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Preface

This book is devoted to the technology of organic transistors. First reported twenty
years ago, organic transistors quickly became a focus of intense research and devel-
opment not only in academia, but in a rapidly increasing number of industrial lab-
oratories. In fact, the initial reports on organic transistors originated from Japanese
corporate research groups, and the first integrated circuits based on organic tran-
sistors were developed by Philips. Meanwhile, an astonishing number of university
groups and non-corporate research centers have engaged in organic electronics re-
search and have made critical contributions in many important areas such as
device physics, materials chemistry, process optimization, and novel applications
aspects.

For this volume, 42 authors representing 18 research groups in France, the
United States, Canada, Germany, Great Britain, Austria, The Netherlands, and
Japan have pooled their knowledge, experience and insights to provide a fascinat-
ing look at today’s organic electronics landscape and project its future. The content
of the book displays a striking balance between contributions from industry and
academia, which evolved naturally in the early stages of the project. The signifi-
cant number of crucial contributions from industry stands as a testament both to
the progress made in developing the technology in corporate environments as well
as to the continued commercial interest, while the remarkable body of work from
universities and non-corporate centers is critically important to illuminate some of
the fundamental problems that remain to be solved and to accelerate the advance-
ment of a broad range of novel routes that may prove vital to the ultimate success
of organic electronics.
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1
Organic Transistors

Gilles Horowitz

1.1
Introduction

Although the beginning of the electronics age was marked by Karl Braun’s cathode
ray tube (1897) and Ambrose Fleming’s vacuum rectifier (1904), it was actually
launched by Lee de Forest’s vacuum-tube “triode” (1906); by including a “grid” be-
tween the anode and the cathode, the triode transformed the rectifier into an am-
plifier, thus making radio communications and long-distance telephone a reality.
The vacuum triode had its limitations, however — it was fragile, rather slow, diffi-
cult to miniaturize, consumed too much energy and produced too much heat.
The idea of replacing the triode with a solid-state device offering an alternative to
the thermionic principle can be traced back to the mid-1920s. In October 1926,
Julius Edgar Lilienfeld filled a patent describing an “apparatus for controlling
the flow of an electric current between two terminals of an electronically con-
ducting solid by establishing a third potential between said terminals” [1]. He
probably never got his device to work, and his patent went into obscurity. It
was not until thirty years later that this early concept could be successfully dem-
onstrated. This was not with the celebrated Bardeen and Brattain’s “point-contact”
transistor (1947), nor with Shockley’s bipolar transistor (1948) — both devices were
based on different principles. Actually, nearly fifteen more years of material tech-
nology research were needed to finalize the silicon-silicon dioxide metal-oxide-
semiconductor field-effect transistor (MOSFET) [2]. Today, MOSFETs dominate
our environment; there are millions of them in the processors used in personal
computers, cellular phones, and many other microelectronic devices. The success
of MOSFETs actually rests on a continuous improvement in the handling of one
semi-conducting material, silicon.

Besides their numerous technological applications, FETs have also been used as
tools for studying charge transport in solid materials; this is because the device
gives direct access to charge-carrier mobility. A celebrated example of such a con-
cept is with hydrogenated amorphous silicon (a-Si:H). For this, an alternative archi-
tecture was employed, the thin-film transistor (TFT) [3], which differs from the
MOSFET in that the conducting channel is induced in the accumulation regime
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rather than through the formation of an inversion layer. The first a-Si:H TFTs were
actually designed to measure the mobility of the material, which was at that time
difficult to access by other techniques [4, 5]. It was only later that the technological
importance of the device was recognized in applications in which large area is re-
quired and where single crystalline silicon can no longer be used. Today, a-Si:H
TFTs play a crucial role in active-matrix liquid-crystal displays (AM-LCD).

Organic semiconductors have been identified as early as the late 1940 [6].
Because they are low mobility materials, the TFT structure is well suited to these
solids. Apart from a handful of isolated preliminary reports [7-9], however, work
on organic thin-film transistors only emerged in the late 1980s on both polymers
[10, 11] and small molecules [12, 13]. Because of the poor performance of these
initial devices, interest in organic thin film transistors (OTFTs) remained limited
to a small number of academic groups for nearly ten more years. During that pe-
riod, much research effort was devoted to improving the charge-carrier mobility;
several review papers can be consulted to learn of this quest for better materials
and device structure [14-18]. It is only when the mobility of organic semiconduc-
tors approached, and even surpassed, that of amorphous silicon [19] that several
industrial groups decided to embark into research programs on OTFTs.

The availability of organic semiconductor devices may open the way to com-
pletely new set-ups, fabrication processes, and applications. Thus, one can envisage
processing of organic materials by printing, which enables high-volume, low-cost
production. New products include radio-frequency identification (RFID) tags [20],
that might replace the optical bar code found on nearly all consumer goods today,
single-use electronics, low-cost sensors, and flexible displays.

The purpose of this introductory chapter is to give a general overview of the
topic. Emphasis will be made on recent leading advances in terms of materials
and device fabrication, together with the development of models that help under-
standing of what controls the operating mode of the device, thus opening ways at
improving its performance. It is worth pointing out that although organic semicon-
ductors have been identified for more than half a century, the field of organic elec-
tronics is still in its infancy. Accordingly, a general consensus has not yet been
achieved on several basic points. The reader should therefore keep in mind that
on many points, the opinion reported here is that of the author, and may differ
from what is found elsewhere in this book.

1.2
Overview of the Organic Thin-film Transistor

1.2.1
Are Organic “Semiconductors” Real Semiconductors?

Asking this question may sound provocative in a book devoted to “‘organic elec-
tronics”. Actually, one would first ask the question “what is a semiconductor?” In
most current dictionaries, a semiconductor is still defined as “a nonmetallic solid
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that has electrical conductivity between that of a conductor and an insulator”. Ac-
cording to several sources, the first occurrence of the word (“Halbleiter” in Ger-
man) dates back to 1911 [21], at a time when electrical conduction in solids was
not fully understood. Classical physics served well at accounting for electrical con-
duction in metals, but was contradicted by the “anomalous” behavior of various
non-metals, among which were silicon and a variety of binary compounds, for ex-
ample oxides and sulfides. The “anomalous” phenomena associated with these
materials, for which the word “semiconductor” was invented, included the positive
variation of conductivity with temperature, photoconductivity, rectification, and
photovoltaic effect. The puzzle was only resolved with the advent of quantum me-
chanics and the subsequent development of the band theory of solids [22]. The fol-
lowing definition, more in accordance with our current state of knowledge, can be
found in a “modern” encyclopedia [23]: “A semiconductor is a material that is an
insulator at very low temperature, but which has a sizable electrical conductivity at
room temperature. The distinction between a semiconductor and an insulator is
not very well-defined, but roughly, a semiconductor is an insulator with a band
gap small enough that its conduction band is appreciably thermally populated at
room temperature.” “Semi-insulators” would certainly be a more appropriate des-
ignation of these materials, but it is too late for such a correction.

The above definition is actually that for intrinsic semiconductors. What make
semiconductors so useful in electronics, however, is that their electronic properties
can be altered in a controllable manner by adding tiny amounts of an advisedly
chosen impurity. This is the well-known process of doping, which is related to the
notion of extrinsic semiconductors.

The difference between intrinsic and extrinsic semiconductors is illustrated in
Fig. 1.1, which represents the energy diagram of metals, insulators, and semi-

conduction conduction
band band
= | conduction
A band
i ity |
condiichin g + |mpur|ty-r¢evel
band level ; -
impurity level valence
band
valence valence
band band

insulator and
metal intrinsic
semiconductor

n-type p-type
semiconductor semiconductor

Fig. 1.1. Energy diagram of a metal, an insulator, and an extrinsic semiconductor.
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conductors, as pictured in the framework of the now well-accepted band theory of
solids. The theory delineates a clear distinction between a metal, which has a
partially-filled conduction band, and an insulator characterized by a filled valence
band and an empty conduction band. An insulator is, however, only perfectly insu-
lating at T = 0 K. As soon as its temperature is elevated, electrons can be thermally
excited from the valence band to the conduction band. Because electrical conduc-
tion can occur in partially filled bands, both bands contribute to conduction. Be-
cause thermal energy is low (kT = 25 meV at room temperature), this thermally
activated conduction can only be observed in a low energy-gap insulator, also
termed intrinsic semiconductors.

Doping a semiconductor results in induction of localized energy levels close to
the conduction (n-type doping) or valence (p-type doping) band edge. Accordingly,
the energy required to promote an electron (a hole) in the conduction (valence)
band is substantially lowered, to a level comparable with thermal energy. The tem-
perature dependence of the conductivity of a typical doped (extrinsic) semiconduc-
tor is shown in Fig. 1.2. The curve contains three separated domains. At high tem-
peratures the intrinsic domain is characterized by thermally activated behavior. The
intermediate domain is the so-called saturation (or exhaustion) regime in which
the conductivity is practically temperature-independent. Finally, at low temperature
the carriers are frozen. In terms of electronic devices, the only domain of interest is
the exhaustion regime, where the density of charge-carriers practically equals that
of the dopant.

At this stage, it is essential to note that doping requires high purity. Actually,
with the notable exception of electronic grade silicon and a few other inorganic
compounds used in microelectronics, most semiconductors contain approximately
equal amounts of n and p-type doping impurities; such materials are termed com-
pensated and behave much like intrinsic semiconductors. Almost all organic semi-
conductors belong to that category. In particular, the effect of intentional doping in
organic semiconductors only appears for large densities of dopant (a few percent,
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Fig. 1.2. Arrhenius plot of the temperature-dependent
conductivity of an extrinsic semiconductor.
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compared with ppm, or even less, in silicon). At this level, “doped” organic semi-
conductors are conductors rather than semiconductors, and are useless for making
electronic devices.

In conclusion, we can state that organic semiconductors are closer to insulators
than to semiconductors. Despite several claims, no definitive evidence has been ob-
tained for the possibility of “‘microelectronic grade” doping of organic semiconduc-
tors, mainly because the purity of these materials is still too low. Their potential in
constituting the basis of electronic devices is, however, now well established. This
was made possible by using an alternative means of inducing charge-carriers,
namely injection from electrodes. As we shall see in the following discussion, this
new concept implies that the very notion of n and p-type must be redefined.

1.2.2
Thin-film Transistor Architecture

The structures of OTFTs have several variants. Roughly speaking, a TFT is made of
three parts — an insulator, a thin semiconducting layer, and three electrodes. Two of
the electrodes, the source and the drain, are in direct contact with the semicon-
ductor; the third, the gate, is isolated from the semiconductor by the insulator. The
structure of the device is dictated not only by its operating mode, but also by issues
arising from its fabrication. The basic fabrication scheme consists of piling up thin
films of the different elements. Because most organic semiconductors are fragile
materials, the deposition of organic semiconductors on the insulator is much
easier than the converse. So the large majority of current OTFTs are built according
to the bottom-gate architecture, which in turn declines in two alternatives depicted
in Fig. 1.3, top contact (TC) and bottom contact (BC). Each of these structures has
its advantages and drawbacks. In the BC structure, contacts are deposited on the
insulator; if the latter is an inorganic oxide for example silicon oxide, the electrodes
can be patterned by means of microlithographic techniques. This is not possible
with TC architecture; with this architecture contacts are deposited through shadow
masks, with substantial loss of resolution. On the other hand, contact resistance
has been reported to be lower in TC than BC.

(a) (b)
sourceI I drain
source ; drain 7
e serplconductor — serplconductor
insulator insulator
gate gate

Fig. 1.3. Schematic view of the structure of organic thin film
transistors. Both structures are top-gated. (a): Bottom contact
(BC); (b): Top contact (TC).
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Fig. 1.4. Output (a) and transfer (b) characteristics of a typical
OTFT. The inset shows the molecular structure of pentacene,
which serves as semiconductor in the device.

1.2.3
Operating Mode

To demonstrate the operating mode of the OTFT, a typical set of current-voltage
characteristics are shown in Fig. 1.4. These curves were measured on a device
made of pentacene, the chemical structure of which appears in the inset, with
gold source and drain electrodes. The energy scheme in Fig. 1.5 indicates the re-
spective positions of the Fermi level of gold and the frontier orbitals (highest occu-
pied molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO)
of pentacene. Data for pentacene were taken from Ref. [24]. Throughout the fol-
lowing discussion the source serves as the reference (grounded) electrode.

When a positive voltage is applied to the gate, negative charges are induced at
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Fig. 1.5. Energy scheme of the gold-pentacene interface [24].

the source. As can be seen in Fig. 1.5, the LUMO level of pentacene is quite far
away from the Fermi level of gold, so there is a substantial energy barrier for
electrons and electron injection is very unlikely. Accordingly, no current passes
through the pentacene layer and the small current observed in Fig. 1.4(a) essen-
tially comes from leaks through the insulator. In contrast, when the gate voltage
is reversed to negative, holes are easily injected because the Fermi level is close to
the HOMO level and the barrier height is low. A conducting channel forms at the
insulator—semiconductor interface and charge-carriers can be driven from source
to drain by applying a second, independent, bias to the drain. Because holes are
more easily injected than electrons, pentacene is said to be p-type. Note that this
concept differs from that of doping in conventional semiconductors. Symmetri-
cally, an organic semiconductor is said to be n-type when electron injection is
easier than hole injection, which occurs when the LUMO is closer to the Fermi
level than the HOMO. Note that in the terminology of organic light-emitting di-
odes, these two classes of materials are often designated “hole transport” (or hole-
injecting) and “electron transport” (or electron-injecting) materials.

Basically, the thin-film transistor operates like a capacitor; when a voltage is ap-
plied to the gate an equal (but of opposite sign) charge is induced at both sides of
the insulator. On the semiconductor side this charge forms a conducting channel,
if the charge-carriers can be injected into the semiconducting material; because the
conductance of the channel is proportional to the charge, it is also proportional to
the gate voltage. At low drain voltage, the current follows Ohnt's law; it is therefore
proportional to both the gate and drain voltages. As the drain voltage increases, the
voltage drop at drain decreases to a point at which it falls to zero. At this point,
which occurs when the drain voltage approaches the gate voltage, there is a pinch
off of the channel, and the channel current becomes independent of the drain bias.
This regime is called the saturation regime. The gradual transition from the linear
to the saturation regime is clearly shown in Fig. 1.4(a). The curve in Fig. 1.4(b) is
the transfer characteristic; it shows than the device has a high on—off ratio, which
makes it very useful in logic circuits.

The linear and saturation current can be quantified by use of Egs. (1) and (2),
which are derived on the basis of two assumptions:

9
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1. the electric field along the channel is much lower than that across it. This is the
so-called gradual channel approximation, which is valid when the distance be-
tween source and drain is much larger than the thickness of the insulator; and

2. the mobility, 4, is constant.

w

Iplin = Tﬂci(vc - Vo)¥p (1)
w

Ipgat = ﬁﬂci(VG - VT)Z (2)

where W and L are the channel width and length, C; is the insulator capacitance
per unit area, Vg and Vp are the gate and drain voltages, and Vr the threshold volt-
age that takes into account various potential drops through the gate—insulator—
semiconductor structure. The limitations of using these over-simplified equations
to estimate the mobility will be detailed below.

1.2.4
Thickness of the Channel

From the very beginning, two classes of material have been used in organic field-
effect transistors — conjugated polymers and small molecules. The best perfor-
mance has been obtained with materials belonging to the latter category. Conju-
gation means that the carbon backbone has alternating single and double bonds,
which confers stiffness to the molecules, so they can be regarded as rigid rods. In
the solid state, these rods tend to pack parallel to each other, thus forming layers,
the width of which roughly equals the length of the molecule. The crystal structure
of pentacene [25, 26|, shown in Fig. 1.6, perfectly illustrates this arrangement. Typ-
ical values for the thickness of a monolayer range between 1.5 and 3 nm.

Fig. 1.6. Crystal structure of pentacene.
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gate ©

Fig. 1.7.  Arrangement of the molecules in the conducting
channel of an OTFT made of short conjugated molecules.

Because molecules located in the same layer are much closer to each other than
those situated in different layers, charge transport is expected to be much more ef-
ficient in the direction along the layers than across them. This has largely been
confirmed by X-ray diffraction measurements on sexithiophene-based devices 27,
28], which indicated that the highest performance is attained when molecules are
standing upright on the insulator. Similar behavior was found for pentacene [29,
30]. This is illustrated in Fig. 1.7, in which the molecules are depicted as short
rods.

Let us now turn to the thickness of the conducting channel. The concept of
thickness is not that obvious, because the actual distribution of charge-carriers de-
creases continuously from the insulator—semiconductor interface to the semicon-
ductor bulk, so one can more sensibly speak of an effective thickness. The distribu-
tion can be estimated by resolving Poisson’s equation (Eq. 3):

vV p(x)
dx? g ®

where V is the potential, x the direction perpendicular to the channel, p the density
of charge, and ¢, the permittivity of the semiconductor. There is no analytical solu-
tion of Poisson’s equation for the metal-insulator—semiconductor structure. An ex-
ample of numerical solution can be found in Ref. [31]. A satisfactory approximate
solution in the accumulation regime is given by Eq. (4):

_px) _ (GVe)’ x \*
n(x) = g 2kTe, <1 + \/ZLD> (4)
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where n(x) is the charge-carrier density and g the charge on the carriers. The Debye
length, Lp, is given by:

B V2kTe,

Iy = 222
> qCiVg

(5)

where k is Boltzmann’s constant and T the temperature. The charge distribution
was first derived by Mott and Gurney [32]. The Debye length can be viewed as a
rough estimate of the thickness of the channel. Typical values of this “effective”
thickness range between 0.1 and 1 nm, which is substantially lower than the thick-
ness of a monolayer. For this reason, it is often stated that practically all the charge
of the channel resides in the first monolayer next to the insulator—semiconductor
interface [34].

At least two facts may temper this simple description, however. First, Eq. (4)
indicates that the density of charge-carriers decreases with distance according to
an inverse square law; this is a long-range law, which might imply that the density
of charge remains non-negligible even far from the insulator-semiconductor inter-
face. The second argument stems from the layer structure of the semiconducting
film. Because the charge-carrier density in the conducting channel is less than one
charge out of ten molecules, it is most likely that each charged molecule only bears
one elemental charge (electron or hole). Quantum mechanical calculations have
shown that in short conjugated molecules the additional charge almost uniformly
spreads over the whole entity [33], which leads us to the conclusion that the actual
distribution of charge-carriers in the film is not continuous; instead, it presents the
staircase shape shown in Fig. 1.8, where the width of each step equals that of one
monolayer.

Charge density

Distance

Fig. 1.8. Charge distribution across the conducting channel of
an organic TFT. The width of each step corresponds to one
monolayer.
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Let d be the thickness of a monolayer and n the total number of layers (that is,
the thickness of the film divided by d). The layers are numbered starting from the
insulator—semiconductor interface. To estimate the density n; (per unit area) of
charge-carriers in the ith layer we apply Gauss’s law to a cylinder of unit cross sec-
tion limited by the boundaries between the ith layer and each of its neighboring
layers. For a long channel device, the electric field F is perpendicular to the film,
and we have:

Frq—F=—1% (©)

&

where F; is the module of the electric field at the boundary between the ith and the
(i + 1)th layers. The variation of the electric field F and electrical potential V in the
direction perpendicular to the layers is obtained by rewriting Poisson’s equation
(Eq. 3) as:

dF _ gn(x)
dx & 7)
where
dv
F=-4 (8)

Because the density of charge is constant in each layer, the electric field varies
linearly with distance between two boundaries, which implies, in turn, that the
variation of the potential is quadratic within the same limits. Furthermore, we as-
sume that charge transfer between adjacent layers is sufficiently efficient that the
distribution of charge-carriers in the whole film is at thermodynamic equilibrium.
Assuming Boltzmann’s statistics holds, which is true as long as the charge density
remains much lower than the density of molecules, this yields:

= exp {—E(Vi - VM)} 9)

After some manipulations, the following series of equations is obtained:

N = Nip1 €Xp d—qz hiza) + i n; (10)
o kTes \ 2 P J

Although there is no analytical solution to Egs. (10), a numerical calculation is
easily performed by starting from a given density in the nth layer and cascading
down to the first layer. The gate voltage is connected to the n; values by:

13
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Fig. 1.9. Variation of the potential drop at the insulator—
semiconductor interface as a function of gate voltage for two
values of the insulator capacitance.

n

Ci(Ve— Vo) =gy _m (11)

1

where Vs = Vi, is the potential at the insulator-semiconductor interface, which is
obtained by multiplying Eqs. (9) from i = 1 to i = n, with the boundary condition
Vn+1 =0

Vs:k—TlnE
q My

(12)

The variation of the interface potential as a function of gate voltage is shown in
Fig. 1.9. The value of the gate voltage is calculated for two values of the insulator
capacitance, 10 and 100 nF cm™2. In most practical cases the actual value lies be-
tween these numbers, so it can be stated that V; can be neglected in Eq. (11).

Figure 1.10 shows the variation of the ratio of the density of charge-carriers in
the first layer to the total density ni = >_ n; as a function of the total density of
charge-carriers, which is connected to the gate voltage by Eq. (11). We note that
the statement “all the induced charge resides in the first layer” is only true at
high gate bias. It is worth remarking that at low bias the density of charge-carriers
strongly depends on the thickness of the film (i.e. the number of layers). This can
be understood by noting that the limit at Vg — 0 is simply n; = nit/n for all
values of i. We also note that, even at high gate voltages, a non-negligible part of
the induced charge resides outside the first layer. This is worth mentioning be-
cause variation of the mobility by a factor of ten from sample to sample is not un-
common.
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Fig. 1.10. Calculated ratio of the charge in the first layer to the
total charge in the conducting channel as a function of gate
voltage multiplied by insulator capacitance. The ratio is
calculated for two-layer and ten-layer thin films.

13
Until recently, the issue of contact resistance was hardly mentioned in papers deal-

Contact Resistance
ing with OTFTs because the performance of the devices was so low that the current
flowing between source and drain was only limited by the resistance of the chan-

nel. With improvement of the charge-carrier mobility, this is no longer true; limi-
tations by contact resistance are becoming increasingly crucial, and finding ways to

reduce these limitations has become a key issue.

1.3.1
Contact Resistance Extraction
Access to contact resistance was first sought by modeling. Figure 1.11 shows equiv-
alent circuits used for that purpose. Note that the bottom circuit includes head-to-
toe diodes to account for non-linear contact resistance [35]. The model developed
by Necliudov and coworkers also assumed a gate voltage-dependent mobility (this
point will be discussed in more detail below).
The dependence is accounted for by a semi-empirical law depicted by Eq. (13):
(13)

u = K(VG - VT)V

where K and y are empirical parameters. The width-normalized contact resistance
(i.e. resistance multiplied by channel width) extracted from this model for both top-
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Fig. 1.11.  Equivalent circuit of a TFT including contact
resistance. The bottom circuit also comprises head-to-toe
diodes to account for non-linearity in the contact resistance.

contact and bottom-contact architecture was of the order of 10° Q cm. Data ob-
tained for sexithiophene with TC structure [36] were approximately ten times
larger. The extraction method consists of rewriting Eq. (1) by introducing an addi-
tional voltage drop R.Ip where R, is the contact resistance. This is done by replac-
ing Vp by Vp — RcIp in Eq. (1). After some manipulation we obtain:

In

Vo ((W/L)Ciﬂ(vc — V1) * RC) (14)

A more general approach was adopted by Street and coworkers [37]. To analyze
the effect of contact resistance they add, at both ends of the channel, a small con-
tact region of length d where there is a voltage drop V.. The channel length is then
reduced to L — d and the voltage drop along the whole channel to V. — Vp. In the
gradual channel approximation, the drain current is given by Eq. (15) where V(x)
is the potential at a distance x from the source:

dv
Ip = WCiVe — Vr = V(x)| ¢ (15)
x
Integrating Eq. (15) along the channel yields:
1o = L (v — veyvo - B [ (ve — vy, - 2 (16)
D = »,UL_ Pl G T 2 G T) Ve 2

For an ohmic contact resistance (V. = R.Ip) and d « L, Eq. (16) reduces to Eq.
(14). While the two previous analyses [35, 36] assumed constant contact resistance
and gate voltage-dependent mobility, Street and coworkers make the assumption
that the mobility is constant and find a non-ohmic contact resistance that varies
with gate voltage.
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Fig. 1.12.  Width-normalized resistance as a function of
channel length at gate voltages ranging from —20 to —100 V
[39].

At this stage, a technique that would enable independent access to the channel
and contact resistances is needed. Such a feature is offered by the transfer line
method (TLM) [38-41, 89], a method adapted from a classical technique use to es-
timate contact resistance, and first developed for the amorphous silicon thin-film
transistor [42]. The method consists of measuring the channel resistance for differ-
ent channel lengths. The measured resistance is actually the sum of the channel
and contact resistances. As long as the measurement is performed in the linear re-
gime (small drain voltage) the channel resistance is proportional to L (see Eq. 1)
and the width-normalized (R x W) total resistance is given by:

L
RxW=———+R, xW 17
Ciu(Ve — V) ‘ (17)

The contact resistance is extracted by plotting the width normalized resistance as
a function of channel length. Extrapolation to zero length readily gives the contact
resistance, while the slope of the curve can be used to extract device properties. The
method is exemplified in Fig. 1.12 (taken from Ref. [39]). Each line corresponds to
a given gate voltage. Figure 1.13 shows that the contact resistance is indeed gate
voltage-dependent as assumed by Street [37]. It actually strongly decreases when
the gate voltage increases. Extracting the mobility from the slope of the lines is
not that easy, because this factor actually contains two parameters, mobility and
threshold voltage, so a method of estimating the threshold voltage must first be
found. It has, however, also been shown that the mobility is gate voltage-dependent
[43, 44], even if the exact dependency cannot be undoubtedly determined from the
TLM.
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Fig. 1.13.  Gate voltage-dependent contact resistance as deduced from the data in Fig. 1.11 [39].

Apart from problems in determining the mobility, the TLM has several other
drawbacks. First, it requires measurements on different devices and it cannot be
taken for granted that the channel and contact resistances are strictly similar for
all of them, even if they are prepared during the same run. This is the reason
why scattering occurs when plotting the data, as shown in Fig. 1.12. Next, the
validity of Eq. (17) requires contact resistance not to depart from Ohmi's law. In
other words, the method cannot be used if contact resistance is non-linear. It
must also be noted that, as the method requires measurements in the linear
regime, that is, at low drain voltages, it is very sensitive to leaks through the in-
sulator. Finally, the method cannot be used to make a distinction between the con-
tact resistance at the source and that at the drain. This last point is important —
theoretical modeling has shown that for ideal contacts all the ohmic drop should
occur at the source electrode. As we shall see in the following discussion, this is
not observed by use of other methods.

An alternative method to TLM is the four-point probe, which consists of intro-
ducing into the conducting channel two additional electrodes [45, 46]. The current
remains the same all along the channel and the voltage drop between these two
additional electrodes is not affected by the contact resistance, thus giving access to
the true channel resistance. Moreover, as shown in Fig. 1.14, the contact resistance
at each side of the channel can now be estimated independently.

An even more powerful technique makes use of an atomic force microscope
(AFM) tip to probe the potential along the channel of the transistor [47, 48]. The
technique and its results have been analyzed in detail by Biirgi et al. [49]. A variety
of semiconductors and metals have been studied. The main features can be sum-
marized as follows:

1. As expected, the contact resistance strongly depends on the nature of the elec-
trode, e.g. its work function;
2. Contact resistance is gate-bias-dependent; it decreases substantially when gate
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source
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Fig. 1.14. Electrode pattern for a four-probe set up. The
corresponding voltage profile along the conducting channel is
shown in the bottom part of the figure.

bias is increased. This confirms what has been observed both with the TLM and
by use of the four-point technique; and
3. Mobility is gate-bias-dependent.

Experiments were also conducted to study the effect of the nature of the contact on
the respective part of the voltage drop at source and drain. This point will be dealt
with in the next section.

1.3.2
Origin of Contact Resistance

The image most commonly used to describe source and drain contacts is that of a
metal-semiconductor junction. According to the conventional Mott—Schottky (MS)
model, contacts are expected to be ohmic when the work function of the metal is
close to the HOMO or LUMO level of the semiconductor, depending on whether
the semiconductor is p or n-type. If the reverse situation prevails, an energy barrier
forms at the metal-semiconductor interface, leading to poor charge injection.
From this standpoint, the Au/pentacene interface would be a good candidate as a
low-resistance contact. In practice, the actual resistance is rather high. The mecha-
nism of barrier formation at metal-organic semiconductor interfaces has been
studied in great detail for organic light-emitting diodes (OLEDs), for which contact
resistance is also a crucial issue. UV photoelectron spectroscopy (UPS) and inverse
UPS have been used for precise determination of the energy levels at both side of
the interface [50]. A typical result for the Au/pentacene interface is shown in Fig.
15, which clearly shows that the actual interface strongly deviates from the MS
model. Instead, the interface has an additional “dipole” barrier, A, which shifts
the HOMO level downward by more than 1 eV, hence increasing the barrier height
by the same amount. The reason for this rather large interface dipole is that the
electron density at a metal surface presents a tail that extends from the metal-free
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Fig. 1.15. Actual energy level diagram of the Au/pentacene
interface. The position of the HOMO and the dipole barrier A
are estimated from photoelectron spectroscopy [50].

surface into vacuum, thus forming a dipole pointing at the metal bulk. Molecules
deposited on the metal tend to push back this tail, thus reducing the surface dipole
and reducing the work function of the metal.

The above-described four-probe [45, 46] and scanning probe [47-49] techniques
enable separate determination of the source and drain contact resistances. If con-
tacts do behave as Schottky barriers, one would expect the voltage drop at source be
substantially higher than that at drain. This is what is indeed observed with “bad”
contacts. For “good” contacts, however, comparable drops are observed at both
electrodes. A possible origin of this behavior has recently been suggested [51].
The model assumes the region immediately adjacent to the electrodes is made of
organic material of quality different from that of the rest of the conducting chan-
nel, with very low mobility.

It is worth remarking that the contact resistance of the top contacts is usually
lower than that of bottom contacts. The asymmetry of the organic-metal contact,
depending on whether the organic film is deposited on the metal or the metal on
the organic layer, has been studied both theoretically [52] and experimentally [53].
For example, combined UPS and XPS measurements have revealed signs of metal
penetration and the formation of metal clusters after deposition of gold on top of a
pentacene layer, leading to a substantial reduction of the interface barrier from 1 to
0.3 eV.

1.4
Charge Transport

Despite impressive progress in organic thin-film transistors during the past two or
three decades, charge transport in organic materials remains a highly controver-
sial topic. Basically, one can make a distinction between two families of charge-
transport models. The first pertains to disordered materials, for example polymers.
Models that belong to this family are based on hopping transport. An archetypal
model of this group is that developed by Vissenberg and Matters [54], which as-
sumes variable range hopping in an exponential distribution of traps. The model
predicts a thermally activated mobility. It also predicts that mobility depends on
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the gate voltage according to a power law, a feature that is, indeed, observed in
actual devices (Eq. 13), so this prediction has proved very fruitful in the analysis
of current-voltage curves of OTFTs.

Dealing with well-organized molecular crystals seems much more difficult. On
the basis of the inverse power law dependence of mobility on temperature (that is,
mobility increases when temperature decreases) found in highly pure crystals from
time-of-flight measurements [55], it is often stated that charge transport in these
materials occurs via charge-carriers in delocalized states, as in conventional semi-
conductors. The statement does not withstand analysis, however. Except at very low
temperatures, the corresponding mean free path does not exceed the intermolec-
ular distance [56], which is not compatible with a diffusion-limited process. Al-
though polarons have been invoked to resolve the discrepancy [56, 57], the theoret-
ical problem is very intricate, because useful approximations used with inorganic
materials, for example the one-electron limit, are no longer valid, so one must deal
with huge numbers of atoms and molecules. Despite recent efforts [60-63], basic
problems, for example the ultimate value of the mobility and its temperature de-
pendence, have not been satisfactorily resolved.

An interesting aspect is the gate voltage-dependent mobility. Such dependence is
predicted by the Vissenberg’s model [54] and has indeed been observed in most
devices made of polymers. Briefly, the dependence stems from the fact that as the
gate voltage increases, injected charge-carriers tend to fill the traps, so trapping be-
comes less efficient and charge transport improves. Interestingly enough, similar
gate-voltage dependence was reported for early devices made of small molecules.
To account for that, a parent model has been developed that assumes delocalized
transport limited by a distribution of traps near the band edge [64]. The model is
derived from the multiple trapping and release (MTR) model developed for a-Si:H
[65]. The model also predicts thermally activated mobility, which, again, was found
in most early devices. It is worth pointing out that as the quality of the devices im-
proves, both of these features (gate bias dependent and thermally activated mo-
bility) tend to be encountered less, which tends to confirm they indeed originate
from defects. This is particularly true for single-crystal devices, as will be dealt
with below.

1.5
Fabrication Techniques

Organic semiconductors are so different from their inorganic analogs in terms of
melting point, solubility, and mechanical properties that it is not conceivable that
the fabrication techniques of conventional microelectronics would be appropriate
for making organic devices. Nevertheless, these technologies are so powerful and
well mastered that in the early days of OTFTs it seemed more convenient to take
advantage of techniques such as thermal oxidation and photolithography, so most
of the devices were actually derived from standard silicon technology. In most in-
stances, organic transistors consisted of highly doped silicon wafers that served as
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the gate with thermally grown oxide as insulator and lithographically patterned
source and drain. Deposition of the organic semiconductor was performed at the
last step of the process, either by casting from solution or from the vapor phase.

Of course, such fabrication processes are not appropriate for taking advantage of
the potential of organic materials, for example low cost, large area, and the possi-
bility of using flexible substrates. In the following discussion we will focus on dif-
ferent printing techniques that have been used for the fabrication of OTFTs.

Earlier work made use of screen-printing. The major elements of the device
were deposited from solutions through stainless-steel mechanical masks [58, 59].
Although this simple technique afforded devices whose performance compared
well with those fabricated by “conventional” techniques, it was of much less inter-
est for production of highly integrated circuits. Typical space resolution for screen-
printing falls in the 35-100 pm range — several times larger than the critical length
needed for realistic applications. To circumvent this problem, a group at Bell Labo-
ratories developed a strategy using high resolution printing with resolution down
to 2 pm [66]. Microcontact printing uses elastomeric stamps to print patterns of
self-assembled monolayers (SAMs) that are then used either as resists to prevent
removal of a pre-deposited material, or as initiators to promote material deposition
[67]. The transistor follows a top-gate geometry, in which fabrication starts with de-
position of a gold layer on the appropriately prepared substrate. A specifically de-
signed stamp is used to produce the patterned SAM. Then, etching the gold not
protected by the SAM is used to define the source and drain electrodes. The SAM
is next removed with heat, ultraviolet light, or an oxygen plasma to expose the bare
gold. The semiconductor (regio-regular poly(3-hexylthiophene); P3HT), insulator
(poly(methyl methacrylate); PMMA), and gate electrode (carbon ink) are sequen-
tially cast from solution. Interestingly, the technique can be extended to reel-to-
reel fabrication by making use of cylindrical stamps.

Inkjet printing is an alternative printing technique that is widely used to fabri-
cate organic light-emitting diodes [68, 69] and full-color displays [70]. The main
problem with applying the technique to OTFTs is size resolution limited to 20-50
pm, because of spreading of the droplets on the substrate. A group at Cambridge
University (UK) recently succeeded in overcoming the problem by confining the
spreading of the water-based ink with a pattern of repelling, hydrophobic regions
that define the device dimensions [71]. The pattern was fabricated by photo-
lithography and oxygen plasma etching of a polyimide film. Again, the device was
fabricated with a top-gate configuration. The elements, deposited in sequence, are:
inkjet-printed source and drain (polyethylenedioxythiophene doped with polysty-
rene sulfonate; PEDOT-PSS), semiconductor (dioctylfluorene—bithiophene copoly-
mer; F8T2), and insulator (polyvinylphenol; PVP).

Stamping and inkjet printing both require liquid inks, which may be a problem
when dealing with conjugated polymers and small molecules. To surmount this
drawback, a dry process based on thermal imaging has been developed at DuPont.
The technique has been claimed to enable the patterning of organic materials at
high speed and with micron size resolution [72]. It involves the transfer of a thin
solid layer from a donor film on to a flexible receiver. The two flexible films are



1.6 The Materials

held together by vacuum. The heat is produced by a laser beam focused through
the donor base at a thin metal layer. Conversion of light to heat converts the sur-
rounding materials into gaseous products, whose expansion propels the top layer
from the donor to the receiver. Not all conducting polymers can withstand the
heat generated during the process, however. Good results were obtained with a
polyaniline synthesized by emulsion polymerization and doped with dinonyl naph-
thalene sulfonic acid (DNNSA-PANI) that may constitute the source and drain
electrodes. The possibility of transferring organic semiconductors has not yet
been established, however. Transistors with a bottom gate configuration have been
fabricated on Mylar substrates. The gate was an indium tin oxide (ITO) film on
which a spin-coated glass resin served as the insulator. Heat-transferred DNNSA-
PANI source and drain electrodes and vapor-deposited pentacene completed the
structure. A TFT backplane containing 5000 transistors with 20 pm channel length
could thus be realized on a 50 x 80 cm~?2 flexible substrate.

1.6
The Materials

Organic semiconductors are traditionally classified as polymers or small molecules.
The former have the advantage of being amenable to specific deposition tech-
niques that have been developed for long for conventional polymers. Their perfor-
mance is still orders of magnitude lower than that of small molecules, however.
Encouraging performance has been reported with the latter, although high per-
formance requires high ordering, particularly in the vicinity of the insulator-
semiconductor interface. The importance of high ordering has been recently con-
firmed by measurements on single crystal devices.

1.6.1
Polymers

Two polymers are used for most work dealing with polymer-based OTFTs —
polyfluorene [37, 73] and poly(3-alkylthiophene) (P3AT). We will only deal with
the latter, which afford the highest mobility.

After pioneering work by Sirringhaus et al. [74] on spin-coated P3AT, it is now
well established that the performance of polymer OTFTs critically depends on the
chemical and structural ordering of the chains at the insulator-polymer interface.
High order first relies on the regio-regularity of the polymer chains; that is, the per-
centage of regio-regular head-to-tail attachment of the alkyl side chains to the
beta position of the thiophene rings. High regio-regularity is not sufficient, how-
ever. Two orientations are observed, one with the thiophene rings flat on the sur-
face and the other with the chain edge-on (Fig. 16). High mobility, up to 0.1
cm? V71 s71 was only found with the latter arrangement.

More recently it has been shown that the mobility can be slightly increased if the
film is applied by dip-coating instead of spin-coating. Under these conditions the

23



24

1 Organic Transistors

b

Fig. 1.16. Regio-regular poly-3-hexylthiophene with edge-on
orientation of the polymer chains. Redrawn from Ref. [74].

thickness of the film could be reduced to 2—4 nm [75]. It must be remarked that
the factors affecting orientation of the polymer chains on the substrate are not fully
understood.

1.6.2
Small Molecules

Pentacene is the material most used for preparation of p-type OTFTs based on
small molecules, with oligothiophenes and their derivatives being the nest most
important. The highest reported mobility is up to 6 cm? V! s7! for the former
[76] and 1 cm? V=1 57! for the latter [77].

Major improvements have been achieved by modification of the insulator—
semiconductor interface. Most devices are grown by vapor deposition on silicon
oxide. Because of the different physical and chemical nature of both materials,
their association may lead to highly disordered interfaces, thus leading to poor per-
formance. Heating the substrate [27, 78, 79] and depositing at a low rate [30, 78]
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leads to better organization. A better alternative, however, consists in covering the
surface of the oxide with an organic monomolecular layer before vapor deposition.
Thus, octadecyltrichlorosilane (OTS) [80] gave good results with pentacene on SiO;.
Even better results have been claimed after use of an ultrathin film of polystyrene
[76]. An alternative route is to use a polymer dielectric, which resulted in high per-
formance with sexithiophene derivatives [77].

1.6.3
n-Type Semiconductors

As stated above, the notions of n and p-type do not have the same meaning as for
inorganic semiconductors. At the current state of the art, an organic n-type mate-
rial is one in which electrons are more easily injected than holes. This is therefore
more a matter of HOMO and LUMO energy level rather than possibility of doping.
In other words, an n-type organic semiconductor is characterized by high electron
affinity.

The compounds with the highest electron mobility are currently fullerene Cg
[81, 82] and N,N4-dialkyl-3,4,9,10-perylene tetracarboxylic diimide derivatives [83,
84], with values up to 0.5 cm? V~! s71. A major problem with these compounds
is their high sensitivity to ambient conditions, especially oxygen and moisture. A
small number of air-stable n-type compounds have been reported [85-88]. All are
perfluorinated and their mobility does not exceed a few tenths of 1 cm? V=1 g7,

A prominent aspect that promotes the search for air-stable, high-mobility n-type
organic semiconductors is the possibility of access to complementary circuitry. It
must be recalled that CMOS architecture is a corner stone of microelectronics.
Making circuits that combine n-channel and p-channel transistors has many
advantages — high robustness, low power consumption, and low noise. A new con-
cept has recently emerged in the field of organic thin-film transistors, that of ambi-
polar materials, which can be defined as materials that change type depending on
the nature of the contact used to inject charges. Ideally, an ambipolar semiconduc-
tor would have a low ionization potential and high electron affinity. An elegant way
of realizing an ambipolar compound has been discovered by a group at Eindhoven
[89]. It consists in making an interpenetrating network of two compounds, one
n-type and one p-type. The former was a derivative of Cgg (6,6-phenyl Cq;-butyric
acid methyl ester, PCBM) and the latter was either regio-regular P3HT or a deriva-
tive of poly-p-phenylenevinylene (PPV). The group also showed that pristine penta-
cene could also have ambipolar behavior. It must, however, be stressed that this
concept is highly controversial. Some have pointed out that complementary cir-
cuitry requires that one transistor be off while the other is on, and vice versa. Ac-
cordingly, an ambipolar material that will conduct holes for negative gate voltages
and electrons for positive gate voltages will only turn off for a very limited voltage
range, or for no voltage at all. This seems detrimental for any practical circuit. Sep-
arate use of a purely n-type and purely p-type compound seems a much wiser
approach.

25



26

1 Organic Transistors

1.6.4
Single Crystals

Until recently, reports on single-crystal OTFTs were rather scarce [90, 91]. The dif-
ficulties in building a single crystal OTFT are numerous. Single crystals of organic
materials useful for making OTFTs are small, fragile, and difficult to handle. The
standard fabrication technique for OTFTs, which consists of depositing a semicon-
ductor film on top of the insulator from either the vapor phase or a solution, can-
not be extended to single crystals. Furthermore, many conventional fabrication pro-
cesses may damage the surface of the crystal. For these reasons, the OTFT must be
made of already grown crystals. To date, only two techniques have been success-
fully used.

1. Electrostatic bonding of the crystal on top of a previously prepared gate-
insulator-source-drain structure [92-94]. Sometimes the source and drain con-
tacts have been deposited afterwards, on top of the crystal [90].

2. Direct deposition of the contacts and gate insulator on to the crystal [95, 96].
In this technique the gate dielectric is the polymer parylene, which forms con-
formal coatings with good dielectric and mechanical properties. The polymer is
deposited in a three-zone reactor, in which the deposition zone can be kept at
room temperature.

These techniques have recently been reviewed [97] and will not be discussed fur-
ther here. Instead, we will focus on the electrical characteristics of single-crystal
OTFTs.

Because the concentration of defects is much lower in single crystals than in
vapor-deposited or solution cast films, the main motivation in fabricating single
crystal OTFTs was to explore the physical limitations on the performance of the de-
vice, with the hope of approaching the ultimate properties of the materials. Penta-
cene was somewhat disappointing — the highest reported single-crystal mobility
was several times lower than for the best polycrystalline films. This is because the
crystal structure in thin films (the so-called “thin-film” form) is slightly different
from that in single crystals [98]. More encouraging results were obtained with tet-
racene (also called “naphthacene”), a parent molecule of pentacene made of four
fused benzene rings instead of five, and even more with rubrene, the molecule of
which consists of a tetracene core with four pendant benzene rings. The molecular
formulas of tetracene and rubrene are given in Fig. 1.17.

Comparing single crystal and vapor-grown devices for these two compounds is
difficult, because reports on evaporated tetracene OTFTs are rather scarce [99-101],
and despite several (unpublished) attempts, fabrication of an operating thin-film
device from rubrene has not yet been successfully achieved. For both compounds
the problem seems to arise from an improper deposition mechanism, which, in
contrast with experience with pentacene and sexithiophene, does not favor two-
dimensional growth.

Prominent features of these single crystal devices are [102]:



1.6 The Materials |27

o O
(L I
O

Fig. 1.17.  Molecular structures of tetracene (left) and rubrene (right).

1. unexpectedly high mobility (up to 20 cm? V~! s™! for rubrene at room temper-
ature);

2. an inversion in the temperature dependence; that is, mobility tends to increase
when the temperature is reduced from room temperature to ca. 280 K for tetra-
cene and 200 K for rubrene, at which point the tendency is reversed; and

3. anisotropic mobility depending on the crystal axis.

All these features are reminiscent of results obtained from time-of-flight measure-
ments on highly pure molecular crystals (Section 1.4). This might indicate of that
the intrinsic properties of these materials are being approached.

1.6.5
Insulators

It has long been known that in an insulated gate field-effect transistor, the role of
the insulator is at least as important as that of the semiconductor. For historical
reasons, most of the OTFTs made so far have used inorganic dielectrics, mostly
silicon oxide. We have already mentioned (Section 1.6.2) that the quality of the
insulator—semiconductor interface, and hence the performance of the device, can
be significantly improved by inserting an organic single layer between the insula-
tor and the semiconductor. It seems that the performance of the OTFT is very
much dependent on the physical and chemical nature of the surface of the insula-
tor. In this respect organic insulators seem to be more flexible than their inorganic
counterparts.

The nature of the insulator may intervene at different levels. First, in the bottom
configuration, the insulator is capable of affecting the morphology of the semicon-
ductor layer. For instance, its surface energy strongly affects the nucleation and
growth mechanism of vapor-deposited films. According to the standard nucleation
and growth models, it is expected that the nucleation rate increases, and thus the
size of the grains decreases, with increasing surface energy. An archetypal example
of this behavior is vapor deposition of pentacene on hydrogenated silicon (a low-
energy surface) compared with silicon oxide (a high-energy surface); the nucleation
rate was found to be several orders of magnitude higher on the former than on the
latter [103, 104]. Similar studies on organic insulators have not yet been conducted,
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but would be of great interest in that respect. At this point, it is worth remarking
that the effect of grain size on the performance of OTFTs is currently the subject of
much debate. On the basis of conventional theories on charge transport in poly-
crystalline semiconductors it can be expected that mobility increases with grain
size. This can be simply understood by noting that charge transport in polycrystal-
line media is limited by grain boundaries, so that as the grain size increases the
number of grain boundaries decreases, leading to improved transport. Although
this seems, indeed, to be observed for oligothiophenes, according to an early report
[105], several results prove the opposite is true for pentacene [106, 107].

Besides its morphological effects, the nature of the insulator may also have
chemical and electrical consequences. It has recently been claimed that the dipole
field present at the surface of high dielectric constant (high-k) insulators may en-
hance the formation of local states that in turn induce carrier localization and
reduce charge-carrier mobility. Hence, benefits have resulted from use of low-k or-
ganic dielectrics [108]. It is worth remarking that such a conclusion is at variance
with previous work that established interest in using high-capacitance insulators,
which can be obtained by making use of high-k dielectrics [109]. Interest in high
capacitance comes from the above mentioned gate voltage (actually, charge density)
dependence of the mobility. High capacitance means that high charge-carrier con-
centration can be reached at low gate voltage, hence mobility is expected to be
higher. The respective advantages of low-k and high-k dielectrics thus seem contra-
dictory, and more work will be necessary to clarify this point.

1.7
Concluding Remarks

The organic thin-film transistor is at a pivotal point of its history. The number of
research teams that have embarked in the field has blossomed in recent years. Sev-
eral important features have been uncovered or confirmed, for example the crucial
role of the quality of the semiconductor at the insulator-semiconductor interface
and of the resistance of the source-drain contacts. The advent of the single-crystal
device has enabled charge-carrier mobility to be increased to even higher values
than that reported for highly pure molecular crystal, at least at room temperature.
Fundamentally, the main issue with organic thin-film transistors is the lack of reli-
able model for predicting the charge-transfer properties of a given molecular mate-
rial. It has been largely confirmed that the performance of the device is mostly gov-
erned by the structure of the semiconductor film at the insulator—semiconductor
interface. In that respect, the role of the insulator is at least as important as that
of the semiconductor. This is exemplified by recalling that silicon is the universal
element used in microelectronics not so much because of the intrinsic properties
of the material but because of the almost perfect interface it forms with its ther-
mally grown oxide. For this reason, the major challenge in the development of
OTFTs is now to identify suitable organic insulator—semiconductor combinations
rather than semiconductors by themselves.
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High-performance Pentacene Transistors

Tommie Kelley

2.1
Introduction

Organic photoconductors have been known since the early 1900s [1], and much
work was done in the 1940s on the various semiconducting properties of organic
materials [2], but it may well have been the appearance of organic light-emitting
materials [3] and conducting polymers [4] that set off the rapid, intense, and con-
tinuing research activity on organic electronic systems. It is also likely that reports
of continuing improvement in thin-film transistors (TFTs) using oligothiophenes
maintained some of the interest, but it was the subsequent emergence of penta-
cene as an organic transistor standard — a material comparable, and in some cases,
higher performing than amorphous silicon, that began to attract the attention of
the traditional microelectronics communities. Of course, these are only a few of
the highlights from many years of work from many different research groups, but
pentacene has continued to stand out an as exemplary material, especially in terms
of charge carrier mobility, and one by which to gauge all other organic semicon-
ductors. Reports of organic electronic research results now have global range with
large concentrations of activity in the US, Europe, and Asia, and large companies
around the world are adopting programs which include work on organic thin-film
transistors (OTFTs) including 3M, Samsung, Pioneer, Infineon, Philips, Sarnoff,
DuPont, and many others.

The earliest reports of charge carrier mobilities in organic small molecule mate-
rials were focused on single crystals and relied on time-of-flight or on space charge-
limited current (SCLC) measurements. The values reported were in the range 1073
to 1 cm? V! s71, but were much lower when thin film samples were fabricated of
the same materials, probably because of inadequate purification methods and lim-
ited understanding of the structure—property relationships [2]. Many of the ma-
terials begin to thermally decompose at crystal growth temperatures, so obtaining
pure samples of reasonable size for device fabrication remains a challenge. Single-
crystal mobility reports still remain few and far between, but thin-film transistors
have become a valuable means of extracting field effect charge carrier mobilities,
utilizing a construction that is easily extended to many applications. No simple re-
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lationship has been found among the different methods of estimating charge car-
rier mobility — variations in device and deposition geometry, experimental methods
and measurement procedures make this nearly impossible, nor is there a simple
relationship which indicates which materials will have the highest mobility (thin
film or single crystal). Many of the organic small molecule semiconductors are
rather insoluble, so film formation is typically performed under vacuum by ther-
mal evaporation, and results vary widely according to processing conditions. Thin
film mobilities for organics were of the same order of magnitude as for organic
electroluminescent materials (~1072 to 10~ cm? V~! s7!) and remained low until
the importance of structural perfection in these van der Waals crystals began to be
understood and controlled by use of optimized process conditions and surface
preparation.

For many years, it seemed as if charge carrier mobilities in thin-film organics
had reached a maximum for oligomeric thiophene materials, with typical device
mobilities in TFT constructions of less than 0.1 cm? V=1 571, and large sensitivity
to oxygen and humidity. The low mobility and environmental sensitivity relegated
organic devices to the realm of curiosity until the early 1990s, rather than raising
them to the position of possible replacement for silicon-based circuits that they
now hold.

