal species. Heavy metals in surface water systems can be from natural or 
anthropogenic sources. At the beginning of the 21 st  century, anthropogenic 
inputs of metals exceed natural inputs. Excess of heavy metals in the surface 
water may pose a health risk to humans and to the environment. The EPA 
and World Health Organization (WHO) set maximum contaminant levels 
in drinking water supplied to municipal population.  141   When a standard or 
guideline is exceeded in the municipal or community water system, the local 
authority is required to take proper action to improve water quality level 
including treating the water through fi ltration or aeration, blending water 
from several sources to reduce contaminants, including inorganic chemicals 
such as metals, salts and minerals. 

 These substances occur naturally in geological structures or are some-
times caused by mining, industrial and agricultural activities. Based on 

 Table 8.4      Correlation of DOC measurements between the hand-held DOC 
sensor and commercial spectrometer  141    

Water type

Hand-held sensor 
Calculated from std 
additions curve DOC (ppm)

Commercial 
spectrometer 
DOC (ppm)

Recycled – Hunt Club 25.2 23.1
Tap – Lab G.07 2.16 2.0
Drinking fountain 0.25 0
Tap – Lab 1.61 3.06 3.0
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WHO recommendations, all dissolved metals in raw water should be moni-
tored at least four times in a year. Usually raw water comes from sources 
such as lakes, reservoirs and streams and groundwater. The raw water will 
go through some processes in the water treatment plant, such as coagulation 
or fl occulation, sedimentation, fi ltration, stabilization, fl uoridation, chlo-
rination and fi nally, before allowing water to be used in the residential area, 
water will be tested for a few contaminants again. This is to ensure that the 
drinking water distributed is safe for public consumption. Based on EPA 
and WHO recommendations, the acceptable values of different dissolved 
metals in untreated and drinking waters are presented in Table  8.5 .  141   It has 
to be noted that the WHO guidelines have been strengthened since 2000 
toward lower acceptable concentration levels of the major dissolved metals. 
For example, the legal acceptable limit for lead (Pb) in drinking water has 
been decreased from 0.05 ppm in 1995 to 0.01 ppm in 2010. 

  A classic approach to this problem is to use a selective solid-state sensor 
for each chemical species, and many solid-state sensors for detection of 
dissolved heavy metals have been developed to date. However, in complex 
aqueous solutions, sensors tend to lose their own specifi city and their 
response is no longer directly related to the concentration of the species 
for which they have been designed, as they are infl uenced by the presence 
of other species.  142   As an alternative, multicomponent analysis is an analyti-
cal procedure allowing the extraction of qualitative and quantitative 
information from an array of non-selective sensors matched with a suitable 
data analysis procedure.  71,76   Multicomponent analysis provides a sensor 
array model from a calibration dataset, which should be large enough to 
cover the concentration range of each species and to cope with non-linearity 
in the sensor responses. 

 Table 8.5      WHO guidelines for acceptable values of metal content in raw water 
and in drinking water after treatment  141    

N/N
Contaminant and unit 
of measurement

Acceptable value 
in raw water

Acceptable value 
in drinking water

1 Arsenic (mg/L) 0.01 0.01
2 Cadmium (mg/L) 0.003 0.003
3 Lead (mg/L) 0.05 0.01
4 Chromium (mg/L) 0.05 0.05
5 Zinc (mg/L) 3.00 3.00
6 Copper (mg/L) 1.0 1.0
7 Mercury (total) (mg/L) 0.001 0.001
8 Magnesium (mg/L) 150 150
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 Many data analysis techniques can be utilized to disentangle the informa-
tion from sensor array outputs; they can be grouped into four classes: chemo 
metrics, artifi cial neural networks, non-linear least squares and exotic 
methods (such as genetic algorithms or multidimensional splines). During 
the last few years, the potential ability to perform measurements of con-
centrations of a number of chemical species in complex solutions has 
resulted in a number of devices called ‘Electronic tongue’ (E-tongue) for 
monitoring dissolved metal ions in complex solutions.  67–83   

