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Preface

The introduction of the scanning tunneling microscope (STM) for electri-
cally conducting surfaces by Binnig and Rohrer in 1981 was followed by the
invention of atomic force microscopy in 1986 by Binnig, Quate, and Ger-
ber also for nonconductive samples. The initial interest was in atomic and
molecular resolution, and it rightfully continues also with building molecu-
lar machines by atomic-scale manipulation and industrial applications in the
field of high-density data storage on ultraflat surfaces. The latter topic also
uses the various techniques of scanning near-field optical microscopy (SNOM)
for surfaces without roughness. It was not until 1990 that the capabilities
of AFM for the third dimension started to become recognized, even though
commercial instruments were available since 1989, but funding of projects
aiming for submicroscopic characterization of topology was still not achiev-
able then and early publications were impeded by referees and editors. Many
authors in the first half of the 1990s did not even give a z-scale to their plots
but stressed only on the lateral resolution on top of 3D objects. It was not
appreciated then that most industrial and biological applications would be
on real-world samples at ambient conditions rather than with artificial test
samples under high vacuum, or with other artificial treatment. Similar experi-
ences were encountered with SNOM when a new instrument became available
in 1995 with the capability of reliable scanning on rough real-world surfaces
with height differences of more than a micrometer, and again similarly in 1999
when two-dimensional transducers were added to nanoindentation equipment
enabling nanoscratching for novel nanomechanical testing. The early pioneers
who immediately recognized the unprecedented capabilities and necessities for
real-world applications were again not granted the funding for the initial basic
research but had to privately purchase all of these instruments and were left
alone in establishing the foundations for scientific and industrial use. Funding
was only granted for applied research after the basics had been pioneered.
However the initially disliked topology is by far the most important topic in
practical and industrial applications of AFM and SNOM, and the new quan-
titative treatment that has been empirically developed in nanoscratching for
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all kinds of solid materials is revolutionizing the field. The latter also provided
the entry for quantitative treatments of nanoindentation, which was unduly
regarded as the “smaller-scale microindentation” and therefore relied on the
multiparameter iterative data treatment of Oliver and Pharr from 1992 that
was adopted in the ISO 14577 standard.

This book is devoted to the practical and industrial applications of the
nanotechniques AFM, SNOM, nanoindentation, and nanoscratching for real-
world samples in ambient environment. It does so in four independent chap-
ters. It also deals with theory as far as it is necessary for the practitioner
and as far as new physical effects, laws, and relations have been empirically
found, deduced, or derived and that are not covered in previous reviewing
books or monographs on the subjects if available. Further scanning probe mi-
croscopy techniques (SPM) that have not yet been developed for application
to real-world surfaces are not covered. They are treated in the cited books.
The present book does not treat atomic and molecular resolution, molecular
Langmuir-Blodgett films (notwithstanding molecular steps on rough crystal
surfaces), atomic or molecular machines, and further nanotechnology devices
that exclude (significant) topology. Exhaustive treatises on these subjects are
available and there is no need for repeating them. None of the books with
particular emphasis on theory on the basis of model systems and simulations
treat the special requirements and additional expertise for reliable scanning
on (high) topology with AFM and SNOM or for quantitative measurements
in nanoindentation, and no such treatment existed for nanoscratching with its
wealth of information on mechanical properties of industrial interest.

Practical applications from almost all sciences, industries, and daily life
are collected, described, and cited with particular emphasis on the topology
of the real-world surfaces and on the quantitative study of nanomechanical
properties on the basis of new standards for all kinds of materials. Unfor-
tunately, many authors who are scanning now AFM on rough surfaces, after
AFM is directly connected to much less resolving (confocal) microscopy, do not
still stress the topology properties in the abstracts of their papers. Therefore,
some highly relevant reports must have been inevitably lost in the literature
retrieval of the author. But the author tried his best to approach as many dif-
ferent applications as possible and hopes that he did not miss any important
fields of practical application.