Early work on the thiophenes hinted at the importance of controlling morphol-
ogy, especially at device interfaces. In comparison with some of the acenes, chem-
istry in the oligomeric thiophene series is relatively simple, because the precursors
are obtained in several steps and remain soluble, and are easily purified by recrys-
tallization. These factors made it possible to obtain very pure samples of a wide
range of the thiophene series (bithiophene through octithiophene) fairly early in
their study, and to enable researchers to vary the functional and terminal groups
on the thiophene family to study the impact on structure and performance [5]. Au-
thors’ reports vary about which thin film oligomers gave the highest mobility in the
series, longer is typically better, with the work of Halik et al. [5], showing a0’
diethylsexithiophene TFTs with mobility above 1 cm? V~! s~1. The various results
reported for other oligomers with high performance probably emphasize the im-
portance of structural perfection — different deposition systems and conditions
can enhance structural order in a variety of oligomers. The thiophenes, and other
rigid-rod molecules, stand nearly vertical relative to the substrate as the oligomers
get longer, but alkyl chains attached to the ends of the oligomers can also affect the
structural order, often resulting in improved performance.

Some researchers showed that improved crystalline structure at device interfaces
could dramatically affect device performance in the acene series also. Such efforts
from Jackson’s group at Penn State University led to the first reports, in 1996 [6],
of organic device mobilities exceeding those of amorphous silicon, which was
already becoming the dominant technology for large area, transistor-controlled
display applications. Pentacene mobilities continued to improve, beating all other
organics for the distinction of highest performance, but researchers working inde-
pendently of Jackson’s group, did not arrive at OTFT mobilities ~1 cm? V! 57!
until 2002 and 2003 [7]. Now, many groups have reported mobilities exceeding 1
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cm? V-1 571 with only minimum care and effort, using a variety of process condi-
tions and several device constructions. A further advantage of pentacene over the
thiophene series is that it is commercially available from several vendors in a range
of purities, making this material accessible to groups without synthetic support [8].

Most organics continued to have field effect mobilities less than 1 cm? V=1 57!
(and usually less than 0.1 cm? V=1 s71), even though a few had single-crystal mo-
bilities above 1 cm? V=1 571 [2]. Figure 2.1 shows a compilation of reported mobi-
lities for organic semiconductors. This figure summarizes the rapid rise of organic
field-effect transistor performance starting in 1987 with early polythiophene field-
effect transistor (FET) reports from Tsumura [9]. The figure includes single-crystal
and polymer semiconductor results for comparison. It is interesting to note
that with improved purification methods and better understanding of structure—
property relationships, all material sets have improved at about the same rate. For
organic thin-film devices, pentacene’s consistent high mobility through simple pro-
cess routes enabled it to become the favorite of the OTFT community — the first
material to be tried and the material of choice to gauge the contribution of a new
process to improved performance.

Optimization of pentacene TFTs for mobility has led to some very promising re-
sults, but implementation of pentacene circuits in product applications has been
limited, because of poor understanding and limited data on operational and shelf
life stability in different circuit architectures. A notable exception to this is the im-
plementation of Philips’ pentacene active-matrix backplanes in Polymer Vision’s
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rollable display prototypes [10]. These organic devices have acceptable levels of per-
formance and stability in an introductory application and are the first devices near-
ing commercialization to use pentacene, although it should be noted that this is
not the first display prototype using OTFTs. In 2000, EInk and Lucent Technolo-
gies collaborated to demonstrate an electrophoretic flexible display using pentacene
backplanes [11]. Many groups have demonstrated pentacene backplanes in combi-
nation with electrophoretic display media and simple organic light emitting diode
(OLED) pixels in the years since the EInk Lucent demonstration. In addition, re-
cent reports from Samsung Electronics [12] have shown potential utility of penta-
cene TFT for OLED backplanes on flexible substrates of fairly large size.

This chapter will give an overview of methods used to achieve higher mobilities
in pentacene devices, will point out potential progress in understanding the nature
of exceptional mobility in these devices, and will comment on possible routes to
stabilize device performance.

2.2
Routes to Performance Improvement

Organic electronic performance continues to be a challenge in thin-film devices. It
was not until 1998 that reports of pentacene in different devices began to appear
regularly in the literature. Currently, nearly 200 publications per year are written
with at least partial focus on pentacene [13]. Unfortunately, there is still a huge
variation in reports of “high mobility” pentacene devices — values range from 0.5
(or less) to over 7 cm? V=1 57! — a good indication that there is still more to learn,
and that small processing differences can have large effects on device performance.

2.2.1
Purification

The importance of material purity is still somewhat debatable, and a variety of
groups have reported pentacene mobility ~1 cm? V~! s~! using as-purchased (un-
purified) material. It is generally accepted that higher purity correlates with higher
performance and may also contribute to device reproducibility and stability, al-
though careful studies are yet to be reported. Because pentacene is insoluble
in most organic solvents, recrystallization cannot be used as a starting point as
with many other material systems. The most common approach is a variation of
thermal-gradient sublimation, often termed physical vapor transport, performed
under reduced pressure and flowing inert gas [14]. This method has been widely
used as a single-pass and multi-pass approach, and variations abound (atmospheric
pressure and inert gas, high vacuum and inert gas, high vacuum in the absence of
carrier gas, etc.). In the simplest sense, this method is effective because it sepa-
rates, in the vapor phase, pure pentacene from lower-molecular-weight impu-
rities which travel farther down the process length, and higher molecular weight
impurities which remain at or near the source material. Required purity is difficult
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to define, but parts per million are probably the minimum purity for reliable
devices, especially when considered from the standpoint of microelectronics, in
which each impurity may act as a dopant.

2.2.2
Device Evolution

The first reports were largely simple trials in which silicon-based semiconductors
were directly replaced with pentacene as the active layer in a TFT. It became clear,
early on, that optimization of interfaces in organic devices could be even more im-
portant than in traditional silicon devices, but that the methods used for silicon
were not adequate to make high quality organic devices. Researchers who brought
together varied disciplines such as microfabrication, synthetic chemistry, interface
engineering and surface characterization often showed the most rapid progress.
Several of these research groups have succeeded in extending the capabilities of or-
ganic devices into RFID transponder tags, display backplanes, and sensors [15]. Be-
fore these groups had any success in potential applications, they spent a great deal
of time and effort optimizing and understanding the performance of the individual
TFTs which would eventually be combined to make circuits and devices. The sim-
plest TFTs are fabricated on silicon wafers — a thermal oxide or high-quality device
oxide is formed on one side and an ohmic gate contact is formed on the other [16].
This simplifies the processing to test the performance of organic materials and
eliminates much of the uncertainty in fabricating devices from scratch, which may
involve high levels of variability because of the use of a low-temperature oxides.
The prepared wafer is cleaved to the appropriate sample size, and inserted into a
vacuum chamber where organic materials can be thermally deposited at a vacuum
level of approximately 5 x 107 torr or less. The sample is removed from the cham-
ber, a shadow mask can be affixed to the sample, and the sample is then re-
inserted in the vacuum chamber for deposition of the metal top contacts. Alterna-
tively, before the organic deposition, photolithography can be performed on the
wafer to define source and drain contacts which will then lie under the semicon-
ductor after it is deposited. The wafer substrate makes an easy starting place to op-
timize deposition conditions, or surface modification and cleaning methods before
migrating to more complex device structures.

2.2.3
Structural Perfection

There is a very short list of organic semiconductors with reported thin-film field-
effect mobilities greater than 1 cm? V~! s71. These include pentacene, sexithio-
phene [5a], and anthradithiophene [17]. If we extend this list to include single
crystal and n-type materials, we can add perylene [18], rubrene [19], copper phtha-
locyanine (CuPc) [20], tetracyanoquinodimethane (TCNQ) [21], and dithiophene—
tetrathiofulvalene (DT-TTF) [22] — still a short list.

What is interesting about all of these materials is the overlying similarity in their
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Fig. 2.2. Examples of herringbone and herringbone-like
packing motifs for several rigid-backbone, small molecule,
organic semiconductors: A) pentacene [54a]; B) pyrene [54b];
C) perylene [54¢]

crystal structures — nearly all of these materials crystallize in a herringbone or
herringbone-like structure in which molecules have consistently large overlap of
their conjugated portions [23]. The molecules which comprise these lattices are
typically tilted with respect to alternating rows of molecules, resulting in a zigzag
of the molecular axes, as illustrated in Fig. 2.2A. In pyrene and perylene, illustrated
in Fig. 2.2B and C, respectively, molecular dimers are arranged in a herringbone
configuration.

There is still much controversy regarding electronic transport in these organic
molecular materials. Possible explanations range from large pi—pi overlap to near
band-like structure, although a true picture is still evolving. The only irrefutable
conclusion at this point is that herringbone-like structure seems to be conducive
to field-effect mobilities exceeding 1 cm? V~! s7! in organic molecular crystals.
This may be because of an effective increase in bond strength because of the inter-
locking nature of the molecular layers. This is supported empirically by the fact
that mobilities, and bond strengths, in covalent solids are usually much greater
than in van der Waals crystals, whereas those in hydrogen-bonded solids (for exam-
ple polymers) are almost always much less. The implication here would be that van
der Waals bonded materials which adopt herringbone-like motifs could have
higher crystal cohesion (higher effective bond strength) than van der Waals crystals
which do not adopt the interlocking molecular motif. Recent reports on the nature
of the OTFT materials in ultrathin layers at device interfaces may lead to a more
detailed understanding of these effects [24]. This in no way implies that every her-
ringbone motif van der Waals crystal will have mobility greater than 1 cm? V=151,
In fact, film morphology, interface effects, and many other factors, in addition to
crystal structure, all contribute to the performance of an organic semiconductor.

High structural order has also been correlated with good performance in OTFTs,
through reports of very sharp, high-intensity XRD peaks, and the appearance of
multiple orders of reflection in the spectra, as shown in Fig. 2.3 [25]. Also of note
are rocking curve X-ray data, where several groups have observed good TFT perfor-
mance corresponding to very narrow X-ray peaks — indicating high lamellar order-
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Log Intensity

Fig. 2.3. Five orders of reflection in a thin film results also show the presence of the two most
X-ray diffraction scan, indicating the high level common polymorphs of pentacene, the bulk-
of crystallinity often present in pentacene thin  like phase and the thin-film phase [25].

films deposited on different dielectrics. These

ing in the materials. Many factors contribute to the maximum mobility obtainable
in these weakly bonded organic crystals; most remain poorly understood.

2.2.4
Device Architecture

In addition to improving structural order, reliable improvements of device perfor-
mance have been demonstrated through optimization of device interfaces and ar-
chitectures. The architectures are perhaps more easily addressed, and are also re-
lated to improving the structural order. Several possible constructions of TFT are
known from the long history of silicon-based devices. These were the first architec-
tures adopted for OTFTs also. Top and bottom contact, indicating the location of
the source and drain electrodes with regard to the semiconductor, are the most
widely used.

Top-contact OTFTs typically have the highest performance. This is most probably
because of reduced contact resistance at the source and drain electrodes, related to
reduced structural disorder at that interface. This can be most easily understood
by thinking of depositing a layered crystal structure over existing topography on a
substrate (the bottom-contact construction) in which the molecular layers are
forced into a less ordered structure as the material is deposited on top of the elec-
trodes, illustrated in Fig. 2.4. The schematic diagram in Fig. 2.4A represents the
disorder than can be introduced in the first few critical monolayers of a device by
inadequate control or engineering of those interfaces. In addition, dramatic mor-
phology changes (shown in Fig. 2.4B [26]) and/or dewetting of the semiconductor
near metallic source and drain electrodes have been directly observed.

The performance of bottom-contact devices, fairly easy to fabricate with tradi-
tional lithographic equipment, can also be improved by control of the interface
where the metal source and drain layers make contact with the semiconductor.
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Fig. 2.4. The often dramatic effects bottom a bottom-contact electrode. B. An AFM

contacts can have on molecular ordering in topographical image of the change in grain
organic semiconductors like pentacene. A. size, shape, and texture as a similar edge is
Schematic diagram of the type of disorder encountered (right image), and how that edge

introduced in pentacene’s lamellar structure as can be masked by use of self-assembled
thin-film growth encounters a step, for example monolayers on the metal electrodes [26].

Early work from Jackson [26] and separately Dimitrakopoulos [27] showed that
simple self-assembled monolayers (SAMs) on metal electrodes can affect molecular
layer growth and enhance crystallinity at the interface where contact resistance
could contribute to poor performance. Atomic-force microscopy and SEM based
methods showed striking detail at the these interfaces. Organic materials were ob-
served to nucleate and grow in dramatically different ways, or not at all, on and
near the metal electrodes, as opposed to in the channel of the devices (on top of
the oxide). The SAMs seem to serve as very thin layers which mask the character
of the metal and serve to minimize the transition from organic to metal. The SAM
can often be chosen to improve charge injection, similar to electron transport and
hole injection layers in OLEDs, in which a “buffer” material is used to reduce the
charge injection barrier at certain device interfaces. SAMs have the added advan-
tage of being chemically bound to the surface of the electrode material; thereby,
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minimizing contributions of smaller-molecular-weight species migrating under
high fields in OTFTs.

In top-contact configuration the organic material can be deposited on a perfectly
planar interface, enabling the material to adopt a well-ordered morphology over the
entire area. The source and drain contacts are then deposited directly on top of
the organic material. Photolithography can be used, which can be tricky, because
of the sensitivity of the semiconductor to process chemicals [28]. Shadow
masks are very simple, but often limit resolution and complexity, and printing
methods may also involve process chemicals or potentially performance-degrading
heating during transfer or drying of the electrode material. A gentle method (low-
temperature, low-energy, low solvent exposure) usually results in the least damage
to the structural order of the semiconductor. Typical silicon-based semiconductor
devices almost unilaterally use photolithography and a bottom contact configura-
tion, but the organic electronics community has seen such dramatic improvement
in device performance using top contacts, that printing and shadow masking
methods are often preferred even if easy routes to scale-up and production are not
yet proven. Mobility in organic devices can increase by nearly an order of magni-
tude on changing only the location of the source and drain electrodes. With the ad-
dition of surface treatments which better prepare the dielectric interface for a par-
ticular semiconductor, even larger improvements can be seen.

Even though shadow masking is typically regarded as less practical in a long-
term production sense, it is being used as a production method for the organic
layers in many OLED devices. In OLEDs also, the organic material is very sensitive
to processing solvents, so shadow masks are used to pattern very fine features for
red, green and blue sub pixels to approximately 150 ppi or 200 pm. Similar types of
mask, with more complicated patterns, can be used to fabricate circuits in a va-
riety of materials [29]. 3M has also developed polymeric aperture masks [30]
which have proven useful in fabricating complex circuits with reduced damage to
previously patterned layers, because of the soft polymeric nature of the masks,
while maintaining the higher performing top-contact architecture. Figure 2.5
shows results of some of the polymer shadow masking work from 3M. Figure
2.5A shows a large, ~6-inch x 6-inch polymer shadow mask; Fig. 2.5B shows
a photomicrograph of a circuit patterned using a mask as in Fig 2.5A; and
Figs. 2.5C and 2.5D show device characteristics of circuits and single transistors,
respectively, fabricated using the polymer masks.

Shadow masks have been made and adapted to deposition systems for many
years. The simplest types of mask are often cut from metal foil or thin sheets, us-
ing heated wires, machining tools, electroplating and etching. Metal masks are in-
expensive, commercially available, and easy to use. Their disadvantages are that
they often have sharp/rough edges which can damage thin deposited layers, and
they are prone to creasing. Silicon shadow masks are often fabricated using tradi-
tional photolithography and well-known deep-etching methods and as such are ex-
tremely thin, flat, and precise. The disadvantages of silicon masks include fragility
(prone to cleave along crystal planes), limited size (based on batch lithographic pro-
cesses), and high cost of manufacture. Polymer shadow masks can be made using
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Fig. 25. Summary of some of the shadow
masking and surface-treatment results from
3M. A. Photograph of a polymeric aperture
mask [30b] used to pattern a wide range of
circuits. This mask bears a ~6-inch x 6-inch
deposition area, with high open aperture ratio.
B. Photomicrograph taken of a one-bit RFID
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simple cutting tools (knives, razor blades, and die-cuts) and can be made with high
precision by using excimer laser ablation through a light mask. The laser platform
is very fast and accurate and can be operated using polymer roll-stock up to ~1 m
wide. The polymer masks are robust, reusable, and easy to clean. They are less
prone to creasing than metal masks and can be stretched to compensate for water
uptake and sag in the mask over large areas. The primary disadvantage of polymer
shadow masks is shared by all aperture mask methods — resolution is limited to
20-40 pm by scattering effects observed in vacuum as a “halo” of thickness non-
uniformity around some features, although some researchers have gone to great
lengths to show small feature sizes using shadow masks [31].

The consistent use of top-contact architecture with development of a variety of
surface modifications to alter the interface where the semiconductor is deposited,
detailed below, have contributed to reports of steadily increasing performance in
pentacene and other organic materials.

2.2.5
Interfacial Control

Some of the earliest approaches to interfacial modification for organic semiconduc-
tors included results from the Penn State group involving vapor-deposited silanes
[32], a material of choice in traditional semiconductor processing, because of ease
of deposition.

Some improvement was observed with pentacene deposited on top of silane
layers, but it was also observed that the silane deposition is not easy to control,
and side-reactions often result in rough layers with considerable unreacted con-
tent remaining. An alternative approach relies on application of self-assembled
monolayers which mimic vapor-deposited silanes [32, 33] on the dielectric inter-
face of the organic devices. Figure 2.6 shows an overview of the different surface-
treatment application methods discussed in this section.

Silane-based SAMs are typically applied from an organic solvent such as toluene
at very low concentration (0.1% w/w) over a long period of time, overnight or a
minimum of several hours, to form a dense, nearly full-coverage monolayer with
a variety of termination chemistries possible. A simple rinse typically follows and
the sample may be air dried and/or dried at moderate temperature (~100 °C) in an
oven or vacuum oven. These silane-based SAMs provide molecularly well-ordered,
single molecule thickness layers that assemble on silica surfaces in a well-
controlled fashion and react with the surface completely leaving no residual reac-
tive groups or unbound material at the interface with the organic semiconductor.

Phosphonic acid based SAMs [7c], which bind preferentially to alumina surfaces,
can be prepared similarly, but it was also found experimentally that spin-coating a
solution of 0.1% (w/w) SAM from a solvent such as toluene, followed by baking
for 10-30 min on a hot plate at 100-120 °C, then a good rinse in clean toluene,
and blow dry produced superior results in terms of phosphonic acid-SAM quality
compared with overnight soaking in the same solution. This may be because of
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Self-assembly of SAMs | Spin coating of SAMs | Spin coating of polymers
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Fig. 2.6. Some representative methods for effective surface-
treatment preparation of both SAMs and polymers to improve
the performance of pentacene TFTs.

elimination of the slow etching of the alumina dielectrics by the slightly acidic
SAM solutions. Advantages of the SAMs include: wide range of terminal groups,
wide range of attachment chemistries which bind molecules to the surface, and
near crystalline ordering. It is likely that the spin-coating approach could save
time when preparing silane samples also. Polymeric dielectrics typically require
one additional step for subsequent application of SAM surface treatments. This
added step is often a short exposure to oxygen plasma to generate functionality at
the polymer surface to which SAM can bind [7b]. Conclusions from both types of
SAMs included preferences for hydrophobic over hydrophilic-terminated SAMs,
which roughly corresponds to increasing mobility as one increases contact angle
observed on the SAM. Also reported is a preference for smooth and nearly defect-
free layers, consistent with early reports of high structural order in the semi-
conductor improving performance. There has been some indication of templating
effects, in which terminations which mimic periodicity in pentacene and other or-
ganic materials give somewhat higher results, but many factors complicate further
conclusions. Table 2.1 summarizes some of the results reported for pentacene
TFTs prepared using SAM-modified dielectrics.

Polymeric surface treatments are applied in similar fashion, namely spin-coating
from a low-concentration solution of the polymer in organic solvent, e.g. 0.1%
(w/w) polymer in toluene. Spin conditions can vary widely but, as reported by 3M
[30a], 500 rpm for 20 s then 2000 rpm for 40 s provides ~100 A thick dry polymer
films on smooth dielectrics with good surface quality and contact-angle uniformity.
Spun layers are typically air-dried for several hours, or dried at an elevated temper-
ature of 110-130 °C for 30 min in an oven or 5 min on a hot plate. These materials
are typically not rinsed after they are baked, because the homopolymer version
would redissolve, removing almost all of the polymer. In a recent report from Fris-
bie’s group, in collaboration with 3M, device oxides were intentionally roughened
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Tab. 2.1. Results from three groups using a wide variety of
SAMs as surface treatments [7¢, 33d, 52]. Several authors have
shown loose correlations between improved OTFT performance
and higher contact angle of the SAM. Varying results in similar
surface treatments indicate that many mechanisms are at work,
including contact angle, but probably also involving deposition
conditions, surface roughness, and chemistry.

SAM

Mobility (cm? V=1 s71)

Octadecyltrichlorosilane (vapor)
t-Butyldiphenylchlorosilane
Phenyltrichlorosilane

Octadecyltrichlorosilane (solution)
Butyltrichlorosilane
3-Chloropropyltrichlorosilane
3-Bromopropyltrichlorosilane
Trichloro(trifluoropropylsilane)
Perfluorooctyltrichlorosilane
Phenylethyltrichlorosilane
(Chloromethyl)phenyltrichlorosilane
(Chlorosulfonylphenyl)ethyltrichlorosilane

Alumina control

Phenylphosphonotridecane
Phenylphosphonohexadecane (exceptional)
Phenylphosphonohexadecane (grand average)
Perfluorodecane

Phosphonobenzene
Methylphosphonoundecanoate
Chlorophosphonohexadecane
Phosphonotetramethylhexadecane
Phosphonooctane

1.56
1.61
0.17

0.96
0.61
0.71
0.74
0.03
0.15
0.71
0.56
0.36

1.1
1.8
33
2.0
0.4
0.1
0.4
0.5
1.8
2.1

and then coated with polymeric surface treatments. TFTs fabricated with pentacene
on top of these layers showed that polymeric surface treatments could mask signif-
icant roughness on the oxides, resulting in comparable or better performance than

on unroughened oxides [34].

The Infineon group reported a pure polymer dielectric which has also been
shown to improve pentacene performance, both as an unmodified polymer, and
with a silane treatment performed on it [7b]. In addition, Samsung SDI has re-
cently reported a proprietary polymer dielectric which enables them to achieve
high mobility in pentacene TFTs [12]. Table 2.2 emphasizes some of the reports

of increasing pentacene mobility.
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Tab. 2.2. Reports of elevated mobility in pentacene TFTs from
the past 10 years. The table shows that although very high
mobility is still rather rare, mobility exceeding 1 cm? V=1 57!
has been widely reported [53].

Year Group Method Mobility (cm? V=1 s77)
1996 Penn State Thermal oxide 0.62
1996/7 Penn State TC 0.7
1997 Penn State OTS 1.3
1997 Penn State OTS, TC, double layer 1.5
1999 Penn State OTS, TC 2.1
2000 Penn State OTS, BC 1.7
2000 Necliudov OTS, TC 1.1
2002 Sheraw OTS, BC, PVA patterned 1.2
2002 Shtein OTS, TC 1.6
2002 Infineon PVP + OTS 3.0
2003 3M Polysulfonic acid SAM, TC 3.4
2003 3M Polystyrene, TC >5.0
2003 Knipp OTS 1.1
2004 Choi PVP + OTS 1.4
2004 Yoneya Silane SAM, BC 1.1
2004 Schroeder PVA/PVP, doped TC 2.6
2005 Jang PVP, BC 1.8
2005 Samsung Proprietary dielectric 7.0

TC = top contact, BC = bottom contact, OTS = octadecyltrichlorosilane,
PVA = polyvinylalcohol, PVP = polyvinylphenol

23
Structure—Property Relationships

There has also been considerable discussion in the literature regarding the exact
nature of the performance increase in organic semiconductors deposited on top of
interfacial layers which modify the properties of the dielectrics. There are definitely
structure—property effects, as first reported by Jackson when the “thin-film phase”
[35] of pentacene was observed for higher-mobility surface-treated samples. The
implication was that surface treatments were enabling the thin-film phase to main-
tain a metastable structure at the device interfaces of surface treated devices, as op-
posed to untreated devices, which typically have a larger fraction of bulk-like phase.
IBM also reported direct observation of nucleation and growth differences on
various surfaces imaged in LEEM [36]. 3M saw similar effects with alumina treated
with SAMs and polymers [7c, 30a], supporting the conclusion that some surface
treatments promote thin-film phase growth in a more energetically favorable
fashion, so that a larger proportion of the film has a more perfect thin-film phase
structure. The thin-film phase is generally accepted as being metastable, perhaps
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due to a report from Jackson’s group showing thin-film phase samples which re-
vert or restructure themselves to bulk phase on exposure to process solvents [37],
but surface treatments seem to improve the structural stability of or reduce stress
in the thin-film phase layers slightly, so that more of the total thickness of the or-
ganic material deposited can adopt the thin-film phase.

This has led to the possibility that materials might be designed which have high
performance and only adopt a single polymorph, making that polymorph more
structurally stable than a counterpart which can adopt different crystalline phases.
Designing in bulky substituents on the positions most susceptible to reaction is an-
other approach showing some potential toward structural stability, with the added
benefit that some derivatives are soluble [38].

Mesoscale morphology, on the other hand, seems to be potentially misleading as
a means of relating grain structure to electrical properties. Most groups reported
increasing mobility with increasing grain size, but several reports indicate that the
details of the relationship between grain size and mobility are more complicated. It
also seems that smaller, rather than larger, grain size has since been observed to
correspond to elevated mobility. This could be indicative of a different transport
mechanism for high-mobility thin films. For example between 1 and 3
cm? V1 571 collected literature reports seem to indicate increasing mobility with
increasing grain size, but very high mobility films, >3 cm? V= 571, seem to indi-
cate that mobility decreases with increasing grain size (based on very limited re-
ports of high mobilities). Atomic-force microscopy (AFM) has been widely used
to characterize grain size and grain-size distributions in organic thin films. Re-
searchers have often found that the final film structure observed by AFM in com-
pleted devices, often bears little or no resemblance to the interfacial structure
which most critically determines the transport properties in a device. Imaging
and observing incomplete films has been the best way for researchers to currently
do to understand structure at device interfaces. AFM has been used to image
various stages of growth in pentacene films, still without completely simple con-
clusions. “Snapshots” of film growth can be obtained by depositing many samples
with varying film thickness. Unfortunately, these thin samples can rarely be made
into complete functional TFTs. Figure 2.7 shows two examples of such studies
which come to mixed conclusions. Figure 2.7A shows large grains growing on un-
treated device oxides, with smaller grains growing on SAM-treated oxides whereas
Fig. 2.7B shows large grains on SAM-treated devices. These seemingly conflicting
reports indicate that interfacial quality and morphology are only part of the story —
deposition conditions and sample handling and testing are equally important. A
second method, ultra thin-film synchrotron X-ray measurements like those from
Frisbie’s group, may eventually be able to distinguish very slight differences be-
tween the initial layers of organic semiconductors deposited on a variety of sub-
strates [25]. Figure 2.8 emphasizes these results — researchers showed the subtle
structural difference between device thickness films (~300A) of pentacene and
sub-monolayer films grown on the same oxide surface, as observed by grazing in-
cidence X-ray diffraction. Several researchers have observed that initial growth
stages of many organic semiconductors are consistent with classical nucleation
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Fig. 2.7. Two sets of AFM topographs of
pentacene thin films of different coverage. The
left two columns, from Kalb et al. [51],
compare untreated dielectrics with SAM-
modified dielectrics — much greater nucleation
density and smaller grain sizes are observed
for the SAMs. Coverage, from the top down:
0.5, 3, 6, 30 nm; image size is 4 um x 4 pm.
Topographs in the right column, from Kelley
et al. [7c], show pentacene thin films grown
on SAMs. Coverage, from the top down: 1, 3.5,

0.0 nm

7.5 nm; image size is 2.5 um x 2.5 um. Both
groups show similar nucleation on SAM-
modified dielectrics, but grain sizes in the
right-most column are significantly larger than
grains on the SAM-modified surfaces shown in
the center column. This again emphasizes the
difficulty in understanding the complex
interaction of nucleation and growth in organic
thin films with modification of interfaces and
deposition conditions.
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Fig. 28. Normal (left) and side views (center, right) of the ab
planes of bulk pentacene and the proposed monolayer
structures. The monolayer views were constructed from a
model based on grazing-incidence X-ray diffraction data [24].

theory, but a clear understanding of the relationship between nucleation, growth,
crystallinity, and device performance remains elusive [39].

2.4
Continuing Reports of High Mobilities

There have been many reports of elevated mobilities in pentacene TFTs. Table 2.2
summarizes some of these results, some of which have been discussed in the text.
New reports appear frequently, continuing to push the limits for high-mobility
pentacene devices.

The limited number of TFT mobility reports exceeding single crystal mobility led
to some concerns, and further research in the field. Some speculated that the thin-
film phase, mentioned above, could be a higher-performing phase that has yet to
be isolated as a single crystal; others speculated on everything ranging from new
transport mechanisms to improper measurements. Taking a more pragmatic
approach, scattered reports of mobilities exceeding single-crystal values have been
reported for more than ten years. These scattered reports point to an inability to
control process and surface conditions to the extent required to obtain these values
regularly enough to understand their nature. 3M is the first to report any means of
process control for high-mobility devices, with a lengthy (~6 month) study in
which a large majority of freshly fabricated devices yielded high mobilities [30a].
During this study, equipment was material dedicated and conditions carefully con-
trolled. When new materials were introduced or process conditions changed (nor-
mal operating procedure for laboratory activity), the process became less stable,
and the results less predictable. Unfortunately, these initial device mobilities de-
grade with time to varying degrees. 3M has observed devices that remain relatively
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stable (mobility and threshold voltage) over the course of 6 months, with mobility
dropping by <25%, but also observed devices whose mobility begin to fade within
hours of fabrication and exposure to air. Initial simple experiments performed
without breaking vacuum between depositions, and maintaining inert atmos-
pheres during testing are encouraging. The major fraction of devices fabricated
are typically those with limited high-mobility life times. Further work to under-
stand the nature of the limited lifetime of the high mobilities is needed. There
has been some indication there is no simple, single cause of the degradation —
both structural and environmental factors may contribute. The transient nature of
the high mobility makes it very difficult to isolate the causes. In addition, few re-
ports of encapsulated devices exist, making it uncertain whether simple methods
to protect devices from the environment could be sufficient to enable applications,
although initial results are encouraging [10, 40]. What has been heartening
though, is a new report of very high single-crystal mobility, ~35 cm? V=1 s7! for
pentacene, reported by Palstra’s group, after extensive purification to remove 6,13-
pentacenequinone and to inhibit the introduction of 6,13-dihydropentacene [41].
The question is no longer whether or not to believe high mobilities in organic
TFTs, but how to stabilize them and harness their performance for integrated cir-
cuit applications. Since the 3M reports, other researchers are also using statistical
methods to design series of experiments and interpret their results [42]. These ex-
periments are critically important to establishing tunable fabrication methods for
organic semiconductors. These statistically significant, designed experiments may
be the only way to understand and compensate for differences in processing meth-
ods — each research group has differences in their deposition chambers related to
geometric layout and source configuration — and these differences seem to have a
large effect on each group’s ability to prepare high-performance devices. It is well-
known in standard microelectronics processes that statistical process control is
very important; it may be found it is even more important for organic microelec-
tronic devices.

2.5
Performance in Practice

Some progress has been made in fabricating pentacene integrated circuits with a
variety of device performance ranges. The closest to a commercial product are
those reported by Polymer Vision, in the Philips Technology Incubator. They are
using a soluble analogue of pentacene which can be spin coated and thermally con-
verted to pentacene in a fairly traditional lithography process to yield low-mobility
devices that are sufficient to drive electrophoretic displays [10]. In addition, Poly-
mer Vision fabricated all of their devices on flexible polymer foils laminated to
rigid substrates for processing. After the devices are completed, the foils are re-
moved from the supports, and flexible organic display backplanes result. Stability
for the Polymer Vision device seems adequate for an entry product, with degrada-
tion of the order of 20% over the first three months of lifetime. Longer-term data
are still being collected. Literature reports indicate device complexity is increasing;
devices include a 15-inch diagonal OTFT backplane for LCD-type displays from
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Samsung SDI [12] and RFID circuitry based on pentacene from 3M [30c] which
has been reported to operate as high as 8 MHz.

The emergence of complex circuitry and entry products has indicated a shift in
the focus of pentacene studies from maximized initial performance to designed
long-term or application-specific performance. This shift has also resulted in a de-
crease in the number of reports highlighting details of the pentacene device fabri-
cation process and fewer details about the design of devices using pentacene.
Several groups have continued to try to understand the limitations of pentacene
devices and report on those boundaries as a means of understanding the nature
of transport and failure in organic devices. The PARC group is among those who
have contributed most in this direction [43]. Their report later in this volume fo-
cuses on polymer TFTs, but some of their work has encouraged other groups to
investigate bias stress and stability and to begin including such data in their own
publications.

2.6
The Future of High-performance Organic Transistors

In short, there are several well established routes to improving performance in or-
ganic devices. The first is to construct top-contact devices using simple methods
such as shadow masking. Simply putting source and drain contacts on top of the
semiconductor often results in increased mobility, simply because of improved
contact resistance and improved crystalline order at device interfaces. A wide range
of surface treatments, placed on bottom-contact metal electrodes and/or on-device
dielectrics have also been shown to be very effective in raising mobility in OTFTs.
In addition, controlling and understanding deposition conditions and how they re-
late to structural order in the thin organic films has also contributed to improved
devices.

Along with groups trying to understand and stabilize the performance of penta-
cene devices, and those trying to make the best of the situation by using pentacene
in real devices, there are also groups trying to find alternatives, by combining the
Dbest attributes of a variety of materials. Along with optimization of architecture and
interfacial control, there is also the potential to optimize the material itself. An-
thony’s group at the University of Kentucky follows such an approach where mate-
rials are engineered for solubility, structure, and performance [40]. His chapter will
focus on some of these results, and it should be noted that his approach holds
much promise for developing a feedback system, including design and testing for
new materials. Understanding and designing in functional groups which would
block sensitivity to impurities or atmosphere could help to stabilize device perfor-
mance. Increased solubility may also aid the development of more effective pu-
rification methods. Further understanding of transport mechanisms and failure
mechanisms in organics and how that relates to structure and purity could go a
long way toward improving and stabilizing performance. In addition, a group at
NHK has found that unmodified pentacene can be soluble in hot liquid crystal sol-
vents, and that these solutions can be used to produce well-oriented grains of pen-
tacene [44]. Another approach to producing aligned layers of pentacene has been
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shown by a group at National Cheng Kung University in Taiwan using photoa-
ligned polyimide as substrate [45]. These approaches are interesting because they
provide potential methods for more uniformly oriented and distributed grains of
pentacene, but there is currently insufficient data to predict their usefulness in sta-
bilizing device performance.

Reports from 3M [46] and from Lucent Technologies [47] have indicated that
combining thiophenes and acenes may also be a promising approach. The thio-
phene systems are somewhat easier to synthesize and purify, because of their
greater solubility, but the acenes are typically higher-performing. The combination
of the two has shown some intriguing initial results.

Additionally, reports of stacked materials [48] may help to stabilize structure in
the thin-film active layer. Such strategies have also worked in some OLED systems,
and it is possible that these approaches will extend to the organic materials in
OTFTs. Along the same lines, designed encapsulation methods which effectively
bury the organic semiconductor layer, protecting it from the environment, could
provide a variety of routes to achieving acceptable performance for a variety of sim-
ple applications. The initial hope was that these materials would be less sensitive to
the environment than OLED materials, and that still seems to be true, but some
level of encapsulation may still be required, as it is in silicon-based electronics.
This is an area that has not been explored in detail, and could probably gain much
from the progress made in the last 10 years in OLED encapsulation.

Lastly, continued application development should also help. Understanding the
specifications for intended applications and exact knowledge of the inadequacies
of a chosen set of materials often lead to breakthroughs. The goal for the last 10
years in the OTFT community has been to make the best devices possible. It seems
that that goal has greatly improved device performance and has advanced our un-
derstanding of transport, architecture and crystalline order in the devices. The goal
for the next 10 years should be to understand the required performance levels for
specific applications and to design materials, devices and systems to accommodate
those requirements — in terms of both initial performance and device lifetime.
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3
Engineered Pentacenes

John E. Anthony

3.1
Introduction

Pentacene (1) has become the premier organic semiconductor for many applica-
tions, and is the standard against which most new materials are compared [1-6].
The uniquely exploitable properties of this acene are, in part, because of the nature
of the native solid-state order of pentacene and its order in crystalline films, which
is dominated by strong two-dimensional edge-to-face interactions leading to a pack-
ing of molecules in a “herringbone” arrangement (Fig. 3.1) [7]. In evaporated films,
pentacene deposits with its long axis roughly perpendicular to the substrate, result-
ing in strong two-dimensional interactions parallel to the substrate (Fig. 3.1, right)
(8.

Pentacene routinely yields field-effect transistor (FET) devices with reliable hole
mobility of 1 ecm? V=1 s71 [6], with mobility > 3 cm? V~! 57! reported for thin-film
devices on polymer gate dielectrics [9]. For transistors fabricated on single crystals
of pentacene, the measured mobility approaches 60 cm? V=1 571 [10].

Disadvantages of the use of pentacene in organic electronics include its insolu-
bility and its susceptibility to degradation by several pathways, including endoper-
oxide formation (2) and “butterfly” dimerization (3, Fig. 3.2) [11]. The dominant
edge-to-face arrangement of the pentacene molecules in the solid state may also
limit the electronic properties of this material, because face-to-face interactions
are predicted to lead to stronger electronic coupling between molecules [12, 13].

Recent efforts in the synthesis of high-performance organic materials have pro-
duced new materials such as benzodiselenophenes [14], acene—thiophene hybrid
molecules [15], and functionalized oligothiophenes [16], and these compounds
have been the subject of recent review articles [17]. Surprisingly few research pro-
grams have, however, successfully applied a “property engineering” approach to
pentacene, even though it is already the molecule with the best device perfor-
mance. The reasons behind this lack of published effort are manifold — addition
of functional groups to pentacene typically alters its orbital energy levels, making
an already “delicate” molecule even more susceptible to decomposition, and intro-
duction of groups large enough to make pentacene soluble tend to do so by dis-
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Fig. 3.2. Common degradation products of pentacene.

rupting the same strong intermolecular forces that are required for efficient device
operation. Thus, solubilization and electronic performance often lie at different
ends of the same spectrum. Despite these difficulties, there have been several re-
ports of pentacene functionalization leading to new materials with promising prop-
erties.

3.2
Reversible Functionalization

An ingenious route to the solubilization of pentacene involves addition of substitu-
ent groups that can be removed thermally after film formation is complete. The
reactive nature of the central aromatic ring in pentacene makes it a good diene
for Diels—Alder type reactions, and the reversibility of this reaction makes this
approach ideal for such a functionalization strategy.
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5: R=Me
6: R=0-tBu

Fig. 3.3. Reversibly functionalized pentacene derivatives.

The first successful application of this method was reported by Miillen and co-
workers [18]. The removal of their solubilizing group occurs thermally at temper-
atures as low as 180 °C, yielding pentacene and a volatile tetrahalobenzene. The
tetrachloro compound 4 (Fig. 3.3) formed good-quality films from spin-cast solu-
tion, and heating the film of the soluble precursor at 200 °C for 5 s yielded the de-
sired acene film. FET properties for devices made from solution-cast films were
quite good — measured mobilities were as high as 0.2 cm? V! s7! with on/off cur-
rent ratios of 10°.

A more recent application of this method solubilizes pentacene with N-
sulfinylamide groups, which undergo Diels—Alder reactions at the N=S double
bond, reacting specifically with the central aromatic ring of pentacene. A variety
of functional groups on the nitrogen atom is tolerated, yielding materials that are
soluble (>50 mg mL~! in chloroform) and can be converted to the pentacene by
thermal treatment (>130 °C). Solution-cast films of the sulfinylamide derivative 5
yielded FETs with hole mobility as high as 0.9 cm? V=1 s7! after a 200 °C anneal-
ing step [19].

Use of more complicated functionality on the solubilized pentacene (6, 7) yields
materials that can be photopatterned to give devices with mobilities ranging from
0.02-0.2 cm? V~1 571 [20, 21]. A very recent addition to the category of pentacene
molecules functionalized with removable solubilizing groups is diketone 8 [22],
which is relatively soluble and can be converted back to pentacene (and carbon
monoxide) by irradiation with ultraviolet light.

33
2,3,9,10-Tetrasubstituted and 2,3-Disubstituted Pentacenes:
End-substituted Derivatives

Although the first preparation of pentacene reported by Clar in 1929 proceeded by
the dehydrogenation of a difficult to prepare precursor molecule (9, Scheme 3.1)
[23], most modern syntheses of pentacene and its end-functionalized derivatives
proceed via the reduction of pentacenequinones, typically by the action of alumi-
num amalgam in cyclohexanol (Scheme 3.2) [24].

Pentacenequinones (11) are in turn conveniently prepared by a fourfold aldol
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OO‘OO e (IO

9

Scheme 3.1. Dehydrogenation route to pentacene.

condensation between phthalaldehydes (10) and 1,4-cyclohexanedione [25]. End-
functionalization is the best approach to maintaining the herringbone packing in
pentacene, because of the relatively weak interaction between the ends of the pen-
tacene molecules in the crystal. Although the preparation of end-functionalized
pentacene is straightforward, few of these materials have been reported in the liter-
ature, because of their generally reduced oxidative and photochemical stability. A
counterpoint to this observation is tetramethyl pentacene 12, synthesized and stud-
ied by Wudl and coworkers (Scheme 3.2) [26]. The material was reported to be as
soluble as unsubstituted pentacene, but only slightly more stable. Methyl substitu-
tion did have a clear impact on the oxidation potential of the material, reducing the
onset of the first oxidation to 510 mV (compared with 640 mV for unsubstituted
pentacene). X-ray analysis of crystals of 12 showed that this material packs in a her-
ringbone fashion similar to unfunctionalized pentacene. The highest mobility for
this compound was obtained in a bottom-contact FET device; the hole mobility
was 0.3 cm? V=1 571 and the on/off current ratio 6 x 103. Using a similar synthetic
strategy, the Wudl group also prepared tetrachloropentacene 13 [27], but this
material did not yield functioning FET devices, because of a remarkable thermal
polymerization — when this compound was heated to >900 °C, it formed a carbo-
naceous solid with a conductivity of >5 S cm™1.

Recently the preparation of 2,3,9,10-tetrakis(trimethylsilyl)pentacene 14 was re-
ported [28]. Although this compound is significantly more soluble than 12 and
13, it was reported to be quite unstable, surviving only a week in deoxygenated so-
lution and for a few days in the crystalline state. The oxidation potential of this
compound is 725 mV (vs. SCE), significantly higher than that reported for penta-
cene. The structure of this compound was confirmed by crystallographic analysis
of one of the decomposition products — the “butterfly” dimer 15 (Fig. 3.4).

O
R O
¥ OO‘OO e OOOOO
R H KOH/EtOH Hg 180 C

10 o
12 R Me
13: R=Cl
14: R = SiMe3

Scheme 3.2. Deoxygenation route to pentacene.
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Megsi
SiMe3

MesSi O
O.{lj SiMes
MegSi ’ O
g Q SiMes
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SiMe3

Me:;Si

Fig. 3.4. Dimerized pentacene 14.

A recent iterative approach to pentacene (Scheme 3.3) has yielded the hexacene-
quinone derivative 17 (plus several related compounds) [29]. The novel aspect of
such compounds lies in the dipole induced by having electron-withdrawing sub-
stituents on only one end of the pentacene, and the unique self-assembly opportu-
nities enabled by this functionalization strategy.

Me Me
(0] (0] 0
2,5-dimethoxy- HO OH Me
oo eeia-Seeosse
H ACOH/C5H11N H H* Me
0 16 o) 17 o)

Scheme 3.3. Reiterative hexacenequinone synthesis.

Single-crystal X-ray analysis of 18 (Fig. 3.5) showed that the strongly polarized
nature of this molecule led to the adoption of a cofacial arrangement in the solid
state, with significant n-overlap and a separation between the n-faces of only 3.25 A.
For device characterization, films of 17 were used in a top-contact device structure
to yield a hole mobility of ~0.05 cm? V~! s71, and the devices were reported to be
stable over a period of several days.

e’-rich end e’-poor end

Me
Me

Fig. 3.5. Solid-state order of pentacenequinone 18.
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(0] Ar O
__ArMgBror
ArL|
Ar
(0]

19 At O

HO, Ar 21: Ar = phenyl
_AcOH/KI or _ 22: Ar= 4-m§thoxyphenyl
S Clb / H-0O 23: Ar = 2-th|enyl
M2/ 24: Ar = 4-acetylphenyl
At R 25: Ar = 2,6-dimethylphenyl

Scheme 3.4. Synthesis of diaryl pentacene.

34
Peri-functionalized Pentacene

An alternative to the reduction of pentacenequinone (Scheme 3.2) is addition
of a carbon-based nucleophile then reductive deoxygenation to yield a peri-
functionalized pentacene (Scheme 3.4). An early example of this procedure in-
volves the addition of phenyl magnesium bromide, yielding diols such as 19 (often
containing by-products such as conjugate addition product 20) [30]. Removal of the
alcohol moieties to yield the desired pentacene occurs under reducing conditions
using reagents such as tin(II) chloride or HI.

Recent studies on the formation of diols such as 19 have shown that functional-
group migration reactions are possible when very electron-rich aryl groups are
used (Scheme 3.5). In the extreme case of 5-methoxythienyllithium, only the re-
arranged product 26 was isolated [31].

Reports of pentacene functionalized at the 6,13 positions using the aforemen-
tioned methods have appeared in the literature since the early 1940s [29]. These
materials are more soluble than pentacene, and substitution at the central ring
minimizes decomposition by dimerization. These materials are still sensitive to

\
OO‘OO OO‘OO
xS S 26
MeO MeO

Scheme 3.5. Rearrangement product from the attempted
synthesis of di(methoxythienyl)pentacene.



64| 3 Engineered Pentacenes

SiR,
o Il
1) RaSICCLi S
2) SnCl, / 10% HCI _
27:R=Me
0 I _ 28 R=Et
SRy 20:R=/Pr
SiRg ||
0
1) RSICCLi o
2) SnCl, / 10% HCI =
30: R=/-Pr
(e} | | 31:R=FEt
SiRy

Scheme 3.6. Synthesis of trialkylsilylethynyl pentacenes.

degradation by reaction with atmospheric oxygen, and they remain potent dienes
for Diels—Alder reactions — for example, 6,13-diphenylpentacene 21 will react
with Cg to form a covalent adduct rapidly and in good yield [32]. It is also possible
to substitute more than two peri positions using this method [33].

One of the most common uses for peri-substituted pentacene is as a red emitter
in organic light-emitting diodes (OLEDs). Diphenylpentacene, for example, has a
fluorescence quantum yield of 30% as a 0.55% dopant in Algs, yielding OLED de-
vices with efficiencies near the theoretical maximum [34]. Variation of the aryl sub-
stituents improves solubility and processing and can increase fluorescence quan-
tum vyield (for example, pentacene 25 has a composite fluorescence quantum yield
of 32%) [35]. There is one report of the use of diaryl pentacenes in FET devices, but
the performance was generally poor (hole mobility for vapor-deposited 23 was of
the order of 1078 cm? V=1 s71) [30].

Trialkylsilylethynyl pentacenes, prepared as outlined in Scheme 3.6 [36, 37], are
highly soluble (>100 mg mL~! in many organic solvents) and significantly more
stable than unfunctionalized pentacene. A recent report claimed that trialkylsilyl-
ethynyl pentacene 29 was >50 times more stable than unfunctionalized pentacene
in solution [38]. One possible explanation for the increased stability is the in-
creased oxidation potential of the ethynylated pentacenes: Functionalized penta-
cene 29 has one reversible oxidation at 840 mV vs. SCE, a full 200 mV higher
than that reported for unsubstituted pentacene [25]. An alternative explanation in-
volves an electronic effect of the Si-based functional group, which has been postu-
lated to alter the singlet—triplet energy gap of the aromatic system, making the
functionalized pentacene a poor sensitizer for the formation of singlet oxygen [36].

The most dramatic difference between unfunctionalized pentacene and the silyl-
ethynylated pentacenes is the change from edge-to-face interaction to face-to-face
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Fig. 3.6. Solid-state order of pentacenes 29 (left), 31 (center),
and 27 (right), shown with their corresponding crystallographic
axes.

interaction in the functionalized material. Three general solid-state arrangements
are observed in the silylethynylated pentacenes — a two-dimensional z-stacked ar-
rangement (Fig. 3.6 left), a columnar arrangement (Fig. 3.6 center), and a one-
dimensional z-stacked arrangement (Fig. 3.6 right). The spacing between =n-faces
in all of these motifs is ~3.43 A.

Functionalized pentacene single crystals subjected to resistivity measurement in-
clude 6,13-functionalized triisopropylsilyl (TIPS) and trimethylsilyl (TMS) deriva-
tives 29 and 27, 5,14-functionalized TIPS, and triethylsilyl (TES) compounds 30
and 31 [39]. Crystals used in these measurements were grown from solution, and
electrodes were attached using graphite or silver paste [40]. The measurements
were performed by heating the samples to 100 °C in a nitrogen-filled glove box or
under vacuum and then taking resistance measurements as the sample cooled. An
Arrhenius plot of the temperature dependence of resistivity provides the conductiv-
ity band gap of the materials using the relationship p = p, exp(—Ea./k,T), where p
is resistivity, E, is activation energy, k;, is the Boltzmann constant, and T is abso-
lute temperature.

The most conductive functionalized pentacene is derivative 29. Along the z-
stacking axis (crystallographic “b” axis), the material has a resistivity of 10° Q cm,
and a conductivity band gap of 0.6 eV. Measured orthogonal to the n-stacking axis
along the crystallographic “a” axis, the resistivity is 10® Q cm with a band gap of
0.9 eV. Finally, the resistivity measured along the crystallographic “c” axis, which is
the direction incorporating the insulating silyl groups, is 10 Q cm. The change
from two-dimensional to one-dimensional z-stacking motif has a dramatic impact
on the electronic properties. The resistivity measured along the z-stacking axis in
these systems (e.g. 27) is typically two orders of magnitude higher (10® Q cm)
than in the corresponding two-dimensional z-stacked material (29). Because of
the large amount of n-overlap, however, thermal activation of carriers leads to dra-
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matic increases in conductivity, leading to a band gap of 0.8 eV along the rn-stacking
“a” axis. Because these one-dimensional z-stacks are “insulated” by the non-
conductive functional groups of adjacent z-stacks, there is significant anisotropy
in the resistivity of these crystals — resistivity along the crystallographic “b” and
“c” axes is >10'% Q cm, with measured band gaps in excess of 3 eV. These mea-
surements all support the argument that electronic properties in crystals are very
sensitive to subtle changes in n-overlap [41].

The 5,14-substituted pentacenes adopt yet another solid-state arrangement in
which the pentacene moieties can stack in a nearly columnar array (Fig. 3.7, left)
with excellent z-overlap. In the TIPS derivative 30, the bulk of the substituent does
not enable more than a pair of acenes to stack, and this pair then arranges in a
herringbone fashion (Fig. 3.7, right). Because there is no long-range n-face interac-
tion in this material, the resistivity in the crystal is >10'° Q cm. By substituting a
smaller substituent for the TIPS group (31), the 5,14-substituted pentacenes can be
induced to adopt a columnar z-stacked arrangement with significant z-overlap (Fig.
3.6, center). Resistivity measured along the n-stacking “b” axis (107 Q cm) lies be-
tween that of two-dimensional z-stacked 29 and one-dimensional n-stacked 27.

Several sets of calculations of the band structure of pentacene cover the poly-
morphs and thin-film forms reported for this compound [42]. They show modest
dispersions (0.1-0.2 eV) with a two-dimensional electronic nature. Band-structure
calculations for functionalized pentacenes 27 and 29 support the measured band
gap findings [43]. In the one-dimensional n-stacked compound 27, calculations
show a small gap along one crystallographic axis, with a remarkable 0.86 eV disper-
sion in the conduction band. In the two-dimensional n-stacked material 29, the cal-
culation showed small band gaps along two crystallographic axes, with dispersions
of the order of 0.3 eV in the conduction band. In principle, the performance of
these materials should be similar to that of unfunctionalized pentacene.