 The E-tongue is an analytical measuring device comprising an array of 
potentiometric chemical solid-sate sensors with relatively low selectivity, 
albeit high sensitivity to several components of a solution (cross-sensitivity), 
and an advanced data processing engine such as pattern recognition or 
multivariate calibration.  82   Since 2000, most E-tongues have proven to be 
very promising devices for rapid and precise simultaneous monitoring of 
dissolved heavy metals in different complex solutions.  81,83   So far, the most 
promising SE materials for construction of an E-tongue for a particular 
application are the chalcogenide glass SE for monitoring Ag  +  , Tl  +  , Cu 2 +  , Pb 2 +  , 
Cd 2 +  , Hg 2 +  , Fe 3 +  , Cr(VI), the crystalline SE for monitoring Fe  −  , Cl  −  , Br  −  , I  −  , 
CN  −  , CNC  −   and the PVC plasticized SE for monitoring K  +  ,  NH4

+   , Ca 2 +  , 
 NO3

−   , Na  +  , Mg 2 +  , Cl  −  , Zn 2 +  ,  CO3
2−    ,  SO4

2−   ,  NO2
−   . Table  8.6  summarizes the 

technical characteristics of these electrodes.  141   
  Unfortunately, very limited information with regard to the design of 

E-tongues is available in recent publications, as they have not yet reached 
the level of industrial acceptance. Most of the published data represent 
measurements performed in different laboratories and under various condi-
tions. Consequently, further development is required in order to re-design 
available E-tongues to fi t most industrial requirements. Figure  8.18  shows 
an example of a potentiometric E-tongue using a sequential injection analy-
sis (SIA) fl ow system and an array of ion-sensitive electrodes (ISEs).  143,144   

  It is clearly presented in Fig.  8.18  that the modern E-tongue is a complex 
system requiring further modifi cation. However, the results obtained so far 
indicate that the E-tongue is capable of simultaneously measuring dissolved 
Cd 2 +  , Pb 2 +   and Cu 2 +   even at sub-micromolar level, as illustrated in Fig.  8.19 . 
Some inaccuracy, however, was observed for the Cd 2 +   monitoring, especially 
at the lower concentration levels.  143   This could be attributable to the strong 
interfering effect that Pb 2 +   and Cu 2 +   ions had on the Cd 2 +   sensor, as already 
evaluated in the sensor characterization stage. Nevertheless, the determina-
tion of Cd 2 +   at the sub-micromolar level was still possible. In order to 
improve the results and reduce the dispersion observed, a more selective 
Cd 2 +   sensor would be needed. Another option would be to enlarge the 
sensor array, incorporating sensors with different properties or replicating 
the sensors in order to increase the available information. Aside from the 
external test set, an extra comparison employing synthetic samples was also 
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  8.18      Potentiometric E-tongue using sequential injection analysis 
fl ow system used in this work. (1) 8-way valve; (2) automatic 
microburette; (3) holding coil; (4) buffer reservoir; (5) stock solutions 
of metals; (6) mixing cell; (7) ISEs array; (8) reference electrode; 
(9) multipotentiometer. (Reprinted from Ref.  143  with permission 
from the Elsevier Science)    
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performed. These samples were processed using the SIA system, their 
signals acquired, and then interpolated in the response model generated. 
Samples used in this validation process were eight synthetic mixtures pre-
pared manually under laboratory conditions with arbitrary concentrations 
of the three metals in the fi nal range considered. The general sensitivity 
trend is satisfactory, with slopes and intercepts close to 1.0 and 0.0 and with 
correlations also being highly signifi cant. Again, Cd 2 +   metal is the species 
with limited performance, especially with a somewhat poorer correlation, 
which does require further improvement.   

  8.8     Future trends 

 This chapter has surveyed modern solid-state sensors for water quality 
monitoring and trends in their development. Although miniature, inexpen-
sive water quality sensors reported to date have shown excellent sensing 
performances, generally they remain as prototypes used in laboratory 
studies to explore new possibilities in water sensing. Despite promising 
performance in controlled laboratory conditions, these sensors have yet 
to be tested for long-term stability and antifouling resistance, which are 
prerequisites to industry acceptance. 
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  8.19      Comparison of obtained vs expected results provided by the 
proposed E-tongue for the test samples (those not participating in 
training) for Cd 2 +   (a), Cu 2 +   (b) and Pb 2 +   (c) ions. (Reprinted from Ref. 
 143  with permission from Elsevier Science)    
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 The results presented above testify that structural and morphological 
modifi cations of nanostructured complex oxide SEs have real potential 
to improve various sensor characteristics, such as selectivity, sensitivity, 
response and recovery rates, and to design SEs for chemical sensors with 
desirable consumer properties. An analysis of current research dedicated 
to the development of new complex oxide SEs shows that an understanding 
of the nature and mechanism of various processes responsible for improve-
ment of the sensor characteristics remains a priority, and no doubt more 
fi ndings will be made in years to come.  8   Consequently, although the addition 
of the second phase to the SE by doping seems to be a reasonable approach 
for achieving better selectivity and sensitivity, the process for choosing the 
dopant becomes a challenge owing to the lack of basic understanding. 
The particular properties of the grain boundaries and segregation layers of 
the complex nano-oxides with respect to their ionic and electronic defect 
concentrations offer many possibilities to modify the transport behaviour 
and electrochemical characteristics of SEs and their interfaces.  54   Decreasing 
the crystalline size into the nanometer range is a straightforward method 
to prepare SE materials with properties that are dominated by their inter-
faces, i.e. by surface and space charges. A great deal of the present interest 
lies in the development of new techniques for preparation, analysis and fi ne 
tuning of nanostructured materials. Therefore, based on the information 
given above, it has become evident that increasing efforts in basic studies 
for better understanding of the sensing mechanisms is essential for making 
progress in developing solid-state chemical water quality sensors acceptable 
for practical use. 