The book intends to close the gap between theory and practice of the four
major tools for nanotechnology and to further advance the interest of indus-
try in SNOM on rough surfaces, nanoscratching, and nanoindentation. AFM
and microindentation are already widely accepted, although the latter on the
basis of a multiparameter iterative ISO standard, while quantitative treat-
ments with highly improved information and reliability on the basis of simple
apparently universal laws would be obtained from nanoindentation. The book
should therefore be of interest to students and scientists in academia and
industry in all fields of surface investigations not only in natural and life sci-
ences or industrial engineering, but also in apparently unrelated fields such as
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astrophysics, historical sciences, arts, forensics, jurisdiction, etc. The purpose
of the book is to give a systematic physical and technical background on the
basis of well-documented experimental results on all kinds of materials sur-
faces using uncomplicated robust equipment in ambient atmosphere. It does
so also with the probably most exhaustive collection of varied applications
from the literature beyond the atomic and molecular resolution issues, while
previous treatises restrict their application parts largely to DNA imaging or
sectioning and industrial data storage aspects. AFM, SNOM on rough sur-
faces, nanoindentation, and nanoscratching will certainly enjoy a rapid further
development with applications to real-world problems.

Oldenburg,
February 2006 Gerd Kaupp
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1

Atomic Force Microscopy

1.1 Introduction

Atomic force microscopy (AFM) is also known as scanning force microscopy
(SFM). AFM is a basic technique and inevitable for all nanoscopic research.
For example all chapters of this book rely on AFM measurements. However the
scientific community became interested in the many uses of AFM for (very)
rough surfaces at large scan ranges only in 1990 [1-4], and it took two years
before these first results were accepted and published [5-7]. Actually, it was
not possible in 1989 to convince funding agencies to support the idea of using
the three-dimension capabilities of AFM and the author had to purchase all
of his nanoscopic instruments privately.

Measurements had been made on large biological objects such as whole
cells, bacteria, etc. [8,9]. However, the authors of these studies were only
interested in the smallest features (<50 nm height) on the surfaces that could
be laterally resolved, notwithstanding the two-dimensional projection of the
whole object without a z-scale, and the migration of living cells on glass
slides in buffer solution. Early high three-dimensional AFM topologies with
assessment of the z-scale were made for a dental implant [10], wear marks on
single-crystal silicon [11], and silver bromide cubic crystals [12].

Like all other scanning probe microscopies (SPM), AFM works by scanning
with a tip (or more general a probe) very close to the sample surface. It
operates by measuring attractive or repulsive forces between the tip and the
sample in constant height or constant force mode. Most spectacular are atomic
resolution and manipulation, but most practical applications deal with the
(sub)micrometer z/y- and nano z-range.

The first atomic force microscope (AFM) was made in 1986. It was of the
dynamic type with vertical tip vibration [13]. However, the first commercial
instruments (since 1989) were static-force or contact AFMs. Shear-force AFM
microscopes with horizontal tip vibration for distance control were developed
in 1992 [14,15]. The dynamic-mode AFM found a new application with the
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commercialization of noncontact and tapping-mode AFM [16,17]. Other sur-
face properties such as friction forces, sample elasticity, adhesion, or chemical
differences by lateral and torsional force sensing, force modulation, frequency
modulation, and phase imaging are available. Magnetic nanostructures are
scanned by magnetic force microscopy using cantilever tips that are coated
with a ferromagnetic film of a few nm thickness, with most applications of
MFM being in the storage media industry. Virtually all solid surfaces from all
branches of science, industry, medicine, daily life are accessible to nanoscopic
investigation with unprecedented information. The resolution here is much
higher than with a microscope and the three-dimensional information is an-
other most important distinguishing feature of AFM. It supplements electron
microscopy and increases the possibilities, as it does not require surface treat-
ment and is able to measure at ambient conditions. Unlike scanning tunneling
microscopy (STM) the samples need not be electrically conductive.

Dynamic mode AFM lacks a quantitative theory. It is described in great
detail in [18,19] and will not be repeated here. Further SPM techniques are
treated in [20,21]. Neither do we deal with atomic or molecular resolution,
which is amply described in [22, 23], or self-assembled molecular layers and
Langmuir-Blodgett films. We concentrate here on contact AFM and shear-
force AFM, the merits of which are not covered in [19-21]. However, these
techniques are most easily used and interpretable as they directly yield the
interaction force itself between tip and sample or generate a constant shear-
force damping for the topologic measurement and the topology may be (very)
large. For these reasons contact and shear-force AFM are most suitable for
rough and very rough surfaces as they usually occur in real-world samples.
Practical applications are legion and thousands of user-friendly instruments
are in active use. A new development is piezoless (that means electromag-
netically controlled) AFM. This versatile new technique is briefly addressed
in Sect. 1.12.