An alternative measurement of the electronic properties of single crystals relies
on an all-optical pump-probe technique, which measures the mobility of photogen-

Fig. 3.7. m-overlap pattern of a pair of “offset”-substituted
pentacenes 30, and the “herringbone” arrangement of these
pairs in the crystal.
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erated charge carriers. Although this method does not yield an absolute charge-
carrier mobility (it produces the product of mobility (x) and efficiency of generation
(7) of mobile carriers) it is an excellent technique for comparing mobility across a
series of compounds [44]. To date, only one functionalized pentacene derivative
has been investigated using such a method (along with unfunctionalized penta-
cene) [45]. Thin films of both pentacene and TIPS pentacene 29 have similar car-
rier mobility (uy = 0.020 cm? V~! s7! for pentacene, 0.025 cm? V~! s7! for 29).
It was also found that charge carrier mobility increased as temperature decreased
for both pentacene and functionalized pentacene 29 [46], providing evidence for
band-like transport in the thin films of these materials. A more general investiga-
tion of the photoresponse of the conductivity of functionalized pentacenes 27 and
29 revealed dramatic wavelength dependence [47], demonstrating that molecular
packing is an important factor to be “engineered” in the development of materials
for photovoltaics.

Peri-functionalized acenes 27-31 were also investigated for potential transistor
action. Although none of the compounds with one-dimensional z-stacking order
in the crystalline state (e.g. 27, 28, and 31) yielded devices with significant hole
mobility, the one derivative with two-dimensional z-stacking (29) yielded a device
with a hole mobility of 0.4 cm? V=1 57! [48]. The high solubility of this material
also enabled device fabrication by solution deposition of the active layer, yielding
devices with a hole mobility of 0.2 cm? V=1 s7! [49]. The similarity in FET perfor-
mance between solution and vapor-deposited films of 29 is probably because of the
self-assembly of the material enforced by the large solubilizing groups.

In contrast with the typical approaches to peri-functionalized pentacene, 1,4,8,11-
tetramethoxypentacene 34 was prepared by an unusual synthetic route as outlined
in Scheme 3.7 [50]. Although this deep violet material lost color if left in solution
for more than an hour, it was soluble enough and stable enough for the acquisition
of a proton NMR spectrum, confirming the structure. The oxidation potential of 34
was measured by cyclic voltammetry, which revealed two reversible oxidations (at
0.13 Vand 0.54 V vs ferrocene/ferrocenium), demonstrating that this material is a
powerful electron donor.

OMe o]
OMe

3) Cu /260 °C
33 OMe

OH
OMe

Scheme 3.7.  Synthesis of tetramethoxypentacene 34.
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Scheme 3.8. Reiterative synthesis of pentacene 36.

35
Pentacene Functionalized at Both peri and End Positions

A small number of stable compounds have been produced with substituents at
both peri and end positions. The first such system was the product of repeated ap-
plication of a zirconium-mediated cyclization to phthalate ester 35, leading to the
heavily substituted pentacene 36 in 11 steps (Scheme 3.8) [51]. Little discussion of
the properties of this pentacene derivative was presented, but it was soluble and
stable enough for complete characterization. This unusual approach to the syn-
thesis of pentacene is one of the few to yield such high substitution.

Pentacene ethers 37-39 (Fig. 3.8) were prepared in an attempt to reduce the
HOMO energy level relative to functionalized pentacene 29 [52]. These cyclic ether
compounds were surprisingly stable, soluble and easily crystallized. Saturated diox-
ane compound 37 has an oxidation potential of 0.580 V vs SCE (similar to that of
unfunctionalized pentacene), but the axial hydrogen atoms on the dioxane ring
prevent z-stacking interactions in the crystal. Derivatives 38 and 39 were synthe-
sized to overcome this structural issue. Although the change of oxidation potential

SiiPrg Si iPrg
l l
(0] N o} Si iPry 0] A (0]
( ) u ¢ >
0 0 (e} (0]
37 39
| OO0 |
Si iPra 0 & o) Si iPry
38
It
Si iPrg

Fig. 3.8. Pentacene ethers 37-39.
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SR

Scheme 3.9. Synthesis and solid-state order of perfluoropentacene 41.

was not as significant for these compounds (0.776 V for 38 and 0.692 V for 39), the
materials do have strong n-stacking interactions in the solid state.

The most dramatic example of the use of functionalization to tune the properties
of an organic semiconductor is found in perfluoropentacene 41 (Scheme 3.9) [53].
Perfluoropentacene has a strongly shifted LUMO, evidenced by lowering of the
reduction potential by more than 700 mV. The fluorinated compound adopts a
herringbone packing in the crystal that is very similar to that of the parent acene.
Top-contact FET devices made from evaporated 41 had an electron mobility of 0.11
cm? V71 571, demonstrating the change from p-type to n-type behavior.

3.6
Heteropentacenes

Heteropentacenes are formed by replacing one or more of the carbocyclic rings in
pentacene with heterocyclic rings. The earliest example of the synthesis and use of
heteropentacenes in electronic applications was reported by Katz and coworkers,
who prepared anthradithiophenes 42—45 (Scheme 3.10) [54] from thiophene-2,3-

S S
O F‘\/R
S

CHO
R\<\_/Z/ . ag. NaOH Al / Hg syn
Cyclohexanol

CHO S
° L
S
anti

42:R=H

43: R = CGH13

44: R = C12H25

45: R = C18H37

(all anthradithiophenes prepared as a

mixture of syn and anti isomers)

Scheme 3.10.  Anthradithiophene synthesis.
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\
—si

Fig. 3.9. Silylethynyl-functionalized anthradithiophenes (left)
and their solid-state arrangement (right). Frontmost silyl
groups omitted for clarity.

dicarboxaldehydes as an inseparable mixture of syn and anti isomers. Although all
these derivatives formed highly crystalline films by evaporation, and all exhibited
transistor behavior in bottom-contact devices, dihexyl derivative 43 yielded the best
device properties, with hole mobility of 0.15 cm? V=1 s7!. This same dihexyl deriv-
ative could also be deposited on an FET substrate from chlorobenzene solution,
yielding devices with a mobility of 0.02 cm? V! s7! [55]. A similar solution-casting
technique applied to pentacene was unsuccessful, because of rapid photobleaching
of the acene [56] showing the increased stability of anthradithiophenes. A detailed
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4 steps
A O O
OHC S CHO  34% yield

Scheme 3.11.  Synthesis of benzothiophene derivative 46.

computational study of the relationship between solid-state order and electronic
properties of anthradithiophene showed that this class of heteroacene is a particu-
larly promising candidate for the preparation of high-mobility FETs [57].

The addition of trialkylsilylethynyl groups to anthradithiophene leads to several
solid-state arrangements, ranging from weak edge-to-face interactions (46) to
strong two-dimensional r-overlap (47) (Fig. 3.9) [49]. The nature of the crystal
packing has a significant effect on both film formation and device performance.
TMS derivative 46 has the weakest intermolecular interactions in the crystal, and
is the only one of this series that does not form continuous films from solution.
Derivatives 47 and 48 both have z-face interactions in the crystal, and both form
uniform films by solution casting, but TES derivative 47, with strong n-face inter-
actions evidenced by very close contacts between the aromatic rings in the stack
(3.25 A) yielded films with much higher crystallinity than 48, which has only one-
dimensional n-face interactions (face-to-face separation of 3.46 A). The crystallinity
is reflected in the device performance, with solution-cast films of 48 giving devices
with a charge carrier mobility < 0.0001 cm? V! s71, and films of the more crystal-
line 47 yielding devices with hole mobility of 1. 0 cm? V17l

A recent effort by Neckers and coworkers produced a molecule with three of pen-
tacene’s carbocyclic rings replaced with thiophene heterocycles (49), prepared in
isomerically pure form as outlined in Scheme 3.11 [58]. The authors did not report
any characterization of the electronic properties of this material, although it was
reported to be sufficiently soluble in ethanol for recrystallization.

Although several tetraazapentacenes (50-54, Fig. 3.10) have been reported and
studied in detail over the last several decades [59-62], there have been no reports

H H
N N N
~
N N N N
H 50 55 H

@E ﬁ D
H H z S H
N N N N N
: 52: R=H ~OOO
53:R=Ph
N N N
H 51 H 54: R = CygHy; 56 H

Fig. 3.10. Azapentacenes.
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of their application in field-effect transistor devices. In contrast the diazadihydro-
pentacenes 55 and 56 have been investigated for use in OFETs [63]. Although crys-
tallographic analysis of 55 showed that this molecule arranged in a herringbone
fashion similar to pentacene, the results from OFET measurements were not on
par with those of this parent compound - vapor-deposited films of 55 and 56
yielded FETs with hole mobilities of only 5 x 10> cm? V! s7! for 55 and
5x 1073 cm? V-1 57! for 56.

3.7
Conclusion

Functionalization of pentacene with the specific aim of improving performance
in devices is a recent endeavor — the first use of a functionalized pentacene in a
field-effect transistor was reported only recently (2003) [26]. Functionalization of
pentacene has led to the ability to engineer the solid-state arrangement, electronic,
and solubility properties of this important semiconductor and to improve its sta-
bility and film-forming ability. Recent functionalized pentacene materials have
yielded devices with properties comparable with those of the parent acene, have
enabled the formation of devices from solution-deposited films, and have even
changed the semiconductor behavior of this organic molecule from p-type to n-
type. As functionalization strategies are refined, materials with all of the properties
necessary for commercial device applications should soon be developed.
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4
Organic Semiconductors Based on
Polythiophene and Indolo[3,2-b]carbazole

Beng S. Ong, Yiliang Wu, and Yuning Li

4.1
Introduction

The phenomenal surge in interest in organic electronics in recent years [1, 2]
is primarily propelled by expectations of significantly lower cost and desirable
physical features attainable with organic materials. The expected economic benefits
stem from the ability to manufacture a new generation of fundamental building
blocks of microelectronics, organic thin film transistors (OTFTs) at much lower
cost than their prevalent silicon-based counterparts. OTFTs can be fabricated via
simple liquid patterning and deposition techniques (e.g. spin coating, screen print-
ing, flexography, inkjet printing), in contrast with the manufacture of silicon TFTs,
which requires a capital-intensive facility engaging complex high temperature/
vacuum photolithographic processes in a strictly controlled environment. OTFTs,
being composed of organic or polymer materials, may also be built on flexible plas-
tic substrates, thereby enabling creation of structurally compact, lightweight, and
flexible electronics. OTFTs are not, however, expected to provide the performance
characteristics expected of crystalline silicon TFTs with high computational powers.
The capabilities of OTFTs are more in line with those of amorphous silicon TFTs,
which are functionally adequate for a wide variety of electronic applications.
OTFT circuits are thus particularly suitable for electronic devices which require
large-area coverage (e.g. active matrix displays) and not a high transistor density
or fast switching speed; they may also find applications in low-cost microelec-
tronics (e.g. radio-frequency identification tags) where the high cost of packaging
silicon circuits precludes ubiquitous usage.

One critical material for OTFTs is the channel semiconductor which dictates
transistor performance. Functionally capable organic semiconductors for low-cost
OTFTs are rare, because most organic semiconductors are either insoluble or very
sensitive to air under ambient conditions. Material insolubility precludes the use
of liquid patterning and deposition and air sensitivity requires manufacture in
inert atmospheres — both of these restrictive requirements invariably lead to in-
creased cost, thereby nullifying the fundamental economic advantage of OTFTs.
Until relatively recently the challenges of designing liquid processable, high-
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performing organic semiconductors with sufficient air-stability to enable low-cost
OTFTs seemed to be insurmountable. In recent years great strides have been made
in the design of air-stable and solution-processable organic semiconductors with
excellent field-effect transistor (FET) properties. These latest advances in semicon-
ductor development are very encouraging and have strengthened the prospect of
bringing the concept of low-cost OTFT circuits from laboratory to commercializa-
tion in the foreseeable future. In this chapter, we discuss the issues, challenges,
and recent advances in the development of p-channel organic semiconductors,
and present our design principles and structural studies for air stable, solution
processable organic semiconductors for OTFTs. In particular, the design of two
fundamental classes of semiconductor, one polymeric in nature (regioregular poly-
thiophenes) and one molecular (indolocarbazoles) for high-performance OTFTs
will be described. We will also describe the preparation and characterization of a
novel class of organic semiconductor nanoparticles which enables inkjet patterning
of OTFT channel semiconductors under ambient conditions with consistently high
FET performance characteristics.

4.2
Issues and Challenges

Although FET properties in organic materials were first observed in copper phtha-
locyanine in the 1960s [3], little progress was made until the 1980s when several
organic semiconductor compounds were demonstrated for OTFTs [4-6]. Since
then significant advances in organic semiconductor development had been re-
ported, with FET mobility being improved by as much as five orders of magnitude.
The mobility of the current materials such as pentacene [7] not only rivals but
supersedes those of hydrogenated amorphous silicon. Table 4.1 summarizes the
performance characteristics of major classes of p-channel semiconductors for
OTFTs. As can be noted, solution processability, molecular ordering and air stabil-
ity of semiconductors are critical to OTFT fabrication. High mobility is mostly ob-
tained from the vacuum deposited materials with high structural order. The FET
performance of solution-processed semiconductors, particularly those fabricated
in air, is generally poor. These results reveal the significance of molecular ordering
on performance and reflect the great difficulties of forming structurally ordered
semiconductors from solution.

The p-channel organic semiconductor compounds that have been widely studied
can generally be classified into three categories:

1. acene-based small molecular compounds [7-13];
2. oligothiophenes [6, 14-19] and polythiophenes [5, 20-22]; and
3. arylene-vinylene [23] and thiophene—vinylene/arylene hybrids [24-27].

Most of these semiconductors have relatively high-lying HOMO (highest occupied
molecular orbitals) and narrow band gaps. They are very susceptible to photoin-
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Tab. 4.1. Typical organic semiconductors with OTFT characteristics.

Semiconductor Mobility (cm? V= s77) Ion/lof  Ref.
(deposition conditions)
Initial report: — - 3
O ~ 0 Recent result: 0.02 (vacuum) 10° 68
\
Copper phthalocyanine
/A s/ \ S 7 S Initial report: 103 (vacuum) - 6
S \ / s "/ S \ Recent result: 0.03 >10° 14
a-Sexithiophene
N\ .5SC /N .S_ J \ _s Initial report: 0.05 (vacuum) 102 15
R R
s ./ 7 VL / s Y Recent result: 1.1 (vacuum) 10* 16
o,w-dialkylsexithiophene 0.01 (solution/ambient) 10* 17,18
/A s /\ s /A S Initial report: 0.05 (solution/air) 10° 19
R R
S \ / s \ S \ /
o
N qeaat R
Oligothiophene derivative
)\ s O Q Initial report: 0.11 (vacuum) 26
R
Soepiarate
R=Hor CgHyz.
Fluorene—thiophene oligomer
Can“ Initial report: 0.12 (vacuum) 106 23
O
Oligo-p-phenylenevinylenes
MCGH'G Initial report: 0.18 (vacuum) 104 8
e e
Oligo(2,6-anthrylene)s
OOOOO Initial report: 2 x 10~* (vacuum) - 9
Recent result: 3.3 (vacuum)[®! 107 7

Pentacene
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Tab. 4.1 (continued)

Semiconductor Mobility (em? V= s71) Ion/lo  Ref.
(deposition conditions)
. cl Initial report: 0.01-0.2 10° 11, 12
3 c (solution/ambient) 106 10
cl Recent result: 0.42 (solution/inert) [l
- \(O A
e L0
Pentacene from soluble precursors
)\Yj\ Initial report: 0.4 (vacuum) 10° 13
Si
Il
|
e
6,13-Bis(triisopropylsilylethynyl)pentacene
R Initial report: 107> (solution/ambient) 103 5
{ /\ j
S /n
Regiorandom poly(3-alkylthiophene)
CgHiz  CHg Recent result: 0.046 (solution/ambient)  — 20
7\ 7\
§ /m\ 8 /n
Regiorandom poly(3-methylthiophene-co-3-
hexylthiophene)
R Initial report: 0.045 (solution/ambient) 102 21
/\_/</ \ Recent result: 0.1 (solution/inert) 106 22
S /n
Regioregular head-to-tail poly(3-alkylthiophene)
. . ;o) 3
( B CH—CH%— HCl ( I\ ope CH‘} Initial report: 0.22 (solution)d 10 24
s ] VAN S n Recent result: 0.0015 10* 25
octls lution/ambient)
Poly(thienylene—vinylene) from soluble precursor (so
Initial report: 0.02 (solution/ambient)¥  10° 27

CgHiz_ CsH17
(OO0

Poly(9,9’-dioctylfluorene-co-bithiophene)

2 Annealed at 180-200 °C
bOn alumina dielectric

¢Annealed at 200 °C in nitrogen atmosphere

dHas not been reproduced

¢Annealed at >265 °C in nitrogen atmosphere on rubbed polyimide alignment layer.
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duced oxidative doping and bleaching, leading to poor semiconductor characteris-
tics when processed under ambient conditions. These unfavorable molecular prop-
erties are particularly challenging for those electronic applications for which light
emission (e.g. organic light-emitting diodes) or backlight (e.g., active matrix liquid-
crystal displays) is involved.

An interesting approach to solution processed, high-mobility organic semicon-
ductor layers proceeds via soluble Diels—Alder adducts of pentacene [10-12]. The
Diels—Alder adducts are soluble in organic solvents and their solutions can be
spun cast into thin films. On heating to the decomposition temperatures the pen-
tacene adducts retro-convert to pentacene. To achieve high mobility, however, post-
reaction annealing in a nitrogen atmosphere is necessary [10]. These results again
reveal the challenges and complexities that confront the development of air-stable,
solution-processable, and functionally capable semiconductors for OTFTs.

4.3
Structural Considerations

Charge-carrier transport in organic semiconductor systems is dominated by hop-
ping through localized states [28], therefore proper molecular order, which is favor-
able to charge transport in the semiconductor, is necessary to achieve high mobility
[22]. The semiconductor must also be reasonably air stable, so that the desirable
FET properties can be achieved under ambient fabricating conditions before subse-
quent protective encapsulation is implemented for long-term operational stability.
Accordingly, it is imperative that semiconductor materials for low-cost OTFTs have
the following critical properties:

1. an electronic structure favorable for charge transport;

2. an ability to self-organize from solution to form proper structural order in the
solid state for charge transport, and

3. a resistance to adverse environmental effects, particularly degradative interac-
tions with atmospheric oxygen.

Most current solution-processable organic semiconductor compounds fail to satisfy
all these requirements simultaneously.

Low mobility is observed for most polymer semiconductors as a result of their
inability to establish higher structural orders in the solid state. Those which are
capable of undergoing efficient self-organization do provide higher mobility, but
the very structural regioregularity which promotes their self-assembly to a high
structural order with extensive n-conjugation also renders them extremely sensitive
to photoinduced oxidative doping and bleaching. These polymers require process-
ing in an inert atmosphere or in the dark if they are to have useful FET properties.
Nonetheless, polymer semiconductors are more amenable to the solution-based
processing techniques. Many of these polymers form uniform, flexible thin films
which are highly desirable for creating mechanically robust devices. If the high-
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mobility polymer semiconductors of this type, for example regioregular polythio-
phenes, can be structurally modified to inhibit their sensitivity to oxidative doping,
then fabrication of functionally capable OTFTs would be possible.

Efficient self-organization is usually observed for small molecular semiconduc-
tors, including short-chain oligomers [6-8, 13-18|, when deposited by vacuum
evaporation. The crystalline semiconductor layers of this type such as those ob-
tained from pentacene have yielded high-mobility OTFTs. High crystallinity of the
semiconductor layer also has a protective shielding effect on the semiconductor
molecules, thereby slowing down their degradative interactions with environmen-
tal reactants. Although vacuum deposition usually provides a continuous crystal-
line thin film, solution deposition often leads to “island” structures composed es-
sentially of crystal aggregates. The noncontinuity of the island structures limits
fabrication of useful channel semiconductor layers. Under well-controlled solvent
evaporation conditions, solution deposition may also afford continuous semicon-
ductor thin films. The procedural delicacy of controlled solvent evaporation is,
however, impractical, if not impossible, for the high-throughput manufacturing
processes needed for low-cost OTFT circuit production.

Our structural studies of organic semiconductor materials for OTFTs are aimed
at resolving these material deficiencies through molecular design. We demonstrate
herein that proper structural design can result in a semiconductor system with rea-
sonable air stability and FET properties which may ultimately satisfy the perfor-
mance and economic requirements for low-cost OTFTs. The application of struc-
ture—property correlation principles in our structural design and the development
of an enabling semiconductor nanoparticle ink for inkjet patterning of semicon-
ductors for high-performance OTFT circuits will be discussed herein.

4.4
Polythiophene Semiconductors

Unsubstituted polythiophenes are insoluble materials which cannot be processed
by solution-based deposition techniques. Polythiophenes with substituents such
as oxymethylene or long alkyl chains are soluble in common organic solvents, and
have been widely studied with appropriate dopants to increase electrical conductiv-
ity for use as organic conductors [29, 30]. Undoped polythiophenes are intrinsically
semiconductive in nature, and a wide variety have been explored as potential chan-
nel semiconductors for OTFTs. For charge transport in organic systems, large crys-
talline domains with long-range structural order that reduce grain boundary effects
and aid in charge transport by hopping would lead to high mobility, whereas
amorphous or disorganized materials result in poor transport. For the polythio-
phene system, a sufficiently long alkyl side-chain would provide the solubility
needed for processing and structural regioregularity helps promote molecular self-
assembly to achieve a desirable structural order for charge transport. Molecular
self-organization is difficult for regio-random polythiophenes on which the sub-
stituents are not positioned regioregularly along the backbone; these are, therefore,
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poor semiconductors [5]. On the other hand, regioregular alkyl-substituted poly-
thiophenes such as the head-to-tail poly(3-alkylthiophene)s with a long alkyl side-
chain self-organize readily from solution when deposited on appropriate substrates
[29, 31]. Specifically, when regioregular head-to-tail poly(3-hexylthiophene), or HT-
P3HT (1), is processed as the channel semiconductor for OTFTs in an inert atmo-
sphere, excellent FET characteristics result. The mobility and current on/off ratio
are as high as 0.1 cm? V-1 s71 and 109, respectively [22]. Lower mobility and sig-
nificantly lower on/off ratio are achieved when the OTFTs are fabricated in air [21],
however, and their FET performance rapidly degrades on continued air exposure.

CeHis
/A
S n
HT-P3HT

@

4.41
High-performance Polythiophene Design

The poor performance of HT-P3HT as a semiconductor in OTFTs fabricated under
ambient conditions can be attributed to its sensitivity to moisture and photoin-
duced oxidative doping and bleaching by atmospheric oxygen. In the lamellar
structural order of HT-P3HT, all the thienylene moieties along its polymer back-
bone are held in coplanarity by intermolecular alkyl side-chain alignment [29, 31,
32], resulting in a highly delocalized n-conjugated system. Although the lamellar
structural order of this type is a constructive set-up for charge transport, it also
brings about its susceptibility to photoinduced oxidative doping. Nevertheless, the
fact that this regioregular polythiophene system is capable of high mobility and
current on/off in OTFTs in an inert atmosphere reveals its excellent intrinsic FET
properties. These results suggest that an approach to low-cost, high-performance
OTFTs would be possible if appropriate structural features could be built into the
regioregular polythiophene system to control its z-conjugation for air stability with-
out compromising its FET characteristics [33].

Our studies of regioregular polythiophenes are driven by the objective of achiev-
ing functionally capable OTFTs using simple solution processes under ambient con-
ditions. Solution processing in an environment which does not require elimination
of atmospheric oxygen is considered central to achieving the low-cost benefit of
OTFTs. We believe this can be accomplished by using a structurally engineered
polythiophene system by proper deployment of three design principles [33-36]:

1. sufficiently long alkyl side-chains to provide solution processability;

2. structural regularity to enable molecular self-organization from solution deposi-
tion; and

3. proper control of n-conjugation to achieve a balance between air stability and
FET property.
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Of these design principles, the requirement for building stability against oxidative
doping in a semiconductor structure without compromising its semiconductive
properties is perhaps the most demanding.

Photoinduced oxidative doping of conjugated polymers under ambient condi-
tions depends on their band gaps and ionization potentials (IPs) or their HOMO
levels under vacuum, which depend on their effective zn-conjugation lengths. For
polythiophenes, coplanarity of the thienylene moieties along the polymer chain
leads to extensive z-conjugation, thus a narrower band gap and lower IP, and a
greater tendency to be oxidatively doped in air when exposed to visible light. Devia-
tions from coplanarity result in a shorter effective n-conjugation length, a wider
band gap, and higher IP, and thus a greater resistance to oxidative doping under
ambient conditions. An unduly short n-conjugation length suppresses charge
transport efficiency, however, and leads to low mobility. Through our structural
studies we have found that simple torsional deviations from coplanarity and strate-
gic presence of nonthienylene moieties along the polymer backbone can be effec-
tive in tuning the z-conjugation system of regioregular polythiophenes for air sta-
bility and FET properties.

4.4.2
Polydialkylterthiophenes

Regioregular polydialkylterthiophenes constitute an interesting model system for
study of oxidative doping stability, self-assembly capability, and FET properties [34,
35]. These polymers can be readily prepared by FeCl;-mediated oxidative polymer-
ization of the corresponding dialkylterthiophene [37, 38] or dehalogenative cou-
pling of dihalodialkylterthiophene (Scheme 4.1) [31].

The poly(3’,4’-alkylterthiophene), PTT (2) used in our studies is prepared by
FeCl;-mediated oxidative coupling polymerization [39]. PTT with a long alkyl side-
chain (R > Cg) for example PTT-10 (2, R = n-C;9Hj;) has an ability to self-organize
in the solid state as reflected by a bathochromic shift in its UV-visible absorption
spectra from solution to thin film (Fig. 4.1a). The solution spectrum of PTT-10 also
has a progressive bathochromic shift with concomitant appearance of a longer-

R R
S. / \ S.
s\ Fe\C's‘
R R
NBS CgHsCl S/ \ S
\ s\
1.Zn*
AN PTT
S / \ S. .
B—\ J >~¢~ \ /B "2 Ni(dppp)Cl, (2)

Scheme 4.1.  Synthetic processes for PTT.
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Fig. 4.1. (a) solution (dashed line) and thin film (solid line)
absorption spectra of PTT-10; and (b) solution absorption
spectra of PTT-10 with bathochromic shifts and appearance of
long-wavelength shoulders on addition of methanol [40].

wavelength shoulder with increased addition of methanol, a poor solvent for PTT-
10 (Fig. 4.1b) [40]. These spectral properties seem to suggest the formation of a
cofacial n—=n stacking order of PTT-10 in the solid state. No lamellar structural
orders similar to that of HT-P3HT could be detected by X-ray diffraction (XRD)
studies.

Bottom-gate, top-contact (Fig. 4.2a) and a bottom-gate, bottom-contact (Fig. 4.2b)
TFT configurations are used to evaluate the FET performance of our semicon-
ductors. The devices are built on an n-doped silicon wafer (gate electrode) with a
100-nm thermal silicon oxide (SiO;) dielectric layer which is modified with a self-
assembled monolayer of octyltrichlorosilane (OTS-8) to promote molecular order-
ing in the semiconductor layer. For the top-contact device the semiconductor layer
(~20-50 nm) is deposited on the OTS-8-modified SiO, surface by spin coating. A

(@) (b)

Source Drain

Semiconductor

'
Sourcel Semiconductor | Drain
1

Sio, SiO,

Fig. 4.2. Schematic diagrams of bottom-gate, top-contact (a)
and bottom-gate, bottom-contact (b) thin film transistor test
configurations.
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1.2
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Fig. 43. UV-visible spectral properties: (a) dilute solution of
PTT’-8 in dichlorobenzene; (b) thin film of PTT'-8, with vibronic
splitting; (c) thin film of PTT-10; and (d) thin film of HT-P3HT,
with vibronic splitting [35].

series of gold source-drain electrode pairs are subsequently deposited on top of the
semiconductor layer by vacuum evaporation through a shadow mask, thus forming
an array of OTFT with different channel length and width dimensions. For the
bottom-contact device, PTT-10 is spin-coated after gold electrode deposition. OTFT
fabricated with PTT-10 under ambient conditions reveal favorable FET characteris-
tics [34]. The extracted mobility from the saturated regime is ~0.01 cm? V=1 s~}
with a current on/off ratio of ~10°. Although these FETs results are quite similar
to those of HT-P3HT devices fabricated under ambient conditions, the air stability
of PTT-10 OTFT is substantially better. Nonetheless, the performance of PTT is
dampened by its inability to form higher lamellar z-stacking order similar to that
of HT-P3HT [29, 31]. A lamellar structural order of this type in the semiconductor
layer is thought to be more efficient for charge transport.
Poly(3,3”-dialkylterthiophene), PTT’ (3; Scheme 4.2), is a regioisomer of PTT,
differing only in the regiochemistry of alkyl substitution. This “spaced-out” substi-
tution of alkyl side-chains along the polymer backbone has conferred on PTT’
greater self-assembly ability, however. Although PTT-10 has only n—= stacking or-
der in the solid state, PTT’-8 (3, R = n-CgH;7) readily self-organizes into lamellar
n-stacking structural order in the solid state when cast from solution, a conse-
quence of the extensive intermolecular side-chain interactions facilitated by the
“spaced-out” alkyl substitution. In our studies, PTT’-8 was prepared from the cor-
responding monomer by FeCls;-mediated polymerization in chlorobenzene [35] in-
stead of chloroform [41] to achieve well-defined, high-molecular weight properties.
The UV-visible absorption spectrum of PTT’-8 in solution shows broad absorption
at Amax & 470 nm (Fig. 4.3a), typical of a twisted polythiophene conformation. The
absorption of the thin film of PTT"8 is, however, sigificantly red shifted together
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Scheme 4.2.  Synthesis of poly(3,3”-alkylterthiophene), PTT’ (3).

with the appearance of vibronic splitting at Ay, & 510 (shoulder), 540, and 583
(shoulder) nm, indicative of higher structural order than PTT-10 in the solid state.
The thin-film spectral properties of PTT’-8 are quite similar to those of HT-P3HT
(Fig. 4.3d) which has a lamellar z-stacking structural order, in sharp contrast with
those of PTT-10 (Fig. 4.3c) which has indiscernible vibronic features because of its
lack of lamellar ordering.

The XRD pattern (Fig. 4.4) of a thin film of PTT’-8 has diffraction peaks at
20 = 5.8° (100), 11.8° (200), and 17.8° (300), corresponding to interlayer spacing
of 15.1 A. The transmission electron diffraction pattern of PTT'-8 thin film corre-
sponds to a n—7 stacking distance of ~4.0 A. These results clearly reveal the la-
mellar structural order of PTT’-8 in the solid state as schematically illustrated by
Fig. 4.4c. The wider than the usual z—= stacking distance of ~3.5 A was a reflection
of the loosely packed lamellar 7—n stacking structure. This is probably because of
steric interference between the two octyl side-chains on the same repeating units of
PTT’-8, twisting the substituted thienylene moieties slightly out of coplanarity and
thus sterically hindering the close packing of lamellar layers.

As expected, OTFTs prepared using the PTT’-8 semiconductor have much better
FET characteristics, with the average mobility being ~0.015-0.022 cm? V!
and a current on/off ratio of 10°~10° [35], with similar air stability. Although these
FET properties are among the best for OTFT solution processed at room tempera-
ture under ambient conditions without thermally assisted structural ordering, they
still fell short of expectation. We envisage that a lamellar z-stacking structural order
of this type with tighter packing should enable more efficient charge-carrier trans-
port. Such a lamellar z-stacking structure can be achieved with a regioregular poly-
thiophene system as schematically depicted in Fig. 4.5, In this structural design
the side-chains and their spacing, the intervening conjugating spacers, the molec-
ular weight properties, etc. synergistically dictate the intermolecular ordering, the
intermolecular interaction, and thus the lamellar z-stacking structural formation
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Fig. 4.4. (a) XRD of thin film of PTT'-8 with
diffraction peaks at 20 = 5.8° (100), 11.8°
(200), and 17.8° (300); (b) TEM of a free-
standing film of PTT’-8 with diffraction

equivalent to a n—= stacking distance of 4.0 A;
(c) schematic depiction of lamellar z-stacking
structure of PTT'-8 [35].

Conjugating spacer

+—— Side-chain

Fig. 4.5.
a regioregular polythiophene system via intermolecular side-
chain interdigitation.

Schematic representation of the lamellar formation of
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and effective n-conjugation of the system. From this perspective it is imperative
that the intervening conjugating spacers maintain the relative orientations of 3-
substituted thienylene moieties along the polythiophene backbone such that the
side-chain ordering is optimized to enable achievement of a lamellar z-stacking
order.

443
Polydialkylquaterthiophenes

Regioregular polythiophene, poly(3,3"”-dialkylquaterthiophene), PQT (4), is one of
the regioregular polythiophene systems which satisfies our design requirements
[36]. The alkyl side-chains of PQT are regioregularly positioned along the backbone
such that its repeating length is approximately 15.5 A. The d-spacing of the alkyl
side-chains oriented in the same direction in the extended coplanar conformation
is approximately 12 A, because the side-chains are tilted at an angle of ~50° against
the backbone. This 12-A spacing, with a sufficiently long alkyl (R > Cs), would en-
able PQT to self-assemble more efficiently than PTT’ by intermolecular alternating
side-chain interdigitation. This would lead to formation of a strongly held lamellar
structure, thus enabling long-range lamellar z-stacking order in the solid state sim-
ilar to that of PTT’, as represented schematically in Fig. 4.4c. Lamellar structures of
this type have been observed in the oligomeric forms of PQT [42]. The conjugating
spacer — which comprises two unsubstituted thienylene units with some rotational
freedom and thus torsional deviations from coplanarity — would be expected to sup-
press the z-conjugation of the polythiophene to provide the air stability needed.
PQT can be prepared, in good yield, by FeCl;-mediated coupling polymerization
(Scheme 4.3), and purified by extraction with appropriate solvents [36]. As ex-
pected, PQT such as PQT-12 (4, R = n-C;,Hys) have an ionization potential which
is ~0.1 eV higher than that of HT-P3HT and a wider band gap, indicative of its
greater stability against photoinduced oxidative doping. Liquid crystalline behavior
also is observed for PQT-12, as noted in its DSC thermogram, with two endo-

R
@ e F& A
MgBr

Ni(dppp)Cl,
R
s W ) Gao
R
PQT
(C)]

Scheme 4.3.  Synthesis of poly(3,3"-dialkylquaterthiophene), PQT (4).
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Fig. 4.6. XRD of PQT-12: (a) pressed pellet of precipitated
polymer from polymerization; (b) pressed pellet annealed at
140 °G; (c) as-cast 0.2-um thin film; (d) 0.2-um thin film
annealed at 135 °C; and (e) transmission electron diffraction
pattern of PQT-12 film on carbon grid [36].

therms at ~120 °C and ~140 °C corresponding, respectively, to the crystalline-to-
liquid crystalline and liquid crystalline-to-isotropic phase transitions. The XRD pat-
tern of a powdered sample of PQT-12 has two diffraction peaks at 20 = 7.4 and
21.5°, arising from side-chain (d-spacing, 12.0A) and n—n stacking (d-spacing,
4.1 A) ordering, respectively (Fig. 4.6a). When the powdered sample is annealed at
120-140 °C, highly crystalline XRD patterns are observed (Fig. 4.6b), revealing a
shortened interchain d-spacing of 16.4 A and a n—= stacking distance of 3.8 A. An
annealed thin film of PQT-12 on an OTS-8-modified silicon wafer substrate has
XRD diffraction peaks at 20 = 5.1° (100), 10.3° (200) and 15.4° (300) (Fig. 4.6d).
These results indicate the formation of lamellar 7—= stacking structures which are
preferentially oriented with their lamellar axes normal to the substrate. Transmis-
sion electron diffraction analysis reveals n—n stacking of 3.7 A (Fig. 4.6e). Thus it
can be concluded that PQT-12 has excellent ability to organize into highly ordered
lamellar n—= stacking structures whose orientation can be manipulated by surface-



4.4 Polythiophene Semiconductors

70
Vi
" 40V 104] P ”
-50
108
< -40 -
‘52 -30 V <
- £ 1g0
-20
20V - f /
10 0 1g|u ‘
A0V o
0 0,10V 102 w0 .0 20
9 =8 Hi6 3t m Ao 10 0 -10 -20 -30 -40 -50 -60

Fig. 4.7. |-V characteristics of a typical PQT-  negative gate voltages (o (red) and x (blue),
12 TFT device with 90 um channel length and ~ Vp = —60 V) and transfer curve at linear

5000 pm channel width: (a) output curves at regime (A, Vp = —6 V); (c) two transfer curves
different gate voltages; (b) two transfer curves  scanned in different directions between +10

in saturated regime scanned from positive to  and —20 V [36].

chemistry and alignment techniques. This is reminiscent of the self-assembly be-
havior of regioregular poly(3-alkylthiophene)s [29, 31].

OTFTs fabricated with the PQT-12 semiconductor by spin coating under ambient
conditions have excellent FET performance on annealing at 120-145 °C. The out-
put characteristics reveal no noticeable contact resistance, very good saturation be-
havior, and clear saturation currents which are quadratic to the gate bias. The
devices switch on at approximately 0 V, with a sub-threshold swing of ~1.5 V
decade™! (Fig. 4.7). Extracted mobility of up to 0.14 cm? V! s7! and a current
on/off ratio of over 107 are obtained. The ability to achieve high mobility and an
extremely high current on/off ratio in air attests to the significantly greater envi-
ronmental stability of PQT-12. In addition, the mobility values extracted from
both the linear and saturated regimes are essentially the same. The devices also
have little or no hysteresis and bias stress effects at room temperature. All these
data indicate that PQT-12 has ideal FET behavior.

Although spin coated OTFTs with PQT-12 semiconductors have high mobility
and on/off ratio characteristics, the performance of those fabricated by inkjet pat-
terning is more variable. This may be attributable to the tendency of PQT-12 solu-
tion to gel at room temperature, leading to nonuniformity in the jetted semicon-
ductor channel layers. This deficiency of the PQT solution as an inkjet ink is
expected to be a practical challenge in manufacture, and must therefore be ad-
dressed. By study of the solution behavior of PQTs, we have subsequently devel-
oped a nanoparticle dispersion of PQT-12, which effectively resolves this challeng-
ing problem (vide infra).
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444
Polythiophene Nanoparticles

Molecular self-organization in solution depends critically on molecular structural
features and on concentration. Molecular self-organization or aggregation in so-
lution occurs at the critical saturation concentration when the solvency of the
medium is reduced. This can be achieved by solvent evaporation, reduced tem-
perature, addition of a nonsolvent, or a combination of all these factors. Solvato-
chromism and thermochromism of conjugated polymers such as regioregular
polythiophenes are two illustrative examples, respectively, of solubility and tem-
perature effects [43—45]. It should therefore be possible to use these solution
phenomena to pre-establish desirable molecular organization in the semiconductor
materials before deposition. Our studies of the molecular self-assembly behavior of
PQT-12, which leads to the preparation of structurally ordered semiconductor
nanoparticles [46], will be described. These PQT-12 nanoparticles have consistently
provided excellent FET characteristics for solution-processed OTFTS, irrespective of
deposition methods.

In hot, dilute dichlorobenzene solutions (>50 °C) broad absorption at Amax ~ 480
nm is apparent in the UV-visible spectrum of PQT-12 (Fig. 4.8a), but the absorp-
tion is slightly red-shifted with the concomitant appearance of weak absorption at
Amax ~ 610 nm (Fig. 4.8b) when the solution is cooled to room temperature. This
is obviously because of the migration of PQT-12 molecules from the twisted
disordered conformation in hot solution to an ordered coplanar conformation at
lower temperatures. Because the HOMO level of PQT-12 in the solid state, esti-
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Fig. 4.8. Absorption spectra of PQT-12: dichlorobenzene at 25 °C; and (d) thin film at
(a) dilute solution in dichlorobenzene 25 °C. Insert diagram shows HOMO and
(0.002%, w/w) at 50 °C; (b) dilute solution in  LUMO levels of coplanar PQT-12 and
dichlorobenzene at 25 °C; (c) nanoparticle 1,2-dichlorobenzene (1,2-DCB) and the CT

dispersion of PQT-12 (0.3%, w/w) in transition [46].
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mated from its half-wave oxidation potential (E;/,), is 5.24 €V, and that of 1,2-
dichlorobenzene is 3.20 eV in a vacuum [47], the 610-nm absorption can be
assigned to the charge-transfer (CT) transition (2.04 eV) from the electron-rich,
highly conjugated coplanar structure of PQT-12 to the dichlorobenzene-acceptor
solvent (Fig. 4.8, insert). At higher concentrations (e.g. 0.3% w/w), the solution
has a tendency to gel at lower temperatures, probably because of the formation of
lamellar structures and their ensuing CT interactions with dichlorobenzene. When
the hot solution is subjected to ultrasonic agitation during cooling, however, nano-
particles of PQT-12 (NanoPQTs) of average diameter 5-40 nm are formed (revealed
by light-scattering measurements). The UV-visible spectrum of the nanoparticle
dispersion in dichlorobenzene is indicative of strong absorption with characteristic
vibronic splitting (A ~ 465 (shoulder), 510, and 558 nm) and a strong CT band
at 610 nm (Fig. 4.8c). The spectrum of a thin film spun-cast from the nanoparticle
dispersion on a glass slide contains well-defined vibronic splitting at Amax 510
(shoulder), 545, and 585 nm (Fig. 4.8d), reflecting a highly structured thin film. Ex-
cept for the absence of the 610-nm band, the thin-film spectral pattern is essen-
tially similar to that of nanoparticle dispersion, indicating that the NanoPQT has
a similarly ordered structure, and that the 610-nm band in the NanoPQT spectrum
originates from the same CT transition.

The XRD pattern of a thin film spun cast from the NanoPQT dispersion on a
silicon wafer contains very distinctive crystalline peaks (Fig. 4.9b), indicative of
lamellar 7—n stacking order (Fig. 4.9f). The reflection at 20 = 7.4° (d-spacing =
12.1A) is because of the ordering of dodecyl side-chains of the n-n stacked
PQT-12 molecules, in excellent agreement with the theoretical estimation. The
intermolecular distances of the lamellar 7—7n stack can be deduced from (100)
and (010) reflections at 20 = 5.0° (~18.0 A= interchain distance; 2nd-order at
20 =9.9° and 3rd-order at 20 = 14.9°), and 20 = 22.1° (~4 A= n—r stacking), re-
spectively. The electron diffraction micrograph reveals a reflection equivalent to a
d-spacing of ~3.9A, typical of the n—n stacking for polythiophenes (Fig. 4.9c).
These XRD diffraction peaks from the thin film cast from NanoPQT dispersion
confirm the presence of lamellar n—z stacking order in NanoPQTs, because the
thin film cast from a hot solution of PQT-12 in dichlorobenzene gives only one
very weak diffraction peak at 20 = 5.0 (18.0 A) (Fig. 4.9a).

Upon annealing at 145 °C, the NanoPQT thin film gives an XRD diffraction pattern
(Fig. 4.9d) which is similar to that from an annealed thin film from the hot solu-
tion (Fig. 4.6d). The interchain distance tightens to ~17.2 A (20 = 5.1°), accompa-
nied by the disappearance of 20 = 7.4° and 22.1° diffraction peaks associated with
the side-chain interlayer and n—= stacking respectively. The disappearance of these
diffraction peaks is indicative of the preferential orientation of PQT-12 lamellar
structures with their (100) axes normal to the substrate — a result of the interaction
of PQT-12 dodecyl side-chains with the octyl chains of the OTS-8 modified surface
induced and facilitated by thermal annealing.

The nature of structural orders in the PQT-12 thin films can be further charac-
terized by atomic-force microscopic (AFM) analysis. Figure 4.10 shows the AFM
phase images of a 20-nm PQT-12 film on an OTS-8-modified wafer surface before
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Fig. 49. (a) XRD of a 100-nm film cast from  NanoPQT dispersion, with 7—= stacking

hot PQT-12 solution, with very weak diffraction reflection; (d) XRD of annealed PQT-12 film,
peak at 20 = 5.0°; (b) XRD of a 120-nm film with reflections for interchain ordering only at
cast from NanoPQT dispersion, with 20 =5.1°,10.1°, 15.2°; (e) electron micrograph
reflections from interchain ordering (20 = 5.0°, of annealed film showing n—= stack reflection;
9.9°, 14.9°), side-chain ordering (20 = 7.2°), and (f) schematic representation of PQT-12
and n—n stacking (20 = 22.1°); (c) electron lamellar 7—= stacking structure [46].
micrograph of a free-standing film from

and after annealing [48]. The phase image of the as-cast film reveals the presence
of an array of small ill-defined crystal domains dispersed in an amorphous polymer
matrix (Fig. 4.10a). On heating at 145 °C for 10 min and then cooling to room tem-
perature over a period of 10 min a highly crystalline film with extensive nanocrys-
talline domains of parallel rod-like structures is formed, and is apparent from the
phase image (Fig. 4.10b). These rod-like structures are approximately 30-100 nm
long and approximately 10-15 nm wide (Fig. 4.10d). For any PQT-12 sample the
lengths of the rod-like structures vary with the annealing conditions (temperature
and cooling rate) whereas the widths remain constant. The average widths of
the structures are found to correspond to the molecular chain lengths of PQT-12,
as calculated from the average molecular weights obtained by matrix-assisted laser
desorption/ionization (MALDI) mass spectral analysis. On this basis and the XRD
and electron diffraction data, the rod-like structure can be assigned a 7—= lamellar
structure composed of face-to-face stacking lamellae with the stacking direction
along the length of the rod. Heating the film at 145 °C for 30 min, then slow cool-
ing to room temperature over a period of 2 h, leads to significantly larger domains
with longer rod-like structures (Fig. 4.10c), revealing the flexibility with which
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Fig. 4.10. AFM phase images of 20-nm films  film with extensive nanocrystalline domains;
cast from NanoPQT dispersion on OTS-8- (c) annealed at 145 °C for 30 min and cooled
modified SiO; surfaces: (a) as cast; (b) to 25 °C over a period of 2 h, revealing larger
annealed at 145 °C and cooled to 25 °C over a  domains and domain merging; (d) schematic
period of 10 min, revealing a highly crystalline  depiction of domains of rod-like structures [46].

structural ordering of PQT-12 in the solid state can be optimized for charge trans-
port.

Before annealing, OTFTs fabricated from the NanoPQT dispersion have signifi-
cantly higher mobility than those from the PQT-12 solution. This higher mobility
is because of higher structural order in the semiconductor channel layer fabricated
from NanoPQT (confirmed by XRD data). The existence of pre-established struc-
tural order in NanoPQTs also renders their FET performance insensitive to surface
chemistry. Specifically, OTFTs fabricated on both OTS-8-modified and unmodified
substrates perform similarly. This is in sharp contrast with the performance of
OTFTs from the PQT-12 hot solution, which is highly dependent on the nature
of substrate surface [49]. Nevertheless, after annealing the FET performance of
NanoPQT-based devices is only slightly better than that of the corresponding an-
nealed devices from the PQT-12 solution. An extracted mobility of up to 0.2
cm? V7! 57! and a current on/off ratio of 107~108 are obtained, with the average
mobility being in the range 0.08-0.16 cm? V-1 s71. These OTFTs are also resistant
to the effect of moisture as immersion of these devices in water for an hour results
in only a very slight shift in the threshold voltages. The NanoPQT dispersion also
greatly enhances the device fabrication consistency and results in reproducible FET
performance characteristics. All these attributes would be particularly advanta-
geous in the fabrication of PQT channel semiconductors by inkjet printing.
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Fig. 4.11. Optical images of a printed polymer display pixel the storage capacitor, Csr, is

TFT array at increasing magnification, showing connected to the next gate line. Cp is the

the whole 128 x 128 array (a), small regions of parasitic capacitance between the gate line and
the array (b), and a single device (c). Note the the pixel and Cp_ contains all the sources of
printed semiconductor confined to the channel gate line capacitance, of which the main

region in (b) and (c). (d) Equivalent circuit for  additional capacitance is to the data line and
the pixel, showing the gate and data address  the TFT channel [50].

lines, the TFT and different capacitances. In the

4.4.5
Inkjet Patterned TFT Arrays

The NanoPQT dispersion has been used in inkjet patterning of the semiconductor
channels of active matrix TFT arrays (Fig. 4.11) [50]. Specifically, the NanoPQT dis-
persion serves as the inkjet ink for jetting on to a substrate with a pre-patterned
TFT array structure. The channel lengths are approximately 30-50 pm to avoid
the contact resistance observed for the OTFTs with shorter channel lengths [51].
The average drop diameter on the TFT structure was ~35 pm and the thickness of
a single drop was ~25 nm in the center with an edge bead of ~100 nm. By control-
ling the printing speed and the overlap ratio of the droplets, a continuous layer can
be formed. The printed NanoPQT ink was confined to the region between the
source-drain electrodes. Ink spreading beyond the gate electrode is detrimental to
FET performance because it leads to a higher leakage current from the ungated
semiconductor. Also, the well defined area of jet-printed PQT-12 prevents the for-
mation of a continuous semiconductor layer between OTFTs that would lead to sig-
nificant cross-talk between pixels.

After annealing at 120-140 °C, the OTFTs have a mobility of 0.05-0.10
cm? V71 571 and a current on/off ratio of ~10° at Vsp = —40 V. The onset voltage
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was close to 0 V and the subthreshold slope was 75 nF V dec™! cm~2. The output
characteristics are indicative of good saturation with no signs of significant contact
resistance. Minimum gate-bias stress effect is also observed for the OTFTs. All these
properties obtained for the jet-printed TFTs are very similar to those of spin-coated
devices. A high yield of working OTFTs and uniformity in both the on and off cur-
rent are also observed. A typical series of measurements give an average mobility
of 0.06 cm? V- 57!, with standard deviation of 0.02 cm? V! s~ 1. These results are
representative of state-of-the-art polymer-based OTFTs with higher average mobil-
ity than the pentacene OTFTs from a solution processed pentacene precursor,
which was recently used to drive an electrophoretic display [52].

4.5
Indocarbazole Designs

Organic semiconductors based on arylamines such as N,N,N’,N’-tetraaryl-1,1’-
biphenyl-4,4’-diamines [53], and poly(carbazole) [54] have been extensively studied
as hole-transport materials for optoelectronic applications (e.g. photoreceptors [55],
organic light-emitting diodes [56], etc.). These amine-based semiconductors have
the general attributes of not absorbing in the visible region of spectrum (larger
band gaps) and low-lying HOMO; these contribute to an enhanced stability against
photoinduced oxidative doping by atmospheric oxygen. Although these materials
may be satisfactory for their intended applications, most lead to low FET mobility
in OTFTs. This may be because of either the inability to self-assemble or the lack of
a mechanism by which the generated radical cations (i.e. hole injection) could be
efficiently stabilized.

Among arylamine semiconductors, indolo[3,2-b|carbazole (5) is an appealing
system for studies because it has a relatively large and planar molecular structure
to enable facile establishment of higher structural order for charge transport 57,
58|. Earlier, we reported the use of 5,11-bis(1-naphthyl)indolo|3,2-b|carbazole, a de-
rivative of 5, as a hole transport material in OLEDs [59]. Because of its sterically
encumbered naphthyl substituents, this compound forms only an amorphous
film on vacuum deposition, and mobility is low in OTFTs, as expected.

®)

We envisage that both the ability to order and a mechanism for stabilization can
be built into the indolo[3,2-b]carbazole system by strategic peripheral substitutions
(i.e. R and R’). Indolo|3,2-b|carbazole (5) with 5,11-bis(alkylphenyl) substitution is
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a semiconductor of this type, because the long alkyl chains can serve to promote
molecular self-organization while the phenylene moieties provide the extra reso-
nance stabilization needed [57]. Resonance stabilization can also be achieved
via electron-donor substituents at the 2,8 positions of 5,11-dialkyl-substituted
indolo|3,2-b]carbazole (5) [58].

The synthesis of substituted indolo[3,2-b]carbazoles is presented in Scheme 4.4.
Parent indolo[3,2-b]carbazole can be first prepared by double Fisher indolization to

i). AcOH/EtOH, 50 °C/1hr;
ii). conc. HoSO4, 65 °C;
iii).1-bromoalkane, aqu. 50% NaOH,
benzyltriethylammonium chloride, DMSO, 50 °C/2hr;
iv).1-iodo-4-alkylbenzene, Cu, 18-crown-6, 1,2-dichlorobenzene, reflux.