 It is necessary to admit that no universal solution exists for simultaneous 
optimization of all sensors characteristics. Basically, an improvement of one 
parameter is often accompanied by worsening of another.  84   Therefore, one 
should always seek a compromise in the development of multisensor designs 
for synchronic measurement of various water quality parameters. The com-
bination of atomic-scale resolution of surface modifi cation techniques 
with high lateral resolution offers a great chance for understanding and 
optimization of the electrochemistry of nanostructured SE interfaces. 

 Thus, further development of new solid-state chemical sensors for envi-
ronmental monitoring is likely to be focused on even higher levels of per-
formance and reliability. Hopefully, new device concepts and advances in 
nanotechnologies based on improved theoretical understanding of both 
surface processes and mechanisms on the complex oxide interfaces will 
result in stable, inexpensive devices with enhanced characteristics capable 
of meeting stringent industrial demands. 

 All the presented examples of the design and characteristics of sensors 
have highlighted that the solid-state chemical sensors for environmental 
monitoring based on nanostructured complex oxide SEs need to be further 
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modernized to have specifi c  built-in  features (like antifouling resistance in 
water quality sensors) to ensure their high sensing characteristics and long-
term stability. In this regard, electrochemical solid-state sensors based on 
metal oxide nanostructures offer several advantages. These devices are 
comparatively simple in design, inexpensive in mass-production and exhibit 
high sensitivities and detection limits. It is clear that the microstructure and 
interfacial properties of nanostructured SEs need to be optimized in order 
to enhance the sensing performance. Turbidity, conductivity, DOC and dis-
solved metal ions measurements have revealed that these instruments are 
capable of measuring both high and low ranges with reasonable linearity. 
Planar, thin- and thick-fi lm sensors based on complex oxide nanostructures 
are expected to reinforce their place in the environmental monitoring 
market owing to their chemical robustness and potential for implementa-
tion in wireless sensor networks. Thus, careful screening and selection of 
the appropriate semiconductor oxide and its dopant for the developing SE 
material must be completed in order to improve and optimize desirable 
sensor properties. Furthermore, future developments of antifouling tech-
nologies must incorporate multiple defence strategies to achieve high anti-
fouling resistance against multiple species. 

 Finally, although the individual and multicomponent sensors reviewed 
have been shown to be an excellent sensing platform for environmental 
control in the new generation of wireless sensor networks, all of these 
instruments have yet to be tested in the fi eld to demonstrate that they are 
suitable for use by industry. 

 Consequently, the development of a new generation of environmental 
sensors based on nanostructured semiconductor SEs is inseparably con-
nected with the development of wireless sensor networks. This joint research 
area will continue to benefi t from the latest contributions from various 
disciplines, such as analytical and inorganic chemistry, materials science and 
nanotechnology, electrical, RF and computer engineering, nanofabrication 
and packaging, and many other disciplines. However, implementation of the 
positive results of this joint research will be dependent on system design 
and integration aspects, successful interdiscipline collaborations and trans-
fer of the sensor networks concepts from laboratory demonstrations to 
diverse end-use applications. In this regard, fi eld tests of the laboratory 
prototypes of sensors combined with integrated wireless sensor networks 
should be commenced as early as possible in joint research process.  145    
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  Plate XXIII      (Chapter 8) AFM 2D and 3D images of the surface of 
20 mol % ZnO-doped RuO 2 -SE sintered at 800 °C: (a) low magnifi cation; 
(b) analysis of grain depths; (c) high magnifi cation.    
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