1.2 Basics of Contact AFM

Contact AFM is run at a prefixed force for tip—sample interaction, usually in
an attractive range (repulsive range for atomic resolution). The major forces
derive from van der Waals, electrostatic, hydrophobic, hydrophilic, and capil-
lary interactions with the moving tip, which is usually multiatom at its apex.
We do not enter into a discussion of single atom contact in atomic resolution
and the interpretation of such images, but deal here only in the nanometer
range (not subnanometer). While the separation of the various forces may
be useful, a qualitative empirical approach might be sufficient for practical
applications (e.g., the influence of moisture, etc.). Most measurements of con-
tact AFM are at ambient conditions. Inert gas or reactive gas atmosphere
might be applied as well. The vertical resolution is routinely in the range of
molecular monolayers even on rough surfaces. Measurements under solvent
will mostly not reveal the original surface due to nanoscopic dissolving or
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200 nm

10 um

Fig. 1.1. Contact AFM surface of PET with a protecting PVD silica cover, showing
high roughness (z-range: 128 nm, R 17.3nm) and considerable submicroscopic
detail in a 10 um scan

addition of material and swelling. Such measurements in liquid cells should
be restricted to studies of dissolution, crystallization, (electrochemical) corro-
sion, and the like. Furthermore, samples that are in constant contact with the
liquid, such as for example living cells, are favorably measured in biological
environment when adhered to a support. For practical use, the aim is not an
ideal surface, but the undisturbed natural surface with all of its deficiencies
resolved such as oxide impurities and water layers, where applicable. But it
can also be important to trace the effects of staining or other purposeful sur-
face modification with unmatched AFM precision. Also artificial surfaces such
as plastic polymers may become very rough by moisturizing, environmental
pollutants, irradiation, or PVD coating for surface protection. An example is
given in Fig. 1.1, which shows the topology of silica on polyethylene tereph-
thalate (PET) that is widely used in beverage containers, for example. The
surface is very stable and does not change upon 30 scans or more, even with an
asymmetric and therefore scratchy (Sect.1.6) tip. This underlines the neces-
sity of contact AFM prior to applying all of the other surface characterization
techniques.

An exhaustive report on contact AFM measurements on treated technical
polymers such as PC, PMMA, CR39, PU 161 can be found in [24].

1.3 Instrumental

The atomic force microscope is a relatively simple and versatile instrument.
Figure 1.2 shows Nanoscope-III (DI-VEECO) with a rubber band vibration
protection mount. It is also available in multimode version for various other
scanning techniques. This is easy to use and numerous other brands are com-
mercially available at reasonable price. The general block diagram of a laser
deflection-type instrument as in Fig. 1.2 is sketched in Fig. 1.3.
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Fig. 1.2. Ready-to-use vibration protected typical AFM (Nanoscope III) with stage,
including the XY Z-piezo unit, sample mount, cantilever tip, laser focused to the
backside of the reflecting cantilever and guided to a split photodiode for the feedback
loop that controls the constant force and provides the topologic information

diode laser

split
photodiode

i

cantilever

probe tip }-

z-control X/y-drive
computer

generator

X/y/z-piezo

Fig. 1.3. Block diagram of a laser deflection contact AFM

The necessary parts are the z/y and z piezo that are separately actuated
by z/y drive and z-control with extreme precision, so that atomic distances
can be measured. The sample is mounted on the xyz piezo [25,26], close to a
sharp tip under the inclined cantilever with its mount. The diode laser light is
focused at the end of the cantilever, reflected via mirror to a split diode that
provides the feedback signal (topologic information) for maintaining the force