CgHi7 C12Has Ci12Hos
N, Cl
| | CI |
CgH17 C12Has CyoHas
(5a) (5b) (5¢)

CHg

CgHy7
Ci2Hzs i
o~ )X 0 LD
N

CHy CgHy7
(5d) (5e) (5f)

Scheme 4.4. Synthesis of substituted indolo[3,2-b]carbazoles.
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Fig. 4.12. UV-visible spectra of indolo[3,2-b]carbazoles (5) in chloroform solution.

form cyclohexane-1,4-dione bis(phenylhydrazone), followed by ring closure cycliza-
tion. 2,8-Dichloroindolo[3,2-b]carbazole and 3,9-dichloroindolo|3,2-b|carbazole are
prepared in a similar manner from the corresponding chlorophenylhydrazines.
Subsequent alkylation with a bromoalkane using phase-transfer reaction con-
ditions leads to 5,11-dialkyl-substituted indolo|3,2-b|carbazoles. The 5,11-diaryl-
substituted derivatives are, on the other hand, obtained by Ullmann condensation
of parent indolo|[3,2-b|carbazole with aryl iodide in the presence of excess copper
and a catalytic amount of 18-crown-6.

UV-visible spectral measurements show that substituted indolo|3,2-b]|carbazoles
(5) absorb significantly below 450 nm (Fig. 4.12). Their band gaps in the solid
state, estimated from the on-set UV-visible absorption, were >2.55 eV, which are
significantly larger than those of most p-channel organic semiconductors for
OTFTs (Table 4.1). In addition, whereas chlorine substitution at the 3,9 positions
of 5,11-dialkylindolo[3,2-b]carbazole (i.e. 5d) did not cause noticeable changes in
the spectral properties, substitution at the 2,8 positions (i.e. 5¢) results in red-shifts
in both solution and thin film absorption — a phenomenon that clearly indicates
the pronounced electronic effects of substituents at positions para to the radical
cation sites (5-N and 11-N positions).

All the substituted indolo|[3,2-b]carbazoles (5) with long alkyl side-chains form
highly crystalline thin films on vacuum deposition. The X-ray diffraction patterns
of the thin films, deposited at respective optimum substrate temperatures, give
sharp and intense crystalline diffraction peaks (Fig. 4.13). Table 4.2 summarizes
the XRD data and extracted interlayer distances of molecular orders of indolo[3,2-
b]carbazoles in crystalline thin films. Only 5e, which has no long alkyl chain, has
broad XRD diffraction peaks indicative of its amorphous nature. These results
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Fig. 4.13. XRD of vacuum-deposited thin films at optimum
substrate temperatures: 5a, 5b, and 5e at 25 °C; 5d and 5f at
50 °C; and 5c¢ at 70 °C.
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Tab. 4.2. XRD data and intermolecular distances of indolo[3,2-
blcarbazole crystalline orders in vacuum-deposited thin films.

Indocarbazole Interlayer distance 20 (d-spacing) n—n stacking distance 26 (d-spacing)
5a 5.2° (16.9A) -

5b 3.8° (23.54) -

5¢ 4.1° (21.3A) 25.3° (3.5A)

5d 3.9° (22.5A) 24.1° (3.7A)

5f 3.6° (24.4A) 18.1° (4.9A)

clearly show the dominant effect of long alkyl side-chains on the molecular self-
organization of indolo[3,2-b|carbazoles. In the XRD pattern of 5f, sharp diffraction
peaks up to the fifth orders of the primary diffraction peak (at 260 = 3.62°) can be
observed, reflecting a high crystallinity, whereas in others, for example 5c, extra dif-
fraction peaks indicative of polymorphism are observed. The thin film XRDs of 5
also reveal the absence of n—n stacking reflections compared with their powdered
XRDs (e.g. Fig. 4.14 for 5f), suggesting that the molecules in the thin films adopted
a predominantly “edge-on” orientation relative to the substrate. This also accounts
for the formation of layered structural domains as observed by atomic force mi-
croscopy (AFM, see below). On the basis of two fully extended peripheral side-
chains tilted at an angle of approximately 25° to the indolo[3,2-b]carbazole plane
[59, 60], the molecular heights are estimated to be at least 24 A for 5a, 30 A for 5b,

10 15 20 Z5 =0

5

2-Theta (%)

Fig. 4.14. Powdered X-ray diffraction patterns of 5f: (A) from
sublimed sample; and (B) from sample crystallized from
toluene.
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Fig. 4.15. AFM topographic images of thin up image of (f). (d) and (h) show the step
films deposited at different substrate heights of crystalline terrace layers for 5¢ and
temperatures: 5c at (a) 25 °C; (b) 50 °C; (c) 5f respectively, as measured by a profiler along
70 °C; and 5f at (e) 25 °C; (f) 50 °C; (g) blown- the dotted line direction in (c) and (h) [57, 58].
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5c¢, and 5d, and 34 A for 5f. The observed shorter interlayer distances from the
XRD data (Table 4.2) suggest either that the molecules are oriented with a substan-
tial inclination relative to the substrate or the interlayers involve some interdigita-
tion of side-chains of the molecules in the adjacent layers.

The crystalline structures of indolo[3,2-b|carbazole thin films could also be di-
rectly observed by AFM. For example, the AFM topography images of thin films
of 5c and 5f (Fig. 4.15) reveal the presence of crystalline domain structures which
were highly dependent on substrate temperature. Small crystal grains form at low
substrate temperatures (e.g. 25 °C) whereas elongated crystal grains as large as 5
pm in length and over 2 um in width are observed at higher temperatures. The
AFM images also indicate the presence of interconnected crystal domains with
terrace-like layered structures in which the stacked terrace layers lie parallel to the
substrate. Cross-section analysis of these terraced structures gives step-heights of
2.10 nm and 2.45 nm for 5¢ and 5f, respectively, identical to the interlayer dis-
tances extracted from XRD data.

Cyclic voltammetric measurements of 5c¢ and 5f in 0.1 m BuysClO4/CH,Cl; solu-
tion reveal reversible oxidation peaks at 0.88 V and 0.74 V, respectively, relative to
the Ag/AgCl electrode, corresponding to estimated HOMO levels of, respectively,
5.26 eV and 5.12 eV from vacuum. These values are lower than those of most re-
gioregular polythiophenes (4.9-5.0 eV) [34-36], and higher oxidative stabilities are
therefore expected of these compounds.

Table 4.3 summarizes the FET mobility and current on/off ratio data for OTFTs
prepared using vacuum deposited indolo|3,2-b|carbazoles (5) as the channel semi-

Tab. 43. FET performance of indolo[3,2-b]carbazoles (5).

Indolo[3,2-b]carbazole T4 (°C) Mobility (cm? V™1 s77) Current on/off ratio

5a 25 1.2 x107* 103

5b 25 1.3-3.0 x 1073 10*

5¢ 25 2.0-3.0 x 102 10°-10°
50 6.0-8.5 x 102 10°-107
70 0.85-1.4 x 107! 107
85 2.0 x 107+ 103

5d 25 4.8-58 x 1073 10%-10°
50 0.8-1.0 x 1072 10°
70 2.1-35x 1073 10*

5e 25 1.0 x 107 102

5f 25 1.0-2.0 x 1072 10°-10°
50 0.7-1.2 x 107! 106-107

70 0.7-1.0 x 1072 10°
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conductors. p-Type accumulation FET behavior is observed for all the devices.
Indolo|[3,2-b]carbazole (5e), whose vacuum deposited film is amorphous in nature,
has the lowest mobility (1.0 x 107> cm? V! s71). Indolo|3,2-b]carbazoles 5a and
5b, which have long alkyl chains and form highly crystalline semiconductor layers,
have higher mobility. The mobilities of 5a and 5b are still relatively low, however,
probably because of their inability to provide sufficient resonance stabilization to
the 5,11-ammonium radical cation sites during charge injection and transport.
This rationale is supported by recent independent results of low FET mobility
(~1073 cm? V- s71) observed for several 5,11-dialkyl-6,12-dimethylindolo[3,2-
b]carbazoles [60]. The best FET performance of our indolo[3,2-b]carbazole series is
that of 5c and 5f, for which mobility is up to 0.14 cm? V~! s7! and high current
on/off ratios of 10°~107 are observed. The high mobility of 5c and 5f can be attrib-
uted to:

1. high molecular ordering enabled by the long alkyl chain substituents; and
2. the extra resonance stabilization provided by 2,8-dichloro substituents in 5¢ and
N-phenylene moieties in 5f.

The chloro substituent is electron withdrawing inductively and electron donating
in resonance. This explains the observation that the mobility of 3,9-dichloro sub-
stituted indolo[3,2-b]carbazole 5d is an order of magnitude lower than that of its
regioisomeric 2,8-dichloro analog 5c. The two chloro substituents of 5d, which are
positioned meta to 5,11-ammonium radical cation sites, exert inductive but not
resonance effects.

The effect of substrate temperature (Ty) on FET performance of indolo[3,2-
b]carbazole semiconductors is significant. Whereas FET performance of 5c is opti-
mum at Ty = 70 °C, the highest mobility of 5d and 5f is observed at Ty = 50 °C.
The FET characteristics also correlate with their crystal grain sizes, because larger
crystal domains of 5c and 5f are formed at Ty of 70 °C and 50 °C, respectively, as is
apparent from their AMF images. This is reminiscent of the dependence of FET
performance on crystal grain size of other vacuum-deposited semiconductors
such as pentacene [7]. Although a slight contact resistance and negative turn-on
voltage are observed, the overall performance of 5c and 5f-OTFTs are among the
best reported. Figure 4.16 shows the FET characteristics of a typical OTFT using
5c as semiconductor.

The OTFT prepared using indolo|3,2-b]carbazoles such as 5f also have enhanced
air and photochemical stability compared with the devices prepared using most
other organic semiconductors. The transfer characteristics of 5f devices in the
dark and under white light exposure in air are essentially the same (Fig. 4.17a).
The current on/off ratio was ~107 for both, demonstrating the excellent light and
air stability of 5f under ambient conditions. There was, on the other hand, substan-
tial degradation of FET performance when the HT-P3HT device was exposed to
white light radiation (Fig. 4.17D).

As with most organic semiconductors, semiconductor layers of 5 prepared by
spin coating have significantly lower mobility, by as much as an order of magni-
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Fig. 4.16. FET characteristics of a typical in saturated regime at constant source-drain
OTFT prepared with vacuum-deposited 5¢ potential of —40 V and square root of the
(substrate at 70 °C; channel length = 90 um.  absolute value of current as a function of gate

channel width = 5000 um): (A) output curves  potential [58].
at different gate potentials; (B) transfer curve

tude, than their vacuum-deposited counterparts in OTFTs. Nonetheless, we have
found that drop coating of 5f can give rise to a semiconductor with a mobility
equivalent to those obtained by vacuum deposition. Under appropriate conditions
drop coating of 5f yields excellent single crystals on the substrate surface with mo-
bility of 0.13 cm? V™! s™! when used as channel semiconductors in OTFTs [61].
Further process optimization of the drop-coating technique is necessary to prepare
large-area semiconductor layers of this type for practical applications.

4.6
Summary and Prospects

In this chapter we have discussed issues, challenges, and recent advances in or-
ganic semiconductor development for OTFTs, and presented our structure—property
correlation studies that lead to the formulation of simple design principles for
air-stable, solution processable, high-performance semiconductors. Our studies of
polymer semiconductors have culminated in the design of a novel class of polythio-
phene nanoparticles which can be used for jet printing high-mobility semiconduc-
tor channels for OTFTs. The results show that a judiciously designed polythiophene
can not only have excellent self-organization properties but also enhanced air sta-
bility to counter environmental degradative effects. Both self-organization to higher
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Fig. 4.17. Transfer characteristics of OTFTs HT-P3HT as channel semiconductor spin coated
(channel length = 90 um, channel width = from 0.7% w/w solution in chlorobenzene at
5000 pm, Vps = —60 V) in saturated regime ambient. Transfer curves were obtained in the
with (a) 5f as channel semiconductor deposited dark (red line) and then measured under white
at a substrate temperature of 50 °C; and (b) light (blue line) [57].

structural orders and resistance to photoinduced oxidative doping and bleaching
under ambient conditions are critical to the design of organic semiconductors for
low-cost OTFTs. We firmly believe that the simple polythiophene system as sche-
matically described in Fig. 4.5, from which both PTT’ and PQT are derived, is a
fundamental structural motif for self-organization and environmental stability. It
should be possible to structurally tune this polythiophene skeleton, by rational
choice of side-chain and conjugating spacer, to achieve desirable FET performance
characteristics. Recent studies [61] on the polythiophene semiconductor systems
within the structural framework of Fig. 4.5 have given strong credence to this sim-
ple set of design rules.

We have also developed a novel class of high-mobility molecular semiconductors
based on indolo[3,2-b]carbazole, in which the dominant effects of side-chain substi-
tution on molecular self-organization are clearly observed. Our results show that
the FET performance of this class of semiconductor can be controlled by manipu-
lation of the nature of the substituents and the substitution pattern. Appositely
positioned substituents capable of providing stabilization to the indolocarbazolium
radical cations (hole carriers) as a result of resonance effect give rise to high
mobility. Our indolo[3,2-b]carbazole semiconductors have FET mobility up to 0.14
cm? V71 57! and current on/off ratios up to 107 when fabricated by vacuum evap-
oration or by drop coating, although results obtained using drop coating are not as
reproducible as those from vacuum deposition. These findings clearly reflect the
general difficulties of establishing long-range molecular order in molecular com-
pounds by solution deposition.

Very recently, significant advances have been made in the stabilization of organic
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semiconductors such as pentacene against environmentally induced degradation.
Although alkyl-substituted pentacenes [62] are usually very reactive in solution,
those substituted with trialkylsilylethynyl groups at the 6,13 positions have been
observed to be stable under similar conditions. Of particular importance is the
observation that a member of this group has a mobility of 1.0 cm? V! s~! when
deposited in air by blade coating [63], the highest mobility ever achieved with a
solution-processed organic semiconductor in OTFTs.

The semiconductor is only one of the many critical components of OTFTs. For
low-cost applications, particularly for flexible electronic devices, other solution-
processable components, for example gate dielectric, electrical conductor, and pro-
tective encapsulation materials, may be required. It is encouraging to note that
these topics have been receiving increasing research attention, and that significant
progress has recently been made in these areas [64-67]. To propel low-cost con-
ceptual OTFT technology from laboratory to commercialization, however, syner-
gistic melding of materials and processing technology for roll-to-roll manufactur-
ing must be established.
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5
Electrical and Environmental Stability of
Polymer Thin-film Transistors

Alberto Salleo and Michael L. Chabinyc

5.1
Introduction

Most recent work in polymer thin-film transistors (TFTs) has focused on improving
the field-effect mobility of charge carriers in semiconducting polymers. The field-
effect mobility in regio-regular polythiophene devices has now reached 0.1-0.2
cm? V-1 s71 [1-3] bringing it close to that in amorphous silicon (mobility ~ 1
cm? V71 s71), currently the most widely used material in large-area electronics.
Thus, purely from the standpoint of transconductance, polymer semiconductors
have the potential to replace amorphous silicon. The opportunity to adopt solution
processing may also reduce fabrication costs and enable widespread introduction
of electronic functionality at low cost.

The success of polymer semiconductors in the marketplace, however, depends
critically on the ability of these materials to sustain their electrical performance un-
der operation — unstable devices are of little practical use. In this chapter we will
describe known issues in the stability of polymer TFTs and point out some of the
challenges that must be addressed in the future development of these materials.

The electrical stability of a TFT depends both on how it is operated and how its
chemical composition changes over time. Electrical instability, which is often called
bias stress, manifests itself as a decay of the output current caused by the pro-
tracted operation of the transistor. Bias stress is a well known and characterized
phenomenon in disordered semiconductors and is therefore not specific to poly-
mer semiconductors. In fact, most commercial applications of amorphous silicon
depend critically on the ability to predict bias stress in this material. Beyond this
“intrinsic” electrical stability, if the TFT structure becomes contaminated with im-
purities during fabrication or during its shelf-life, compositional changes may af-
fect its electrical stability. It is typically assumed that the three most important ex-
ternal factors that affect the long-term stability of polymer electronic devices are
exposure to light, oxygen, and water. The details of the microscopic origin of bias
stress and the effects of impurities on both the electrical performance and the life-
time of polymer TFTs are still mostly unexplored.

This chapter is organized as follows. In the first part, we will discuss the origins
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of bias stress in polymer TFTs. In the second part we will review existing data on
electrical stress in these devices, with an emphasis on polyfluorene and polythio-
phene TFTs. In the third part we will summarize chemical effects on the stability
of polymer TFTs.

5.2
Charge Trapping in TFTs

5.2.1
General Considerations

The vast majority of organic TFTs operate as p-channel accumulation devices. The
output current I of a polymer TFTs, when the voltage Vps across the device is
much smaller than the gate voltage Vg, is given by Eq. (1):

V) w
iS) VDS I~ TﬂCo(VG — VT)VDS (1)

W
IZ*#CO(VG—VT— :

L

In Eq. (1), p is the carrier mobility, Vi is the threshold voltage, W and L are re-
spectively the channel width and length, and Cy is the areal gate capacitance.

In conventional TFTs the electric field generated by the gate bias largely exceeds
the longitudinal drain field. If we neglect effects at the contacts, bias stress is thus
determined by the electric field across the gate dielectric or, equivalently, by the
charge density in the channel Cy x |Vg — Vr|. To compare them, bias-stress mea-
surements obtained under different experimental conditions (e.g. different device
geometry and gate bias) should be normalized for the gate electric field. In fact,
devices with little or no bias stress have been reported in the literature [4-6]. In
all these cases, the transistors were operated at low values of Cy x |Vg — Vr|. While
it is tempting to conclude that such devices are suitable for use without any appre-
ciable electrical degradation, it is important to realize that the output current of a
TFT scales with charge density. Therefore, for a fixed W/L, a device with little bias
stress, because of low charge density will also have a low output current, which
limits its application.

Sources of bias stress related to the presence of mobile ionic species in the di-
electric are not specific to polymer semiconductor devices and will not be discussed
here. With this premise, Vr and u are the only terms in Eq. (1) for which time de-
pendence can be introduced. Bias stress can be due to either a structural deg-
radation of the semiconductor material — which leads to a decrease of the effective
carrier mobility x4 — or to trapping of mobile charge in nonconducting states —
which leads to a Vr shift but no change in mobility when all the traps are filled.
Trapping can occur in the semiconductor, in the gate dielectric or at the dielectric—
semiconductor interface. The electrostatics of thin-film transistors dictate that all
the induced charge is located within ~1 nm of the dielectric—semiconductor inter-
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Fig. 5.1. Example of successive transfer curves obtained if bias
stress is due to charge trapping in immobile states (a) and if
bias stress is due to the formation of shallow donor-like states

(b)-

face. Therefore, the physical phenomena associated with bias stress must occur
near this interface.

Different trapping processes lead to changes in the shape of transfer curves be-
fore and after electrical stressing. Carriers trapped in the dielectric, in localized
states at the dielectric—semiconductor interface or in deep states in the semicon-
ductor form an immobile charge density distribution which shields the gate volt-
age. When the gate voltage overcomes this electrostatic screening, the device char-
acteristics are identical to those of a pristine device. This type of degradation gives
rise to a Vr shift (AVr) in the direction of the gate bias but no change in overall
shape of the transfer characteristics and in carrier mobility (Fig. 5.1a). The Vi shift
is equal to Niap/Co Where Nigp is the density of trapped charge. On the other
hand, if the gate bias generates new electronic states near the top of the highest
occupied molecular orbital (HOMO), the shape of the transfer characteristics of
the transistor is affected. As the device is turned on, charge must fill the new
states. Because these are shallow trap states, they contribute only partially to the
output current through thermal excitation into conducting states. The result is a
broader sub-threshold area than for an unstressed device, which also leads to a
AVr, and a reduced apparent mobility (Fig. 5.1b). In principle, both these stress
mechanisms may occur. All experimental data yet available indicate, however, that
bias stress in polymer TFTs consists of removing mobile carriers from the channel
and is characterized by a translation of the transfer curves along the Vi axis in the
gate-on direction, as shown in Fig. 5.1a.

If bias stress occurs on time-scales typical of device characterization (~0.1 s to a
few tens of seconds), it causes the -V curves to display hysteresis and nonideal
shapes [7]. As a result, device properties often used to characterize the semi-



5.2 Charge Trapping in TFTs

conductor material appear to depend on measurement conditions. For instance, if
a TFT is measured by sweeping the gate voltage from the off state to the on state,
the drain current steadily decays as the device is being held in the on state. The
consequence is a pronounced sub-linear characteristic of the transfer curves and
an apparent dependence of the carrier mobility on gate voltage, gate sweep rate,
and dwell times. In contrast, if the TFT is measured by starting from the on state,
the I versus Vg curve seems steeper as bias stress shuts off the device and leads to
an overestimate of the carrier mobility. The ideal transfer curves are recovered by
making use of a pulsed gate bias, which minimizes bias-stress effects during de-
vice characterization [7].

Accurate predictions of the effect of AVy on TFT-based circuit operation can only
be made by computer simulation. In general, a AVr in the gate-on direction leads
to an increase of the on-state resistance of the transistor. For example, if the TFT is
a switch in a display backplane, the increased resistance determines an increase in
pixel charging time. In a diode-connected inverter, a negative AVr of the load tran-
sistor with respect to the Vr of the drive reduces the output swing of the inverter.
On the other hand, a negative AV of the drive transistor relative to the load shifts
the trip voltage of the inverter.

5.2.2
Bias Stress in Organic Transistors

The mechanisms of bias stress in organic semiconductors are still mostly un-
known; many studies have been limited to observation of hysteresis in the I-V
characteristics of TFTs [8, 9]. In pentacene transistors bias stress has been observed
with both inorganic and organic dielectrics: positive and negative Vr shifts have
been measured depending on the sign of the gate voltage [10, 11]. Little depen-
dence of bias stress on the gate dielectric was also observed, leading to the conclu-
sion that trapping occurs in the pentacene semiconductor. Recovery followed a
power law and was not accelerated by exposure to light. Ab-initio calculations sug-
gested that formation of hydrogen-induced traps may be responsible for bias stress
in pentacene [12]. Experimental confirmation of the existence of such traps states
was recently provided [13]. Bias stress has been observed in many polycrystalline
semiconductors, for example a-sexithiophene (¢6T) and other oligothiophene semi-
conductors [14-16]. Electrical degradation is not limited to hole conductors —
Chesterfield et al. observed Vi shifts in an n-type polycrystalline organic semicon-
ductor [17].

As with crystalline organic semiconductors, there are only few systematic and
quantitative studies of bias stress in polymeric TFTs. For example, it is still unclear
whether in all polymers a positive Vg leads to positive Vr shifts [7, 18]. Here we
will concentrate on negative AVr after application of a negative Vi, which is nearly
universally observed in p-type devices with a number of semiconductor—dielectric
combinations. In the next section of this chapter we will focus on studies of poly-
fluorene and polythiophene TFTs, because these are the polymer devices for which
bias stress has been most thoroughly characterized in recent years.
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5.3
Bias Stress in Polyfluorene and Polythiophene TFTs

Transistors are typically pulsed at a frequency and duty-cycle dictated by a specific
application. It is, therefore, useful to understand both bias stress (i.e. device in its
on state) and relaxation (i.e. device in its off state) mechanisms. A typical bias—
relaxation curve for a polymeric TFT is shown in Fig. 5.2a [19]. During gate biasing
the on current of the transistor decreases, because of trapping of mobile charge.
Successively the gate bias is removed except for short pulses to measure device re-
covery. Figure 5.2a suggests the existence of two populations of trapped charge. A
fraction of the trapped charge is released quickly at room temperature indicating
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Fig. 5.2. Typical stress—relaxation curve for a polymer TFT (a).
Ratio of reversible to total stress after one-day recovery for the

same device (b). The device was a PQT-12 TFT on thermal SiO,
biased at Vo = =20 Vand Vps = —1 V.
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that these traps are shallow. The remaining fraction of the trapped charge is re-
leased extremely slowly indicating that these traps are deeper. In general, short
stressing times cause only reversible trapping while trapping in deep long-lived
states requires long stress times (Fig. 5.2b). The relative amount of shallow and
deep traps depends on the materials, fabrication, and device operation; in princi-
ple, only one type of trap may be observed. In a TFT that is continuously switched
on and off, as in normal operation, trapping — both reversible and long-lived — and
relaxation all contribute to the resulting electrical degradation.

5.3.1
Reversible Bias Stress

The initial current decay in the TFT on state reflects directly the reversible trapping
rate. Reversible trapping kinetic laws can therefore be determined by measuring
the initial current decay rate as a function of charge density, which is controlled
by the gate voltage. Fast trapping was studied in F8T2 and PQT-12 [20] (see Table
5.1 for the structure of these polymers). Transfer measurements taken immediately
after stressing indicated that reversible stress in these materials consists of a V¢
shift only. The fast-trapping rate was approximately proportional to the square of
the charge density for both polymers. It is currently unknown whether the square
law is general for all polymer semiconductors — earlier studies by Brown et al. in-
dicated a linear dependence of trapping on Vg in PTV TFTs during longer stress
times [21].

Reversible bias stress has been extensively characterized in PQT-12, providing
the most complete study of electrical degradation in a polymer semiconductor
[19, 20, 22]. Bias stress in PQT-12 does not depend monotonically on temperature
(Fig. 5.3). Interestingly, the trapping rate in polycrystalline films of the oligothio-
phene «6T peaks strongly at approximately 220 K as well [14, 15]. A curve such as
that shown in Fig. 5.3 is the result of both trapping kinetics and driving force.
Thermal excitation of charges out of traps is more difficult at low temperature.
Trapping kinetics, however, slow down as temperature is reduced. In PQT-12 these
two opposing forces are such that there is a temperature range (220-240 K) in
which trapping is most severe within the timeframe of the experiment (100 ms).
The trapping peak may not occur in all materials as its existence depends critically
on the relative values of the trap depth and the temperature-dependence of the
trapping rate.

Kinetic modeling was used to estimate the depth of the fast, reversible traps in
PQT-12. We assume that the square law observed during trapping is indicative of a
trap state made of two correlated holes (i.e. a bipolaron, see Section 5.3.4). Making
use of detailed balance we obtain:

dh k
T = 5 Nl — RyeU/T 2)
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Tab. 5.1. Chemical structure, maximum carrier mobility, and
name of the polymer semiconductors to which we refer in this

chapter.
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0.0015

0.008-0.02

0.01-0.1

0.05-0.12

0.01-0.15

Poly(thienylene-vinylene)

Poly(9,9" dioctylfluorene-co-bithiophene)

Poly(3-hexylthiophene)

Poly[5,5'-bis(3-dodecyl-2-thienyl)-2,2'-
bithiophene)]

Poly[thieno[2,3-b|thiophene-co-bi(3-
dodecyl)thiophene]

where Ny is the density of available hole states, hy is the initial concentration of
holes, k is the trapping rate, and U is the trap depth. The second part of the right-
hand term of Eq. (2) represents the thermal dissociation of the trapped species.
Equation (2) was used to model the data shown in Fig. 5.3 using the experimen-
tally determined trapping rates at different temperatures: the trap depth U compat-
ible with the observed behavior is approximately 0.12 eV. Equation (2) is valid for
the extremely simplified case in which trapping occurs in a single trap of depth U.
More complex trapping behavior is obtained with a distribution of trap depths and

the associated distribution of trapping rates.
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Fig. 5.3. Amount of bias stress, measured as fractional current
decay after a 100 ms gate pulse (Vg = —20 V), as a function of
temperature in PQT-12.

5.3.2
Long-lived Bias Stress

Long-lived electrical degradation in polymer semiconductors manifests itself as a
stable Vp shift and no change in the shape of the transfer curves on stressing.
Qualitatively similar effects, albeit with different magnitudes, have been observed
in F8T2, PQT-12, P3HT, and PTV semiconductors on inorganic and organic dielec-
trics [7, 18, 20, 21, 23, 24]. The detrapping time is hours to several days if the TFT
is left in the dark, depending on the semiconducting material. In F8T2, PQT-12,
and PTV, long-lived charge-trapping was independent of the type of gate dielectric
(thermal SiO,, PECVD SiO,, chemically modified SiO, or polymer). For a given
stress time, the long-lived AV seemed to depend solely on the initial charge den-
sity in the channel. The Vr shift is often quickly reversed under illumination. A
quantitative study of this effect on F8T2 showed that the recovery is proportional
to the number of photons absorbed in the semiconductor film, irrespective of the
radiation wavelength [7, 25]. This evidence suggests that the long-lived bias-stress
effect is because of trapped charge located within the semiconducting polymer.
Large bias-stress variations between different polymers processed on the same di-
electric are consistent with trapping occurring in the semiconductor.

It is interesting to determine the depth of the traps responsible for long-lived Vr
shifts. An estimate of 0.5 eV was made on the basis of the trapping and detrapping
kinetics of F8T2 and assuming similar kinetics as in Eq. (2) [20]. An experimental
estimate of trap depth can be obtained with thermally stimulated detrapping mea-
surements. The dependence of the detrapping rate on temperature follows Arrhe-
nius behavior, thus providing an upper limit of the trap depth. This limit ap-
proaches the true trap depth if the trapping activation energy is small. This
method yields a maximum trap depth of 0.8-1 eV in PQT-12 (Fig. 5.4); the true
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trap depth is unknown, because there are no measurements of the trapping activa-
tion energy.

5.3.3
Dependence of Bias Stress on Operating Conditions; Lifetime Predictions

In low duty-cycle operation, charge trapped in shallow traps is completely released
during the rest period of the biasing cycle. Under these conditions, bias stress is
purely due to long-lived traps making it virtually irreversible — when the bias-
ing cycle is stopped, no recovery is observed (Fig. 5.5a). Thus, in low duty-cycle op-
eration the lifetime is essentially determined by slow trapping in deep traps. Ki-
netics of trapping in long-lived states has been measured as a function of gate
voltage in PQT-12 using low duty-cycle biasing and was found to obey a power
law up to a total stress time of 1000 s. (Fig. 5.5b) [19]:

AVr| = A(Ve — Vp)"t 3)
with n ~ 2 and y ~ 0.37. The fractional current drop at time ¢ is:

Al _

A Ao - vy (4

A similar power law for degradation has also been observed in a-Si:H [26] and
OLEDs [27].

The recovery rate of the reversible traps determines the duty-cycle cut-off below
which only long-lived traps contribute to bias stress. At higher duty cycle, the cur-
rent decay is the result of the simultaneous interplay of fast and slow trapping.



5.3 Bias Stress in Polyfluorene and Polythiophene TFTs

1.0 Gate off
E . .
s e 5
=
2 s
3
o
©
®
£
S 02t ——bc
=z 50% duty cycle; 30 ms pulse
2% duty cycle; 30 ms pulse
0.0 . . . )
0 2000 4000 6000 8000 10000
(a) Time (s)
Wr o vgesvia%
12} Vg=-20V; 2%
4 VG=-30V; 2%
10 |
o Vg=-40V; 0.5%
< g —FittoEq.3
=
> B[
=
41
2+
ok S
. . )
10 100 1000
(b) Gate-on time (s)
Fig. 5.5. Current decay in a PQT-12 TFTas a  The fits to Eq. (3) are obtained with the data:

function of duty cycle (a). The abscissa units
are defined as follows. For t < 2000 s, the
abscissa is the total gate-on time, for t > 2000
s, the abscissa is the real time. Long-lived AVt

Ax8x107% n=29=037and |V?| was
extracted from transfer measurements before
stressing the device. |V{| varied between 4 V
and 6 V.

measured during low duty-cycle operation (b).

Equation (4) can be used to estimate the lifetime of the TFT for a given allowed
current drop at low duty cycle. Because for PQT-12 y ~ 1/3, there is a great advan-
tage in terms of lifetime to design a circuit that tolerates the highest possible cur-
rent drop before exceeding its specification limits.

Finally, it should be noted that the stretched exponential law is independent of
duty cycle only when the gate-off time is shorter than the lifetime of the long-lived
traps. If the rest time between biasing pulses is long enough to enable a fraction of
the long-lived traps to be released, the total amount of bias stress will depend on
the duty cycle and will be lower than predicted by Eq. (4). For example, at the ex-
tremely low duty-cycle limit, detrapping during the off time may compensate com-
pletely, trapping during the off time thus leading to stable operation. The actual
duty-cycle values where these different operating regimes occur are dictated by
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the detrapping rates of the shallow and deep traps. Finally, the effect of large posi-
tive voltages during the off part of the duty cycle must be well understood to
achieve accurate lifetime predictions.

534
A Microscopic Theory of Bias Stress

The dependence of the fast-trapping rate on the square of hole concentration sug-
gests that it is caused by the pairing of two mobile holes into a trapped state [20].
Such correlated excitations (bipolarons) are well known in conjugated polymers
[28]. Bipolarons arise because the total backbone relaxation associated with pairing
two holes, or polarons in polymer semiconductors, is energetically favorable and
offsets the Coulomb repulsion of the two positive charges, thereby forming a neg-
ative correlation energy state. Depending on the energetics of the process and on
temperature, the mechanism of formation of bipolarons can be either pure tunnel-
ing, thermally assisted tunneling, or thermal excitation over the formation barrier
(Fig. 5.6). Diluted bipolarons are tightly bound states: their formation is effectively
equivalent to removing mobile states from the channel.

The negative correlation energy of bipolarons is strongly affected by the localiza-
tion of the positive charge: the more delocalized the single charge, the smaller the
correlation energy of the bipolaron. Thus in a material with a heterogeneous mi-
crostructure, for example a semi-crystalline polymer film, we expect to find a distri-
bution of bipolaron correlation energies: these energies are smaller in the crys-
tallites and larger in the disordered or amorphous areas of the film.

In the framework of the bipolaron hypothesis, the trap energy U in Eq. (2) corre-
sponds to the bipolaron correlation energy. The relatively small U estimated from
the temperature dependence of the decay data in PQT-12 and the strong drop of
the initial trapping rate at low temperature [22] are consistent with the assumption

Hole
injection
barrier

Crystalline area Disordered area

Fig. 5.6. Sketch of the energy levels of free holes and
bipolarons in ordered and disordered areas of a polymer film.
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that fast traps are in fact bipolarons formed in the ordered areas of the film. In-
deed, in the crystallites single charge is partially delocalized — explaining the small
U - and when a large fraction of charge ceases to be mobile at lower temperature,
the initial trapping rate decreases abruptly.

It is more difficult to ascertain the nature of the long-lived traps although it is
reasonable to hypothesize that they are deeper bipolarons, possibly associated
with the disordered regions of the polymer films. The dependence of low duty-
cycle decay on the square of the gate voltage (n ~ 2 in Eq. 3) in PQT-12 supports
this hypothesis. The slower trapping kinetics are consistent with the existence of a
barrier for hole injection from the ordered into the disordered areas of the film, be-
cause of the lower polymer conjugation length in the latter (Fig. 5.6). The larger
trapping energy is also consistent with the larger correlation energy of bipolarons
in disordered materials.

It is interesting to note that negative U states are present in different classes of
disordered material (e.g. chalcogenide glasses, conjugated polymers) and pro-
foundly affect their properties. Deep traps associated with disordered areas of the
polymer film are long-lived at room temperature and are therefore most detrimen-
tal to the lifetime of electronic devices. If confirmed by direct observation of bi-
polarons and unequivocal correlation of their formation with electrical degradation,
the bipolaron mechanism for bias stress suggests strategies for the design of elec-
trically stable materials. For example, a successful strategy to minimize electrical
degradation may consist in controlling or possibly eliminating the disordered
regions of the polymer film by molecular design or film processing. Another
approach is to increase the hole injection barrier between ordered and disordered
regions of the film, in other words to make the disordered regions as disordered as
possible to kinetically suppress the energetically favorable bipolaron formation.

5.4
Chemical Effects on Stability — Defects and Impurities

5.4.1
Introduction

Structural defects (e.g. dangling bonds) and chemical impurities (e.g. atomic sub-
stitution of hetero atoms) have been demonstrated to have a significant role in the
electrical behavior of amorphous inorganic semiconductors. Semiconducting poly-
mers also contain defects and impurities, but there are important differences be-
tween their origin and how they can be controlled compared with inorganic mate-
rials. We limit our discussion here to the effects of chemical defects and impurities
on the electrical performance of TFTs. It is important, however, to be aware of work
on other systems with organic materials that is beyond the scope of this chapter.
Much of our understanding of chemical damage to conjugated polymers comes
from studies of organic light-emitting diodes (OLEDs) [29, 30]. Although the con-
jugated polymers in these devices are chemically similar to those in TFTs, they are
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used under different carrier concentration conditions than TFTs (~10'4-10%° cm~3
compared with ~10%-10%° cm—3, respectively) and are used with different sets of
materials [31]. For example, OLEDs typically require at least one low-work-function
metal electrode, for example calcium, that reacts with water, but the electrodes in
TFTs are usually made from gold, which is oxidatively stable. Much work has also
been conducted on the effects of chemical exposure on TFTs formed with molecu-
lar organic semiconductors [32, 33] and also on conductors formed from intention-
ally doped semiconducting polymers [34]. In many of those studies the effect of
impurities was studied in the context of development of chemical sensors and
was not related to the operating conditions required for applications such as dis-
plays and rf-ID tags.

5.4.2
Defects in Molecular Structure

5.4.2.1 Defects from Synthesis

Structural defects in polymers can arise as a result of chemical synthesis. Puri-
fied organic polymers consist of a distribution of molecular species with different
molecular weights [35]. It is nearly impossible to obtain a “pure” sample, i.e. one
with a single molecular weight, if the chain length is greater than ~10 monomer
units. The distribution of molecular weights leads to an inherent microstructural
disorder in thin films of semicrystalline polymers that is beyond that caused by
limitations on crystallization by kinetic factors. For this reason alone it is difficult
to define the nature of a “structural defect” in the microstructure of films of semi-
conducting polymers and they are categorized as “semicrystalline” comprising
small ordered domains (~10 nm) with disordered regions. It is simpler to define
defects in the molecular structure of the backbone of the polymer chain and their
origins.

Imperfections in the structure of the main chain of semiconducting polymers
frequently occur during chemical synthesis. For many polymers, the monomer
unit is asymmetric and regioselective coupling reactions are used to control the
structure of the backbone of the polymer (Fig. 5.7). These reactions are imper-
fect and lead to ~98% regioregular structures for materials such as poly(3-
alkylthiophenes) [36]. For a sample of P3HT with a molecular weight of ~20 kDa,
this regioregularity implies there should be nearly one defective coupling between
repeat units in each polymer molecule. Head-to-head coupling in P3HT will pre-
vent the near coplanarity of the thiophene units and cause difficulty in forming
densely packed structures. Such problems can also be overcome by use of sym-
metric monomer units that enforce regioregularity during polymerization, for ex-
ample the monomer for PQT-12 [3]. Even with these changes, however, one can
expect that other synthetic defects, such as coupling at the 3-position on the thio-
phene ring, occur at levels that are difficult to detect, but may still be high enough
to affect electrical transport.

The structure of organic polymers is usually described without consideration of
the end groups that terminate the polymer chain. In polythiophenes, the end thio-
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Fig. 5.7. Coupling reactions possible during the
polymerization reaction to form regioregular P3HT.

phene ring may contain a bromine atom depending on the synthetic conditions
[37, 38]. An estimate of the number of end-cap defects can be made. A film of
P3HT that has a density of ~1 g cm~3 and a molecular weight of 20 kDa will have
a density of end sites equal to ~6 x 10'® cm~3. The number of carriers induced in
an accumulation layer of a TFT is ~10'? holes cm~2 and is approximately one
tenth the number of terminal ends of the polymer molecules in a 5 nm layer. If a
reaction is performed to eliminate reactive end-groups, even with a yield of 99%
there are still similar numbers of end-sites and induced holes. Although there are
few data exploring the effects of end-capping groups, it has been shown that for
short-term measurements there is no difference in mobility in P3HT terminated
with a hydrogen atom or with a bromine atom [37]. Whether the end-capping
group has an effect on long-term behavior is unknown, but it is likely that
chemical transformations could occur in a film over a period of time.

5.4.2.2 Photo-induced Defects

Although organic materials are stable under vacuum conditions, they are not
equally so under ambient conditions because of to the presence of light and molec-
ular oxygen, O,. Many organic molecules are kinetically unreactive with O, in its
ground state even though oxidation is a thermodynamically favorable process. The
low reactivity is because the ground state of O, has a triplet spin multiplicity
whereas most even-electron organic materials have singlet multiplicity [39]. In con-
trast, the singlet states of O, are exceptionally reactive. Singlet oxygen can be pro-
duced by photoexcitation to its excited triplet state then intersystem crossing to the
singlet electronic states or by energy transfer from electronically excited organic

121



122 | 5 Electrical and Environmental Stability of Polymer Thin-film Transistors

WM

S sulfur atom abstraction
/A W 4> or

s /\Rs \ o R s
S,

Ya‘avar T Y

RO R R v R

sulfine formation

Fig. 5.8. Proposed mechanisms for the reaction of 'O, with polythiophene.

species. The energy of the first triplet state of most conjugated polymers is ~0.7 eV
lower in energy than the first singlet excited state [40] and the triplet energy in O,
is ~0.98 eV, therefore a polymer with a band gap of 1.68 eV (738 nm) or higher can
potentially sensitize singlet oxygen formation.

The photochemical reactivity of thin films of conjugated polymers is typically an-
alyzed by comparison of spectroscopic signatures with those of the products of well
characterized reactions in the solution phase [29, 41]. For example, on the basis of
spectroscopic analysis a mechanism for photochemical degradation of thin films of
polythiophene has been proposed in which 'O, forms a transient endoperoxide
with a thiophene ring followed by decomposition to either a sulfine or diketone
(Fig. 5.8) [41]. Evidence for photoinduced cross-linking was also found and it was
suggested, by analogy with nonconjugated polymers, that it was initiated by pho-
tolysis of residual catalyst, FeCl;, in the film. The number of chemical species
created during photooxidation are numerous, but the general outcome of these re-
actions is a loss of conjugation in the backbone of the polymer chains. A loss of
conjugation in the backbone of the polymer would be expected to reduce the mo-
bility of a TFT, simply because the number of electronically active states in the
material should decrease; the chains with fewer conjugated rings have a wider
HOMO-LUMO gap.

Relatively few long-term studies of the effects of light on polymeric TFTs have
been reported. In a detailed study, the effects of light on P3HT-based TFTs in a top
gate geometry were reported; these devices were fabricated on polyethylene tereph-
thalate (PET) with a poly(methyl methacrylate) blend polymeric dielectric and gold
gate electrode [42]. These TFTs initially had mobilities of 0.02 cm? V! 57! and on-
to-off ratios of ~100 (at Vg = —30 V relative to 0 V). Samples were irradiated on
the substrate (PET) side under ambient conditions under room light and under a
AM 1.5 spectrum solar simulator at 110 mW cm™2. The intense light led to de-
crease in the on-current over a 72 h. period that followed an exponential function
I = Iy exp(—t/7) with a time constant of ~25 h. During irradiation significant
photobleaching of the P3HT film occurred and there was infrared spectroscopic
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evidence of transformation of the main polymer chain into carbonyl groups, in
agreement with reactivity data for polythiophenes [41]. Devices under ambient
light survived for more than 1000 h. These results should be regarded as device
stabilities rather than the intrinsic stability of the semiconducting material because
they are essentially protected from ambient conditions by the gate dielectric layer
and the gate electrode.

5.43
Impurities

5.4.3.1 Thermochemical Analysis

There have been several attempts to use chemical thermodynamic data to predict if
a semiconducting polymer will undergo a charge-transfer process with an impurity
and thereby become doped. There are extensive data on the energetics of charge-
transfer reactions of organic species in aqueous or organic solvents and it would
be beneficial to use these data to predict the stability of polymers. Unfortunately, be-
cause of the difficulty of accurately estimating the solvation energy of ions as they
are transferred from solutions to solid films, these types of analysis are generally
qualitative and cannot be used to predict absolute energetics.

Electrochemical data have been used to predict ionization energies and stability
relative to doping in air for semiconducting polymers. Brédas et al. [43] derived an
empirical correlation for determination of ionization energies from electrochemical
oxidation and reduction potentials (Eq. 5) in which the onset of oxidation is re-
ferred to the standard calomel electrode, S.C.E.)

LE. = Eonget ox + 6.3 €V (5)

The scale factor of 6.3 eV is derived from the scaling of S.C.E. to the vacuum level
(4.7 eV) and a component of the polarization energy for formation of a charge in a
medium (1.5 eV). It has been suggested the latter value is almost constant for a
variety of organic molecules; it does, however, create a reasonable amount of uncer-
tainty (~0.5 eV) in this relationship. DeLeeuw and coworkers have performed a
simple analysis to estimate the electrochemical stability of doped semiconducting
polymers in respect of reactions with water and oxygen [44]. This analysis was
based on the assumption of the ability to transfer electrochemical data for oxida-
tion and reduction reactions in aqueous environments to reactions in solid organic
films. Such thermodynamic cycles only indicate the possibility of a reaction with-
out regard to kinetic effects, for example multiple-electron processes are typically
less efficient than single-electron processes [45]. From these studies a scale was de-
rived to determine the environmental stability of n-type and p-type semiconducting
polymers. These scales cannot be used to determine absolute stability; for example,
using this scale polyacetylene is predicted to be stable under ambient conditions,
in contrast with all experimental data that show that the material is unstable. The
authors have suggested that in such circumstances reactions such as oxygen inser-
tion into unsaturated bonds are a possible cause of the discrepancy [44]. The un-
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certainties in both of these analyses emphasize the difficulty of predicting thermo-
chemical stability from tabulated electrochemical data.

5.43.2 Oxygen

Several experimental studies have suggested oxygen is a dopant for a variety of
semiconducting polymers. Oxygen is at a relatively high concentration (20%) under
ambient conditions and has been shown to interact with conducting polymers such
as polyacetylene and polythiophene [46]. The effects of doping are most easily ob-
served in TFTs in the sub-threshold region; as states begin to appear within the
band gap of the material, they will affect the shape of the bandtail and thus change
the turn-on characteristics of the device. Eventually, a bulk current may be ob-
served, but if the channel current is substantially larger it will not be observed in
the [-V characteristics when the channel is “on”.

Several studies of P3HT-based TFTs have been conducted to determine their sta-
bility when exposed to oxygen. Interestingly, the results from these studies vary
widely and are difficult to compare directly. In one of the earliest studies of the ef-
fects of exposure of polymer-TFTs to oxygen, Taylor et al. examined electrochemi-
cally deposited films of poly(3-methylthiophene) [47]. They were able to fabricate
TFTs with £~ 9 x 107* cm? V=1 s7! and found that their conductivity increased
on exposure to ambient conditions or to pure O,, leading to the conclusion that
O, from the atmosphere is the primary dopant for polythiophene. This conclusion
is also supported by spectroscopic evidence of the presence of a charge-transfer
complex (CTC) between O, and P3HT [48]. The solubility constant for O; in
P3HT is ~0.2 (v/v) at standard pressure and temperature, showing that these films
contain a substantial amount of O, when left in the atmosphere [48, 49]. The mea-
sured free energy of formation of the complex, AG®, is ~—1.9 k] mol~! at 298 K;
these values suggest that ~30% of the solubilized oxygen molecules form CTCs or
~1% of n-conjugated segments (assumed to be ~6 repeat units). Holdcroft et al.
found that the conductivity of the P3HT increased with oxygen overpressure, but
found that the field-effect mobility of the devices decreased [48]. These devices
had initial £ = 6.0 x 107* cm? V=1 s, a value that is significantly lower than
that achievable currently in a TFT (~0.1 cm? V! s71). In higher-performance
P3HT devices, Meijer and coworkers observed a large shift of the switch-on voltage
and a large change in the sub-threshold slope with increasing exposure times with
little change in mobility [50]. Although it was found that the doped TFTs could still
be switched to an off state (~1 pA of current), in a practical device operating in a
fixed voltage range this would lead to a substantial reduction in the off current of
the device. These effects were found to be reversible with storage or annealing
under vacuum conditions.

It is important to note that results on the stability of P3HT-based TFTs vary sub-
stantially from laboratory to laboratory. The time observed for doping of P3HT TFTs
has been reported to be less than 24 h by one group [51] and several days by an-
other [3]. Figure 5.9 shows data for P3HT and PQT-12 TFTs measured over ~3
months when stored in dry, purified air using the same device structure under
identical conditions at PARC. The devices for both materials were quite stable on
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the basis of their mobility, on-to-off currents, and threshold voltage. These results
suggest that some of the variation in the literature on device stability could be
because of variations in the local ambient atmosphere and potentially because of
batch-to-batch variations in the semiconducting polymer.

Direct measurements of the change in the number of states caused by doping
with oxygen have only been made by a few groups. Of particular interest are elec-
tronic states that are in the band gap, but whose concentrations are too small to be
observed using conventional optical transmission measurements. Photothermal
deflection spectroscopy (PDS) is capable of revealing sub-gap states and has been
used extensively on amorphous inorganic semiconductors [52]. PDS has been
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used to study the interaction of O, with a dialkoxy-substituted poly(phenylvinylene)
and creation of states in the band gap of the material was observed on exposure
to oxygen [53]. There are currently no reports of comparison of PDS spectra
with current-voltage measurements for TFTs. Measurements on metal-insulator—
semiconductor (MIS) diodes suggested that acceptor density in a film of P3HT
is relatively unchanged by exposure to O, in the absence of light (~5 x 10%
cm™3), but exposure to light caused a dramatic increase in the acceptor density
(~1.5 x 10'® cm~3) [49]. The efficiency of the process of creation of acceptor states
depended on the energy of the incident light and was maximum near the reported
absorbance of the charge-transfer complex of O, and P3HT.

The widely reported instability of P3HT and other conjugated polymers, for ex-
ample polyacetylene, have led many groups to attempt to improve stability by
chemical synthesis. Several groups have attempted to improve the stability of semi-
conducting polymers by decreasing the conjugation length of the thiophene rings
or by incorporating other aromatic heterocycles in the backbone of the polymer
(Table 5.1) [54]. For example, incorporation of thieno[2,3-b]thiophene into a chain
produces films with ionization potentials of 5.3 eV (by UV photoelectron spectros-
copy) compared with 4.8 eV for P3HT [51, 55]. In these studies, the material with
higher ionization energy was shown to maintain its on-to-off ratio under ambient
conditions. Interestingly, many of these materials have a field-effect mobility ap-
proximately one-tenth that of P3HT.

5.43.3 Water

Water is known to cause electrical instability in a variety of electronic devices. For
example, if water is absorbed on the surface of an unencapsulated amorphous sili-
con TFTs it induces a charge in the semiconducting film that acts as an additional
channel layer for conduction, the “back-channel effect” [56]. The situation for
semiconducting polymers is more complex, because water can be absorbed by the
bulk of the film and interact directly with the accumulated carrier states.

The effect of humidity on the operation of polymeric TFTs has been studied by
several groups and found to exacerbate gate-bias stress. Water was found to in-
crease off-state conduction and to cause a lack of saturation in the output character-
istics of P3HT-based TFTs; the mobility of these devices was, however, relatively
low, 1 x 10~* cm? V~! 571, and no hydrophobic layer was placed on the gate dielec-
tric [57]. Gate-induced bias stress was found to increase in PTV TFTs under 2 mbar
of water vapor compared with dry devices [18]. Interestingly, the gate-induced
stress was found to be less severe if the oxide dielectric was coated with HMDS,
compared with TFTs in which the dielectric was left bare. The bias stress in these
TFTs was reversible and the original characteristics were recovered under positive
gate bias. A detailed study of PQT-12-based TFTs has shown that the effect of
absorbed water is mainly to cause carrier trapping, leading to large shifts of the
threshold voltage (Fig. 5.10) [58]. The number of water molecules relative to the
number of carriers in the accumulation layer was estimated. At Vg = —30 V with
a gate capacitance of 30 nF cm™2, the induced carrier concentration is ~5.6 x 102
carriers cm 2. At ~30% R.H. the film contains ~70 ng cm™? water in a film
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~30 nm thick, measured using a quartz crystal microbalance; assuming that the
water is uniformly distributed in the film, these data suggest there are ~8 x 1013
water molecules cm ™2 in the accumulation layer or ~1-10 water molecules per car-
rier. Despite the relatively large concentration of water, the mobility of the carriers
is relatively unaffected, but deeper trap states are formed. It has been suggested the
change in trapping kinetics occurs by a mechanism in which the dipolar water
molecules stabilize the highly charged bipolaron states in the film and thus form
deeper-lying trap states.

5.4.3.4 Organic Solvents

During the fabrication of most practical organic semiconductor devices they are ex-
posed to a variety of organic solvents during processing. Torsi et al. have examined
the effects of aliphatic alcohols on TFTs made with polyterthiophenes [59]. Exposure
to organic alcohols caused a decrease in the saturation current of the TFTs and the
effect was attributed to charge trapping at grain boundaries in the films, because of
adsorption of the alcohol on the surface of the film.

5.4.3.5 Inorganic Impurities

Inorganic impurities may be incorporated in polymers during synthesis or as a
result of contamination. Conjugated polymers are synthesized using inorganic
catalysts, for example FeCls;, or organometallic catalysts such as. Ni(dppp)Cl,
(dppp = diphenylphosphinopropane) [36]. The concentrations of these species are
reported sporadically, but can range from 1-1000 ppm [3, 54] and are high enough
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potentially to form electroactive traps. Indeed, polythiophenes can be intentionally
doped with species such as FeCl; so it is likely that some of the behavior observed
in the literature is complicated by their presence. Interestingly, if there are indeed
electronic traps resulting from residual catalyst molecules (e.g. 10-100 ppm) they
must be relatively shallow or they would be manifested in large onset voltages for
most materials. Few studies of ionic impurities have been performed on polymeric
TFTs. There is evidence that mobile ions such as Na* cause hysteretic effects in pla-
nar diode devices with P3HT on glass substrates [60]. The Na* ions in the organic
layer were found to migrate toward the cathode and modify the conductivity by a
hypothesized contact effect, by reduction of the concentration of holes in the mate-
rial. On the basis of a reduction of the effect when electronic grade sodium-free
glass was used, it was suggested the Na™ impurities arose from sodium from the
soda lime glass. The most likely consequences of drifting ionic impurities on TFTs
are shifts in threshold voltage and modification of carrier injection at the contacts.

5.4.4
Studies of TFT Lifetime

It is also important to consider that in finished devices, the semiconductor in the
TFT will be packaged and its exposure to the ambient environment will be mini-
mized compared with exposure of devices used for routine tests. In most circuits
the semiconductor will be shielded from light so photooxidation is critical only to
the point that singlet oxygen can migrate through other layers of the film or during
fabrication in ambient environments (e.g. jet-printing or spin coating). The use of
sub-band gap light during fabrication is not such a stringent requirement, for ex-
ample photographic film is produced in large quantities at low cost under such
conditions. During the fabrication of these finished devices, the semiconducting
layer in the TFT will be exposed to subsequent processing after deposition, such
as addition of encapsulation layers. Thus, in addition to examining the fundamen-
tal stability of individual devices, it is important, where possible, to examine how
these results compare with those of finished, packaged devices.

The lifetime of both displays and circuits using organic TFTs have been reported.
The shelf life of P3HT from two sources has been studied for TFTs in a top gate
geometry on polyethylene terephthalate (PET) films [5]. In these devices, the semi-
conducting film was covered by a polymeric insulator ~300 nm thick and a gate
electrode. The organic circuits were left under ambient conditions for 1 year; the
initial mobility was 0.05 cm? V~! s7! and degraded to 0.045 cm? V=1 s7! and
the off current increased by ~40% (value not specified) over the time period. Ring
oscillator circuits with operating frequencies of 10.5 kHz were also shown to be
stable during storage under ambient conditions for 1 year. Philips has reported
that active-matrix backplanes using solution-processed pentacene can operate con-
tinuously for 100 h [61]. At PARC, shelf-life tests indicate that assembly displays
with printed polymer TFT backplanes do not degrade significantly under ambient
conditions over 1-year time-spans [62]. All of these results suggest that appropriate
encapsulation methods are available and can be used to extend the lifetime of poly-
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meric TFTs in practical applications. It is more difficult to predict their lifetime
under operating conditions as there is no developed method for accelerated life-
time testing.

5.5
Conclusion

Study of the electrical stability of polymeric TFTs is essential to their adoption in
practical applications. Although gate-bias stress is an important electrical character-
istic for determining the lifetime of TFTs in applications such as displays, there is
no fundamental understanding of how to design a semiconductor material free
from bias stress. Studies of gate-bias stress will be essential for materials to deter-
mine their operating range and to optimize dielectric layers. It is doubtful that bias
stress can be completely eliminated but its mitigation by materials and device de-
sign in combination with driving conditions is a necessity.

Similarly, understanding how interactions with the environment affect the oper-
ation of polymer TFTs is still in its infancy. Environmental stability seems, how-
ever, to be a solvable problem if appropriate care is taken during fabrication and if
appropriate encapsulation layers are developed.
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6
Gate Dielectrics

Marcus Halik

6.1
Introduction

With the focus on the potential applications of organic thin film transistors (TFTs)
in low-price and/or large-area devices of low or medium complexity, the materials
used in the fabrication of organic TFTs and the device design play a significant role
in realizing the required electrical performance. The spectrum of applications for
organic TFTs ranges from pixel driver transistors for flat panel display backplanes,
which require very high uniformity of the various electrical performance character-
istics and large drive currents of the TFTs, to transistors in integrated circuits for
radio-frequency transponders with limited budget in supply voltage [1-6]. One
of the factors determining the electrical performance of organic TFTs for spe-
cific applications is the structure of the device, which includes its layout and archi-
tecture. Although the layout dimensions channel length and channel width can, in
principle, be varied from a few tens of nanometers to several centimeters, thus en-
abling the highest frequency of operation and the drive current to be varied over
many orders of magnitude, the choices for the device architecture are quite limited
[6-10]. Basically, three transistor architectures have been employed for organic
TFTs — the bottom-gate, bottom-contact (inverted coplanar) structure, the bottom-
gate, top-contact (inverted staggered) structure, and the top-gate configuration
(noninverted staggered) structure [11-13]. The choice of transistor architecture
has a significant effect on electrical performance, because of differences between
charge injection [14], but often the degree of freedom is limited by restrictions
in processing methods or the incompatibility of the materials used in the fabrica-
tion of organic TFTs [15]. Thus, an important set of factors in tuning device perfor-
mance is choice and optimization of the materials. Early organic TFT work focused
almost exclusively on organic semiconductor materials, quickly pushing the perfor-
mance of organic TFTs into the range of amorphous silicon TFTs [16-18]. Later,
research on organic transistors was extended to materials for the source and drain
contacts and to the materials used as the substrates [2, 11, 19-24]. But perhaps
the material with the greatest effect on device performance — and the organic
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semiconductor — is the gate dielectric. If the electrically conducting gate electrode
is insulated from the organic semiconductor channel, the gate-dielectric layer plays
a key role in the electronic functionality of the field-effect transistor. The capaci-
tance (i.e. the thickness and permittivity) of the gate dielectric determines the oper-
ating voltage of the transistor. In organic TFTs that use the inverted device structure
the gate-dielectric layer provides the surface on which the organic semiconductor is
deposited. Thus, the gate dielectric determines the molecular growth and molec-
ular orientation of the organic semiconductor layer, both for small-molecule semi-
conductors and for pre-oriented, highly ordered semiconducting polymers |20, 25],
and it determines the characteristics of the interface between the gate dielectric
and the semiconductor. Because the carrier channel in which the electronic charges
are transported in the device is formed in close proximity to that interface, the
properties of the gate dielectric surface and of the dielectric/semiconductor inter-
face are of critical importance [26]. The gate-dielectric layer must also be suffi-
ciently robust to withstand all subsequent steps in the device fabrication process.
Finally, the processes for the deposition and patterning of the gate dielectric must
be compatible with the general process flow, particularly for applications on flexible
substrates associated with a restricted thermal budget. Thus, in addition to the
electrical characteristics of the gate-dielectric materials, the mechanical and chem-
ical properties and the processability must also be taken into consideration.

6.2
The Impact of Gate Dielectrics on the Electrical Functionality of Organic TFTs

The principal architecture and the electrical characteristics of an organic TFT are
shown in Fig. 6.1. An organic TFT is a three-terminal device in which the electric
current between two (ideally ohmic) contacts (called the source and drain contacts)
is modulated by a voltage applied to the third electrode (the gate); see Fig. 6.1a. The
channel for charge carrier transport is formed at the dielectric/semiconductor in-
terface when the absolute value of the gate voltage is raised beyond the switch-on
voltage. The gate as the control electrode must be electrically isolated from the
semiconductor channel and from the source and drain contacts to allow an electric
field to build up upon application of a gate voltage and to prevent electrical
shorts. The electrical transfer characteristic of a pentacene TFT is shown in
Fig. 6.1b. When a positive potential is applied to the gate relative to the source
(e.g. gate — source voltage = +10 V), no carriers accumulate at the dielectric/
semiconductor interface, so the drain current is very small (less than 1 pA) and
the transistor is in the nonconducting (“off”’) state. When the gate-source voltage
is negative (e.g. —20 V), a carrier channel is formed at the interface, a large drain
current is observed, and the transistor is in the conducting (“on”) state.

The carrier concentration in the channel and thus the drain current Ip for a
given drain-source voltage Vps are determined by the gate-source voltage Vs and
the capacitance of the gate dielectric Ci:
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Fig. 6.1. (a) Schematic cross-section of an inverted coplanar
(bottom-contact) TFT. The channel is formed at the interface
between the gate dielectric and the organic semiconductor.

(b) Electrical transfer characteristic of a pentacene TFT.
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The drain current Ip is proportional to the charge-carrier mobility u.g, the tran-
sistor dimensions, where W and L are the channel width and length respectively,
the applied voltage, where Vg and Vr are the gate-source and threshold voltage,
and the insulator capacitance C; (Eq. 1). Thus, the impact of the dielectric material
on transistor performance is given by the dielectric capacitance which results from
a geometrical quotient of area A and distance d (distance is the film thickness of the
dielectric layer) and a material factor where ¢ and ¢, are the dielectric constant in a
vacuum and of the material, respectively (Eq. 2). As consequences of these correla-
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Fig. 6.2. Decrease of mobility with increasing  when plotted on a log—log scale, the available
¢, as observed in rubrene single crystal FET data show a linear dependence, with slope —1
with different gate insulators. The bars give a  (the variation in u is proportional to ¢71) [27].
measure of spread of mobility values. Inset:

tions the gate-dielectric layer has an impact on the operating voltage of a TFT; a
thinner gate dielectric or one with a larger permittivity will result in a smaller op-
erating voltage, for the same semiconductor material and the same transistor di-
mensions. Another effect of the dielectric material, discovered by experiments on
rubrene single-crystal transistors with several dielectric materials, is related to the
dependence of the charge-carrier mobility i on the dielectric constant g of the
insulating layer (Fig. 6.2) [27].

The advantage of using a single-crystalline semiconductor for this particular
experiment is the excellent reproducibility of the transistor characteristics as a re-
sult of eliminating the random effects of molecular disorder generally present in
polycrystalline thin film devices. It was found that the mobility measured for the
same semiconductor (single-crystalline rubrene) increases by more than an order
of magnitude when the permittivity of the gate dielectric is reduced. Furthermore,
an empirical relationship between mobility and permittivity x ~ 1/e was proposed.

Besides the general effect on operating voltage and charge-carrier mobility in
TFTs, the gate-dielectric layers have to withstand the applied electric field to prevent
gate leakage. The gate current should be as small as possible, preferably no larger
than a few picoamps. To make a useful device the electrical characteristics of the
dielectric material must be stable over time without degradation caused by elec-
trical or environmental stress.

6.3
Insulating Materials — An Overview

Over the past decade, a wide range of dielectric materials have been successfully
employed as gate dielectrics in organic TFTs. In principal, these materials can be
classified as shown in Fig. 6.3 into four groups describing materials with the pur-
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Fig. 6.3. Schematic overview and classification of gate-dielectric materials used in organic TFTs.

pose of acting as “pure” insulating layers (inorganic dielectrics, organic dielectrics,
self-assembled monolayer dielectrics, and multilayer or multi-component dielec-
trics), distinguished by their chemical composition or their assembly as a dielectric
layer. By extending the classification of dielectric layers beyond their insulating
properties, a fifth group can be defined as multifunctional dielectrics, populated
from all materials described above.

6.3.1
Inorganic Gate Dielectrics

Engaging in the new and exciting field of organic electronics, in particular organic
transistors, early on the researchers built on their experience with state-of-the-art
silicon technology. Consequently, for a long time silicon dioxide thermally grown
on single-crystalline silicon has dominated as the gate-dielectric material for or-
ganic TFTs. The availability of silicon wafers and the use of heavily doped silicon
as the gate electrode combined with the thermally grown silicon oxide as the gate
dielectric have helped this system become an attractive test vehicle for screening
new organic semiconductor materials [16, 25, 28]. However, the advantage of
organic electronics, independence of expensive rigid substrates, cannot be achieved
with this system. Also, the realization of devices more complex than transistors is
unrealistic with thermally oxidized silicon wafers, because the gate electrode (i.e.
the wafer) cannot be patterned. With the focus on substrate-independent materials,
a large number of high-quality inorganic gate dielectrics has been investigated
(Table 6.1). The scope of research ranges from bulk materials, for example in-
organic oxides [2, 29-31] and nitrides [32-34] and their deposition methods, to
multi-layers or blends consisting of inorganic dielectrics and polymer dielectrics
[31, 35, 36].

The Penn State group has employed an ion-beam sputter process for silicon di-
oxide. This process deposits a dielectric film at low temperatures (80 °C) and is
suitable for deposition on glass and flexible substrates [2, 29, 30]. With this ion-
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Tab. 6.1. Overview of inorganic dielectric materials.

Material Preparation method Deposition Dielectric Refs
temperature [°C] constant

SiO, Thermally grown >600 3.9 16, 25, 28

Si0, Ion beam sputtered 80 3.9 2,29, 30

Al, 05 Sputtered not given ~5.1 31

Al, 04 Anodized r.t. ~4.2 40

TiO, Anodized r.t. 21 36

SiNy CVD 250-350 6-7 32-34

BZT rf Sputtered r.t. 17.3 37

BST rf Sputtered r.t. 16 37

Ta,Os Sputtered 300 25 27

beam sputtered silicon oxide, organic TFTs for integrated circuits and for driver
TFTs in backplanes for LC displays have been demonstrated. As another inorganic
dielectric material, chemical vapor-deposited (CVD) silicon nitride was used in de-
vice fabrication. Groups at Lucent and Philips have demonstrated organic ICs and
display backplanes on rigid substrates [32, 33]. Following the trend of reduced
power consumption, materials with higher dielectric constant than silicon oxide
are of interest. Inorganic oxides such as Al,0s;, TiO,, BZT [Ba(ZrTi)O], BST
[Ba(SrTi)O], or Ta,Os have been tested as pure thin-film materials, and in combi-
nation with other materials [6, 27, 31, 36—40]. While most high-¢ materials suffer
from expensive deposition methods (sputtering) and poor film quality (requiring
relatively thick films to reduce gate leakage), the implementation of Al;O; has
made good progress, because of suitable deposition processes for Al;O; and the di-
rect conversion of Al by anodization [31, 40].

6.3.2
Polymer Gate Dielectrics

Because organic TFTs are targeting a wide range of potentially inexpensive applica-
tions, alternative gate dielectrics and low-cost fabrication methods are of interest,
including solution-processable polymer gate dielectrics [1, 11, 20, 21, 34] that can
be deposited by spin-coating, spray-coating, or printing, rather than by vacuum de-
position. Because most organic polymers are insulators, this class of materials po-
tentially leads to tailor-made materials for organic electronics applications. Several
approaches for polymer dielectric films have been tested. The most common
method is deposition of a polymer solution — polymer dissolved in a suitable
solvent — by spin-coating, spray-coating, or printing and subsequent drying of the
film by evaporating the solvent. For several materials an additional temperature or
irradiation step is required (cross-link or cyclization reactions) to produce the final
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film. Typical examples of these polymers are polyimide (PI) [41, 42], polyvinylphe-
nol (PVP) [19, 26], photoresists [11], poly(methyl methacrylate) (PMMA) [43],
poly(vinyl alcohol) (PVA) [44], and the class of spin-on glasses (silsesquioxanes)
[45, 46]. With this top-down approach, in which the properties of the resulting
polymer film (thickness, stability, roughness, etc.) are determined by the polymer
formulation and the corresponding process, the highest mobilities in TFTs with
organic gate dielectrics have been obtained [25]. It should be noted that the ad-
vantage of solubility of polymers in the sense of inexpensive deposition methods
could be a problem regarding possible intermixing and swelling in the preparation
of multilayer stacks as given in “all-polymer” devices.

Another method of forming polymeric insulating films on a substrate is the
“growth” of polymers from monomers directly on the gate electrode surface. An
example of this “bottom-up” approach is poly-para-xylylene (Parylene), in which the
pyrolysis of a para-xylylene dimer generates radicals that polymerize on a substrate
held at room temperature forming an insulating film [47, 48]. Another method is
the surface-initiated ring-opening metathesis polymerization (SI-ROMP) forming,
for example, a polynorbornene layer, a “living” metal-catalyzed polymerization in
solution. The film thickness can be tuned by altering the reaction time [49].

Besides the general insulating properties of insulating materials, chemical and
thermal stability is required and excellent film-forming properties and methods
for patterning the insulating layer. Therefore, the most common polymers (e.g.
polyethylene, polypropylene, polyvinylchloride etc.) have not yet been used as
gate-dielectric layers.

6.3.3
Self-Assembled Monolayer Gate Dielectrics

One of the most critical problems with organic TFTs are the large operating volt-
ages, which often exceed 20 V. This is because of poor capacitive coupling through
the relatively thick conventional gate dielectrics, which are often thicker than 100
nm to minimize gate leakage. One promising approach to reduce the dielectric
thickness and thus the operating voltage is the implementation of self-assembled
monolayers (SAMs). Given the small thickness of the molecular monolayers (ap-
prox. the length of a molecule) self-assembled on the gate electrode surface, a
high quality insulating film is required to prevent leakage, i.e. no pinholes and
dense packaging. By using the proper molecular design and a defined deposi-
tion process the SAMs are able to withstand electrical fields up to 16 MV cm™! —
comparable with or better than those of thermally grown silicon dioxide dielectrics
of similar thickness [50]. Insulating layers of sufficient quality for organic TFTs
have been demonstrated with bottom-up and top-down approaches. Vuillaume et
al. have prepared suitable SAMs with a solution-grafted monolayer from vinyl-
terminated alkoxysilanes on a silicon substrate, followed by oxidation to obtain a
carboxyl-terminated monolayer [51, 52]. The Infineon group has grafted modified
alkoxysilane molecules directly on a briefly activated surface to obtain a high qual-
ity SAM without chemical conversion [50]. With both approaches, functional or-
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ganic TFTs with operating voltages as low as 2 V could be prepared. With direct
grafted monolayers integrated circuits (ICs) on rigid and even on flexible sub-
strates have been reported [53].

6.3.4
Multi-layer and Multi-component Gate Dielectrics

In addition to the straightforward strategy of using one single material as the gate-
dielectric layer, several approaches with more complex dielectric systems were
studied. The work on multi-layer or multi-component systems is basically driven
by the motivation to increase TFT performance or to tune the electrical character-
istics in a certain way, sometimes ignoring that one advantage of organic elec-
tronics is simplicity and most of the potential applications are low-cost products.

The best-known example of a multi-layer dielectric system is octadecyltrichlorosi-
lane (OTS) on silicon oxide. After treating the silicon oxide with this Cyg alkane,
which forms a covalently bonded monolayer on the oxide surface with a silane an-
chor group, improved TFT performance (mobility, threshold voltage, subthreshold
swing, and on/off ratio) and homogeneous distribution of TFT properties over a
substrate were obtained for pentacene TFTs compared with devices on an untreated
oxide surface [2, 28, 29]. Although the effect on the insulating properties (change
in ¢ value) of the OTS monolayer is probably insignificant (given the large thick-
ness of the silicon oxide), the effect on the device characteristics is significant, de-
pending on the organic nature of the interface (insulator/semiconductor) which
may provide a more efficient transistor channel, perhaps because of better match-
ing in surface energy of these materials. Kobayashi et al. have extended this
approach by changing the nature of the SAM and with this the interface between
insulator and semiconductor and were able to tune the threshold voltage over a
wide range from positive to negative values [54].

Similar results, supporting the hypothesis that an organic interface at the chan-
nel is favorable for high-performance organic TFTs, have also been obtained with
polymer-treated inorganic dielectrics [31, 36]. Apolar polymers (e.g. PAMS —
poly(a-methylstyrene)) deposited a few nanometers thick on oxide surfaces increase
the mobility in pentacene TFTs by approximately a factor of three compared with
devices on untreated oxide surfaces. It should be noted that the effect of increased
mobility on dielectrics treated with organic materials (SAMs or polymers) or pure
organic dielectrics does not correlate with the number of pentacene grains in the
transistor channel as a measure of the grain size or the number of grain bounda-
ries [31, 55]. Furthermore, this effect can be postulated as a general tendency use-
ful in future device development.

Not only the combination of inorganic dielectrics with organic monolayers or
polymers has been tested so far, but also inorganic—inorganic and organic—organic
multi-layers have interesting effects as gate dielectric composites [56]. An example
of an organic double-layer dielectric system is the combination of a SAM layer with
a polymer dielectric film (PVP), but with architecture opposite to that typically fab-
ricated as in the SiO,/OTS in which the SAM covers the bulk dielectric. In this in-
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stance the SAM is grafted on an aluminum gate pattern and covered by a thin PVP
layer. ICs based on pentacene TFTs containing a double layer 2.5 nm thick (18-
phenoxyoctadecyl)trichlorosilane (PhO-OTS) followed by a 13 nm thick film of
cross-linked PVP can operate with supply voltages from 3 to 20 V without electrical
shorts. This could protect a TFT from surge currents, without losing the function-
ality at low voltages.

Most polymer dielectric materials have relatively low dielectric constants (2.5-
4.0), depending on their molecular structure. To increase the capacitive coupling
through a polymer film, addition of high-¢ components to the polymer matrix is
suitable, and maintains the layer-by-layer deposition in the systems described
above. One approach is the dispersion of high-¢ nanoparticles (TiO;) in a tradi-
tional polymer dielectric PVP reported by Chen et al. [35]. With different concen-
trations of TiO, particles in the blend, the & value of the dielectric film increases
from 3.5 for the unmodified polymer to 5.4 for the nanocomposite dielectric con-
taining 7% nanoparticles, corresponding to an increase of output current in the
pentacene TFTs. The surface quality of the organic—inorganic nanocomposite film
is poor, however, and realization of vias in these films, required for realization of
ICs, will be more complicated than in pure organic or inorganic dielectric films.

6.3.5
Multifunctional Dielectrics

Besides the general function of insulating the gate electrode in a TFT and serving
as the channel interface for the organic semiconductor, the dielectric layer could
combine additional features extending the nature of a TFT from a transistor to a
memory element. Several groups have described the use of ferroelectric polymers
in capacitor elements to create nonvolatile memory cells, on the basis of the dis-
placement in an electric field. A typical characteristic of such a cell is hysteresis in
current—voltage curves depending on the direction of the voltage sweep. Hysteresis
is normally a problem in organic TFTs and organic circuits, but providing a perma-
nent and reproducible hysteresis can be used to define two digital states of the
TFT. Schroeder et al. have demonstrated a so called “FerrOFET” with poly(m-
xyleneadipamide) as dielectric layer and pentacene active layer, for which the
current—voltage characteristics of the TFT are shifted by approximately 20 V, de-
pending on whether the gate voltage is swept forward or backward. The devices
have one digital state “0”” with low drain current and another state “1” with higher
drain current at the same gate potential. The ratio of the two states is 2.7 x 10* and
the hysteresis is stable over time (Fig. 6.4). Memory retention time of hours to days
was predicted for such a memory TFT [57].

6.4
Application-related Aspects of Dielectrics

Because of the complexity of the relationships between the properties of the gate
dielectric and the performance of organic TFTs and ICs it may be useful to explain
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Fig. 6.4. (a) Transfer characteristics of a “FerrOFET". At zero
gate voltage, the memory ratio is 2.7 x 10* (the solid curve is
the first sweep, the dashed and dotted curves were recorded at
later times); (b) Memory retention of the ON and OFF states
[57].

these relationships in more detail with two examples. The first example is the
high-quality polymer dielectric material PVP which was investigated in simple
transistor devices and in more complex ICs. In a second example, self-assembled
monolayer (SAM) gate dielectrics will be discussed. These have several advantages
over other insulating materials. In this brief introduction application-related as-
pects such as hysteresis, stability of devices, variation of device properties, and
their potential in low-cost production methods will be covered.

6.4.1
Poly-4-vinylphenol Dielectrics

In 1998 the commercially available polymer PVP (M, 20,000) was introduced as a
dielectric layer for organic TFTs by the Philips group [19]. It is soluble in common
organic solvents (e.g. acetone, n-butanol, propylene glycol monomethyl ether ace-
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Fig. 6.5. Thermally initiated cross-linking reaction of poly-4-
vinylphenol with poly(melamine-co-formaldehyde) methylated
as a cross linking agent.

tate (PGMEA), N-methylpyrrolidone (NMP), etc.) and can thus deposited on a sub-
strate by dip coating, spin coating, spray coating, or, potentially, by printing. Be-
cause of this excellent solubility, a wide range of formulations and resulting film
thicknesses (10 nm to 1 pum) are possible. In addition to the pure PVP polymer,
several copolymers (e.g. poly-4-vinylphenol-co-2-hydroxyethylmethacrylate) have
also been tested as gate dielectrics [25]. Most of the PVP formulations have excel-
lent film-forming properties, giving a homogeneous film with a smooth surface
[58]. One drawback of the solubility is the sensitivity of the polymer film to sol-
vents during subsequent process steps in the TFT fabrication. A simple route to a
mechanically and chemically robust polymer film was demonstrated by cross-
linking the PVP basic polymer with a cross-linking agent, forming a “Bakelite”
structure. As a useful cross-linking agent (with regard to solubility, onset of the
cross-link reaction, etc.) poly(melamine-co-formaldehyde) methylated (M, 511)
was identified (Fig. 6.5) [23]. The basic polymer (PVP) and the cross-linker can be
mixed in one solvent and deposited in the same way as the pure PVP formulation.
A typical ratio of basic polymer to cross-linking agent is 5:1. The shelf-ife of these
formulations is more than a year. After drying (evaporation of the solvent) a homo-
geneous film is formed on the substrate. In subsequent thermal treatment the
cross-linking reaction starts at approximately 150 °C. An efficient reaction temper-
ature is 200 °C. The poly(melamine-co-formaldehyde) acts as a donor of a formal-
dehyde moiety reacting at the activated 3-position of the phenol ring in the PVP. In a
second step the cross-link is completed by reacting with another phenol ring (from
the same or a neighboring polymer chain), forming a covalent-bonded bridge.

The resulting flexible films withstand treatment with chemicals such as acetone,
alcohols, and neutral aqueous etch formulations, but are sensitive to very basic
solutions. It should be noted that significantly larger concentrations of the cross-
linking agent in the polymer formulation will result in more ridged films, and
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characteristics of capacitor structures prepared linked PVP and PVP copolymer gate dielectrics
with cross-linked PVP and poly(4-vinylphenol)-  compared with thermally grown silicon oxide
co-2-hydroxyethyl methacrylate (PVP [25].

may lead to cracks in the cured films, whereas smaller concentrations of the cross-
linking agent may increase the film'’s solubility.

To reduce the cross-linking temperature for applications that do not allow a tem-
perature of 200 °C, the cross-link reaction can be performed with alternative cross-
linking agents in a photo-initiated reaction. A photo acid generator (PAG) sensitive
at a particular wavelength is mixed into the formulation. As an alternative cross-
linking agent, 4-(hydroxymethyl)benzyl alcohol was tested successfully. In addition
to the reduced process temperatures (maximum 150 °C for post-exposure bake,
PEB), this system potentially opens the opportunity to produce directly patterned
dielectrics, depending on the different solubility of irradiated and nonirradiated re-
gions in the polymer film. The electrical characteristics of pentacene TFTs based
on these films are comparable with those with thermally cross-linked PVP gate
dielectrics [59].

To determine the permittivity of the PVP gate-dielectric materials, capacitor
structures can be used in which the spin-coated polymer layer is sandwiched be-
tween radio-frequency-sputtered titanium films, using silicon wafers as substrates.
Figure 6.6a shows capacitance—frequency characteristics obtained from small-
signal impedance measurements on capacitors with a dielectric thickness of 280
nm (for the thermally cross-linked PVP) and 310 nm (for the PVP copolymer), for
a contact area of 0.13 cm?. From the capacitance data, a permittivity of 3.6 was de-
termined for the cross-linked PVP gate dielectric and a permittivity of 4.0 for the
PVP copolymer gate dielectric [25]. An important concern with any gate-dielectric
material, but particularly with polymer gate dielectrics, is gate leakage. The
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measured gate leakage on capacitor structures similar to those used for the
capacitance—frequency measurements is shown in Fig. 6.6b. The current density
through the gate-dielectric layer is given as a function of the electric field applied
across the film for a dielectric thickness of 280 nm (for the cross-linked PVP), 310
nm (for the PVP copolymer), and 100 nm (for SiO; thermally grown on silicon),
for a contact area of 0.29 cm?. Gate dielectric leakage for the polymer gate dielec-
tric films is less than 50 nA cm™2 at a gate bias of 5 V and less than 250 nA cm™2 at
a gate bias of 20 V, similar to the leakage currents observed for thermally grown
Si0;.

The PVP dielectric system, and in particular the thermally cross-linked PVP, has
been tested by several groups in organic TFT devices. Simple test devices and
photolithographically defined TFTs have been investigated. In test devices a heavily
doped silicon wafer serves as the substrate and gate electrode. The PVP dielectric
layer was added by spin coating and cross-linked at 200 °C, followed by the deposi-
tion of the organic semiconductor. Gate, gate dielectric and semiconductor remain
unpatterned. The source and drain contacts are deposited by thermal evaporation
through a shadow mask. In this set-up, a record value for charge-carrier mobility
of 3.0 cm? V~! s7! (measured in a pentacene TFT) was obtained with this dielectric
material (Fig. 6.7); this is still the highest mobility for organic TFTs with a polymer
gate-dielectric layer.

To take full advantage of organic electronics, independence from single-
crystalline and expensive substrates, the silicon substrate must be replaced by a
less expensive carrier substrate. A wide range of conducting materials, including
metals and conducting polymers, have been used as gate electrode materials. Typi-
cally, non-noble metals such as Al or Ti will be used, because of their inexpensive
processing. For applications in display backplanes or ICs each transistor must oper-
ate with an individual gate, requiring a patterned deposition or a patterning step
after deposition of the gate electrode material. The processing of the PVP dielectric
layer follows the same procedure as on silicon substrates. It should be noted that a
cross-linked PVP layer reproduces the topography of the underlying substrate, even
the surface roughness of the gate electrode. On an atomically smooth substrate the
PVP layer has a smooth surface with an average surface roughness of approxi-
mately 7 A, as demonstrated on single-crystalline silicon wafers. A “smoothing” ef-
fect of the PVP seems negligible, suggesting that the surface quality of the gate
electrode material and the roughness of the substrate will have an effect on device
characteristics [23]. To create access to the gate electrode layer the PVP layer is pat-
terned by photolithography and oxygen plasma etching. To define the source and
the drain contacts gold is deposited by evaporation and patterned by photolithogra-
phy and wet etching. As an alternative, the conducting polymer polyethylenedioxy-
thiophene doped with polystyrene sulfonic acid (PEDOT:PSS; Baytron P formula-
tion) was used for the source/drain contacts. Finally, pentacene is deposited by
thermal evaporation to create the organic active TFT layer. Also, different organic
semiconducting materials were demonstrated on PVP gate dielectrics, including
polymers and n-type materials [58, 60].

Irrespective of the process flow, the PVP withstands treatment with the chemi-
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cals involved after deposition and cross-link of the dielectric layer. Reference mea-
surements of the film thickness, surface roughness, and static contact angle indi-
cate that after each step in the processing the dielectric layer remains unchanged.

In the fully patterned bottom-contact TFTs using Ti gates on glass substrates
with a thermally cross-linked PVP dielectric layer 120 nm thick, gold source and
drain contacts, and pentacene as active material, a charge-carrier mobility of
0.7 cm? V~! s7! was obtained (Fig. 6.8) [61]. The slightly reduced mobility compared
with the top-contact TFT is related to the large contact resistance in the bottom-
contact TFT and is not notably affected by the PVP dielectric layer (e.g. by following
process steps or because of increased surface roughness). Cross-experiments with
bottom-contact TFTs using a single-crystalline silicon gate electrode instead of Ti,
which serves as a smooth surface, prove that the contact resistance clearly domi-
nates the electrical performance of the TFT and the “image effect” on the surface
roughness of the gate electrode is negligible, at least for smooth glass substrates
with metal electrodes.

The dielectric material not only affects the charge-carrier mobility in organic TFTs
— the values of the switch-on voltage and the subthreshold swing also depend on
the nature of the channel interface and so, in part, on the dielectric material.
With the focus on potential products homogeneous distribution of these electrical
characteristics is rather more important than their absolute values. Small or no vari-
ations of all characteristics are required for the realization of functional combina-
tional and sequential logic circuits. Fairly tight distributions of these characteristics
can be observed for TFTs fabricated on the same substrate, as has been shown by
the Philips group for TFTs with a solution-processed pentacene active layer [62].
The distribution for 49 TFTs on the same substrate with thermally evaporated pen-
tacene layer and thermally cross-linked PVP, prepared in the same way as de-
scribed above and all with the same dimensions, is shown in Fig. 6.9. A mobility
of 0.16 cm? V! s7! (with a standard deviation of 0.005 cm? V™! 57!, or 3%),
a switch-on voltage of 1.82 V (with a standard deviation of 0.05 V, or 2.8%), and
a subthreshold swing of 0.81 V decade ! (with a standard deviation of 0.019
V decade™, or 2.3%) were extracted, indicating excellent uniformity for the cross-
linked PVP also.

In addition to uniformity of electrical characteristics on the same substrate,
substrate-to-substrate variation is a benchmark of the stability of the process and
with this an indicator for the sensitivity of materials (including dielectrics) during
processing. The characteristics (mobility, switch-on voltage, and subthreshold
swing) often vary significantly from substrate to substrate, which is not surprising
considering that each substrate is processed individually, manually and without
particular emphasis on minimizing process variations. Even under laboratory con-
ditions and with individual processing, however, sufficiently small variations could
be obtained. In a lot of 32 substrates the variation in mobility was 25% and the
variation of the subthreshold swing was 22%, measured for one representative
TFT on each of the 32 substrates (Fig. 6.10). Further improvement of variation
should be possible by using automated substrate handling and processing.

Another important quality criterion for dielectric materials in organic TFTs is
their hysteresis. Hysteresis is the shift in threshold voltage depending on the direc-
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tion of sweep of the gate-source voltage. Whereas the hysteresis for inorganic gate
dielectric TFTs is typically less than 1 V, the hysteresis for polymer gate dielectric
TFTs can be as large as 15 V [25]. Hysteresis can usually be divided in two classes,
permanent hysteresis and dynamic hysteresis. Although permanent hysteresis (no
significant change in threshold voltage over time) can be used for data storage
(Section 6.3.5) [57], dynamic or volatile hysteresis is a major problem in the design
of integrated circuits. The successful integration of TFTs into functional digital and
analog ICs depends critically on stable operating points (i.e. on very narrow operat-
ing windows) for each transistor. These operating windows define the bias condi-
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tions under which the TFTs are in their “ON” and “OFF” states, which are related
to the threshold or switch-on voltage. In integrated circuits or displays, in which
the TFTs are driven between their “ON” and “OFF” states, a large shift in thresh-
old voltage (i.e., a large hysteresis) could shift the point of response (starting inter-
action) outside the operating window and consequently the circuit will not operate.
The impact of hysteresis on the function of circuits depends approximately on the
number of interacting TFTs in a given design.

One dominating factor for hysteresis in organic polymers is related to the pres-
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ence of mobile dipoles in the polymer bulk. Consequently the effect varies with
film thickness for the same dielectric material. Thinner films with a smaller num-
ber of mobile dipoles per unit area have a smaller effect on the shift in threshold
voltage than thicker films. For a given thickness of one material the hysteresis is
critically dependent on the speed of the measurement (sweep rate) and on the ap-
plied field, indicating dynamic behavior of the material related to the decay in re-
orientation of the dipoles. Thus, the values measured for hysteresis in TFTs are
usually smaller for high-frequency measurements with low applied fields than for
slow measurement at large potentials.

To answer the question “What are the mobile dipoles in the polymer film and
where do they come from?” it is necessary to follow the process flow of the poly-
mer dielectric layer from basic polymer to finished film in the TFT device. Some of
the answers will be speculative but could help to understand the complexity of hys-
teresis and some have been identified as key points in the suppression of this effect
to produce excellent insulating layers with negligible hysteresis. At this point the
nature of “mobile dipoles” should be classified. The first class covers all molecules
or fragments that are related to external effects, including remaining solvents, im-
purities (e.g. traces of catalysts, oligomers) or additives in the polymer formulation.
These molecules or fragments could remain in the polymer network (after deposi-
tion and drying) as true mobile species with low molecular weight compared with
the basic polymer. The second class of mobile dipoles arises from the macroscopic
behavior of the basic polymer. Depending on the chemical structure of the mono-
mers, the molecular weight, and the solvent, the macromolecules are dissolved in
different macroscopic shape in the polymer formulation (filament, mesh, etc.).
Consequently, the network of the basic polymer in a dielectric film is affected by
this macroscopic shape also, resulting in a more or less densely packed film with
different degrees of freedom for movement of chain ends and backbone parts of
the macromolecules. These movable parts in the basic polymer network would be
affected by an external electric field. The third class of mobile dipoles is related to
intramolecular dipoles, and depends on dipole moments of the monomers or
building blocks in copolymers.

It should first be noted that hysteresis in TFTs is not an intrinsic property of
organic polymer dielectrics. Results obtained on pentacene TFTs with Parylene
gate-dielectric layers reveal electrical transfer characteristics without significant
hysteresis. This could be explained by the “dry” CVD process used to produce the
Parylene layer yielding a film without any remaining solvent impurities or any
thermal damage from drying the film. The absence of solvents during processing
may be an important aspect of these properties but would not, however, explain the
significant hysteresis obtained for carefully dried films of other polymers deposited
from solution, even with analytical evidence that no solvent remains. For Parylene
the polymer network or the package density in the bulk may be affected by the
bottom-up approach of surface polymerization compared with the top-down
approach for solution-grafted films, in which the packing in the film is determined
by the behavior in solution.

Most organic dielectrics are usually grafted from solution, so again we will con-
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sider PVP, which is suitable as blank polymer film and as cross-linked material in
TFT devices. In pentacene TFTs with pure PVP dielectric films (without cross-link)
significant hysteresis of around 15 V was seen that was virtually independent of
the type of solvent and the conditions used to dry the polymer film. For pentacene
TFTs with cross-linked PVP (generated from a spin-coated formulation of the same
PVP basic polymer (M, 20,000) with a low-molecular-weight cross-linking agent
(poly(melamine-co-formaldehyde) methylated, M, 511, as additive) dissolved in
PGMEA, and thermally cured at 200 °C), however, the behavior was more complex.

Hysteresis of 12 V was measured in devices cross-linked at 200 °C for 10 min in
a nitrogen atmosphere at ambient pressure (Fig. 6.11a). TFTs with hysteresis of 7 V
were obtained by performing the cross-link reaction in nitrogen at reduced pres-
sure (Fig. 6.11b). And, finally, negligible hysteresis of approximately 1 V was ob-
tained when the cross-link reaction was performed for 45 min at reduced pressure
(Fig. 6.11c). These observations, with results obtained by FTIR and thermogravi-
metric measurement of the polymers cross-linked under different conditions, sug-
gest the hysteresis depends critically on the ‘“degree” of cross-linking and on
the amount of residue of the cross-linking agent in the polymer film. Thus, in the
PVP system the hysteresis is increased by impurities mainly attributed to the cross-
linking agent and movable parts in the basic polymer which can be “fixed” (made
immobile) with the cross-link reaction. By tuning the reaction conditions to longer
reaction times (presumably resulting in more cross-linking) and to reduced pres-
sure (to out-gas by-products more efficiently) the two opposite effects of the cross-
linking agent can be used to obtain dielectric films with low hysteresis. It should
be noted that the carrier mobility in these pentacene TFTs is related to the hys-
teresis. With decreasing hysteresis from 12 Vand 7 V to 1 V the mobility decreases
from 0.8 and 0.6 cm? V™1 s7! t0 0.1 cm? V=1 g7,

As mentioned previously, however, hysteresis is a complex property of polymer
dielectrics. Besides the impact of the polymer material itself, other relationships
have also been identified. For example, for the cross-linked PVP system increased
hysteresis of around 6 V was obtained on soda lime glass substrates, even using an
optimized process, whereas on other substrates, for example PEN, PET, and ther-
mally oxidized silicon wafers, hysteresis was negligible (less than 1 V). This effect
may depend on ions moving from the substrate into the dielectric layer during the
cross-link temperature step. Although the exact cause of this effect has not yet
been fully investigated, it has a large effect on the choice of substrate in the pro-
duction of IC based on this technology. Another example is the observed increase
in the hysteresis of pentacene TFTs with cross-linked PVP gate dielectric with ex-
posure to ultraviolet light, as shown in Fig. 6.12.

This observation can be explained in terms of photo-induced damage in the PVP
network, also indicated by FTIR measurements. It should be noted that exposure
doses in this experiment are fairly large compared with typical environmental con-
ditions, but the result should nonetheless be taken into account with the focus on
long-term stability of devices.

Using TFTs with thermally cross-linked PVP as gate-dielectric layer a wide range
of integrated circuits have been demonstrated. By building on coplanar bottom-
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contact TFTs with vias and patterned pentacene layer simple circuits such as inver-
ters and ring oscillators have been reported [61]. Owing to the high quality of the
PVP dielectric material even more complex circuits have been realized, including
various logic gates (NAND, AND, OR, XOR) and latches, flip-flops, and frequency
dividers (e.g. a five-stage frequency divider ““divide-by-32” that is composed of 225

pentacene TFTs).
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Fig. 6.12. Dependence of hysteresis in pentacene TFTs on
exposure to UV light (Ushio model UXM-501XD lamp, 365 nm,
7 mW cm~2).

To date, PVP (especially in the cross-linked form) is the most promising gate-
dielectric material in organic electronics in the sense of realizing complex circuits
on rigid and flexible substrates. Preparation and patterning of suitable dielectric
films has, however, thus far usually followed the standard silicon technology using
spin coating, photolithography, and plasma etching [61]. The dream of “fully
printed devices” seems hardly realizable with this polymer formulation. Deposition
itself might conceivably be performed by use of inexpensive methods, for example
spray or dip coating, but a directly printed pattern (including vias as required
to realize IC) of a polymer layer from a formulation of low viscosity needs further
improvements.

6.4.2
The Self-assembled Monolayer Approach

The possibility of using organic thin-film transistors for a wide range of potential
applications has been demonstrated. Now, commercialization is in focus. It is in-
disputable that organic electronics will not compete with standard silicon devices,
because of the limited performance (e.g. charge-carrier mobility). As in state-of-the-
art silicon technology, however, there is a trend in market applications toward
battery-driven mobile solutions or completely internal power-independent applica-
tions (e.g. RFID), both of which require low power consumption by the active de-
vices. Also, hybrid solutions of large-area organic-based arrays and silicon-based
controller units are conceivable; these would combine the advantages of both tech-
nologies. So, besides the general trend of reduced power consumption in elec-
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tronics, the need for organic devices to work with low supply voltage — in the range
of standard silicon devices — is achieved by interaction with an existing silicon en-
vironment. The strategies used to achieve functional organic transistors with suit-
able performance at this supply voltage of 1-3 V are mainly predetermined by
tuning the capacitance C;j of the dielectric layer (Egs. 1 and 2) by alteration of their
dielectric constant ¢; and/or their film thickness d. Consequently, two approaches
are under investigation, use of dielectric materials with either high ¢ [6, 27, 31, 36—
40] or reduced film thickness. The self-assembled monolayer approach targets the
dielectric film thickness d. The key feature of this approach is the combination of
nanometer scale film thickness with very small leakage current through the layer.
The key challenge in using self-assembled monolayer dielectrics is the preparation
of a dense pinhole-free robust layer to prevent electrical shorts and enabling fur-
ther processing on top of the layers.

At first a suitable molecule is required, preferably with a linear structure in the
insulating tail. The n-alkyl moiety is favored over conjugated systems, because it
provides better insulation along the axis of the molecule [63]. To facilitate self-
assembly a proper anchor group at the end of the molecular chain is essential. A
wide range of anchor groups have been investigated for different substrates, gener-
ally with the focus on SAMs as etch mask or to match the work functions of differ-
ent electrode materials [64—67]. The anchor groups also affect the packing density
and the stability of a SAM, depending on the different interaction mechanisms be-
tween molecules and surfaces. The strength of interactions ranges from weak for
hydrogen bonding (moving molecules at room temperature) to very strong for co-
valently bonded molecules (stable up to 350 °C) [51]. Because the thickness of a
monolayer is approximately equal to the length of the molecule (slightly smaller,
because of the effect of tilting depending on the type of substrate and the anchor
group), the electrical insulation properties (especially the leakage currents) of a
SAM also depend on the molecular length. An increased alkyl chain length leads
to a reduced conductance along the molecule, as demonstrated in single-molecular
measurements on different n-alkyldithiols [63]. The length of the molecules can-
not, however, be extended endlessly without reducing the ability for self-assembly.
Finally, the end group (head group) of the molecule affects the packing density and
the morphology of the SAM and provides the surface for the molecular ordering of
the organic semiconductor in the thin-film transistor.

The use of SAM gate dielectrics for organic TFTs was pioneered by the Vuillaume
group [52]. They investigated the mechanism of carrier tunneling through SAMs
and showed that current leakage through densely packed organic molecular mono-
layers with highly ordered aliphatic chains can be remarkably low, despite their
thickness of only a few nanometers [68]. To prepare organic TFTs (and even silicon
MISFETs) with SAM dielectrics, the Vuillaume group relied on carboxyl-terminated
n-alkyltrichlorosilanes [51]. Using o-sexithiophene as the organic semiconductor
they produced organic TFTs operating at 2 V with a field-effect mobility of
3.6 x 107 cm? V=1 571, an on/off current ratio of 10*, and a gate current density
of 107% A cm~2 [10]. Recently, the Marks group has reported successful use of a
thin organic multilayer as a dielectric in organic transistors [69]. In both examples
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the final insulating layer was created by self-assembly from a precursor followed by
one or more chemical modifications. These bottom-up approaches furnish layers
with excellent electrical properties but which require multiple chemical reactions.

Another approach in generating molecular insulating layers without the need of
chemical conversion after deposition is the use of preliminarily modified mole-
cules which can form dense self-assembled monolayers. To create dense self-
assembled monolayers with sufficient robustness and insulating properties, a
modified alkyltrichlorosilane with an aromatic end-group (18-phenoxyoctadecyl)tri-
chlorosilane (PhO-OTS; chemical structure Fig. 6.15a) was synthesized and tested
[50]. The SAMs were created in a one-step process from vapor phase or solution. On
self-assembly on a natively oxidized silicon surface the z—= interaction between the
phenoxy end-groups of adjacent molecules creates an intermolecular top-link, lead-
ing to a more closely packed surface compared to monolayer than when linear end
groups are used.

It was shown by surface analysis (AFM and STM) that these films cover large
areas (micrometer scale) without the occurrence of pinholes, furnishing a molec-
ular flat amorphous surface with good short-range order but no long-range order,
and thus free of domain boundaries (Fig. 6.13).

The insulating properties of the PhO-OTS layers were tested in capacitor devices.
Figure 6.14 shows the breakdown characteristics of the PhO-OTS SAM gate dielec-
tric, determined on twenty Si-SAM-Au capacitors measured on structures with a

Fig. 6.13. STM images of a PhO-OTS random orientation of the benzene rings in the
monolayer: (a) shows the flatness of the monolayer. The absence of preferential
monolayer, its high density and the absence of directions in this peak proves that the

grain boundaries and defects. The inset in the  monolayer is amorphous. (b) is the same
bottom right corner is the Fourier transform of image filtered by a band-pass filter collecting
the image with a round broad peak for a only the frequency components present in the
spacing of ~6-8 A. 5 A is a typical spacing for  ring peak shown in the inset. This image
benzene rings forming a herringbone structure  shows more clearly the organic “glassy” nature
in SAMs. The larger spacing is indicative of of the monolayer.
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cm?. At a potential of 1 V applied across the SAM (corre-

sponding to an electric field of 4 MV cm™!) a current density of (8 + 1) x 1078 A
cm~% was measured. At 2.5 V the current density is (8 + 0.5) x 1077 A cm~2. Di-
electric breakdown occurs at 14 + 2 MV cm™!. These results suggest that for very
thin dielectrics, molecular monolayers may provide better performance than tradi-

tional inorganic oxides [70, 71].

Figure 6.15 shows the electrical characteristics of a pentacene TFT with top-
contact configuration. The transistor has a carrier field-effect mobility of
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1 cm? V=1 571, a threshold voltage of —1.3 V, an on/off current ratio of 10°, and
a subthreshold swing of 100 mV decade!. For gate voltages larger than approxi-
mately 1V the drain current exceeds the gate current by a factor of 4 x 10*, con-
firming the excellent gate insulation provided by the SAM dielectric layer. The TFTs
consistently have a negative threshold voltage (i.e. the transistors are normally-off
devices), which is an important prerequisite for the straightforward implementa-
tion of digital circuits with these TFTs [72]. The excellent device characteristics con-
firm the high quality of the SAM gate dielectric; this is also apparent from the ab-
sence of hysteresis in the TFT characteristics. (Hysteresis is frequently observed in
organic TFTs and is often attributed to mobile charges in the gate dielectric.)

Integrating TFTs into circuits requires that all functional device layers can be
patterned. To create gate electrodes that can be lithographically patterned a thin
layer of aluminum, deposited by evaporation in vacuum, is suitable. The natively
oxidized Al surface has a large density of functional groups for molecular self-
assembly, which is performed from solution or from the vapor phase with adapted
molecules. Contact angle analysis reveals a large decrease in surface energy on self-
assembly, confirming the formation of a dense monolayer. To measure the break-
down voltage of the 2.5 nm thick monolayers, capacitors with Al bottom electrodes,
SAM dielectric, and Au top electrodes were prepared. The top electrodes were
patterned either by thermal evaporation through a shadow mask (20 capacitors;
electrode area 3 x 10~* cm?) or by use of photolithography and wet etching (20 ca-
pacitors; 8 x 107> cm?). The results indicate that the impact of the wet chemical
patterning process on the integrity of the molecular dielectric is insignificant. At
an electric field of 10 MV cm™! the current density is only 1 pA cm™2 and break-
down occurs at 17 + 1 MV cm ™! [73]. For many applications it is also necessary to
open vias in the dielectric and to pattern the organic semiconductor layer. Creating
vias in the SAMs can accomplished by using a combination of standard photoli-
thography and O; plasma etching or by defining conducting pattern (the later in-
terconnects) from metals which will not be covered by the SAM, by using the
substrate selectivity of the anchor group. Because of the larger contact resis-
tance of the coplanar structure [14], the TFT has a slightly lower mobility of
0.15 cm? V! 571, a threshold voltage of —1.4 V, an on/off ratio of 10°, and a
subthreshold swing of 110 mV decade™!. Owing to the low volume and interface
defect density of the molecular gate dielectric, the hysteresis in the TFT character-
istics is less than 100 mV, much lower than for TFTs with a polymer gate dielectric
(Fig. 6.16).

Building on coplanar TFTs with vias and patterned pentacene layer, inverters with
saturated load, and five-stage ring oscillators with output buffer, is shown in Fig.
6.17. These circuits were made on glass substrates and on flexible, transparent
poly(ethylene naphthalate) (PEN) film. Ring oscillators on glass operate with
supply potentials as low as 1.5 V (Fig. 6.17b), and ring oscillators on PEN with sup-
ply voltage as low as 2 V (Fig. 6.17c). Because the supply potential never drops
entirely across the gate dielectric, the circuits sustain supply potentials that are
greater than the breakdown voltage of the SAM. At a supply potential of 6 V a sig-
nal delay of 230 ps per stage for ring oscillators on glass was measured. TFTs on
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patterned Al gate and SAM dielectric on a glass substrate. The
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100 mV. (b) Output and (c) transfer characteristics.
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Fig. 6.17. (a) Photograph of a five-stage ring oscillators with
output buffer with SAM gate dielectric on glass substrate.

(b) Signal delay as a function of supply potential for glass
substrate. (c) Signal delay as a function of supply potential for
PEN substrate.

flexible PEN have somewhat lower mobility than TFTs on glass, and the lowest
stage delay measured on PEN was 1.2 ms.

The device yield of TFTs with molecular gate dielectrics would be expected to be
low, because of defects in the thin self-assembled monolayer arising from the im-
perfect surface of the evaporated aluminum bottom electrode. Results obtained on



References | 161

capacitor devices (20 devices with 3 x 10~ cm? area each) indicate, however, that
the self-assembly process can be used to cover even large areas with pinhole-free
layers. A further indication is the function of TFT test arrays with 3000 TFTs with
patterned Al gates, SAM dielectric, and patterned pentacene active layer all wired
in parallel [73].
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7
Advanced Flexible Polymeric Substrates

William A. MacDonald

7.1
Introduction

There is substantial interest in flexible electronics, and many electronics-based
companies and a range of new start-up companies are actively conducting research
into flexible electronics based on organic materials. Flexible electronics promises
substantial rewards as a route to the development of displays that are thin, light,
robust, conformable, and can, if required, be rolled away when not in use. In addi-
tion, the use of plastic-based substrates, coupled with recent developments in solu-
tion deposition and inkjet printing for laying down organic light emitting polymers
and active matrix thin film transistor arrays, opens up the possibility of cost-
effective processing in high volumes by use of roll-to-roll processing. When this
area of technology first began to emerge, the substrate on which the electronic
structures were being applied was not regarded as very important. This may have
been acceptable for demonstrating the potential of the technology, but as this tech-
nology has moved closer to prototype devices and commercial production pro-
cesses it has become clear that to make this technology viable, choice of substrates
with the required set of properties is essential. This is also a very wide field cover-
ing “simple” organic circuitry through to active matrix backplanes for OLED dis-
plays. The requirements for the different applications are very different and will
require substrates with different sets of properties. This review will concentrate
on biaxially oriented polyester films and will cover the properties of these materials
in the context of the set of properties required for printed organic circuitry.

7.2
Polyester Substrates

Poly(ethylene terephthalate) (PET), e.g. DuPont Teijin Films Melinex® polyester
film, and poly(ethylene naphthalate) (PEN), e.g. DuPont Teijin Films Teonex® poly-
ester film, are biaxially oriented semicrystalline films [1]. The chemical structures
of PET and PEN are shown in Fig. 7.1.
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| | Tg 78C
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Fig. 7.1. Chemical structure of PET and PEN films.

Substitution of the phenyl ring of PET by the naphthalene double ring of PEN
has very little effect on the melting point (Tin), which increases by only a few de-
grees but a substantial effect on the glass transition temperature (Ig, the tempera-
ture at which the polymer changes from a rigid glass to a rubber or polymer melt
and the polymer molecules start to have significant mobility), which increases
from 78 °C for PET to 120 °C for PEN [2]. PET and PEN films are prepared by a
process in which the amorphous cast is drawn in both the machine direction and
the transverse direction. The biaxially oriented film is then heat set to crystallize
the film [3, 4].

The success of polyester film in general applications is because of properties de-
rived from the basic polymer coupled with the manufacturing process of biaxial
orientation and heat setting, described above. These properties include high me-
chanical strength, good resistance to a wide range of chemicals and solvents, low
water absorption, excellent dielectric properties, good dimensional stability, and
good thermal resistance in terms of shrinkage and degradation of the polymer
chains. Fillers can be incorporated into the polymer to change the surface topogra-
phy and opacity of the film. The film surface can also be altered by pretreatment to
give a further range of properties, including enhanced adhesion to a wide range of
inks, lacquers, and adhesives. These basic properties have resulted in PET films
being used in a wide range of applications, ranging from magnetic media and pho-
tographic applications, in which optical properties and excellent cleanliness are of
paramount importance, to electronics applications such as flexible circuitry and
touch switches, for which thermal stability is key. More demanding polyester film
markets, which exploit the higher performance and benefits of PEN include mag-
netic media for high-density data storage and electronic circuitry for hydrolysis-
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Fig. 7.2. Glass transition of film substrates of interest for applications in flexible electronics.

resistant automotive wiring. This set of properties provides the basis on which we
can now build to meet the demands of the organic electronics market.

It is interesting to contrast these films with the other films being considered for
flexible electronics especially for the higher performance flexible display market.
The main candidates are shown in Fig. 7.2 which lists the substrates on the basis
of increasing glass transition temperature (Tg) [5, 6].

The polymers can be further categorized into films that are semi-crystalline (PET
and PEN as mentioned above), amorphous and thermoplastic, and amorphous but
solvent-cast. Polymers with Tg values higher than 140 °C that are semi-crystalline
tend to have melting points too high to enable the polymers to be melt processed
without significant degradation — PEN is the highest-performance material com-
mercially available as a biaxially oriented semicrystalline film. The next category in-
cludes polymers that are thermoplastic but noncrystalline; these range from poly-
carbonate (PC), e.g. Teijin’s Pure-Ace® [7] and GE’s Lexan® [8], with Tg of ~150 °C,
to polyethersulfone (PES), e.g. Sumitomo Bakelite’s Sumilite® [9], with a Tg of
~220 °C. Although thermoplastic, these polymers may also be solvent-cast, result-
ing in high optical clarity. The third category are high-Tg materials that cannot be
melt processed; these include aromatic fluorene-containing polyarylates (PAR), e.g.
Ferranias Arylite® [10], and polyimide (PI), e.g. DuPont’s Kapton® [11].

7.3
Properties of Base Substrates

7.3.1
Optical Properties

The clarity of the film is important for bottom-emissive displays, when one is view-
ing through the film. A total light transmission (TLT) of >85% over 400-800 nm

|'|65
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coupled with haze of less than 0.7% are typical requirements for this application —
both PET and PEN films meet this requirement. For top emissive displays and for
some nondisplay printed-circuitry applications, clarity in the base substrate is not
essential.

7.3.2
Birefringence

Biaxially oriented films such as PET and PEN are birefringent. For LC displays
which depend on light of known polarization this means that birefringent films,
which would change the polarization state, are unlikely to be used as substrates.
Films based on amorphous polymer are not birefringent and are more suitable
for LC displays. Birefringence is not an issue with OLED, electrophoretic displays,
or, indeed, some LC displays.

733
Thermal Properties

Dimensional and thermal stability and reproducibility are critical, for withstanding
the high temperatures of deposition of ITO coatings or any barrier coatings and
the curing of dielectric coatings, to ensure attachment of the different layers in
the final device, and for the multilayer device to be able to withstand thermal cy-
cling. This is manifested in two ways. First, the shrinkage a film undergoes when
heated and then cooled to the starting temperature. Low levels of shrinkage are de-
sired for accurate alignment on the substrates after each thermal processing step.
The dimensional stability of both PET and PEN films can be enhanced by a heat-
stabilization process in which the internal strain in the film is relaxed by exposure
to high temperature while under minimum line tension [2, 5, 6, 12]. Both films
are dimensionally reproducible up to the temperature at which they are heat stabi-
lized and this capacity to undergo a heat stabilization process above the Tg is
unique to the biaxially oriented crystalline films. The Tg process does not define
their upper processing temperature, as it does for amorphous polymers. For PET
this is typically 150 °C and for PEN it is 180-220 °C. Below these temperatures
shrinkage of both films is of the order of 200-500 ppm.

The second factor that affects dimensional reproducibility is the natural expan-
sion of the film as the temperature is cycled, as measured by the coefficient of
linear thermal expansion (CLTE). (The CLTE defines an increase in length along
one given axis — it is often abbreviated to CTE.) A low CLTE typically < 20 ppm
per degree is desirable to match the thermal expansion of the base film to the
layers which are subsequently deposited. A mismatch in thermal expansion means
that the deposited layers become strained and cracked as a consequence of thermal
cycling. In the temperature range from room temperature to the Tg the typical
CLTE of PEN and PET are 18-20 ppm and 20-25 ppm, respectively (but note that
the Tg of PEN is 40 °C higher than for PET). Above the Ij, the natural expansion of
PET and PEN films which have not been stabilized is dominated by the shrinkage
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Fig. 7.3. Upper processing temperature of film substrates of
interest for flexible electronics applications.

the films undergo as the internal strains in the film relax, as discussed above. For
the heat-stabilized films discussed above, however, only a very small increase in
CTLE is observed in the temperature range from the Tg to the temperature at
which they were heat-stabilized. This contrasts favorably with the quoted coefhi-
cient of expansion of amorphous polymers which is typically 50 ppm per degree
[6] below the Tg but can increase by a factor of three above the Tg.

In addition to dimensional stability another important factor to be considered is
the upper processing temperature ( Ty, ) at which a film can be used. Although, as
outlined above, the Tg does not define Ty, for semi-crystalline polymers, it largely
does for amorphous polymers. Figure 7.3 shows the upper operating temperature
if the effect of heat stabilization is taken into account.

7.3.4
Solvent Resistance

A wide range of solvents and chemicals can potentially be used when laying
down the different layers in a display, depending on the processing steps involved.
Amorphous polymers usually have poor solvent resistance compared with semi-
crystalline polymers (Table 7.1).

This deficiency is overcome by application of a hard coat to the amorphous
resins; this substantially improves resistance to the solvents and chemicals such
as NMP, IPA, acetone, methanol, THF, ethyl acetate, 98% sulfuric acid, glacial ace-
tic acid, 30% hydrogen peroxide, and saturated bases such as sodium hydroxide
[13]. With poly(ethylene terephthalate) and of poly(ethylene naphthalate) films a
hard coat is not required for solvent resistance.

The residual shrinkage of TeonexQ65 after 30 min at 150 °C is of the order of
500 ppm but can be reduced to below 200 ppm or better by careful process control.
Dimensional reproducibility down to 25 ppm is being requested for the more de-
manding applications such as inorganic AM backplanes on flexible substrates and
it has been shown that it is possible to achieve this level of shrinkage with Teo-
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Tab. 7.1. Table of solvent resistance.

Unit Q65 PET PC PES
Ketone Acetone Good Good (Fair) (NG)
MEK Good Good (Fair) (=)
Alcohol Methanol Good Good (Good) (=)
Ethanol Good Good (Good) (Good)
Isopropanol Good Good (Good) (=)
Butanol Good Good (Good) (=)
Ester Ethyl acetate Good Good (Fair) (Good)
Hydrocarbon Formalin Good Good (NG) (=)
Tetrachloroethane Good Good (=) (Good)
Acid 10% HCl Good Good (-) (Good)
10% HNO; Good Good (=) (Good)
10% H,SO4 Good Good (=) (Good)
Acetic acid Good Good (=) (=)
Alkali 10% NaOH Good Fair (-) (Good)

nexQ65 [14]. In addition to this residual shrinkage, the processing environment, in
effect the prevailing humidity, must be taken into account, because even crystalline
TeonexQ65 will absorb up to 1500 ppm moisture under ambient conditions, yet
readily lose this at higher processing temperatures. With a knowledge of the solu-
bility of moisture in PEN film and its rate of diffusion as a function of temperature
it is possible to model the impact of such environmental conditions on volumetric
changes in the film. Figure 7.4 shows the dependence of moisture loss on time as
125-pum film is heated and held at 90, 100, 120, and 150 °C at an RH of 40% (at
20 °C).

At 150 °C the film takes 6 min to reach an equilibrium moisture level of 5 ppm
but at 90 °C the film takes 30 min to reach an equilibrium level of 40 ppm.

On removal from the heated environment and return to ambient conditions, the
film initially picks up to 50% of its equilibrium moisture level within a few min-
utes while cooling but the remaining moisture to reach equilibrium is picked up
much more slowly. Films can typically take over 12 h to reach equilibrium. Figure
7.5 shows the effect of RH on this process and indicates that final (equilibrium)
moisture levels will change significantly with different RH.

At an RH of 20% the film reaches an equilibrium level of ca 500 ppm but at 60%
RH the equilibrium level is ca 1500 ppm.

Film thickness will also affect the rate of moisture pickup. Films of thickness
up to 150 ppm take 12 h to reach equilibrium whereas films of thickness 175,
200, and 250 um have not reached equilibrium in 15 h. Films of lower thickness
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30

absorb moisture more rapidly and reach equilibrium more quickly at elevated
temperatures — this is apparent from Fig. 7.6 which shows the drying and subse-

quent moisture pickup of films from 100 um to 200 pm at 25-pum intervals.

Measurements in our laboratory indicate that the film increases in length in
each axis by approximately 44 ppm per 100 ppm of moisture absorbed. This is
what would be predicted for such small changes in dimensions from a simple vol-
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Fig. 7.6. Effect of film thickness on moisture pickup at 23 °C and 40% RH.

ume calculation. Taking into account the variation in moisture content that can re-
sult, depending on temperature, RH, and film thickness, which can be of the order
of several hundreds of ppm, it can be seen that uncontrolled moisture pickup will
have a significant effect on dimensional reproducibility. This will be particularly
significant at lower processing temperatures, at which film shrinkage is minimum,
but at which the film takes longer to reach equilibrium moisture level than the
time at the temperature used to perform the processing step. By carrying out
modeling studies of the type described above the effect of this moisture change,
once understood, can be minimized.

PET and PEN films have an inherent advantage over the amorphous polymers
films being both semi-crystalline and biaxially oriented and typically absorbing ap-
proximately 1400 ppm moisture at equilibrium (the exact figure depending on
temperature and relative humidity). Polyethersulfone and polyimide films are par-
ticularly problematic and will absorb over 1% moisture at equilibrium.

7.3.5
Surface Quality

Surface smoothness and cleanliness of the flexible substrates are both essential to
ensure the integrity of subsequent layers such as conductive coatings, TFT arrays,
or barrier coatings; these properties can be considered separately.

PET and PEN have an inherent surface smoothness of less than 1 nm, in terms
of both Roughness Average (Ra) and Root Mean Square Roughness (Rq), using
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Fig. 7.7. Extreme surface peak ‘Rp’ (highest point) — frequency
distribution for Teonex Q65 125 pm PEN.

white light interferometric methods of measurement. The surface smoothness de-
pends, however, on the extent of “internal” contaminants such as catalyst residues,
polymer degradants etc. Typically over a 1 cm? sample area these internal contam-
inants lead to a range of surface peaks less than 0.2 um high. The frequency of
such surface peaks (Rp values) can be shown in the graph below (Fig. 7.7).

The graph comprises numerous measurements, which in total make up a
1 cm x 1 cm sampling area. For each measurement the highest point (Rp value),
is recorded and the following distribution observed. The particles are predominantly
below 140 nm. The predominance of these particles can be influenced by the poly-
mer recipe and by process control to minimize degradation.

Surface cleanliness is dominated by external contaminants such as airborne de-
bris, scratches, etc. The size range of these contaminants is typically from submi-
cron to tens of microns, both laterally and vertically. Polyester film is not manufac-
tured under clean-room conditions and typically rolls of film are slit to size — dust
is present or generated in these processes. These external contaminants are the
major cause of surface related issues in down stream processing, but the bulk of
these contaminants can be removed by some form of surface cleaning.

In demanding applications, for example barriers for OLED displays, control of
polymer smoothness and cleanliness by the routes mentioned above may not be
sufficient. In such circumstances it is necessary to lay down a further coating
under clean-room conditions which acts both as a planarizing coating and as a
hard coat to prevent scratching on subsequent processing. This has been discussed
elsewhere [6, 12, 13].
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7.3.6
Mechanical Properties

Production of glass-based displays currently involves moving batches of glass be-
tween the different processing stages. The mechanical difference, in particular
stiffness, between rigid glass and flexible substrates will probably require very dif-
ferent methods of processing. PET and PEN films are inherently stiffer than amor-
phous films; their Young’s Modulus is typically three times higher — an artifact of
being semi-crystalline and biaxially oriented [15]. Young’s modulus is independent
of thickness and does not indicate how stiffness will change with thickness. An-
other way of expressing this is by defining the rigidity by use of the equation:

D_ Et}
12(1—n)

where E is the tensile or Young’s modulus, ¢t is the thickness, and n is Poisson’s
ratio (0.3-0.4). Assuming a Young’s modulus of 2 Gpa for amorphous films and 6
Gpa for PEN film it can be seen from Table 7.2 that 200 pm poly(ethylene naphtha-
late) film is four times more rigid than 125 um poly(ethylene naphthalate) film and
twelve times more rigid than a 125 pm amorphous film. This stiffness may prove
to be an advantage in a batch-based display manufacturing process.

One of the main drivers in moving to plastic substrates is that it opens up the
possibility of roll-to-roll processing and the process and economic advantages that
this brings. Under these conditions a winding tension will clearly be present and
polymer film substrates with low moduli will be susceptible to internal deforma-
tion, particularly at elevated process temperatures. Figure 7.8 shows a comparison
between poly(ethylene terephthalate) and poly(ethylene naphthalate) films.

The storage modulus, E’, is obtained by dynamic mechanical thermal analysis
and as the temperature is increased, the stiffness of both materials is seen to fall.
In the region 120-160 °C, however, PEN is significantly stiffer and stronger, with a
modulus almost twice that of PET.

Tab. 7.2. Comparative rigidity of amorphous and
semicrystalline films.

Material Thickness Rigidity Rigidity relative to 125 pm
(nm) (Nm x 107%) amorphous film

Amorphous 125 5 1

Amorphous 200 20 4

TeonexQ65 125 15 3

TeonexQ65 200 61 12
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Fig. 7.8. Stiffness (E’) of polyester film with temperature.

7.3.7
Summary of Key Properties of Base Substrates

The main properties of heat-stabilized PET and PEN relevant to flexible electronics
are summarized in Fig. 7.9. Unstabilized PET and PEN films have the same set of
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Fig. 7.9. Summary of properties of PET and PEN relevant to flexible electronics.
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Tab. 7.3. Comparison of the key properties relevant to flexible

electronics.
Property Substrate
Heat-stabilized Heat-stabilized PC PES Polyacrylate Polyimide
PEN PET
CTE (-551085°C) |/ NN, NN, N,
ppm per degree
% Transmission NN JV NNNENNENN, X
(400-700 nm)
Water absorption (%) // N N, X/ X
Young’s modulus (Gpa) /\/ JV Vv NEEN N
Tensile strength (Mpa) /,/ JV N J J
Solvent resistance JV JV X X X J
Upper operating J NIV ENIN NN
temperature

properties apart from the shrinkage and upper processing temperature, which for
these films is largely dictated by the Tg. Table 7.3 contrasts the set of properties of
the different substrates under consideration for flexible electronics.

These properties have been discussed in the text and elsewhere [5, 6]. This table
shows that both heat-stabilized PET (e.g. Melinex ST504) and heat stabilized PEN
(TeonexQ65A) have an excellent balance of the key properties required for flexible
electronics. TeonexQG65A has a higher-temperature performance than Melinex (Fig.
7.9) and as a result of this set of properties TeonexQG65A is emerging as a leading
material for the base substrate of OLED displays and active matrix backplanes.

7.4
Multilayer Structures

To replace glass, a plastic substrate must offer the properties of glass, i.e. clarity,
dimensional stability, thermal stability, barrier, solvent resistance, low coefficient
of thermal expansion, and a smooth surface. No plastic film has all these proper-
ties so any plastic based substrate will almost certainly be a multilayer composite
structure. In addition to choosing the right materials for the different layers, one
now has a new set of issues associated with the properties of multilayer structures.
These issues include the adhesion of the different layers, the effect of thermal and
environmental cycling, and the effect of flexing the structure, not only on specific
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properties such as barrier and conductivity, but also the robustness of the total
structure. Understanding the impact of these effects and optimizing both the
product structure and the processing steps involved in device manufacture will be
critical to achieving the demanding property requirements being asked of sub-
strates in flexible electronics-based applications..

The component layers in engineered substrates embrace a wide range of me-
chanical behavior. Polymeric substrate films are flexible and tough, whereas the
active layers are soft organic polymers and the conducting and barrier layers are
stiff and brittle inorganic materials and metals. The structures may be subjected
to residual stresses from manufacture, differential thermal expansion, and bending
during handling. There is a danger of damage in the layers resulting in a loss of
function. The likelihood of failure in a layer depends on the arrangement, thick-
ness, and properties of all layers.

Models of behavior based on mechanical properties, stack geometry, and mode
of bending have been compiled from beam theory for linear isotropic elastic mate-
rials, and implemented for simple geometries by using spreadsheets. Bending
tests subject the laminate to three-point or two-point bending. In each, tensile and
compressive stresses are greatest at one particular location, and shear stresses de-
velop throughout much of the laminate. Using the models as design tools will en-
able the structure to be modified to reduce the risk of failure. TeonexQ65 was used
for this study. TeonexQ65 125 pm thick was coated after manufacture with a
commercial-grade acrylate which was subsequently cross-linked in a thermal step.
Two samples of laminate were manufactured, using the same TeonexQ65 substrate
and coatings of thicknesses 1.6 and 2.4 pm.

An Instron extensometer was used to test the integrity of the coating under two
different modes of deflection. In the first, specimens of laminate were stretched in
uniaxial tension, subjecting both layers to the same tensile strain. In the second,
the two-point bending test described above was performed. Samples were re-
examined under optical magnification for evidence of fracture within the coating
layer and for the amount of damage estimated by counting the density of cracks
which had developed across the entire width of the specimen. Figures 7.10 and
7.11 show the results of simple extensional strain on the integrity of the planariz-
ing coating on the polyester substrate.

Although the fracture strain of the polyester is known to be approximately 50%,
the cross-linked coating was found to develop observable cracks at strain as low as
3%. Comparing Figs. 7.10 and 7.11 suggests the thicker coating is slightly more
brittle but clearly neither material is ductile. Thus beyond 6% strain, which corre-
sponds to crack separation distances less than 70 pm, crack density continues to
increase with increasing strain.

The fracture stress, o5 corresponding to failure at 3% strain is 150 Mpa. By ap-
plying laminate theory and the working spreadsheet model described earlier, the
deformation required to reproduce the fracture stress under a different geometry
can be easily calculated. Thus for the same laminate sample, the solution for a
two-point bend deformation is that a plate separation of 6.5 mm will apply a strain
of 3% and develop fracture stress in the coating layer.
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Fig. 7.10. Cracks versus % strain for a coat thickness of 1.6 um.

Figure 7.12 shows the result of a fracture measurement using two-point bend ge-
ometry. The agreement between observed and predicted behavior is excellent —
cracks began to develop in the coating layer at a plate separation between 6 and
7 mm and propagated across the width of the specimen. The point of maximum
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Fig. 7.11.  Cracks versus % strain for a coat thickness of 2.4 um.
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Fig. 7.12.  Experimental measure of fracture under two-point bend.

stress and, therefore, maximum crack density is at the midpoint along the speci-
men length; because the measurable area of the specimen was small, however, it
was not possible to resolve a distribution of crack density as a function of position
along the specimen.

7.5
Film in Application

As discussed in the introduction requirements for the different applications envis-
aged for printable electronics are very different and will require substrates with dif-
ferent sets of properties. This is summarized in Fig. 7.13 and for this classification
covers ‘“‘simple” organic circuitry, e.g. RFID, organic based active matrix back-
planes, OLED displays, but also includes the requirements of inorganic TFTs on
flexible substrates.

The key properties used to illustrate this are smoothness, dimensional stability,
barrier, and upper processing temperature. With “simple” organic-based printed
circuitry for which processing temperatures are below 80 °C, surface cleanliness
is an important factor but high-temperature performance is not required. Cost is
likely to be a key consideration. For this application the thermal properties of PET
film are adequate, although the surface smoothness and cleanliness requirements
are such that special grades may be required. At the other extreme the film require-
ments for OLED displays, for which a flexible substrate with glass-like properties is
required, are extremely demanding and the film structure will be more complex.
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Fig. 7.13.  Property requirements for different flexible electronics applications.

In this case the set of properties of heat-stabilized PEN (TeonexQ65A) is more ap-
propriate. Organic-based printed AM backplanes sit between the performance re-
quirements of simple organic circuitry and OLED displays, particularly with regard
to temperature, and the choice of substrate will depend upon the choice of organic
materials and also the processing route and conditions used. There is, therefore,
no one film that will meet the requirements of all these applications and for the
more demanding applications areas films may well be engineered for a specific ap-
plication. The basic set of properties of PET and PEN films, their availability on a
commercial scale, and the new developments discussed in this chapter means
polyester films are the leading substrate candidates for applications based on or-

ganic electronics.
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Reel-to-reel Vacuum Metallization

Roland Treutlein, Martin Bergsmann, and Carl J. Stonley

8.1
Reel-to-reel Vacuum Metallization

Vacuum metallization is the process of coating a substrate with a thin metal layer
under high-vacuum conditions. This process is often simply referred to as “metal-
lizing”. The coating of web materials is referred to as vacuum web coating.

For more than 25 years, vacuum metallization of polymer webs with aluminum
has been carried out on an industrial scale. Initially used to coat PVC for decorative
purposes, the metallization of synthetic materials is today first and foremost used
to produce functional coatings [1]. In the course of the past few years, metals other
than aluminum have gained increasing importance in the metallization of polymer
webs. The development of the metallization process was, and still is, subject to two
requirements, namely higher quality and lower cost. Higher quality means:

¢ Higher conductivity (higher thickness and/or greater density of the metal film)
¢ Smoother surfaces (essentially because of the surface of the film substrate)

e Better homogeneity of metal film thickness

¢ Fewer defects in the metal layer (holes because of spitting during metallization)
e Fewer defects in the reel-winding process (creases)

¢ Improved barrier properties

Costs can be reduced by means of:

e Greater reel length/diameter
¢ Greater web width
¢ Higher web speed
¢ Shorter downtime

This chapter addresses, in particular, the process of vacuum metallization of flex-
ible substrates with aluminum and copper and the respective machine require-
ments. Importance will also be attached to the properties of the layers produced
and their applications, especially for organic electronics and packaging.
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8.1.1
The Metallization Process

Evaporation of pure metal layers from the vapor phase requires high-vacuum con-
ditions (pressure < 5 x 107* mbar). To obtain good vacuum conditions the entire
reel to be coated must be placed inside the vacuum chamber. The volume of vac-
uum chambers for industrial vacuum web coating must therefore be 15-20 m>. To
achieve the required vacuum conditions in such large vacuum chambers after
short pumping time and to keep them for the whole process, high-performance
pumping units with diffusion pumps and mechanical roughing pumps are re-
quired. It is essential to quickly achieve ideal and constant vacuum conditions to
minimize downtime. In the process, the amount of residual gas is reduced by a
factor of 107 to prevent its reaction with the metal vapor. A reaction between metal
and oxygen or water vapor from residual gas would cause contamination of the
evaporated layer, resulting in poor brilliance, lack of metallic character, poor bar-
rier, poor adhesion, and high electrical resistance of the metal layer. Other residual
gas components may pollute the layer and cause defects because of adsorption on
the substrate.

Metallizers with external unwind and rewind facilities have also become known.
Here the web is transported into and out of the vacuum chamber through locks.
Because of demanding requirements of instruments and apparatus, these coaters
have not gained acceptance for coating of polymer webs. They are successfully
used in semi-continuous processes, for example glass coating.

The following section briefly describes the three most commonly used evapora-
tion methods used in reel-to-reel metallization.

8.1.1.1 Evaporation Sources

Thermal Evaporation The easiest way of evaporating metal is by means of resis-
tance evaporators known commonly as “boats”. Boats, made of sintered ceramics,
are positioned side by side at a distance of approximately 10 cm across the web
width (Fig. 8.1). Titanium boride TiB; is used as an electrically conductive material
with boron nitride BN (two-component evaporator) or BN and aluminum nitride
AIN (three-component evaporator) as an insulating material [2]. By combination
of conductive and insulating materials, the electrical properties of evaporators are
adjusted.

The evaporators are heated resistively to approximately 1500 °C. A wire made
from the material to be vaporized is brought into contact with each boat at which
point it instantly melts and becomes gaseous. The metal vapor condenses on the
cooled film passing by, and forms a thin metal coating on the film surface. This is
the most commonly used method of evaporation.

E-beam Evaporation Modern machines increasingly use electron-beam evapora-
tors. In this process an e-beam is focused on the evaporation material which, as a
result of the energy input from the beam, is heated and evaporates (Fig. 8.2).
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Fig. 8.1. Vacuum evaporator (Applied Films).

E-beam evaporators have the benefit of higher evaporation temperatures than re-
sistance evaporators and it is also possible to evaporate materials, for example Ni,
B, and Co, which alloy or react chemically when using resistance evaporators [3]. A
disadvantage of e-beam evaporators is that substantially more complex instrumen-
tation is required for process control.

Sputtering A third frequently used method is sputtering (Fig. 8.3), a technique in
which metal atoms are removed from a solid target by means of ion bombardment

Fig. 8.2. E-beam evaporator (AP&T).
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Fig. 8.3. Magnetron sputtering source (Von Ardenne).

and are then absorbed on the substrate surface facing the target. At normal web
speeds, this process enables the formation of very thin metal layers only, these are
prone to contamination by the residual gas. To avoid this contamination the pro-
cess must be controlled precisely. Materials which are otherwise difficult to deposit,
for example indium tin oxide (ITO), can be evaporated by sputtering [3].

8.1.1.2 Pretreatment and Cleaning of the Web Substrate

Modern metallizers are usually equipped with plasma pretreatment units (low-
pressure plasma) for cleaning and pretreating the film. Flat cathodes are used for
the purpose. By setting up an electric field and introducing a process gas (Ar), a
plasma is generated. The high-energy ions are accelerated in the direction of the
substrate, collide with the substrate, and remove adsorbed material from the sur-
face, which results in a cleaning effect. The ions also break covalent bonds of or-
ganic contaminants in the surface, which facilitates evaporation [4].

By means of ion bombardment and the concurrent UV radiation, functional
groups on the surface of the substrate are activated. This increases the polar por-
tion of the surface energy, thereby improving the adhesion of the evaporated layer
to the substrate (Fig. 8.4) [5].

Excessive pretreatment destroys the polymer surface and therefore reduces adhe-
sion. In addition to the adhesion, the surface of the substrate affects the growth,
and thus the structure, resistance, and barrier properties, of the metal layer.

8.1.1.3 PVD Process Flow

A schematic view of a web coater is shown in Fig. 8.5. The reel of film to be coated
is placed in the upper part of the vacuum chamber, known as the winding cham-
ber and, by means of suitable pumps, this chamber is evacuated to approximately
1 x 1073 mbar. The winding chamber is separated from the lower part of the vac-
uum chamber, known as the evaporation chamber, by a differential pumping stage.
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The evaporation chamber itself is evacuated to approximately 1 x 10~ mbar by a
separate pumping unit, usually by use of high-performance oil diffusion pumps.
Separation of the winding and evaporation chambers is necessary because the
web substrates (polymer, paper, nonwovens) outgas in vacuum, which means that
they release adsorbed and absorbed components into the chamber. If the film were
to be metallized under these bad vacuum conditions, a pure metallized layer would
not be obtained. For this reason, only the part of the reel to be metallized is
brought into the evaporation chamber, through a small slot. The web substrate
then passes around a cooling drum, is metallized, and then is transported back
into the winding chamber, and wound up.

In some machines the film is not passed over a cooling drum, but is directly
transported over the slot and metallized (“free-span” metallization). This increases
the efficiency of the evaporation sources and prevents the formation of creases ini-
tiated by the cooling drum [6]. The thermal load of the film also changes. On the
one hand it increases, because there is no cooling by the drum; on the other hand
it decreases, because there is also no heat reflection from the drum and the dis-
tance between evaporator and substrate can be increased. Whether the heat load
increases or decreases depends very much on the configuration of the machine.
For equal evaporator—substrate distances the thermal load, and thus the density of
the metal structure, increases with free-span metallization (Fig. 8.6).

Each of the evaporators is electrically heated by use of a high current, some 100 A,
which is fed at a low alternating potential of approximately 10 V. This is achieved
by using high-current transformers with a thyristor-controlled primary current.
Layer thickness monitors, positioned over the width of the web at the same dis-
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Fig. 8.6. Free span web coater, schematic view.
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Fig. 8.7. TOPMET metallizer (Applied Films).

tance as the evaporators, measure the thickness and homogeneity of the evapo-
rated layer. These measurable variables serve as input for control of the evaporator
circuit and wire feeding [7]. Figure 8.7 shows a state-of-the-art metallizer (manu-
factured by Applied Films).

The Metallization Cycle A typical metallization cycle comprises the following
steps:

. Loading of the nonmetallized reel into the winding chamber

. Closing and evacuation of the chamber

. Heating of the boats

Unwinding of the reel

. Opening the aperture above the boats

. Metallization of the film reel

. Cooling of the boats

. Venting of the chamber

. Opening of the chamber and removing the metallized film reel
. Cleaning of the chamber

O NS VA WN R
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8.1.1.4 Typical Process Times, Rates, and Quantities
Depending on the length of the film reel, modern machines need between 30 min
and 2 h per reel to complete these steps. Process rates depend on the method of
metallization (e.g. sputtering or thermal evaporation) and the substrate, and also
on the desired metal film thickness and, last but not least, the required quality.
Typical process rates for metallization of poly(ethylene terephthalate) (PET) film
are given in Table 8.1.

The quantities produced per metallization cycle depend on the type of substrate,
e.g. polymer film type, paper, or nonwoven, its thickness, and the width and length
of the reel. Table 8.2 provides a few typical examples:
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Tab. 8.1.

terephthalate) (PET) film.

Process rates for metallization of poly(ethylene

Method/metal  Substrate Layer thickness  Application/ Process speed

of metallization  requirements
(nm)

Thermal/Al PET, 6 pm 20 Capacitors/low Up to 1000 m min~!

Thermal/Al PET, 12 um 30 Packaging/medium  Up to 800 m min~!

Thermal/Cu PET, 50 ym 800 Electronics/high Up to 100 m min~!

E-beam/Au PET, 100 ym 50 Electronics/high Up to 30 m min~?

Sputtering/Al  PET, 50 um 10 Window films/high ~ Up to 50 m min~?

Sputtering/Cr  PET, 36 um 20 Decoration/high Up to 15 m min~!

Tab. 8.2. Quantities produced per metallization cycle.

Method/metal  Substrate type/ Layer thickness  Application/ Quantity per
thickness/ of metallization  requirements cycle (time)
reel width/reel (nm)
length

Thermal/Al PET/6 pm/8 m/ 20 Capacitors/low 384000 m?
48000 m (max. 2 h)

Thermal/Al PET/12 pm/4 m/ 30 Packaging/medium 192000 m?
48000 m (max. 3 h)

Thermal/Cu PET/50 pm/1 m/ 800 Electronics/high 5000 m?
5000 m (max. 2.5 h)

E-beam/Au PET/100 pm/0.3 m/ 50 Electronics/high 300 m?
1000 m (max. 1.5 h)

Sputtering/Al  PET/12 pm/1 m/ 100 Window films/high 10000 m?
10000 m (max. 3 h)

Sputtering/Cr  PET/36 pm/1 m/ 20 Decoration/high 3000 m?
3000 m (max. 5 h)

8.1.1.5 Transfer Metallization
Apart from direct metallization of substrates as described above, transfer metalliza-
tion is also possible. In this technology the metal layer is deposited on to a carrier
film on which the metal adheres only very weakly, or which is coated in such a way
that it is subsequently separable. The metallized side of the film is then laminated
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against another substrate and, after curing of the laminating adhesive, separated
from the metal carrier film. During separation, the metal layer is transferred from
the carrier film and remains on the second substrate. The carrier film can then be
metallized again. This method is used for materials which cannot be directly
metallized at all or which cannot be metallized without significant loss of visual
and functional quality of the metal layer, e.g. metallization of paper or board.

8.1.1.6 Pattern-evaporated Layers

Pattern-evaporated layers can be produced by direct or indirect methods. In the di-
rect route either a fixed mask is placed between the evaporation source and the
web substrate or a co-traveling masking web is applied to the substrate web as it
travels in the vacuum chamber. An alternative indirect method is a multi-step pro-
cess including pretreatment of the film, metallizing and subsequent removal of
unwanted sections. Applications of pattern evaporated layers include:

e thin-film solar cells

e security features

e flexible printed circuits (for signal-carrying circuits)

e RFID antennas (for HF short-range systems, unlimited in UHF range)

8.1.2
Properties of the Evaporated Layer

Despite the differences between each evaporation method, described above, evapo-
rated metal layers produced by any method are regarded as relatively very thin with
thickness ranging between several nanometers and one micrometer. The proper-
ties of these layers are therefore not comparable with those of rolled metals, for ex-
ample Al foil, or with those of oxides with lacquer or adhesive coatings of several
micrometers.

Evaporation produces an ultra-thin layer which, although covering the surface,
does not change the basic properties of the underlying layer, for example rough-
ness etc. Surface defects such as scratches and raised surfaces, etc., are apparent
in the evaporated layer. The metal layer can be compared with thin snow cover —
it changes the surface optically, but its topography remains essentially the same.
The comparison works also with regard to the structure of the layers; neither is
massive, both consist of connected crystallites.

8.1.2.1 Structure
The structure of a metallized layer is determined by the surface topography of the
web substrate and by interaction of the involved condensation processes (shadow-
ing, surface diffusion, volume diffusion, and desorption), which cause growth in
the form of more or less densely packed pillars or conglomerates (Fig. 8.8) [8].
Depending on which of the four condensation mechanisms is predominant, the
structure will be more or less dense (Zones I-III). The activation energy for the
surface and volume diffusion of metals is proportional to their respective melting
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Fig. 8.8. Types of growth of metallized layers [8].

points. The structure of the film is therefore essentially determined by the relation-
ship between substrate temperature and melting point of the metal. It is also af-
fected by the relevant vacuum conditions.

Taking, for instance, Al, with a melting point of 660 °C and a web substrate tem-
perature of 50 °C, zone I formations will be created (porous structure, pointed crys-
tallites, large voids) and up to 250 °C, formations in the transitional area (densely
packed fibers) will appear. Up to 450 °C zone II (pillar-shaped crystallites), and
above this temperature zone III (conglomerate-type crystallites) formations will be
seen. Because of the relatively low maximum thermal stress that may be applied to
polymer webs, the growth in metallized layers on polymer webs mainly occurs in
Zone I or in the transitional zone. The different growth is also evident from com-
parison of cooling drum and free-span coater methods.

8.1.2.2 Layer Thickness (Conductivity)

The typical thickness of metallized Al layers ranging from few nm to several hun-
dred nm corresponds to an area weight of approximately 100 mg m~2. Such film
thicknesses cannot be reliably measured by mechanical meters or by weighing.
Other laboratory measurement techniques are used, for example X-ray fluores-
cence (XRF) spectroscopy, ellipsometry, or ion scattering (RBS). All these tech-
niques are unsuitable for in-line control during metallization, because they require
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highly sophisticated technical equipment. For industrial applications, other indi-
rect measurement techniques are used, for example optical density and resistance.

Optical Density For aluminum, the most popular method of determination of the
quantity metallized is measurement of “optical density” (O.D.). The vacuum-
evaporated layer is exposed to light of intensity I and the part of the light trans-
mitted I is measured. Optical density (O.D.) is a function of the light transmission,
T, and defined as [9, 10]:

O.D. =log <I—IO> —log (%)

A typical Al layer with an O.D. of 2.0 has a visible light transmission of 1%. Lam-
bert’s Law:

I=1Ix10*
indicates that in the simple relationship with the film thickness, d:
OD.=axd

where o is the absorption coefficient of the material. The absorption coefficient for
metallized layers must be determined empirically (growth, density). For alumi-

num, o is ~0.069 nm™.

Surface Resistance For opaque substrates or very thick metal layers, measurement
of the thickness optically is not feasible. For such materials eddy currents (induced
current) are used to measure the electrical surface resistance of the metal layer
and, consequently, the thickness of the metallized layer. The thinner the metal
layer, the higher its resistance. Surface resistance is inversely proportional to the
thickness of the layer (proportionality factor depending on the material).

In this technique a high-frequency magnetic field is created by a solenoid in a
probe at a fixed distance above the layer. The high-frequency inductive current gen-
erates eddy currents in the layer to be measured; these change the impedance of
the solenoid generating the high-frequency alternating field. According to Lenz’s
Law, the magnetic field set up by the induced current opposes the energizing field
and weakens it. The change in impedance depends on the evaporated material, the
film thickness, and the sample—probe distance. Given the material is known and a
fixed distance is maintained between probe and film, the change in impedance
serves as the measurable variable for film thickness.

The surface resistance Ry is defined for square test surfaces. If the resistance R
is defined via the specific resistance p, (matter constant):

R= ><1— ><1
= Pel A_/)el bd
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Tab. 8.3. Specific resistances for evaporated aluminum and

copper.

Material Method applied Specific resistance (107° Qm)
Al Thermal evaporation 39

Cu Thermal evaporation 32

Cu Sputtering 21

where [ is the length of the conductor, A = b X d, is the cross-sectional area of con-
ductor, b is the width, d the thickness of the layer, and a square test surface is in-

serted (I = b):

Pel

Rg = a1

Because of their specific structure (Section 8.1) evaporated layers have only ap-
proximately 70% of the conductivity of the solid metal [11]. Depending on the
method of application this factor may vary, because of the different densities of
the layer that can be achieved. An overview of specific resistances for evaporated
aluminum and copper is given in Table 8.3.

Figures 8.9 and 8.10 illustrate the correlations between the thicknesses of layers
and measurable variables for aluminum and copper.
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Fig. 8.9. Correlation of the different measurable variables for the film thickness of aluminum.



8.1 Reel-to-reel Vacuum Metallization

0,1

Surface resistance ()

0,01 — .
10 100 1000
Layer thickness (nm)

Fig. 8.10. Correlation of film thickness and surface resistance for copper.

8.1.2.3 Barrier

Al is frequently used to obtain good barrier properties with polymer webs and, de-
spite the very thin metal layers produced, the barrier of the metallized film to water
vapor (WVTR) and oxygen (OTR) is markedly improved compared with nonmetal-
lized film. This enhancement of the barrier is the reason aluminum metallized
films are used in packaging.

The barrier quality is determined by the surface properties of the polymer sub-
strate and the properties of the metal layer [12]. The most crucial factor is the sur-
face quality of the substrate. If there is an adsorbate on the surface, it may be de-
sorbed during the evaporation process, which leads to pinholes and poor adhesion
of the metal layer. If the adsorbate is water, Al may react with the water and lead to
the formation of Al oxide which has barrier properties substantially inferior to
those of metallic Al. Also the lack of functional groups on the polymer surface
causes poor adhesion and thus a change in the structure of the layer.

Poor quality of the web substrate surface leads to:

e a greater number of pinholes;
e poor adhesion and consequently lower optical density; and
e poor nucleation and less dense structure.

These factors lead to an inferior barrier and a more rapid reduction of the barrier
effect. For a good barrier effect, co-extrusion or coating of the substrate, corona dis-
charge, or plasma pretreatment, are, therefore, usually necessary. Vacuum metalli-
zation conditions, thermal stress of the substrate, and mechanical stress of the
metal layer also play a fundamental role:
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¢ Vacuum Contamination of the Al layer by residual gas components (mainly wa-
ter vapor) affects the barrier substantially; good vacuum (<5 x 10* mbar) in the
evaporation chamber is therefore required for barrier applications. Contamina-
tion from the evaporation material and the evaporators must also be avoided as
much as possible.

¢ Thermal stress For PP, increasing the distance between the evaporator and the
substrate, or increasing the web speed, reduces thermal stress on the polymer
web and, consequently, the number of pinholes. For heat resistant polymers
such as PET thermal stress is less significant.

¢ Mechanical stress High web tension causes micro-cracks within the metal layer.
Reduction of the barrier in thicker layers is mentioned in the literature, but is
probably a result of the stress to which the metal layer is exposed in subsequent
process steps (e.g. lamination).

Microscopic pinholes primarily affect water-vapor barrier properties. The oxygen
barrier is mainly affected by macroscopic defects.

In summary, good barrier properties can only be achieved by optimizing all the
factors affecting the metallization process. Under these conditions, metallized
layer barrier properties will be excellent. Superior barrier properties may only be
achieved by using multi-layer structures. Such ultra high barrier films, formed
from metallized Al sandwiched between two acrylate layers, were first reported in
2000 [13].

Table 8.4 shows clearly how metallization significantly improves the barrier qual-
ities of polyethylene terephthalate (PET) and polypropylene (PP) films.

The excellent barrier properties of metallized films are particularly evident from
direct comparison with other barrier materials. In general, the barrier to oxygen
and water vapor is taken as a measure of suitability for food packaging. As can be
seen from Table 8.5, metallized films achieve a very high rating in this comparison.
It is worthy of note that metallized PET films constitute an excellent barrier both to
water vapor and to oxygen, whereas an OPP film with the same metallization pro-

Tab. 8.4. Improvement of the barrier qualities of poly(ethylene
terephthalate) (PET) and polypropylene (PP) films by
metallization.

Film Thickness OTR (em®* m~2d") WVTR (g m~2d7")
(wm) 4] 0]

PET film 25 31-93 16-20

PET film, metallized 25 0.16-1.7 <1.0

OPP film 25 1550-2500 3.9-6.2

OPP film, metallized 25 19-160 <0.6
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Tab. 8.5. Comparison of different barrier materials (typical values).

Material Light transmission (%) OTR (cm®> m~2d~") WVTR (gm~2d7)
Metallized PET film <1 <2 <1
Metallized OPP film <1 <160 <0.6
Ultra-high-barrier film <1 0.02-0.08 0.02-0.09
Aluminum film, >20 pm 0 0 0

AlO, coating >80 <5 <2

SiOy coating >80 <2 <1

ITO coating >80 Approx. 0.7 Approx. 0.6
Top-coated AlO,, layer >80 Approx. 0.35 Approx. 0.12
PVDC coatingl! >90 Approx. 8 Approx. 3
PAN film (Barex)[") >90 Approx. 13 Approx. 50
EVOH co-extrusion!! >90 Approx. 1 <5

aPVDC is poly(vinyl dichloride)
PPAN is polyacrylonitrile
¢EVOH is ethylene vinyl alcohol

vides a good barrier to water vapor only. The oxygen barrier is significantly better
than that of the nonmetallized film but does not meet barrier requirements for
specific food packaging. Even after metallization, densities of other synthetic films,
for example poly(vinyl chloride) (PVC), are not sufficient for use as food packaging
material. Metallized paper has hardly any importance as a barrier layer to oxygen
and water vapor.

If we compare the data in Table 8.5 with the barrier requirements set in polymer
electronics (Fig. 8.11), it is evident they cannot be met with metallized films, not
even with ultra-high-barrier films, multi-layer structures from metal evaporation,
and polymeric layers. For transparent barriers, as required for OLEDs, displays, or-
ganic solar cells, etc., evaporated oxide layers are even further from meeting the
values required.

For barriers in polymer electronics, evaporated layers cannot be used alone. Spe-
cific combinations of layers must be developed for that purpose.

8.1.2.4 Light Barrier

In addition to their outstanding properties as barriers to oxygen and water vapor,
metallized films have another advantage — as a barrier to light. Because the appear-
ance (e.g. yellowing) and/or function of some substances are affected by light, they
must be protected appropriately. Food deteriorates much more rapidly when ex-
posed to light; fatty food becomes rancid; with dairy products light causes un-
desired odor and vitamins decompose more quickly.
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Fig. 8.11. Barrier requirements for polymer electronics
compared with those for food packaging.

Aluminum metallized films provide a barrier to light which cannot be achieved
with conventional lacquering or coating. For instance, a 2 O.D. metallization has a
light transmittance of only 1%. In this respect, only aluminum foil is superior to
metallized films. Barrier films or coatings such as PVDC, EVOH, and SiO,, are rel-
atively clear and therefore have a clear disadvantage in application when both bar-
rier and light protection are necessary.

8.1.3
Environmental Benefits of Vacuum Evaporated Layers

Vacuum metallized layers have environmental and energy advantages over metal
foils. Material and energy demand are considerably lower than when using a foil
of the same material. For example, with one kilogram of aluminum approximately
5000 m? can be vacuum metallized; if the same quantity of aluminum is used to
produce a 9 pm thick foil the yield is just 41 m?.

This significantly enhanced efficiency of vacuum metallization is also obvious
from comparison of energy consumption. Production of aluminum is very power-
consuming. Evaporation of aluminum for one square meter of film requires only
92 kJ whereas for production of 9 pm thick aluminum foil approximately 3000 k]
are needed. This is approximately a thirtyfold difference in energy consumption
per unit area.

Patterned metallic layers, like those used for conducting tracks, not only have
this obvious economic advantage but also have marked ecological benefits over
conventional structuring techniques. In contrast with etching technologies, no
etching media, for example FeCl; or NaOH are required; this substantially reduces
the environmental impact of structuring.
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814
Applications of Metallized Films

8.1.4.1 Barrier Packaging

In food packaging applications the packed goods are particularly sensitive to envi-
ronmental conditions such as oxygen, moisture, flavor, or light. A typical example
is the packaging of potato chips. In general the packaging consists of a laminate of
metallized OPP film (usually 20 pm) and a printed OPP film of the same thick-
ness. The metal layer and the print are positioned between the two films and are
protected against abrasion and damage. The important aspect of packaging potato
chips is to enhance the barrier to moisture to prevent loss of “crispiness”.

When food products must be protected against both moisture and oxygen a lam-
inate of metallized PET film, typically 12 um thick, and PE-LD is usually used. The
metallized PET film provides the excellent barrier properties and the PE film
serves as sealing medium. A classical example is packaging of cakes with a fat-
containing chocolate covering. The chocolate would become rancid if in contact
with atmospheric oxygen, which would considerably reduce shelf life. By using a
metallized packaging film, loss flavor from packed products (e.g. confectionery
products or chocolates) is reduced or prevented, thus ensuring the content will
taste consistent for longer.

8.1.4.2 Decorative Applications

In addition to these applications in the food industry which are first and foremost a
result of the improved barrier properties, there are other applications in the “con-
sumer sector” in which the aesthetic value of products is enhanced by use of
metallized films. A typical example is the use of metallized paper for drinks bot-
tles. Numerous brands of bottled beer are promoted by use of metallized paper
labels. This design of the bottle primarily serves the purpose of producing an
“eye-catching” effect to capture consumers’ attention; the bottles on the shelf are
designed to stand out from other beers and give the impression of a “superior”
and “more precious” product. This is also the reason for using metallic elements
on brochures and promotional materials.

Another application of metallized films for design purposes is the generation of
metallic effects (car paneling, mobile phones, furniture, architecture, gift wrap-
ping) which can be produced economically and without significant additional
weight. The benefits of the synthetic material, for example durability and flexibility,
are also maintained.

8.1.4.3 Functional Layers
Because of their conductivity, reflecting effect, and light barrier properties, metal-
lized films are increasingly used as functional coatings in technical applications.
Examples include battery cell cases, prepaid telephone cards, self-adhesive labels,
insulation foil in the building industry, decorative foil for design elements, security
features for bank notes, and tear tapes, etc.

In the electronics sector, metallized films and nonwovens are used as EMI
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Fig. 8.12. Schematic cross-section of an organic pentacene TFT on metallized PET film.

shielding and capacitor foils, as a basic material for flexible printed circuit boards,
and for RFID antennas. With the development of polymer electronics, metallized
films are gaining importance as electrodes and conductive tracks (Cu, Au, Al) and
for thin-film insulation (oxides). More information on this subject is given in Sec-
tion 8.1.4.4.

8.1.4.4 Polymer Electronic Substrates

Metallized polymeric films are also of great interest for use as lightweight, flexible,
cost-effective substrates for organic electronics. To demonstrate that the quality of
reel-to-reel metallized PET is already sufficient for organic electronics, we have pro-
duced organic thin-film transistors (TFTs) and integrated ring oscillators on PET
[16]. The cross-section of these organic TFTs is shown schematically in Fig. 8.12.
Commercial PET film with a thickness of 36 pm was aluminized using an indus-
trial web coater in a reel-to-reel process with a speed of 4 m s~!, giving an optical
density of 2.2. The metallized PET was cut into sheets and the Al film was pat-
terned by photolithography and wet etching to define Al gate electrodes for the
transistors and interconnect lines for the integrated circuits. A 270 nm thick poly-
vinylphenol (PVP) gate dielectric layer was deposited by spin-coating, gold source/
drain contacts were evaporated and photolithographically patterned, and pentacene
was evaporated as the organic semiconductor. Figure 8.13 shows a photograph of a

Fig. 8.13.  PET test chip with pentacene transistors and circuits.
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Fig. 8.14. Electrical characteristics of a pentacene TFT and
output signal from a five-stage pentacene ring oscillator, both
fabricated on reel-to-reel aluminized PET.

completed PET test chip with a variety of pentacene transistors and circuits. Figure
8.14 shows the electrical characteristics of the TFTs and circuits on reel-to-reel
aluminized PETs. The performance of these transistors and ring oscillators is com-
parable with that of organic TFTs and circuits on other, more expensive types of
substrate.

8.1.5
Market Analysis

Because of the many possible applications, the total market size for metallized
films is very large. Because the individual applications are distributed to most dif-
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ferent market segments, exact determination of the total market size is difficult to
confirm. Most metallization is with Al, which accounts for in excess of 98% of all
metallization conducted. The remainder is shared between metallization with Cu,
A]zO;, and S1Ox

In 2000, 162000000 kg metallized web material (10-15 billion m?) were used
for packaging applications in Europe; of these 42% were OPP, 12% PET, and 40%
metallized paper. The remaining 6% is accounted for by other metallized films, for
example PE, PVC, PA, or cellophane, and metallized boards or tissues. An annual
growth rate of 3-4% is forecasted [17, 18|. An approximately equally quantity of
metallized film is used for decorative and technical applications. For these, how-
ever, PET is the dominant substrate. In technical applications, capacitor foil cur-
rently has a large share. RFID and EAS technology and polymer electronics are
wide fields of potential applications and future growth for metallized substrates.
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Organic Vapor Phase Deposition

Michael Heuken and Nico Meyer

9.1
Introduction

In recent years organic electronic devices such as thin-film transistors (TFTs), solar
cells, photo detectors, and, especially, OLEDs (organic light-emitting diodes) for dis-
play applications and solid-state lighting applications have been intensively investi-
gated [1-6]. As a result of these efforts OLED displays have already reached com-
mercial significance, for example in cell phones and MP3 players, because of their
intrinsic properties such as high brightness, high resolution, low energy consump-
tion, and wide viewing angle characteristics realized in thin devices on glass or
even flexible substrates. Further research and development focuses on device per-
formance improvements for OLEDs, on improving our basic understanding of
organic TFTs, solar cells, and photo detectors, and on integrating OLEDs with
organic TFTs to create all-organic active-matrix OLED displays.

Today OLEDs and organic TFTs based on small molecular weight organic materi-
als are mainly manufactured by using vacuum thermal evaporation (VTE). Conven-
tional VTE is similar to molecular beam epitaxy (MBE), which was used in early
production of III-V semiconductors. These high-vacuum evaporation techniques
have limitations in process control, flexibility, scalability and cost effective manu-
facturing capabilities, however. Meanwhile, metal organic vapor phase deposition
(MOCVD), a gas-phase transport technique, has replaced MBE for manufacturing
ITI-V semiconductors. Inorganic ultra high brightness (UHB) LEDs have become
very complex and can only be realized by MOCVD for industrial production.

Organic vapor phase deposition (OVPD) was invented by S. Forrest at Princeton
University to transfer all the benefits of the gas phase process to applications in or-
ganic electronics. OVPD technology has the potential to overcome the limitations
of VTE, similar to the replacement of MBE by MOCVD.

9.1.1
The Principle of OVPD

In 1995 Forrest introduced the dry OVPD principle and has since investigated the
benefits of gas-phase transport by using a simple flow reactor to overcome many
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Fig. 9.1. OVPD principle and quartz flow deposition module invented by Forrest.

limitations of standard VTE [7-12]. Because of the gas-phase transport principle of
OVPD, the arrangement of evaporation and condensation is decoupled, in contrast
to VTE. Thus, the evaporation design can be optimized to any chemical needs
without affecting the design for uniform and controlled large-area organic film de-
position.

As shown in Fig. 9.1, evaporation of the organic material occurs in individual
and decoupled quartz pipes. A precise amount of carrier gas, for example nitrogen,
is added into each quartz pipe by standard mass-flow controllers (MFC) to pick up
the organic molecules. The organic molecules are transported by the carrier gas
into the hot wall deposition chamber and are uniformly mixed if two organic ma-
terials or more, for example host and dopant, are evaporated simultaneously. Fi-
nally the organic molecules in the gas phase diffuse through the boundary layer
on to the cooled substrate where they condense. One consequence of this con-
trolled gas-phase transport technique is that no unintended deposition of expensive
organic molecules occurs in the hot-wall OVPD deposition chamber itself —
deposition is mainly on the substrate. This enables high material utilization.

Using a carrier gas in OVPD enables the deposition of organic materials at a
controlled pressure of 107310 torr. Thus the OVPD module does not have to be
pumped down to high-vacuum conditions, as in VTE, which consequently in-
creases the uptime of the OVPD deposition system. Also, the continuous purge of
carrier gas in OVPD prevents any contamination of parasitic surfaces, which in-
creases the reproducibility of the deposited organic film quality. Therefore Forrest
envisaged with the flow deposition module that OVPD is an ideal solution for in-
dustrial mass production.

9.1.2
Close Coupled Showerhead Technology

The inherent advantages of OVPD can be exploited on an industrial scale when
combined with close coupled showerhead (CCS) technology. With CCS the carrier
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Fig. 9.2. Close-coupled showerhead technology for industrial-
scale production of multiple layers and OVPD. OLED example
deposited in a single OVPD module.

gas and organic materials are introduced uniformly through a showerhead injector
across the entire deposition area. As the injection is in close proximity to the sub-
strate surface the fluid dynamics enforce homogenous distribution of the species,
enabling uniform deposition across the entire area without a need for substrate ro-
tation (close coupling effect) [13—19]. In addition to intrinsic uniformity CCS enables
deposition with high material utilization efficiency.

Figure 9.2 shows a schematic diagram of AIXTRON’s Gen 2 OVPD equipment
employing a temperature-controlled deposition chamber and the close coupled
showerhead design with orifices acting as a multiple gas distributor. The organic
source materials are heated in physically separated source containers, which are
arranged in separate furnaces remote from the deposition chamber, and trans-
ported by an inert carrier gas into the hot-wall deposition chamber. As shown in
this scheme the Gen 2 OVPD design was realized with twelve organic sources
in four individual furnaces. The number of organic sources and furnaces is flexi-
ble and can be adjusted to the desired processes on request.

Individual valves switch the source flows to enable rapid on/off control of the re-
spective deposition, which offers high precision control of layer interfaces and
minimization of material waste. The organic molecules are homogeneously mixed
in the gas phase before being introduced uniformly through the heated shower-
head injector across the entire substrate surface where they condense to form the
desired organic film.
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Fig. 9.3. Temperature distribution in the OVPD chamber and
of the actively cooled substrate in Gen 2.

An important thermodynamic requirement for the homogeneous distribution of
the organic gas phase in the close coupled showerhead is temperature uniformity,
which also guarantees no unintended condensation of the organic material. Figure
9.3 depicts the temperature simulation of an Gen 2 OVPD showerhead suitable for
substrate sizes of 400 mm x 400 mm. The showerhead is uniformly heated to
300 °C, whereas the chiller actively cools the substrate and the mask to 2 °C and
to 3 °C, respectively, across the whole area. Both the mask and the substrate are
in close contact and thereby actively cooled down across the whole area.

Experimental proof of control of the mask temperature with the chiller in a Gen
2 OVPD module under process conditions (showerhead heated to 325 °C) was
achieved by in situ temperature measurement, as shown in Fig. 9.4. The experi-
ments were performed at atmospheric pressure and at a deposition pressure of
0.9 mbar typical for OVPD, and for chiller temperatures between 5 and 30 °C.
The mask temperature can be linearly controlled by the chiller temperature. The
observed AT of 6.5 degrees is in good agreement with modeling prediction of 3
degrees in Fig. 9.3. In addition, measurements during a typical OVPD deposition
time of 2 to 6 min confirmed there is no temperature drift under process condi-
tions over time. The data prove that heat conductance and radiation is perfectly
compensated by the chiller capacity.

In conclusion, stable and reproducible temperature conditions for the mask and
the substrates, essential requirements for a stable production process, have been
demonstrated for OVPD.

This CCS technology with its intrinsic laminar flow condition enables uniform
deposition for a wide range of deposition pressure, carrier gas flow rate, and sub-
strate temperature. The deposition rates and layer composition such as co-hosting
or doping are adjusted by means of mass flow rate of the carrier gas at constant
source temperature using individual electronic MFCs for each source. No recircu-
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Fig. 9.4. Linear mask temperature dependence in OVPD as
function of chiller temperature proves heat flux is controllable
in OVPD.

lation of the carrier gas occurs, offering a high precision and reproducibility com-
bined with flexibility in multilayer deposition sequences and accurate composition
of multi-component layers (co-hosting/co-doping) and ramping of material flow
for graded compositions.

Gas-phase transport enables placement of multiple organic sources remote from
the deposition chamber, thus preventing cross-contamination between source ma-
terials. The hot-wall deposition chamber prevents parasitic condensation of the or-
ganic material. Consequently OVPD combined with the close coupled showerhead
has the potential for low maintenance cycles, high material yield, high reproduci-
bility, well-defined doping with multiple dopants, and high throughput, which are
key factors for industrial mass production at low cost. Finally scaling of the tech-
nology of OVPD and CCS to any size is not limited and can be realized vertically
or horizontally.

9.2
Deposition of Organic Thin Films

9.2.1
Process Control in OVPD

Key requirements for industrial deposition of single films are the rate of deposition
achievable, controllability and reproducibility, and film quality, which is important
for high uptime and production yield. In contrast to VTE, in which the deposi-
tion rate is controlled by the evaporation temperature in the crucible, OVPD is kept
under steady-state temperature conditions and the deposition rate is adjusted only
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Fig. 9.5. Typical calibration curves for Algs evaporated at 306 °C (circles) and 312 °C (squares).

by the source flow of carrier gas through the source container. The source flow is
precisely controlled by standard mass-flow controllers and actively added or re-
moved to the total flow by switching valves into the run/off mode. Depending on
its specific vapor pressure transport of the material can be controlled by the
amount of carrier gas flowing through the source. Thus, the rate of deposition of
each material can be adjusted as function of the carrier flow for individual evapora-
tion temperatures and container pressures, resulting in exact prediction of the de-
position rate. Figure 9.5 shows two typical calibration curves for Alqs evaporated at
306 °C and 312 °C. Increasing the source flow to 2000 sccm resulted in a deposi-
tion rate of 30 A s71.

These calibration curves also reveal the huge increase of deposition rate with tem-
perature, as expected from the Clausius—Clapeyron equation. For small flows the
deposition rate increases linearly with source flow whereas at flows > 500 sccm
the increase is sub-linear. With higher flows the deposition rate is dominated by
the flow restriction from the process chamber to the source container. If the evap-
oration temperature is increased from 306 to 312 °C the deposition rates increases
approximately 47%, from 19.2 to 28.2 A s7L.

By combining multiple separate source containers of the same organic material
in a parallel configuration the deposition rate can be linearly increased, leading, for
example, to deposition rates of up to 60 A s™! for two Alqs sources.

The uniformity of such an OVPD film of Alq; is shown in Fig. 9.6. Analysis by
variable angle spectroscopic ellipsometry (VASE) confirmed the surface was smooth
across the entire substrate area with thickness deviation of +1.7%, a standard devi-
ation, o, of 1.0% only. Atomic force microscopic analysis of such a typical film re-
vealed RMS values to be ~6A, i.e. thickness differences in the range of a single
monolayer only, irrespective of deposition rate [20-22].

Figure 9.7 illustrates the controllability of the OVPD process for achieving sharp
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Fig. 9.6. (a) Film-thickness uniformity of Alqs deposited on a
400 x 400 mm? glass substrate measured by variable angle
spectroscopic ellipsometry (VASE) across the diagonal; (b)
10 mm edge exclusion of the 400 x 400 mm? glass substrate.

interfaces, by measurement of the deposition rate using an in-situ quartz-crystal
monitor. With a constant source flow of carrier gas through an Alq; container we
demonstrated reproducible deposition rates of 12.28 and 12.27 A s! for seven se-
quential depositions in two consecutive runs. For demonstration of a thick bulk
layer we deposited for approximately 120 s with a constant deposition rate of
12.28 A s7! resulting in a total thickness of 1473 A (1 in Fig. 9.7). Reducing the de-
position time to 20 s resulted in a thickness of 245 A (2 in Fig. 9.7). These single-
layer results reveal that abrupt interfaces and reproducible thicknesses can be
achieved by control of the pneumatic source valves.

Besides thickness reproducibility a basic requirement for an industrial produc-
tion process is process stability. Figure 9.8 shows the long-term source stability of
Algs tested in an Gen 2 OVPD module. Using identical process conditions on days
1 and 21, more than 500 h continuous operation, we observed a deposition rate of
12.28 A 57! with a standard deviation of only 1.93%. Even an extensive equipment
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Fig. 9.7. Precise control of the deposition rates for Algs in two
separate runs with seven sequential depositions.

check and different OVPD depositions had no impact on organic film thickness and
proves the industrial reliability for process stability and thickness reproducibility.
We subsequently demonstrated that the combination of close coupled shower-
head and OVPD enables highly reproducible deposition rates with remarkable
thickness uniformity. Alqs calibration curves revealed that deposition rates of
30 A s7! for a single container arrangement or up to 60 A s~! for a dual container
configuration could be achieved. Because of the universal OVPD design principle,
these high deposition rates are not limited to Alqs but could also be achieved for
other typical organic materials. The standard deviation for Alq; in run-to-run and
day-to-day thickness reproducibility was only 0.3 and 1.9%, respectively, demon-
strating process stability and thickness reproducibility over a period of 500 h.
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Fig. 9.8. Long-term source stability for Algs in OVPD.
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Spectroscopic ellipsometric characterization of OVPD-deposited films of Alq; and
«-NPD by Himcinschi, Zahn and AIXTRON confirmed uniform layer thicknesses
with standard deviations of 0.7% for Alqs and 0.9% for &-NPD across an 8-inch sil-
icon wafer [20]. Atomic force microscopy images of such typical OVPD-deposited
Alg; layers confirmed smoother surfaces characteristics, with RMS values of ~6 A
for the OVPD films; this corresponds to the thickness of a single monolayer for
Alq; [21]. During determination of optical constants up to the ultraviolet range of
9.5 eV they reported significantly higher stability of OVPD-processed Alqs, which
is usually degraded by contact with moisture and air. This observation was ex-
plained by the smoother surface and indicates that molecular packing of Alqs in
the single layer may play a role in environmental stability. Latest results using
X-ray reflection (XRR) analysis of single films deposited by OVPD with deposition
rates up to 12.7 A s™! for »-NPD and 23.6 A s! for Alqs confirmed the VASE thick-
ness determination. XRR determined density also was unchanged and slightly
lower than the density of crystals for Alq; and «-NPD, as expected [22].

These data prove that thin layer multi-heterojunction devices are enabled by
OVPD with accurate thickness reproducibility and layer performance, which are es-
sential manufacturing requirements in industrial mass production. The OVPD
technology also enables controlled material transport and a high material utiliza-
tion efficiency of 50-70%, based on condensation on to the substrate only. For
state-of-the art VTE manufacturing technology material utilization efficiencies are
in the range of 1 to 6% [23].

For organic TFT, relatively low deposition rates may be desirable, in the interest
of improved molecular ordering and higher carrier mobility in the plane parallel to
the substrate surface. Unlike VTE, in which deposition rates below approximately
0.1A s7! are often difficult to control, OVPD technology enables easy and repro-
ducible control of low deposition rates down to 0.01 A s~!. The longer deposition
time at such low deposition rates is less critical, because total film thickness is
often much lower in organic TFTs compared with OLEDs. OVPD, however, further
enables morphology tuning and control by variation of proven process conditions,
as described below.

In conclusion we have illustrated material-specific calibration plots for individual
sets of process temperatures and other conditions. Extending this precise process
controllability of a single material to several materials offer a valuable technology
for coevaporation of several materials, for example mixed hosts or accurate doping
of dyes.

9.2.2
Co-deposition and Doping in OVPD

Research on organic semiconductor materials has resulted in remarkable progress
and the introduction of material combinations using hosts and single or multiple
guests or additional host materials [24-30]. This demand for simultaneous coeva-
poration or doping is often difficult to achieve in VTE, but easily achieved by
OVPD. In the previous section we explained the OVPD process conditions essen-

21



212

9 Organic Vapor Phase Deposition

2-0 T T T T T T
| —o0—0-50 sccm MFC: Tg=252.6°C
[Als]} —u—0-10 sccm MFC: Tg=252.7°C o A

1.2+ / -
0.8 / 1
0.4} / _

F ‘/-.JD 0-10 sccm MFC: 10 scecm = 0.356 A/s
0-50 sccm MFC: 10 sccm = 0.358 Als |

00-0

0 10 20 30 [sccm] 50
Source Flow

Deposition Rate

Fig. 9.9. Linear calibration curves for the dopant rubrene with
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MFC achieved a 10 sccm deposition rate of 0.356 and

0.358 A s7', a relative error of only 0.48%.

tial for deposition of single layers. Applying this concept of precise source flow con-
trollability and long-term source stability to additional sources enables precise de-
position, co-deposition, and doping of multi-component layers.

Almost linear OVPD calibration curves of the typical dopant rubrene for a variety
of source flows up to 10 sccm and up to 50 sccm are presented in Fig. 9.9, which
shows that the deposition rate can be precisely adjusted from 0.06 to 1.6A s~1.
Both curves are an ideal fit and reveal a linear relationship between deposition
rate and source flow; they were collected with two mass-flow controllers of different
capacity ranges (10 sccm and 50 sccm). Ellipsometric thickness analysis confirmed
for both experiments a deposition rate of 0.3564 and 0.3582 A s™!, which is a rela-
tive error of only 0.48% and is identical with our prediction of dopant controllabil-
ity (Table 9.1). Using a standard OVPD deposition rate of 10A s~! for a hosts the
doping range of rubrene can be very precisely adjusted in the range of 0-16%.

As we have seen in Fig. 9.7 the use of a precise mass-flow controller guarantees
accurate and reproducible controllability for deposition of single layers. By use of
physically separated sources in OVPD, which avoids any cross talk, this design of
carrier transport can be extended from a single source to a high number of sources
leading consequently to the deposition of any mixtures or doped layers, known as
coevaporation or cohosting. By controlling the organic flux of two or even more or-
ganic materials the concentration of each organic species can be homogenously ad-
justed to any desired ratio in an abrupt or an ramping mode offering the potential
to create precise stoichiometric mixtures in a single layer. Doping ranges from 0.1-
50% are of interest in device development. All can be realized by OVPD. Besides
this huge doping range the standard mass-flow controllability enables dynamic
variation of each individual source flow. Ramping the carrier gas flows during the
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deposition of host materials and/or dopants enables deposition of even more com-
plex layer compositions with gradually adjusted material mixtures.

Thin organic Alqs/«-NPD heterostructures deposited by OVPD were investigated
by use of spectroscopic ellipsometry by Himcinschi, Zahn and AIXTRON [31]. The
analysis revealed that simultaneously mixed layers of Alq; and «-NPD consisting of
86.6% Alq; and 13.4% «-NPD were obtained; this is in good agreement with the
target value of 15% for «-NPD and ellipsometry can be used for determination of
multilayer compositions. These first results demonstrate that the easily control-
lable OVPD enables deposition of mixed layers or individual doping.

Consequently, this straightforward realization of vertical doping profiles and ma-
terial mixtures enables precise layer fine-tuning to optimize device performance,
for example power efficiency or lifetime [25]. For current OLED research and devel-
opment and production [32, 33] doping and coevaporation are fundamental for de-
vice optimization and longer lifetimes.

9.2.3
Controlled Morphology and Layer Interfaces in OVPD

As we have described, OVPD technology enables the deposition of layers of pure
materials or precise compositions of different materials, for example hosts, co-
hosts, and dopants. Besides layer composition, layer morphology [34], deposition
rate [35, 36] and the substrate temperature [37-40] also affect device performance.
Layer morphology is strongly affected by the substrate itself, but also by the depo-
sition process and the deposition conditions.

Morphological changes of single layers or devices processed by VTE are known
and have been widely discussed. Annealing procedures of fully processed and en-
capsulated devices are a known method for enhancement and stabilization (stan-
dardization) of device performance [37, 41]. In 2004 Djurisic and Chan reported
the annealing and environmental stability of Alqs films deposited by VTE under
different conditions [42]. They observed that annealing improves environmental
stability, with substantially increased and stabilized PL intensity. Their observation
indicates that morphological effects may play a role and is in accordance with the
observation by Himcinschi and Zahn of higher stability of OVPD-deposited Alqs;
[21]. As discussed by Zahn, substrate temperature effects result in domains with
different ratios of o- and f-PTCDA with increased surface roughness [43]. Cheng
investigated single films of Alq; deposited by VTE with deposition rates of 0.01—
1.03A s7! [35]. Analysis by atomic-force microscopy revealed increasing film
roughness of 12.0, 32.0, and 36.6 A RMS with decreasing deposition rate. All these
observed morphology effects had to be more or less tolerated in VTE, because pro-
cess parameters other than deposition rate were not controllable. The crystalline
growth mode in VTE was recently reported by Yang and Park and shown to lead
to high performance in organic TFTs [78].

Forrest stressed as early as 1998 that two different types of growth regimes
should be realized in this unique deposition process by variation of unique OVPD
deposition parameters, for example substrate temperature, chamber pressure, and
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the concentration of organic molecules in the carrier vapor phase [8]. Yang and
coworkers recently observed a strong effect of morphology control and material
mixing on the power conversion efficiency of organic photovoltaic cells [40, 44].

A typical OVPD process with the substrate actively cooled to room temperature
in combination with an increased chamber pressure and moderate deposition rate
creates a deposition process which is diffusion-limited. The organic molecules are
transported by diffusion into the boundary layer and are randomly distributed be-
fore temperature-induced condensation. Reaching the substrate the organic mole-
cules can freeze as deposited, leading finally to amorphous films. With elevated
substrate temperatures and reduced deposition rates the condensing molecules
have sufficient energy and time to diffuse on the substrate surface before crystalli-
zation, creating three-dimensional structures. Here the intermolecular adhesion of
the molecules exceeds that of molecular—substrate bond interaction, resulting in
crystalline island growth. The gap-filling characteristics of this deposition regime
can be also used for surface planarization, which is important if smooth layer uni-
formities are desired. This characteristic of OVPD enables the precise formation of
large interface areas and interpenetration networks, which are essential for high
photovoltaic cell power efficiencies. This gap-filling characteristic of OVPD also tol-
erates all particles, which are covered and planarized without any voids. This bene-
ficial side-effect is important in mass production on large substrate sizes, in which
particle contamination is critical.

Changing the OVPD conditions toward a lower substrate temperature in combi-
nation with a lower deposition chamber pressure and a higher deposition rate re-
sults in kinetic deposition. The number of intermolecular collisions of the organic
molecules is reduced and the condensed molecules have less energy to crystallize.
Because of their higher deposition rates the organic molecules directly freeze into
an amorphous mesh or have only sufficient time to form much smaller crystals.
Long-range diffusion of the organic molecules on the substrate is thus prevented
and, finally, the deposited layer conforms to the substrate topology, without any
voids in the layer deposited.

By enabling these two different intrinsic deposition regimes OVPD enables rapid
switching between morphology-specifying deposition conditions. Depending on the
desired device properties the morphology of organic layers may vary from amor-
phous to polycrystalline (in which the crystal dimensions are well defined) or, fi-
nally, to a perfectly crystalline layer. Morphology effects in ballistic VTE are very
difficult to examine whereas the OVPD technology enables precise controllability
in performance-driven device optimization.

This precise controllability of film morphology is requirement for adjustment of
the interfaces between the substrate and the first organic layer and subsequent
organic-organic interfaces. This feature is unique to gas-phase transport in
OVPD and is not realizable in the ballistic transport principle of VTE. As described
later for organic solar cells, controlled morphology of the organic thin films and
their interfaces has huge potential for device and performance optimization. In
conclusion, it is obvious that a better-controlled interface will be a means of im-
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proving device performance and operating lifetime. OVPD, with its two tunable
growth modes, is a valuable and unique tool for exploiting this benefit.

9.3
Electronic Devices by OVPD

The most advanced organic electronic systems already in commercial production
are high-efficiency, very bright and colorful thin displays based on organic light-
emitting devices [45]. Significant progress is also being made in the realization of
organic TFTs and low-cost organic photovoltaics (PV) for solar energy generation.
The successful application of organic electronics will depend on capturing its low-
cost potential by use of innovative technology for fabrication of devices on flexible
and inexpensive large-area substrates [46, 47|. Starting in niche markets, organic
electronics also have the potential to replace existing products in flat panel dis-
plays, solid-state lighting, photodetection, low-cost integrated circuits, and low-cost
power generation. These different applications of organic electronics will be dis-
cussed briefly.

9.3.1
OLEDs Made by OVPD

The starting strategy to prove the unique advantages of OVPD is to demonstrate
OLED devices by translating the VTE device structure into OVPD process parame-
ters and obtain VTE-identical or better OLED device performance. With this VTE-
based device structure OVPD process parameters are carefully screened and opti-
mized to improve the performance and lifetime at device level. These OVPD
parameters include deposition rate and the deposition time, for adjusting the thick-
ness and morphology of each layer, and the doping range and profile of dopants.
Use of the many combinations of OVPD process parameters (deposition rate, de-
position pressure, and substrate temperature) to adjust the morphology in addition
to variation of layer thicknesses and doping profiles results in a huge possibility of
improved OVPD device performance. Finally the next step in the OVPD process
strategy is to use these unique OVPD advantages as an option to extend device per-
formance beyond VTE-based reference devices using new, maybe more complex,
device structures which cannot be realized by VTE.

A first demonstration of phosphorescence-doped OVPD-OLEDs with identical
VTE performance was achieved at Universal Display Corporation (UDC) and at
TU Braunschweig [48] by use of PtOEP. The electroluminescence spectrum, with
emission at 651.1 nm, and the structure of the device are shown in Fig. 9.10. The
external quantum efficiency of this OVPD device reached 3.88% at 3.7 V forward
potential (Fig. 9.11); this is identical to the external quantum efficiency of the
nearly identical VTE device reported by Baldo and Forrest [49].

In 2005 Universal Display Corporation published OVPD results of an advanced
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Fig. 9.10. Electroluminescence spectrum of the OVPD-OLED.
The structure of the device is shown in the inset.

phosphorescent OLED (PhOLED) using the highly efficient green dopant Ir(ppy);
[50]. The structure of the device and the OVPD deposition rates are shown in Fig.
9.12.

Detailed performance analysis of the OVPD device again revealed comparable or
even slightly better device performance of the OVPD processed device compared
with the VTE reference. Figure 9.13 shows the luminous efficiency of the PhOLEDs
processed by OVPD and VTE. The OVPD-PhOLED reached 25 cd A~! and the VTE
device approximately 24 cd A™!, equivalent to a maximum external quantum effi-
ciency of 7.0 + 0.1%, which is desirable for active matrix applications. Besides
these comparable luminous efficiencies, the spectra differ slightly in their shape
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Fig. 9.11. External quantum efficiency of 3.88% for the PtOEP-
doped OVPD-OLED, demonstrating that OVPD and VTE
devices enable identical performance.
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Fig. 9.12.

Device structure and OVPD deposition rates for the

phosphorescent OLED demonstrated by UDC. (Figure courtesy
of UDC))

and width, indicating that morphologically different interfaces may play a role. The
inset in Fig. 9.13 shows the current density characteristics for the OVPD and the
VTE processed devices; the devices have almost identical performance.

Finally, the operational lifetimes of both devices were analyzed. Figure 9.14

shows the normalized luminance of the devices tested under accelerated test con-
ditions of high-dc current injection (40 mA cm™2), corresponding to an initial
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Fig. 9.13. Luminous efficiencies for the UDC  The inset shows almost identical current

PhOLED deposited by OVPD (circles) and VTE
(squares). The VTE device reaches a maximum
efficiency of 24 cd A~" whereas that for the

density—voltage characteristics of the
PhOLED deposited by OVPD and VTE.
(Figure courtesy of UDC.)

OVPD device is slightly better — 25 cd A,
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Fig. 9.14. Normalized luminance of PhOLEDs and under typical display luminance conditions
deposited by OVPD (circles) and VTE (squares) (initial luminance Lo ~ 500 cd m~2 and

as a function of time, showing the operational Lo ~ 600 cd m~2). (Figure courtesy of UDC.)
lifetime under highly accelerated aging

condition (initial luminance Lo ~ 9000 cd m~2)

luminance of Ly = 9000 cd m~2. Both devices have identical lifetimes and reached
50% of initial luminance after approximately 160 h of continuous operation at
room temperature. In addition to these highly accelerated test conditions the
OVPD device was also tested with typical display luminance conditions of 600
cd m~2 and had 50% of the initial luminance after continuous operation for almost
10000 h. The VTE device reached this lifetime of 10000 h only under luminance
test conditions of 500 cd m~2.

With these data Universal Display Corporation proved that OVPD-PhOLEDs
achieved comparably good results as VTE-processed devices. After the improve-
ment strategy Universal Display Corporation began to modify the OVPD process
conditions and doubled deposition rates for the emissive layer of CBP doped with
Ir(ppy)s from approximately 4.8 to 10.3 A s~! by increasing the source flow and re-
ducing the deposition time for the emissive layer from approximately 60 s to 29.1 s
(see table in Fig. 9.12 for OVPD deposition rates and deposition times). This opti-
mized device was analyzed at device level and also tested under lifetime conditions.
Fig. 9.15 shows the luminous efficiencies for both OVPD devices. The shapes of
the curves are almost identical and luminance efficiencies were even slightly
higher for OVPD devices deposited at high deposition rates. These results show
that high deposition rates of more than 10A s~! for the emissive layer have no
negative effect on device performance. Lifetime testing of both devices under accel-
erated test conditions showed operational performance to be almost identical, as
shown in Fig. 9.16.

These results for OLED display applications show that OVPD-deposited devices
achieve at least the same performance as the VTE-based devices. Deposition rates
are, furthermore, higher for OVPD and are suitable on the device level (Fig. 9.16).
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On the basis of these initial results passive matrix OLED displays were realized
in a German government funded project, headed by AIXTRON, to investigate the
potential of OVPD for display applications. Figure 9.17 shows low information-
content displays produced on passive matrix substrates and large-area OLEDs.

AIXTRON actively supports the research and development activity on OLEDs to
improve their lifetime [51] and to explore and optimize the OVPD process in several
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Fig. 9.16. Normalized luminance as a function of time of
PhOLEDs deposited at 10.3A s~ (squares) and 4.8 A s~!
(circles) by OVPD, showing operational lifetime under
highly accelerated ageing conditions (initial luminance
~9000 cd m~2). (Figure courtesy of UDC.)
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Fig. 9.17. Passive matrix display and large-area OLED logos
showing RGB and AIXTRON obtained by OVPD at TU
Braunschweig.

funded projects. In addition to OLEDs for display applications and white light
OLEDs for indoor illumination, targets for device application also include organic
photovoltaics. Each project combines the fundamental elements for process
development — expertise in the field of organic materials and chemistry, in OVPD
hardware and process conditions, and on the device level for individual application.
We are thereby creating a strong network of OVPD process experience at univer-
sities and our industrial project partners.

9.3.2
Organic Photovoltaics by OVPD

Application of organic films for organic photovoltaic cells is being actively investi-
gated in current research and development [5, 52-56]. Forrest demonstrated im-
proved photovoltaic power conversion as a result of controlled growth of molecular
bulk heterojunction (HJ) photovoltaic cells using the unique OVPD technology by
applying two different growth modes [40, 44]. The power conversion of the same
organic PV was analyzed in respect of its deposition process and deposition re-
gimes. The planar heterojunction of the organic PV, deposited by VTE and by
OVPD, achieved a power conversion of 1.1%. Post-growth annealing improved
power conversion to 1.4% and was explained in terms of thermodynamically driven
phase segregation, also forming inclusions and cul-de-sacs, but which also resulted
in space charge effects reducing the fill factors of the organic photovoltaic device.
Using the two different growth conditions in OVPD Forrest demonstrated the con-
trolled growth of a thin but continuous wetting layer attached with short polycrys-
talline CuPc needles, all of similar dimensions. This controlled OVPD resulted in
an increased interface surface area without formation of inclusions or cul-de-sacs
reaching a power conversion of 2.7%, an increase by a factor of 2.5 with the high-
est fill factor of 58% in this examination. These results of controlled morphology
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and layer interfaces by application of OVPD in a variety of organic PV cells and
direct comparison of their efficiency performance data with that for identical de-
vices processed in VTE are explained in terms of reduction, or even elimination, of
the bottle-neck of exciton diffusion length. A controlled CuPc/PTCBI HJ cell pre-
pared by OVPD with a exciton diffusion length, Lp, of 3 nm for PTCBI reached an
efficiency, #p, of 2.7%, comparable with that of typical CuPc/Cq cell efficiencies of
np & 3%, with an exciton diffusion length of 40 nm for Cgp. Consequently power
conversion efficiencies of organic PV are probably more influenced by device mor-
phology and its controlled interface than by their organic material composition
[40].

AIXTRON already joined a German government-funded project, headed by the
Hahn-Meitner Institute to explore industrial production of organic solar cells by
OVPD.

9.3.3
Organic Thin-film Transistors by OVPD

In addition to OLEDs and organic photovoltaics, thin-film transistors (TFTSs) are
another research topic in organic electronics already attracting the interest of in-
dustry, because of their flexibility and low-cost potential.

Basic requirements for organic TFTs are high carrier mobility, high on/off cur-
rent ratio, high current output and a low operating voltage. Pentacene is one of
the most promising organic materials employed as the active material in organic
TFTs. Thin-film pentacene transistors have been fabricated by solution precipita-
tion, organic molecular beam deposition, VTE, and OVPD, all resulting in compa-
rable device performance [10].

In 2000 Klauk et al. reported a TFT structure with reduced complexity [57]. They
also described substrate-surface treatment with organosilane before pentacene de-
position, which significantly increased hole mobility [58]. This observation of in-
creased mobility was explained by improved molecular ordering of the molecules
in the pentacene layer. Using the two different deposition regimes in OVPD Shtein
et al. demonstrated that the crystal size of pentacene could be controlled and, obvi-
ously, that the morphology of pentacene layers is tunable. As a result of the addi-
tional organosilane treatment of the substrate surface and by using the diffusion-
limited deposition regime in OVPD they achieved hole mobilities of up to 1.6
cm? V=1 571, comparable with electron mobilities in amorphous silicon TFTs [10].

In 2004 Ma and Yang introduced unique device architectures for organic TFTs by
VTE with a vertically stacked layer arrangement for the gate, source, and drain elec-
trodes [59]. They reported a low operating voltage (less than 5 V), high current out-
put (up to 10 mA or 4 A cm~2), and an ON/OFF ratio of 4 x 10°, and pointed out
that a thin and rough source electrode is essential for the performance. Obviously,
the high controllability of the surface morphology in OVPD may result in addi-
tional improvements for such vertically stacked device arrangements. Ma and
Yang also combined the organic TFT and an OLED in a single device and demon-
strated a brightness of 1000 cd m~2 for the organic TFT-driven OLED. This indi-
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cates the feasibility of active matrix-driven OLEDs by organic TFTs enabling poten-
tially low-cost production of the organic display backplane.

Consequently, organic electronics in combinations of several applications such
as organic TFTs and OLEDs have huge potential for low-cost production and
large-volume products using a variety of substrates, for example glass, metal foil,
or plastics.

9.4
Full-color OLED Displays

OLED displays are the most promising technology for low-power high-quality flat-
panel displays, although there is much competition, especially from liquid crystal
displays (LCDs), which currently dominate market share. Because the viewing
characteristics of LCDs have been substantially improved within the last decade,
the demands to be fulfilled by OLED displays have also substantially increased. In
the long-term only full-color high-resolution AM-OLED displays will be success-
fully introduced to the market on a large scale. Furthermore, competitive costs in
the long term can be achieved only by mass production with substrate sizes com-
parable with those of LCD production lines.

Three main approaches are used to realize full-color OLED displays. One of
these is color from white by applying a color-filter-matrix to a white backlight-
emitting OLED display. Another approach is to convert blue light into green and
red light by use of a color-converting phosphor matrix. These first two alternatives
enable RGB-displays but also result in loss of power efficiency because of the color
filters/converters. As a consequence the micro patterning approach of red, green,
and blue OLEDs is favored and offers high efficiency combined with low-cost with-
out any color filters.

An individually addressable double-sided 1.5 inch AM-OLED display was re-
cently presented by AU Optronics; these are the thinnest OLED devices for mobile
applications [60]. Samsung SDI has demonstrated a 17 inch UXGA-AMOLED dis-
play suitable for HDTV application in home entertainment [61].

9.4.1
Micropatterning by use of Shadow Masks

High-precision shadow masking is the most common patterning technique for
vacuum-deposited OLEDs, with typical pixel apertures in the range 10-100 pm.
Shtein et al. investigated the micropatterning of organic semiconductors using
OVPD [11]. In VTE the substrate is placed within a distance less than the mo-
lecular mean free path (mfp) from the source and the film patterning through a
shadow mask depends on the crucible and the mask geometry defining the trape-
zoidal profile of the deposit by the ballistic trajectories. VTE also uses substrate ro-
tation to reduce non-uniformities of the deposited film originating from the source
crucible dimensions and uneven heat conductivity, which result in deposition rate
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(b) SEM showing Algs pattern dimensions separation < 1 um) (Figure courtesy of S. R.
deposited by OVPD at 0.1 torr on a silicon Forrest).

fluctuations. Substrate rotation also promotes uniform film deposition to achieve
the same shape even for pixels not directly located above the VTE crucible. In
OVPD the locations of evaporation and condensation are not connected and source
geometry has no impact on the aperture resolution. Monte Carlo simulations and
experimental results by Shtein et al. indicate that the deposited shape in OVPD is
controlled by the mfp, aperture geometry, and mask-to-substrate separation. Figure
9.18 shows a schematic diagram of the diffusion length of organic molecules in the
OVPD process through a shadow mask with a side-wall-angle of 90°. The mask
aperture dimensions were 7.5 pm, the mask thickness 7 pm, and the mask-to-
substrate separation 3 pm. Using this mask geometry in OVPD Shtein et al. pro-
duced bell-shaped pixels of Alq; approximately 6 pm wide for the thick Alqs de-
posit and approximately 10 pm wide for the diffuse tailing effect.

In general the mfp is mainly determined by the pressure. In OVPD, typically op-
erating at higher pressures than VTE, the gas phase also builds up a hydrodynamic
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boundary layer whose thickness is precisely adjusted by the total flow and the
pressure in the deposition chamber. Organic molecules must diffuse through the
boundary layer and are randomly distributed across the shadow mask. With a
typical deposition pressure in the range 0.1-13 mbar the mfp of nitrogen in
OVPD reaches 100-1 um, which defines the resolution in OVPD. It is the boundary
layer with its randomly distributed molecules above the shadow mask acting as the
source of organic molecules. Because of this random diffusion transport, the pixel
shape can be controlled to a bell-shaped profile. Here the mask thickness and the
aperture wall design affect the deposition efficiency and the shape of the deposited
film. The sharpest patterns are achieved for the thinnest mask and for apertures
with side-wall-angles of 45°. Finally, the mask-to-substrate separation must be
smaller than the mfp to reduce diffuse pattern edges.

For many future organic TFTs applications, for example large-area sensor or
active-matrix display panels, in-line high-resolution patterning of the organic semi-
conductor layer will be crucial. Organic layer patterning for organic TFT with VTE-
deposited organic layers has been demonstrated using photolithographic methods
[79, 80] and shadow-masking [81]. Compared with these conventional techniques,
OVPD with high-resolution in-line micropatterning is simpler and process control
is better; this may greatly improve system performance.

AIXTRON is investigating the micropatterning of organic films through a variety
of shadow masks with different apertures by modeling and by experimental screen-
ing of typical OVPD process parameters for large-area application. In conclusion,
the mask design can be adjusted to the OVPD process conditions resulting in pixel
shape comparable with VTE. The top-down deposition geometry in OVPD, in con-
trast with bottom-up deposition in VTE, can enable a further decrease in mask
thickness and mask-to-substrate separation for high-resolution patterns.

9.4.2
Mask-less Processes

The deposition of organic thin films and the micropatterning step into pixel di-
mensions are two different processes and do not have to be performed principally
at once in a single step, for example by using high-precision shadow masks. Also,
the major disadvantage of high-precision shadow masking is the limited scalability
of the mask itself.

A variety of technological solutions have been developed to decouple the deposi-
tion and the structuring. Samsung SDI developed a 2.6-inch full color VGA AM-
OLED with a resolution of 302 ppi by use of laser-induced thermal imaging (LITT)
[62]. The principle is based on a vacuum-deposited organic film approximately
30 nm thick on a donor film. The donor film is placed in intimate contact with
the poly-Si-TFT substrate and then exposed to the LITI patterning process. Using
a high-precision position accuracy of +3.5 um and an LITI process width variation
of +£2.0 pm they demonstrated an aperture ratio of 40-50% with a fine pattern of
28 pm pixel pitch. To circumvent the potential particle generation in the solid-to-
solid contact of donor film and substrate of the LITI Process, Eastman Kodak de-
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veloped the radiation-induced-sublimation transfer process (RIST) [63]. Here a
spacer is placed between donor film and substrate, maintaining a transfer gap of
1-10 pm, which secures pixel resolution and avoids any particle contamination.
Kroger and Kowalsky also developed a very similar non-contact laser induced local
transfer, LILT [64]. Using the LILT process and typical scanning speeds of up to
1.0-1.7 m s~! they demonstrated RGB OLEDs with lateral resolution of 40 pm.
These latest results demonstrate that decoupling deposition and micropatterning
can be performed on industrial scale leading to sophisticated full-color displays.

9.5
Material Properties of Organic Molecules for Use in OVPD

As we have described in the previous sections the OVPD process differs in its in-
trinsic properties from the VTE deposition principle. Differences of deposition
technologies for the processed organic materials must also be considered for
successful processing. A general advantage of organic electronics is that chemical
synthesis provides organic materials with well-defined molecular properties for
the desired application. Current trends in materials design focuses on improved
electro-optical material properties [65-67], improved charge-blocking materials
[68], optimized guest—host materials [69], improved phosphorescent dopants [70—
72], improved lifetimes by doping [73], improved understanding of thermal, struc-
tural and photo-physical properties of organic material [74], and molecular glasses
with higher glass-transition temperatures [75] for improved morphological stability
of devices.

A consequence of this chemical design freedom is that multiple materials are
screened for their performance and many materials will be used in industrial man-
ufacturing for individual applications. As a result all these materials are not a
chemical commodity and are therefore expensive. In addition each material must
be suitable for the desired deposition technology. With its high material utilization
efficiency of 50-70% the OVPD process offers high cost-reduction potential. This
high material utilization efficiency in OVPD may, moreover, make research and de-
velopment for new organic materials in the chemical industry more cost-efficient.
This trend is already apparent for the highly efficient triplet metal-organic com-
plexes based on iridium [70-72, 76] or other transition metals complexes, which
are driven by OLED device performance.

Besides chemical synthesis, purity of the employed chemicals is essential for
the organic device performance desired. Small-molecule materials, which are only
poorly soluble, are usually purified by repeated train sublimation, which results in
substantial losses of material and additional purification costs. These material re-
quirements are almost identical for OVPD and VTE. Because of the different depo-
sition processes, the thermal stress on the organic materials is different in OVPD
and in VTE. OVPD operates under steady-state temperature conditions without
ramping of the evaporation temperature during processing, as is typically applied
in VTE. Depending on the vapor pressure of the organic materials used and the
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carrier gas transport the steady-state container temperature in OVPD can be signif-
icantly lower than in VTE. Even at lower process temperatures the thermal stress
over time may, furthermore, differ for OVPD and VTE, if VTE is not operated in
continuous operation mode.

9.6
Summary

There are similarities but also many differences between the deposition technolo-
gies VTE and OVPD. On the basis of a detailed technical evaluation of both tech-
nologies OVPD, as the new deposition technique, must produce results compara-
ble with those of VTE and, additionally, advantages, to attract industrial attention.
Besides overall hardware equipment differences, for example source containers
and showerhead, these two technologies differ also in the principle of deposition
on the molecular level. The individual process characteristics of OVPD and conven-
tional VTE, which will be discussed below, are listed in Table 9.1.

Use of a carrier gas in OVPD enables deposition of the organic materials at a
pressure of 1073-10 torr (Table 9.1, no. 1) whereas the VTE system must be
pumped down to high-vacuum conditions, which is a time-consuming and critical

Tab. 9.1. Intrinsic process characteristics of close coupled
showerhead OVPD technology compared with conventional

VTE.

No. Process properties OVPD VTE

1 Pressure 107310 Torr <107° Torr

2 Scalability Two-dimensional Three-dimensional

3 Layer uniformity (~1%) (~3%)

4 Doping control <0.5% >2.0%

5 Cross contamination Low High

6 Thickness control ~5-10A ~5-10A

7 Deposition efficiency 50-70% <15%

(material utilization)

8 System downtime Low because of High because of
hot wall design particle generation

9 Deposition rate ~30A 57! ~3-10A 57!

10 Morphology control Tunable Difficult to control
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procedure if, for example, moisture must be baked out from all the parasitic
surfaces of the VTE module.

As already described, the close coupled showerhead in OVPD enables homoge-
neous distribution of the organic gas phase and two-dimensional scalability (Table
9.1, no. 2) suitable for deposition on larger substrates. Conventional VTE operates
with a point source, which is placed about the same distance from the substrate
as the substrate diagonal to achieve the desired layer uniformity. This three-
dimensional approach in VTE dramatically increases the equipment size and
pump-down time to high vacuum, obviously limiting the scalability of VTE equip-
ment.

Scaling was introduced to VTE by using linear sources [23, 77]. Nevertheless, re-
alization of high deposition rates in VTE needs high evaporation temperatures to
enable the material flux. In OVPD evaporation and condensation of the organic
materials are separated independent processes. Transport of material from the
evaporation zone to the deposition zone is achieved by using a carrier gas to realize
molecular mass transport. High deposition rates are thereby enabled under these
steady-state temperature conditions by continuously improved source design and
by controlling the flow of carrier gas, not by increasing the evaporation tempera-
ture.

The uniformity of the deposited layer (Table 9.1, no. 3) also differs in both depo-
sition technologies. In OVPD the organic molecules are randomly distributed by
intermolecular collisions with carrier gas molecules which results in a very uni-
form and quantitative coverage of the substrate. OVPD thus also has the potential
to cover unintended substrate non-uniformities, for example defects or particles.
Consequently OVPD can also be applied to complex three-dimensional structured
substrates. A single layer of Alqs, deposited by OVPD on a silicon wafer had a
thickness uniformity of only 0.6% standard deviation, and surface roughness anal-
ysis by AFM confirmed, with an RMS value of 0.6 nm, that the thickness deviation
of the Alqs-layer is already in the molecular dimension [20].

In VTE arrival of the individual molecules can be described as ballistic transport,
thus the mfp is comparable with the crucible—substrate distance. Consequently the
symmetry of the crucible, for example point source, multiple point source or linear
source, and the texture of the organic materials loaded, is reflected in the thickness
uniformity and layer coverage of the substrate. This explains the shadowing effects
observed for structured substrates [12, 40, 44]. As a result, coverage of the substrate
by VTE is less uniform and may lead to pin-holes and is obviously not as perfect or
quantitative as in OVPD. To reduce this disadvantage in VTE and to improve layer
uniformity and coverage VTE uses, for example, substrate rotation to randomize
the ballistic trajectories.

By actively switching the organic source, which is kept at accurate evaporation
temperatures, evaporation, and thus the amount of organic material transported
from the source, is precisely controlled in OVPD. The organic material is trans-
ported through run lines into a mixing unit and through the showerhead onto
the substrate without any loss of material. This enables high thickness reproduci-
bility of the deposited layers. Similarly precise handling of multiple sources, for ex-
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ample host and dopant, also enables precise coevaporation or doping control (Table
9.1, no. 4) of ¢ < 0.5%. Single films and hetero structures of OVPD-processed
Alqgs and «-NPD have been investigated by VASE; this revealed that with different
optical constants the dopant concentration can be monitored precisely [31]. In VTE
precise coevaporation or doping is realized by ramping the crucible temperature,
which results directly in exponential changes of the deposition rate. Precise doping
in VTE is therefore difficult, with ¢ > 2.0%.

Transport of all the organic material into the deposition chamber prevents any
cross contamination (Table 9.1, no. 5) of the organic sources and enables the depo-
sition of multiple layers in a singular OVPD module. The OVPD module can thus
be extended to the desired number of sources for individual manufacturing needs.

Thickness controllability (Table 9.1, no. 6) and reproducibility in OVPD is
achieved by accurate adjustment of the flow of carrier gas by means of mass-flow
controllers whereas in VTE quartz crystal monitors are used to control the rate of
deposition by adjustment of the evaporation temperature. In VTE small deviations
of the evaporation temperature are known to affect the stability of the deposition
rate and consequently the layer thickness, which may also affect the roughness
and morphology of the VTE-deposited layer.

Because there is no loss of organic material during carrier gas transport in
OVPD, material utilization efficiency is very high (Table 9.1, no. 7). Depending on
hardware geometry and individual process conditions material utilization efficien-
cies of 50-70% are achieved. In VTE material utilization efficiency is only approxi-
mately 1 to 6% [23], because of huge parasitic surfaces. Here OVPD has the large
advantage of cost reduction, especially important for extremely expensive organic
compounds designed for product-specific applications of small amounts of mate-
rial. The high material utilization efficiency in the hot wall OVPD module also re-
duces particle formation and its carrier gas purges the module continuously to
maintain stable process conditions. Obviously expensive maintenance cycles are
less frequent, enabling increased standby times for production with significant re-
duced system downtime (Table 9.1, no. 8).

In OVPD the deposition rate is controlled by the amount of carrier gas passed
through individual source containers and the vapor pressure of the organic mate-
rial, and reproducible high deposition rates of 30 A s~! (Table 9.1, no. 9) have been
demonstrated. In VTE typical deposition rates for OLEDs are adjusted by control-
ling evaporation temperatures, and are in the range 1-10 A s~1. The effect of depo-
sition rate on surface roughness and on the electrical and luminance performance
of OLED devices is known in VTE [36]. The high deposition rates possible with
OVPD are currently an important topic in industrial research and development, be-
cause they lead to substantially reduced tact times, which are essential for low-cost
production.

Another advantage of OVPD over VTE is the ability to control surface morphol-
ogy (Table 9.1, no. 10). Use of two different deposition modes in OVPD enables
active design of layer morphology and interfaces with very valuable properties for
device improvements; this is of particular importance for high-performance or-
ganic TFTs.
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In conclusion OVPD technology is a powerful mass-production method with
unique advantages for low-cost production of organic electronics with the highest
performance and improved lifetimes in devices in daily use.
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10
Thermal Imaging and Micro-contact Printing

Hee Hyun Lee, John Rogers, and Graciela Blanchet

10.1
Introduction

The most widely used techniques for micro and nanofabrication — photo-
lithography, electron beam lithography, and related methods — are extremely well
suited to the types of application in microelectronics and display systems for
which they were principally designed. There are substantial challenges, however, in
adapting these techniques to new applications in fields such as plastic and molec-
ular electronics. In these applications the complexity, the high capital and operat-
ing costs, and the difficulty in patterning large areas are significant disadvantages.
In addition, the chemicals required for these methods — the resists, etchants, devel-
opers, solvents, etc. — are incompatible with many of the organic electronic ma-
terials of interest. As a result, some of the oldest, and conceptually simplest, forms
of lithography — embossing, molding, stamping, writing, etc. — are now being ex-
amined as tools for forming micro or nanostructures [1] that can be implemented
in these and other applications. Substantial progress has been made in the last few
years, mainly by combining these approaches, or variants, with new materials,
chemistries, and processing techniques. This chapter emphasizes three high-
resolution patterning methods that with demonstrated applications in the building
of flexible, plastic circuits. This emerging type of electronics is of interest because
it enables important classes of consumer devices — electronic paper, wearable com-
puters or sensors, disposable wireless ID tags, etc. — that would be difficult to
realize with conventional electronics. Low cost, large-area patterning techniques
are essential for commercialization of such systems.

10.2
Building Blocks

Thin-film transistors (TFTs) are among the key building blocks of these circuits [2].
Figure 10.1 shows a cross-sectional view of a TFT. A thin insulating film (i.e. the
gate dielectric) isolates source and drain electrodes and a semiconductor layer
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Fig. 10.1.  Schematic illustrations of two semiconductor. Part (b) shows the “bottom
device geometries for organic thin-film contact” geometry in which the semiconductor
transistors. Part (a) shows the layout of a “top is deposited on top of the electrodes. The
contact” device in which the source and drain  distance between the electrodes defines the
electrodes are deposited on top of the channel length, L.

from an underlying gate electrode. The region between the source/drain electrodes
is known as the channel. The separation between these electrodes defines the
channel length, L; their lengths define the channel width, W. In an accumulation-
mode device, the channel has a high effective resistance when no potential is ap-
plied to the gate — the transistor is in its “off” state. When a voltage is applied to
the gate, current flows between the source and drain electrodes if there is a poten-
tial difference between them — the transistor is in its “on” state. For many systems,
the transistor must produce enough “on” current to activate or switch another part
of a circuit or device (e.g. a pixel in a display) without producing “off” currents
that could induce unwanted switching. These characteristics are governed by the
mobility of the semiconductor and its doping level, the efficiency with which it is
coupled to the source/drain electrodes (i.e. the resistances associated with the con-
tacts), the capacitance of the gate dielectric, and the W/ L ratio. Reducing the chan-
nel length increases the “on” currents. The ability to print (at low cost, over large
areas, on plastic sheets) the source/drain electrodes at high resolution and with
low contact resistance to the semiconductor is therefore crucial to achieving good
performance. Several techniques have been demonstrated for this patterning task,
including a type of photolithographic process that relies on photochemical conver-
sion of polymers from nonconducting to conducting states [3, 4|, specialized adap-
tations of inkjet [5] and screen printing [6, 7], and certain types of molding [8] and
imprinting [9] techniques. The patterning approaches described are two forms of
contact printing with a stamp [10-14]; and thermal transfer patterning [15]. We re-
view these processes and their applications, capabilities, and limitations.



10.3 Printing and Patterning Techniques

The first half of this chapter focuses on thermal imaging, describing the tech-
nique and the strenuous requirements of suitable laser-printable materials. We
illustrate the latter with polyaniline composites specifically tailored for high-
resolution printing over large areas with moderate throughput. Their use in active
matrix backplane circuits for large, mechanically flexible sheets of electronic paper
is then described.

The second half of the chapter focuses on micro-contact printing, perhaps the
only process that can realistically lead to roll-to-roll manufacturing of organic elec-
tronics devices. We first describe the technique and its use in forming transistors
and circuits with a range of organic semiconductors. Fabricating large area plates
and evaluating possible routes to layer-to-layer registration address the feasibility of
roll-to-roll electronics. The capabilities and limitations encountered and foreseen
with such approach are discussed.

10.3
Printing and Patterning Techniques

10.3.1
Thermal Imaging

Although functioning plastic transistors have been produced using widely different
approaches [3-16], nobody has yet fabricated a one-transistor layer using tech-
niques that would be appropriate for commercial manufacture. Thus, it is im-
portant to identify techniques that fulfill the speed, resolution, and cost required
for commercial fabrication of organic devices. Printing presses, with flexographic
or offset plates, enable high speed and reel-to-reel fabrication, desirable features
in the fabrication of very inexpensive, throwaway plastic electronics components.
They are not, however, equipped to handle flammable solvents, nor do they meet
the resolution or registration required for fabrication of plastic electronics devices.
Later we will describe possible means of overcoming these difficulties but print-
ing electronics in a press is, at the very least, a few years away.

It is perhaps more practical today to consider initial fabrication of organic elec-
tronic devices by using printing techniques that enable circumvention of the many
serious materials and process issues currently associated with printing in a press.
Thermal imaging, a novel digital technique used by the proofing industry, provides
an attractive alternative path. Printing by thermal imaging proceeds via the ablative
transfer of solid layers. Therefore, all issues of chemical compatibility among
layers faced when printing sequentially from solution are entirely avoided. Also,
thermal imaging speed, resolution, and registration are sufficient for commercial-
ization of large-area plastic electronics devices.

Printing by laser ablation involves transfer of a digital image from a donor film
on to a flexible receiver, with the electronics device being built by sequential trans-
fer of separate solid layers. The architecture of these films is illustrated in Fig. 10.2.

The donor film comprises a multi-layer structure on a flexible polymeric sub-
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Fig. 10.2. lllustration of the thermal imaging process.

strate. A thin organic layer coated directly on the donor substrate provides the nec-
essary propulsion forces. The light-to-heat conversion layer, placed directly on top
of the propulsion layer, is then coated with the material to be printed, i.e. a con-
ducting layer. The donor film vacuum held against the receiver is then exposed
using a 40-W, 780-nm diode infrared laser. The laser beam is split into two-
hundred-and-fifty 2-um X 5-um individually addressable spots.

The mode of operation of the material is as follows. The beam is focused
through the donor base at the light-to-heat conversion interface. Efficient absorp-
tion of the beam generates heat efficiently, decomposing the surrounding organic
materials into gaseous products. A high-temperature bubble trapped beneath the
surface of the conducting layer thus propels the conducting layer on to the receiver
film. Source and drains are printed by selectively exposing and transferring 5
pm x 2 pm pixels of the conducting layer on to the receiver. Because the beam is
fully addressable, any pattern can be formed. In particular, multi-layer electronic
circuitry could be built in this fashion.

10.3.2
Printed Devices: From TFTs to Large-area Backplanes

We illustrate the use of thermal imaging, a standard printing technique currently
use in proofing shops, to fabricate organic electronic devices over large areas. The
technique enables printing of areas up to ~1 m? and on to flexible substrates. The
current resolution of approximately 5 um corresponds to one pixel, the spot size of
the focus laser beam. This is clearly adequate for early commercial production
of the first generation of thin-film transistors (TFTs). Perhaps most important is
that the data presented here reveal that thermal imaging enables manufacture of
complex multi-layer circuits by sequential printing of solid films. Thus, it elimi-
nates the solvent-compatibility issues faced by techniques that require the building
organic multi-layers by the sequential application of liquid layers.

Figure 10.3 shows the I-V characteristics of transistors printed with a polyani-
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Fig. 10.3. |-V characteristics of TFTs with different channel
lengths. The source and drains patterns were printed by
thermal transfer with a polyaniline composite.

line composite source and drains [17, 18]. A 7-mm poly(ethylene terephthalate)
(Mylar) sheet coated with 100 nm ITO was used as the gate. A glass resin was
then spun on to the ITO to approximately 1.5 pm thick, insulating the gate from
the other circuit elements. Source and drains with the pattern shown in the right
hand side of Fig. 10.3 were printed by thermal imaging using DNNSA-PANI/
SWNT [17], a polyaniline—carbon nanotube composite that will be described in
the next section. Each set of source and drains have a fixed channel width (W) of
725 pm and channel lengths varying from 9.8 to 225 um. After the source and
drain level was printed, pentacene (Aldrich) was deposited by thermal evaporation
without further purification. A set of I-V curves collected from a single array of
transistors with 15 pm conducting lines is shown in Fig. 10.3. The gate voltage
was varied from 0 to —100 V in —20 V steps. The channel-length values (L) are in-
dicated on the right. Printed transistors yield stable bottom contact devices with
on/off ratios (>1000) compatible with spin-cast dielectrics. The effective mobility
was calculated at the saturation region and compared with control devices with
Au source and drains fabricated by shadow masking. The calculated effective
mobility of the device with 22 um channel and printed DNNSA-PANI/SWNT elec-
trodes was 0.3 cm? V~! 571, In contrast, the mobility of the control transistor with
Au source and drain and similar W/L fabricated by shadow masking was only
0.15 cm? V=1 s71. The threshold voltages and “off” currents are nearly identical
in both. The differences between calculated mobility perhaps reflect differences be-
tween contact resistance for the DNNSA-PANI/pentacene and Au/pentacene inter-
faces or, more specifically, difference between the charge injection mechanism at
the interface [18].
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Fig. 10.4. Saturation current for two adjacent sets of TFT as a function of 1/L.

Figure 10.4 shows the saturation current at maximum gate voltage for two adja-
cent sets of transistors, both with 15 pm lines, as a function of 1/L. The results are
internally consistent — e.g. maximum “on” currents scaling roughly linearly with
1/L for a given array of transistors. The one data point outside linear behavior was
from a device that had a visible break in one of the source/drain electrodes. The
linear dependence extrapolated to zero shows a relatively low contact resistance at
the DNNSA-PANI/SWNT pentacene interface [15].

The possible impact of laser ablation printing in printable electronics is best il-
lustrated by the manufacture of a 32-inch diagonal TFT display backplane [15].
This panel comprises over 4000 organic transistors printed on a mechanically flex-
ible substrate with 20-um channel lengths. The 32-inch diagonal electronic paper
display backplane is extremely thin, flexible, and ultra-lightweight. The gate and
source/drain layers isolated by a thin dielectric, were printed, in registry, using a
dinonylnaphthalene-doped polyaniline (DNNSA-PANT)/single wall carbon nano-
tubes (SWNT) composite specifically tailored for laser ablative printing [17, 18].
The display backplane was completed by evaporation of pentacene through a
shadow mask. An enabling element for fabrication of this panel, and an important
outcome from the work, was the development of a printable conductor, a family of
polyaniline/carbon nanotube composites that fulfills the resolution and conductiv-
ity requirements of TFT applications. The electronic properties of these composites
will be described in detail in the next section.

The panel was produced as follows (Fig. 10.5). A donor film with the structure
previously described and coated with a 1-um DNNSA-PANI/SWNT composite
[15] was used to print all conducting circuit elements. First, the large donor film
was held by vacuum on the flexible receiver. The gate layer was then printed by
selectively exposing the DNNSA-PANI/SWNT donor film as previously described.
When exposure was complete the receiver was removed and a 1-um dielectric layer
was applied over the whole area. The receiver is then repositioned on to the drum
in registry for laser printing of the source/drains and interconnects. The widths of
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Fig. 10.5. lllustration of the printing process.  causes the transfer of some part of the

Sequence for patterning structures using material from the donor to the substrate.
thermal transfer printing. A donor sheet coated Repeating these lamination, laser transfer
with a layer of the material to be printed is printing, and removal steps provides an
placed against a substrate. The inset shows additive, dry, multilayer route to patterning for

the process by which local heating with a laser  plastic electronics.

the source, drain, and channels were 20 pm. After the printing of the source and
drains layer is complete the receiver is removed and pentacene is evaporated
through a shadow mask.

The panel comprises about 5000 transistors. The higher magnification photo-
graphs show that printed lines have sharp edges and that transistors have clean,
uniform channels. The high edge definition observed for printed features is not
easily achievable when printing liquid layers. As seen in the magnified photo-
graph, the source/drains are not perfectly centered on the gate. This is because of
the manual repositioning of the receiver after the application of the dielectric layer.

We are currently in the process of developing printable dielectrics such that all
layers can be sequentially applied without the need for re-registration. The
source/drain and interconnect layer of the 20-inch x 28-inch source/drain panel
shown in Fig. 10.6 was printed in 4 min, speed certainly appropriate for fabrication
of electronic devices.

Figure 10.6 illustrates the printing of large-area electronics devices in registry
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Fig. 10.6. Active matrix backplane circuit left provides a high resolution view of the
formed by thermal transfer. A photograph of a  source/drain electrodes and the channel region.
50 cm x 75 cm printed panel is shown at the  The graph at the bottom right shows the

top. The micrograph in the middle at the left  electrical characteristic of one of the transistors
illustrates a unit cell of the circuit. The in the large printed panel. The gate potential
scanning electron micrograph on the bottom  varies from 0 to —100 V in —20 V steps.

with high resolution and at speeds suitable for early commercialization of plastic
electronics. The organic composites used to print source, drains and gates, were
formulated as high resolution, high conductivity conductors printable via laser ab-
lation for applications in organic electronics. We demonstrated here that conduct-
ing narrow sources and drains lines with 20 um channels could be printed over
large areas and at high speeds, therefore eliminating the need for solvents, mask-
ing, or lithography making the feasibility of organics electronics a step closer to

reality.

10.4
Printable Materials

10.4.1
Polyaniline Nanotube Composites: A High-resolution Printable Conductor

Printing processes require candidate materials to be robust and to retain their elec-
trical properties through the various steps. In addition, the material must be suit-
able for delivery to the substrate in a patterned high-throughput mode eliminating
many slow serial delivery methods and most post-imaging processing. The mate-
rial set required for fabrication of electronic devices is straightforward — dielectrics,
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conductors, and semiconductors along with appropriate packaging. While it is in-
tuitively obvious to most that printing polymeric dielectrics by a laser ablative pro-
cess is conceptually possible; using the same process for the delivery of either the
conductor or semiconductor is much less obvious. In this section we show that
conducting composites can be printed by laser ablation with sufficiently high reso-
lution and conductivity appropriate for their application in plastic transistors. We
further illustrate the potential resolution of the materials and the technique by
printing polyaniline/nanotube structures, which could be used as source and drain
with a channel 7 pm in length and a conductivity of 2 S cm™!. Because doped con-
jugated polymers are the prototypical organic conductors, their choice as a starting
point for conducting materials in organic electronics is apparent. Although heavily
doped they have properties characteristic of the metallic state, including high elec-
trical conductivity [19], their main drawbacks are insolubility and ease of oxidation.
Polyaniline (PANI) is unique among conducting polymers, because it is environ-
mentally stable and its conductivity can be reversibly controlled both by charge-
transfer reaction with the conjugated backbone and by protonation of the nitrogen
[19]. The conductivity of PANI is controlled by complete protonation with function-
alized sulfonic acids [20]. The wide range of electrical properties [21] coupled with
thermal and environmental stability makes PANI potentially attractive as a print-
able conductor.

The polyaniline was prepared by emulsion polymerization following the proce-
dure outlined in US patent 5,863,465 with DNNSA used as a dopant [22]. Carbon
Nanotubes (CNI) manufactured the nanotubes used in the work either by a high-
pressure fabrication method (Hipco SWNT) or via laser ablation (Laser SWNT). We
found that excellent dispersions of the nanotubes in PANI could be produced by
two different procedures. The nanotubes could either be directly sonicated into
the PANTI solution or first sonicated into xylene and that dispersion afterwards so-
nicated into the DNNSA-PANTI solution.

Conductivity of the composite was measured by coating films approximately 1
pm thick on to a glass slide upon which Ag conducting contacts had previously
been deposited. The conductivity was measured using a standard four-probe
method. Figure 10.7 shows a log—log plot of the conductivity of DNNSA-PANI
SWNT composite thin films for nanotube concentrations ranging from 0.1% to
40% by weight. The data of Fig. 10.1 show that the conductivity of DNNSA-PANI
increases over five orders of magnitude as the nanotube content is varied and ex-
trapolates to report values of SWNT mats values at 100% loading [23-25]. Figure
10.7 also shows that the conductivity of the composite is highly dependent on the
dispersion procedure but fully independent of the nanotube fabrication method.
This result suggests that neither the graphitic component of the nanotube material
(higher graphitic content in laser material) nor the metal catalysts associated with
the differing fabrication methods affect composite conductivity. In contrast, the ef-
fect of the nanotube dispersion procedure on composite conductivity, which, in
turn, reflects differences in contact resistance and charge transport, is large. Figure
10.7 also shows that the percolative behavior of nanotubes composites in a con-
ducting (PANI) and a nonconducting (ethylcellulose) matrix is also dramatically
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Fig. 10.7. Scaling behavior of DNSSA-PANI/SWNT and ethyl
cellulose composites with single wall carbon nanotubes.

different. These data indicate the uniqueness of polyaniline as a conductive binder
leading to superior properties in a composite.

Synthesis of a material satisfying the transport requirements for a polymeric de-
vice is not difficult and does not require a nanotube composite. Maintaining the
conductivity of PANT throughout the laser driven printing process is a far more dif-
ficult challenge, however, because deprotonation, with loss of conductivity, occurs
at fairly modest temperatures [26]. The more highly conducting PANI, for example
dodecyl benzenesulfonic acid (DBSA) and camphor sulfonic acid (CSA) doped
PANI, seem to be the most susceptible to deprotonation when laser imaged. There-
fore, it was of little surprise that the archetypal conducting PANI are not able to
withstand the temperature profile of the imaging process without significant deg-
radation of properties. Thusly, we were forced to evaluate higher temperature sta-
bility alternatives. In particular, we found that PANI doped with dinonylnaph-
thalene sulfonic acid (DNNSA-PANI) is sufficiently robust to withstand the heat
generated in the imaging process without degradation in conductivity. Although,
its inherent conductivity of 107* S cm~! makes it unsuitable as a printable con-
ductor [22], we found that the conductivity can be increased by the addition of
single-wall carbon nanotubes (SWNT) [23-25]. In Fig. 10.8 data are presented
showing the conductivity of DBSA-PANI, DBSA-PANI with increased acid for
high-resolution imaging, and DNNSA-PANI. Although the DBSA-PANI has
higher conductivity, it does not print with fidelity. Although addition of acid or
plasticizers led to higher-quality images, the conductivity degraded by two orders
of magnitude.

In contrast, the 3% nanotube/ DNNSA-PANI composite shown in the figure had
both sufficient conductivity and resolution. As one would expect, a decrease in
conductivity of all materials is eventually observed at sufficiently high fluence.
Whereas DBSA materials have a roll off from even the initial incident energies,
the PANI/SWNT composite exhibits instead an increase in conductivity until ap-
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proximately 4 W after which it also decreases. Although the exact temperatures of
the laser process is not known, it is known that the PANI begins to deprotonate at
temperatures in excess of 200-250 °C [26]. From this one might be led to conclude
that the maximum in the conductivity roughly corresponds to a point where the
peak temperature of the process reaches that point.

Nevertheless, this does allow for a reasonable operating window of exposure. An
example of a printed structure is shown in the inset. This is simply a 500 pm wide
line with a 7 pm gap which could potentially be used as a source drain of a printed
field-effect transistor [27]. We have printed a variety of structures using this poly-
mer as an imaging medium with acceptable results. Furthermore, the extremely
high aspect ratio of the nanotubes result in the percolation effects extending to ex-
tremely low concentrations of nanotubes conferring several significant advantages.
The desire for a polymeric or plastic device is largely driven by the desire for light-
weight and flexibility. In addition, the low nanotube content required for printable
composites assures that the mechanical properties of the neat polymer are retained
throughout. We have not observed any degradation of the printed conductors as
a result of simple flexing of the substrate (polyester), although detailed studies
have not yet been attempted. The extremely low concentration for percolation of
these highly anisotropic materials is a positive when tailoring the conductivity of
DNNSA-PANI with SWNT composite materials for printing.

Clear quantitative descriptions of the transport in poorly defined material sys-
tems such as acid-doped PANI or mats and ropes of nanotubes are difficult to
develop. Even more problematic is the description of a composite of the two. Nev-
ertheless we do believe that there are some conclusions that can be drawn from
consideration of the data. A large amount of work has gone into understanding
the transport in heterogeneous systems such as conducting polymers and nano-
tube mats [25, 27-31]. However, that work has focused on understanding each sep-
arately rather than as a combined composite material. Interestingly, when com-
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bined the properties seem to have important differences from either by itself. The
natural approach is to consider the (SWNT ropes ¢ ~ 102 S cm™!) percolating in a
nearly insulating matrix (PANI-DNNSA ¢~ 10~* S cm™!). The expected scaling
conductivity of the composite ¢ typically expressed as o = ao(c — ¢.)” [28], where
oo is the conductivity of the-high conductivity phase, ¢ — c. is the difference be-
tween the concentration of SWNT and the percolation concentration, and the criti-
cal exponent y is a universal term reflecting the dimensionality of the network
above percolation. The critical concentration (¢, = 0.3%) was determined as the
concentration of nanotubes at the intersection of the line through the data points
and one with zero slope through the conductivity of neat PANI, gy (107 S cm™!).
An exponent of 2.06 and 2.13 for Hipco D1 and D2, respectively and 2.11 for Laser
SWNT (D2) were extracted from a power fit of the conductivity versus concentra-
tion and shown in Fig. 10.5. The scaling exponent of approximately two is consis-
tent with the expected behavior of a 3D system as the system evolves from a neat
PANI conducting polymer to a percolated network of nanotubes perhaps similar to
the as produced mats of nanotubes. However, it is interesting to compare this
behavior with that of the percolation of the nanotubes in polyethylcellulose also
shown in Fig. 10.5. In this case ¢. = 3.0% nor was the scaling behavior seen as
cleanly with the conductivity rising much more slowly than the PANI samples at
low concentrations and then rising at a higher rate at heavier loading of the nano-
tubes. This is interesting in two respects. Firstly if one is considering the percola-
tion on a highly anisotropic shaped object in a matrix, the critical concentration
should not depend upon the nature of the matrix assuming that the anisotropic
material is well dispersed. Nor should the scaling behavior be affected. At the
same time intuitively one is not surprised to see a difference. In principle one ex-
pects the inter-particle contact resistance to be far lower with the PANT matrix than
in the case of an insulator like the cellulose. This assumption would seem to be
supported by the observed data, despite the excellent dispersability and wetting of
nanotubes in cellulose. This small layer of polymer between the tubes then acts as
a large tunneling barrier, which is difficult to eliminate until rather high concentra-
tions of the nanotubes.

Figure 10.9 shows the temperature-dependence of the normalized resistivity for
DNNSA-PANI at 0, 3 and 5% SWNT loading spanning the percolation range. In
addition, we have included Fisher et al. [27] normalized resistance of single wall
nanotube pressed mats. This figure shows the effectiveness of the PANI in gener-
ating the inter rod contacts as described above. As shown in the figure, the resistiv-
ity of the 0% SWNT composite diverges for decreasing temperature as expected
from doped polyaniline. In contrast, the resistivity of the 3% and 5% nanotube
composites both above the critical concentration shows, to at least as pressed mats
[27].

One can then propose that, as for polyaniline, a heterogeneous model for con-
duction [27, 28] can also describe transport in PANI/SWNT below percolation. In
contrast, Kaiser model describes transport above percolation; with the system’s me-
tallic character reflected in a linear temperature dependence while lacking the ex-
ponential term associated with tunneling through conduction barriers [25]. The
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Fig. 10.9. Temperature dependence of the normalized
resistivity for DNNSA—PANI, DNNSA-PANI/SWNT composites
and SWNT ropes [25].

data then suggests that, charge transport must occurs mainly along a network of
metallic tubes with PANI providing a path of low contact resistance for inter-tube
charge transfer.

We showed in this section that the addition of SWNT in DNNSA-PANI creates a
highly conducting three-dimensional percolating network, the linear temperature
dependence above percolation reflecting their metallic character. These composites
were formulated as high-resolution printable conductors for applications in or-
ganic electronics. Unlike solution printing techniques printing via laser ablation
entails transferring a solid layer on to an existing circuit element. Thus, lifting ma-
terial constrains because of solvent compatibility between sequential layers. We
demonstrated the capability to produce narrow channels and large areas at reason-
able speeds, which is crucial for plastic transistors and has been quite a challenge
in the past. Thus, by printing micron-size channels at high speeds and without the
need for wet chemistry, masking or photolithography printing via laser ablation
brings organic electronics a step closer to reality.

10.5
Micro-contact Printing

10.5.1
Contact Printing with High-resolution Stamps

Contact printing involves the use of an element with surface relief (i.e. the
“stamp”) for patterned transfer of material (i.e. the “ink”) to a substrate. Histori-
cally this approach has been used primarily to produce printed text or images
with features that are 100 pm or larger in their minimum dimension. Its use for
patterning functional materials in active systems which incorporate micron or
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nanometer-sized features is much less well explored. The nature of the inks and
their role in process steps after the printing define the classes of materials that
can be patterned. The resolution is determined by the nature of the ink and its in-
teraction with the stamp and/or substrate, the resolution of the stamp, and the
conditions that convert the pattern of ink into a pattern of functional material.
This section describes printing methods that have sub-micron resolution and
which can define electrodes for high performance plastic electronic devices.

10.5.1.1 High-resolution Stamps

The printing process can be separated into two parts: fabrication of the stamp and
use of this stamp to pattern features defined by the relief on its surface. These two
processes are typically quite different, although it is possible in some cases to use
patterns generated by a stamp to produce a replica of that stamp. The structure
from which the stamp is derived, which is known as the “master”, can be fabri-
cated with any technique that is capable of producing well-defined patterns of sur-
face relief. This master can then be used directly as the stamp, or it can be used to
produce stamps via molding or printing procedures.

It is important to note that the technique for producing the master does not need
to be fast or low in cost. It is also not essential for it to have other characteristics
that might be desirable for a given patterning task: it is used just once to produce a
master, which is directly or indirectly used to fabricate stamps.

Each of these stamps can then be used many times for printing. In a common
approach for the high-resolution techniques that are the focus of this chapter, an
established lithographic method, such as one of those developed for the microelec-
tronics industry, defines the master. Figure 10.10 schematically illustrates two pos-
sible routes to stamps. Both use photolithography to define a pattern of resist on a
silicon wafer.

Stamps are generated from this structure in one of two ways: by casting against
this master or by etching the substrate with the patterned resist as a mask. In the
first approach, the master itself can be used multiple times to produce many
stamps, typically using a light or heat-curable pre-polymer. In the second, the
etched substrate serves as the stamp; additional stamps can be generated either
by repeating the lithography and etching, or by using the original stamp to print
replica stamps. For feature sizes larger than ~1-2 pm, contact or proximity mode
photolithography with a photomask produced by direct write photolithography rep-
resents convenient methods to fabricate the master. Other techniques must be
used for features smaller than ~2 pm. Established techniques include projection
mode photolithography [32], direct write electron beam (or focused ion beam) li-
thography [33, 34], scanning probe lithography [35-38], and laser interference li-
thography [39]. The first two have features (i.e. flexibility in pattern design; well
developed technology base, etc.) that make them useful for generating masters for
plastic electronic systems. The circuit applications described below used masters
formed by contact or projection mode photolithography. Some stamps that were
designed to demonstrate patterning capabilities and resolution use masters formed
by electron beam and laser interference lithography.
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Fig. 10.10. Micro-contact printing process.
Schematic illustration of two methods for
producing high resolution stamps. The first
step of both involves patterning a layer of
resist on a flat substrate. This structure, known
as the “master”, is converted to a stamp
either by etching or by molding. In the first
case (right frames), the resist acts as a mask
for etching the underlying substrate. Removing
the resist yields a stamp. This structure can be

10.5.2
Micro-contact Printing
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used directly as a stamp to print patterns or to
produce additional stamps. In the molding
approach (left frames), a prepolymer is cast
against the relief structure formed by the
patterned resist on the substrate. Curing
(thermally or optically) and then peeling the
resulting polymer away from the substrate
yields a stamp. In this approach, many stamps
can be made with a single “master”” and each
stamp can be used many times.

Micro-contact printing (uCP) uses high resolution rubber stamps with “inks” (e.g.
alkanethiols) that form self assembled monolayers (SAMs) on the surface (e.g. thin
gold film) that is printed [13]. In one pCP approach, these SAMs act as resists for
etching material in the unprinted areas, as illustrated in Fig. 10.11.

Figure 10.12 shows patterns of thin films of gold and silver generated in this
manner. The typical edge resolution is ~50-100 nm; features with dimensions
greater than ~200 nm can be generated easily, over large areas in a single pattern-
ing step. One of its advantages is that it is applicable not only to ultraflat surfaces
of silicon wafers but also to curved objects and even to plastic substrates.

Figure 10.13 shows examples of high-resolution patterns formed on small scale
cylindrical objects — optical fiber and microcapillary tubes [1]. These simple devices
(integrated photomasks for optical fiber Bragg gratings and intravascular stents),
require only one patterned layer.
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Fig. 10.11.  Steps for micro-contact printing.
The stamp is first inked with a solution of a
material that is capable of forming a self
assembled monolayer (SAM) on the substrate
that will be printed. In the case illustrated here,
the ink is a millimolar concentration of
hexadecanethiol (HDT) in ethanol. The
substrate consists of a thin layer of Au on a
flat support. Removing the stamp after a few

IO 8¢
100 (
LLE
) 88
180
|08 d
88

— 2um

Fig. 10.12.  Scanning electron micrographs of
structures formed by micro-contact printing a
self-assembled monolayer ink of
hexadecanethiol on to a thin metal film of Au
(left) and Ag (right) followed by wet etching of
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seconds of contact leaves a patterned SAM of
HDT on the surface of the Au film. The printed
SAM can act as a resist for the aqueous based
wet etching of the exposed regions of the Au.
The pattern of Au that results after etching and
removal of the ink can be used to build devices
of various types, including those for plastic
electronics.

— 10 um

the unprinted areas. The left frame shows an
array of Au (20 nm thick) dots with ~500 nm
diameter. The right frame shows a printed

structure of Ag (100 nm thick) in interdigitated
geometry.
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Fig. 10.13. Examples of structures micro- standing metallic structure in the form of an
contact printed on to the curved surfaces of intravascular stent formed by printing,
cylinders. The top frame shows 3 um lines and  electroplating and then etching away the
spaces of Au printed on the outer surface of an cylindrical support.

optical fiber. The bottom frames show a free

For plastic electronics and many other systems, multiple layers must be pat-
terned on top of each other with good overlay registration. A challenge with uCP
is that the elastomeric stamps tend to deform during the printing. This deforma-
tion can alter, in ways that are difficult to control, the precise alignment of features.
There are at least two simple strategies to reduce these problems:

1. eliminate significant mechanical manipulation of the stamp during printing
[40], and

2. implement composite stamps that use PDMS layers bonded to stiff supports
[41].

The second approach has the advantage that it provides flexibility in the choice of
means to perform the printing. Figure 10.14 shows a stamp with this construction,
designed for plastic electronics applications [42]. It consists of a thin layer of PDMS
on top of a sheet of polyimide. The relatively high in-plane modulus of the poly-
imide prevents distortions that can frustrate registration. Its small thickness en-
ables the stamp to be bent in a manner that facilitates printing.

Figure 10.15 shows a vector diagram of distortions measured across a stamp de-
signed for a relatively large area plastic active matrix backplane circuit. (These
stamps show an overall isotropic shrinkage of ~0.025%, which can be incorporated
into the design of the master. Misalignments associated with this shrinkage are not
shown in the figure.) The histogram of displacements on the right indicates maxi-
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Fig. 10.14. High resolution stamp on a plastic substrate. Bending and resolution are illustrated.

mum distortions of less than a few microns. This value, which is more than a fac-
tor of ten smaller than that previously reported by us for this application [40],
should satisfy many interesting applications in plastic electronics (e.g. flexible dis-
plays).

Micro-contact printing can be used in plastic electronics to form high-resolution
source/drain electrodes with short channel lengths [14]. Depositing an organic
semiconductor on top of these electrodes yields a transistor with a layout like that
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Fig. 10.15. Vector diagram (left frame) of distortions are small enough to satisfy the
feature misalignment in a composite stamp requirements of many applications in plastic
designed for an active matrix circuit for a electronics. A small overall isotropic shrinkage
display. The histogram in the right frame (~0.025%) in the stamp is not shown here;
shows the distribution of alignment errors this dimensional change can be incorporated

observed in this system. These micron-level into the design of the master.
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Fig. 10.16. Schematic illustration of the layout active matrix circuit that contains several
of a unit cell in an active matrix display circuit hundred unit cells like the one illustrated in

(left frame). It consists of a transistor the left frame. The structure consists of a
connected to row and column electrodes and a substrate (PET), a gate electrode (ITO), a gate
pixel electrode pad. This circuit drives an dielectric (GR), source and drain electrodes
overlying layer of electronic ink. The frame on (20 nm Au and 1.5 nm Ti), and a layer of the
the right shows the current—voltage organic semiconductor pentacene (25 nm).

characteristics of a typical transistor in a large

shown in Fig. 10.1. This basic approach has been used to build large area plastic
backplane circuits for active matrix electronic paperlike displays [40]. In that sys-
tem, nCP with “inks” of hexadecanethiol (~1 mwm in ethanol) defined source/drain
electrodes and interconnections in thin films (20 nm) of Au. Glass resin films spin
cast to thicknesses of ~1 pm served as gate dielectrics [40, 43]. The substrate con-
sisted of a 250 um thick sheet of poly(ethylene terephthalate) (PET) with a thin
(100 nm) coating of indium tin oxide (ITO) for the gate.

Figure 10.16 shows the layout of a unit cell (i.e. a single pixel driver) in this dis-
play and typical current—voltage characteristics of the drive transistor. The channel
length in this case is ~15 pm,; the leads that connect the source/drain electrodes to
the row and pixel electrodes are ~15 um wide. Images of the entire circuit and a
display, built by laminating this circuit against an unpatterned sheet of electronic
ink, appear in Fig. 10.17. The high resolution of pCP is important to achieving the
necessary performance (transistor current output and switching speed) for this ap-
plication. Resolution limits of existing forms of pCP prevent patterning of transis-
tors with L < ~0.5 m. An alternative technique, described below, provides resolu-
tion for building devices with L deep into the nanometer regime.

10.5.3
Nanotransfer Printing

Nanotransfer printing (nTP) is a more recent high resolution printing technique.
It uses surface chemistries as interfacial “glues” and “release” layers (rather than
“inks”) to control the transfer of solid material layers from relief features on a
stamp to a substrate [10-12, 44]. This approach is purely additive (i.e. material is
only deposited in locations where it is needed) and it can generate complex two or
three-dimensional structures in single or multiple layers with nanometer resolu-
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Fig. 10.17.  Mechanically flexible plastic active matrix circuit
(left frame) for an electronic paperlike display (right frame).
Micro-contact printing defined the critical features in the
circuit.

tion. It has been explored so far by our group and, in independent efforts, by
groups at Princeton [45] and IBM/Zurich [46].

Figure 10.18 schematically illustrates the process. It uses elastomeric stamps
similar those of uCP, or hard stamps formed using the etching procedures out-
lined in Fig. 10.10. Depositing a thin layer of solid material on to the raised fea-
tures of the stamp constitutes the “inking” step. All of the examples described
here use electron beam evaporation of a thin layer of Au (20-50 nm) or a bilayer
of Au (20-50 nm),/Ti (2-5 nm).

Other material systems are also possible. Contacting this coated stamp with a
substrate that supports a suitable surface chemistry results in covalent bonding be-
tween the coating and the substrate. If the surface of the stamp is treated such that
the coating does not adhere well to it, then removing the stamp leaves a pattern
with the geometry of the relief features. nTP can be used with SAM and other sur-
face chemistries for printing on to flexible or rigid substrates with hard inorganic
or soft polymer stamps. The stamps typically have depths of relief > 0.2 pm for
patterning metal films with thicknesses < 50 nm.

Figure 10.19 shows an example of patterning on micron length scales using
nTP. Fabrication of this pattern involved transfer of a 20 nm Au coating from a
PDMS stamp formed by casting against photoresist patterned by contact mode
photolithography. A vertical, collimated flux of Au and slightly re-entrant side-
walls on the relief features of the stamp ensured that Au was deposited only
on the raised and recessed regions and not the side-walls. For the case of
Fig. 10.19, a SAM formed by exposing a silicon wafer to a silane solution (3-
mercaptopropyltrimethoxysilane) yields exposed thiol groups that enable transfer
of Au from the stamp to the substrate [11]. Sulfur—gold bonds can form when
this surface is brought into contact with an Au-coated (20 nm) PDMS stamp.

Figure 10.20 shows a printed pattern that has nanometer resolution [11]. In this
case a hard stamp of GaAs, formed by electron beam lithography and etching, was
used. The metal coating consisted of a bilayer of Au (20 nm) and Ti (5 nm). The
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Fig. 10.18. Schematic illustration of steps for  chemical groups leads to covalent bonding

nanotransfer printing. Depositing a layer of between the metal and the substrate. In one
metal using a collimated flux normal to the example, self assembled monolayers with
surface of the stamp yields a thin exposed thiol groups enable printing of Au
discontinuous coating on the raised and patterns on GaAs substrates. If the adhesion
recessed regions of the stamp but not on its between the metal and the stamp is poor, then
side-walls. Contacting this coated stamptoa  removing the stamp leaves a pattern in the
substrate that supports suitable surface geometry of the relief features.

gold adheres poorly to the surface of the GaAs. The Ti layer forms a ~3 nm oxide
layer under ambient conditions. Exposing this oxide to an oxygen plasma breaks
bridging oxygen bonds, thus creating defect sites where water molecules can ad-
sorb. The result is a titanium oxide surface with some fractional coverage of hy-
droxyl (OH) groups (titanol) [47, 48]. The substrate is a thin film of PDMS (10—
50 um thick) cast on to a sheet of PET (175 pm thick). Exposing the PDMS to an
oxygen plasma produces surface (OH) groups (silanol) [49]. Placing the plasma
oxidized, Au/Ti-coated stamp on top of this substrates leads to intimate, con-
formal contact between the raised regions of the stamp and the substrate, without
applying any pressure to the stamp.

The soft, conformable PDMS is important in this regard. It is likely that a dehy-
dration reaction takes place at the (OH)-bearing interfaces during contact; this re-
action results in permanent Ti—O-Si bonds that produce strong adhesion between
the two surfaces. Peeling the substrate and stamp apart transfers the Au/Ti bilayer
from the raised regions of stamp (to which the metal has extremely poor adhesion)
to the substrate. The frames on the right show images of the metal-coated stamp
before printing (top) and the transferred pattern (bottom). The resolution appears
to be limited only by the resolution of the stamp itself, and perhaps by the grain
size of the metal films. Although we have not yet quantified the accuracy in multi-
level registration that can be achieved with nTP, we expect it to be similar to that of
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—— 100 um

Fig. 10.19. Steps for nanotransfer printing a an Au-coated PDMS stamp to this surface

thin layer of Au on to a silicon wafer using a produces thiol linkages that bond the gold to
self-assembled monolayer (SAM) surface the substrate. Removing the stamp completes
chemistry. Plasma oxidizing the surface the transfer printing process. The resolution
of the wafer generates OH groups. Solution demonstrated here is limited only by the

or vapor phase exposure of the wafer to contact photolithography used to generate the
3-mercaptopropyltrimethoxysilane yields a master for the stamp.

SAM with exposed thiol groups. Contacting

printed
pattern

100 nm

Fig. 10.20. lllustration of the usage of a PDMS stamp to print
a high resolution Au/Ti layer onto a flexuble subtrate.
Separating the stamp from the substrate results in the transfer
of the Au/Ti layer from the rised regions onto the substrate.
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Fig. 10.21. Schematic illustration of steps for  nanochannels on the substrate. This

forming a type of three-dimensional structure illustration depicts printing of a structure of
by nTP. Printing with a stamp that has a Au on to a GaAs substrate by use of an
conformal coating of metal produces sealed octanedithiol monolayer.

embossing techniques that use rigid stamps or to that of pCP with composite
stamps. In addition to two-dimensional (2D) patterns like those in Figs 10.19 and
10.20, it is possible to build certain classes of three-dimensional (3D) structures
with nTP [12]. Figure 10.21 schematically illustrates one example. Here a con-
formal coating of Au on the stamp yields, after printing, arrays of closed nano-
channels.

Figure 10.22 shows a scanning electron micrograph of a structure formed in this
manner. In this case, a SAM formed from octanedithiol on a substrate of GaAs
provides the surface chemistry for transferring the Au nanochannel structures
(20 nm Au thickness) [44]. The PDMS stamps were generated by casting and
curing against a pattern of relief on an InP wafer formed by interference lithogra-
phy and etching. Because the stamp is soft and nTP is purely additive, it is easy to
build multilayer structures by printing multiple times on a single substrate. Figure
10.22 also shows a multilayer nanochannel lattice structure formed in this way.
Cold welding bonds one Au nanochannel structure to the next. We observed no
degradation in the structural integrity that would prevent more than the 10 layers
illustrated here.

Our experience indicates that the processing windows for the current versions of
nTP are narrower than those of pCP. At least three processing aspects are impor-
tant to achieving high fidelity with nTP:
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— 100 nm

Fig. 10.22. Scanning electron micrograph of a  structure formed by multiple printing steps.
printed nanochannel structure made of a thin ~ The nanochannels bond to one another by
layer (20 nm) of Au bonded to a GaAs wafer by gold—gold cold welding. This structure consists
an octanedithiol monolayer (top frame). The of ten layers of crossed channels. Additional
bottom frame shows a multilayer nanochannel layers are possible.

1. the deposition procedures must be carefully controlled to avoid cracking or
buckling of the metal films when PDMS stamps are used;

2. PDMS stamps must be handled carefully before and during the printing to
avoid surface strains that can damage the metal coatings; and

3. the surface chemistry must provide a high density of bonding sites, and the sur-
faces of the stamps and substrates must come into uniform, intimate contact to
enable efficient transfer.

For the first issue, high deposition rates and surface treatments that facilitate
wetting of the metals on the surfaces of the stamps are important. For the second,
composite stamp designs that use rigid backings and relatively thin PDMS layers
are helpful. In the case of the third issue, suitable chemistries must be employed
with substrates with low roughness. With well controlled procedures, patterns over
large areas (several cm?) that are free of defects or cracks (as observed by high res-
olution scanning electron and atomic-force microscopy) can be produced [42]. We
note that in many cases, XPS analysis shows that a residual, ultrathin layer of or-
ganic material can transfer from the stamp with the metal film to the substrate
when PDMS based stamps are used. This layer is on the order of 1-4 nm thick,
depending on the processing conditions. It can be removed using various dry or
wet etching procedures [42].

Like pCP, nTP can pattern electrodes for plastic electronic components. Figure
10.23 shows an optical micrograph (inset) and current—voltage characteristics (left
frame) of a transistor that incorporates interdigitated source/drain electrodes of
Au/Ti patterned by n'TP on PDMS/PET using procedures described previously [10].

Laminating this structure against a substrate that supports an organic semicon-
ductor, gate dielectric (GR) and gate electrode (ITO) forms a transistor with the
source/drain electrodes on top of the semiconductor. The transistor shown here
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Fig. 10.23. The frame on the left shows

current—voltage characteristics of an n-channel
transistor formed with electrodes patterned by
nanotransfer printing. Laminating these
electrodes against a substrate (PET) that
supports an organic semiconductor (FCuPc),
a gate dielectric (GR) and a gate (ITO)
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completes the device. The inset shows an
optical micrograph of the interdigitated
electrodes. The frame on the right shows the
transfer characteristics of a simple
complementary logic gate that uses this device
and a similar one for the p-channel
(pentacene) transistor.

uses the n-type organic semiconductor copper hexadecafluorophthalocyanine
(FCuPc). The right frame of Fig. 10.23 shows the transfer characteristics of a lam-
inated complementary logic gate whose electrodes and connecting lines are de-
fined by nTP. The p-channel transistor in this circuit uses pentacene for the semi-
conductor [10].

The high resolution of nTP and its multilayer capabilities are useful for plastic
electronic systems. Figure 10.24 shows a scanning electron micrograph and

-0.25
-0.20

-0.15
-0.10
-0.05 1
0.00 4

0.05
0.0

lg (MA)

-1.0 1.5

V,, (V)

0.5 2.0

Fig. 10.24. Current—voltage characteristics
from a nanoscale organic transistor formed by
contact of a metal coated stamp against a thin
film of the organic semiconductor pentacene.
The gate voltage varies between +1.0 V and

—2.2V in steps of 0.4 V. The channel length is
~150 nm. The inset shows a scanning electron
micrograph of the separation between the
source and drain electrodes on the stamp.
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Fig. 10.25. Multilayer thin film capacitor insulator/metal capacitors on the plastic
structure printed in a single step on to a support. The dashed line shows the measured
plastic substrate using the nanotransfer current—voltage characteristics of one of these
printing technique. A multilayer of Au/SiN,/Ti/ printed capacitors. The solid line corresponds
Au was first deposited on to a silicon stamp to a similar structure formed on a rigid glass
formed by photolithography and etching. substrate using conventional photolithographic
Contacting this stamp to a substrate of Au/ procedures. The slightly higher level of noise in

PDMS/PET forms a cold weld that bonds the  the printed devices results, at least partly, from
exposed Au on the stamp to the Au-coating on the difficulty in making good electrical contacts
the substrate. Removing the stamp produces  to structures on the flexible plastic substrate.
arrays of square (250 pm x 250 um) metal/

current—voltage characteristics of a transistor with L = 150 nm. In this device, an
Au-coated stamp is simply placed into contact with the semiconductor (pentacene)
to form a top contact device [50]. nTP can also form complex multilayer devices
with electrical functionality on plastic substrates [11].

Figure 10.25 shows a metal/insulator/metal (MIM) structure of Au (50 nm),
SiN, (100 nm; by plasma enhanced vapor deposition), Ti (5 nm) and Au (50 nm)
formed by transfer printing with a silicon stamp that is sequentially coated with
these layers. In this case, a short reactive ion etch (with CF,) after the second
Au deposition removes the SiN, from the side-walls of the stamp. nTP transfers
these layers in a patterned geometry to a substrate of Au(15 nm)/Ti(1 nm) on
PDMS(50 pm)/PET. Interfacial cold welding between the Au on the surfaces of
the stamp and substrate bonds the multilayers to the substrate. These MIM capaci-
tors have performance similar to devices fabricated on silicon wafers by photo-
lithography and lift-off [11]. This example illustrates the ability of nTP to print
patterns of materials whose growth conditions (high temperature SiN, by PECVD
in this case) prevent their direct deposition or processing on the substrate of in-
terest (PET in this case). The cold welding transfer approach has also been ex-
ploited in other ways for patterning components for plastic electronics [45, 51].
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10.6
Large Area Stamps, Molds, and Photomasks for Soft Lithography

10.6.1
Micro-contact Printing: A Path to Reel-to-reel Electronics

Flexography and pCP have basic similarities and ample differences. They both use
flexible elastomeric printing plates and are “inked” with a slightly raised image,
which is transferred on to a substrate. Flexography [52] can be briefly described as
a reel to reel, high-speed printing process. It uses fast-drying inks for printing large
areas (>1 m?) on plastic, foil, acetate film, brown paper, and other materials used
in the packaging industry with modest resolution (30 pm). In contrast, pCP [13,
14] has a demonstrated ability to pattern sub-micrometer features of Au and other
metals, typically over small areas with potential applicability to large areas. It is
well suited for the fabrication of conducting layers in high performance electronic
devices such as backplanes for electrophoretic displays [40]. Commercializing
high performance flexible displays might be achieved in a reel-to-reel process, in
which large area uCP plates are used in a flexography-like process. A starting point
on such an ambitious path, and the heart of this work, is learning how to produce
flexible plastic printing plates that offer high resolution over large areas at a rea-
sonable cost.

In this work, it is demonstrated that 12-inch x 12-inch polydimethylsiloxane
(PDMS) stamps with micrometer-size features can be fabricated via a simple proce-
dure. The size was chosen to fit the plate size requirements of small commercial
tag and label flexographic presses. Stamps were used to pattern micrometer-size
Au lines on to 12-inch x 12-inch Mylar substrates using standard thiol chemistry
for the inks. The large PDMS stamps were constructed via a straightforward and
inexpensive process. A standard photoresist (PR) coating was used to create relief
structure in a master. The PR was exposed through a glass photomask using a stan-
dard exposure unit, which is nearly collimated over a 30-inch x 40-inch area and
commonly available in printing shops. A PR master with lines and spaces (L/S), 1
to 10 pm wide was then used to produce the 12-inch x 12-inch PDMS stamps. The
stamps were inked using established thiol chemistries and micrometer size Au
lines were then patterned on to a Mylar substrate. This simple, low-cost approach
to photoresist exposure enables the fabrication of masters up to 30 inch x 40 inch
in size with micrometer resolution without complex photolithography setups that
are typically used in semiconductor manufacturing or research facilities. It is also
shown that that these same stamps can be used as molds for replica molding of
photopolymers and as phase masks for exposing photoresist layers [53].

10.6.2
Inexpensive Approaches to Large-area Printing

Because most anticipated applications of plastic electronics systems cannot bear
high processing costs, the scale-up of pnCP presented here is based on simple, low-
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Fig. 10.26. Schematic illustration of steps for  unit, contact between photomask (glass or
making 12-inch x 14-inch glass master. (a) A plastic) and glass sheet is done by vacuum (c)
clean 12-inch x 14-inch x 0.7-mm glass sheet  completed glass master after development in
was coated with diluted photoresist using a MF-319 developer for 1 min and post bake at
Meyer to a 1.3 pm thickness and prebaked for 115 °C for 2 min.

2 min at 115 °C. (b) Large-area UV exposure

cost manufacturing steps. First, a large master for the PDMS stamp was fabricated
using standard PR technology. A Shipley 1805 PR was coated on to a 12-inch x
14-inch clean glass sheet (Corning 1737) to 1 um in thickness using a Meyer rod
(Fig. 10.26a). A chrome glass photomask (g-PM, Advance Reproductions) was used
to pattern this resist. The features in the g-PM included sets of source and drain
electrodes with 1, 1.5, 2, 3, 5 and 10 um channel lengths with lines measuring
500 pm long and 250 um wide. Four imaging steps were performed using a small,
inexpensive 5-inch x 5-inch g-PM to expose the 12-inch x 12-inch PR area. The
mask was sequentially positioned at the four corners of the PR. At each position,
the PR areas not in direct contact with the photomask were masked. Having estab-
lished a vacuum contact between the g-PM and PR, the PR was exposed for 13 s.
The PR was exposed using light from a ultraviolet (UV) source (L1261-OLEC
lamp). This system (Douthitt) is commonly used in the printing industry for the
exposure of large analog photopolymer plates (30 inch x 40 inch) used in color
proofing (Fig. 10.26b). The bulb’s spectral range and energy density over the expo-
sure area are 360 to 385 nm and 3.8 + 0.1 mW cm™2, respectively. After having
completed the exposures, the PR was post baked at 115 °C for 2 min before its de-
velopment in MF-319 developer (Shipley) for 1 min (Fig. 10.26c). With this
approach, large masters with 1 pm features can be achieved without an I-liner
imaging.

The developed PR was then used as a master to fabricate the PDMS stamp
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Fig. 10.27. Fabrication steps for a large area PDMS stamp.

(Fig. 10.27). A fluorinated silane self-assembled monolayer was first applied to the
master to aid in the separation of master and stamp. The stamp was formed
using one of the following procedures. For thinner stamps, PDMS (Sylgard 184)
pre-polymer mixture (1:10) was poured over the PR master and a 250 pm thick,
13-inch x 13-inch Mylar film was placed on top of the liquid PDMS. The pre-
polymer was evenly spread to less than 50 pm in thickness by rolling a Meyer rod
over the surface of the Mylar backing film.

Pre-polymer of PDMS was cured with holding down the edges of the slightly
oversized Mylar backing film using vacuum plate at 67 °C on hotplate for 18 h.
Thicker plates were fabricated as follows. To ensure the PDMS stamp were abso-
lutely flat and uniform, two PDMS pre-polymer mixture (1:5) layers were coated
and put in contact via lamination. Thus, a 25 um thick layer of PDMS pre-polymer
was directly coated on the PR master surface and another 25 pm thick layer was
coated on to the stamp’s Mylar backing (Fig. 10.27a, b). The two pre-polymer layers
were then laminated before the curing step.

Adhesion between the Mylar backing and the PDMS stamp was enhanced by
pre-treating the Mylar surface with an adhesion promoter (1205, Dow Corning).
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Curing laminated PDMS stamp at room temperature for 48 h followed by delami-
nating from glass master completed the stamp fabrication. The thickness of cured
PDMS layer obtained by following the later procedure is ~50 um (Fig. 10.27¢, d).
Atomic force microscopy (AFM) images of the developed PR are shown in Fig.
10.28a, b.

Because PDMS stamps are soft, a mold was fabricated (with Norland optical ad-
hesive (NOA 73)) and used for the AFM analysis (Fig. 10.28c). A 25 ym NOA 73
photopolymer film was first coated on to a 12-inch x 14-inch glass sheet and lami-
nated on to a PDMS stamp. The replication was completed by cros