1.3 Instrumental 5

by z-piezo response. If the tip is scanned instead of the sample the instru-
ment is called a standalone microscope. Data sampling is made at discrete
steps by means of an analog-to-digital converter. A computer reconstructs
the three-dimensional topological image or projections from the data matrix.
Imaging software adds color, height contrast, and illumination from variable
directions. Commercial instruments are supplied with all piezo calibration
values, and various supply for different SPM techniques as well as instruction
manuals and software for imaging. Different piezos are used for different zy
scan ranges (1 wm x 1 um up to 200 pm x 200 um) and z ranges (up to 15 pm).
A number of hardware and software linearization facilities are provided for
correction of piezo hysteresis that creates stretching at the start of the scan
in comparison to the end of the scan, line by line always starting from the
same side. Furthermore, piezoelectric materials with low hysteresis are avail-
able [27]. Calibration should be regularly checked with standard gratings for
width and height. Nonlinearities of the piezo are corrected. They can be run in
constant height mode (usually predetermined average flat surface and keeping
the scanner height at constant distance to the average surface at every point
of measurement and detecting light deflection variations), but more useful for
rough surfaces is constant force mode where the movement of the cantilever
is used as the input to the feedback loop that moves the scanner up and down
for constant light deflection to the phototube.

More recently developed cantilevers combine tip arrays with self-detecting
and active capabilities. For example, 2 x 1 microfabricated arrays have been
successfully used in parallel imaging (with integrated actuators for compen-
sation of the height differences between the two tips) and sequential imaging
(by pulling back the inactive tip by a thermal bimorph actuator) for test
grids in constant height, constant force (an integrated actuator for z-direction
feedback motion maintains the interaction force between the tip and the sam-
ple to be constant during the scanning), and tapping mode. The z-ranges
were 180 nm, 1.3 um, and 30 nm, respectively. The integration of stress-sensing
metal-oxide semiconductor transistors, thermal bimorph actuators, and com-
plementary metal-oxide semiconductor amplifiers has been demonstrated [28].
Using the second cantilever as a reference during AFM operation can com-
pensate the crosscoupling signal from the actuator and sensor. Arrays of tips
are primarily important for wafer-derived samples with uniform basic surface
level in industrial environments.

Planefit filtering of AFM images is a necessity unless the tilt of the surface
is to be determined. Such a tilt should be smaller than 10° for reliable topo-
logic measurements, but isolated steep features may be successfully measured
at purposely high tilt of the average surface. Spikes of statistical noise can be
removed by sparing the use of the low-pass filter, while flattening should only
be used with flat uncorrugated surfaces. The feedback system is high enough
for rapid scanning with typical times of two to four minutes per image frame,
and considerable roughness can be safely measured provided the feature steep-
ness does not reach or exceed the slope of the tip. Optimal scan angles are
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adjusted in dual-trace mode by putting the forward and backward traces as
closely coincident as possible and simultaneously by putting the propensity
for swinging as low as possible. Also the scan rates and force have to be op-
timized on rough irregular surfaces within narrow ranges in the stable regime
but close to swinging at high feedback gains while avoiding input filters. For
example, 10 um scans can be routinely recorded at scan rates of 3.5-5 Hz with-
out change of the image. Lower contrast is the result if such optimization is
neglected.

The AFM tips are usually microfabricated silicon cones (sometimes edged)
or silicon nitride four-sided pyramids, the latter with high durability, that
are commercially available mounted to cantilevers with spring constants of
0.05-1.5Nm™" for contact AFM and 40-80 Nm ™" for tapping-mode AFM.

A broad range of different AFM cantilever tips are commercially available.
Most frequently used is the particularly long-life silicon nitride pyramid that
is microfabricated by vapor deposition into the {111} silicon planes in the
wafers that serve as molds during cantilever production [29]. The pyramidal
molds are produced in various steps. A silicon wafer on (100) is coated with a
suitable masking material (SiO2 may be used). Then a small square opening
(4pm x 4pm) down to the silicon is etched away, followed by anisotropic
etching with KOH solution. The faces of the pyramidal mold are the {111}
planes of the exposed silicon, since the (100) face is etched more than 100 times
faster than the four {111} planes. This guarantees a very sharp apex. Finally,
the pit is used as a mold for the SizN, film by vapor deposition techniques
also for the cantilever by deposition at the surface, and the cantilever tip
obtained by etching away of the mold material. These tips are not solid but
hollow, which improves their performance. The pyramidal faces are very flat.
Also in frequent use are etched silicon tips, but they vary in shape even within
single batches, due to difficulty in controlling the manufacture process [30].
Very sharp tips are obtained by electron beam- or ion-beam deposition [31,32].
More recent approaches attach single-walled carbon nanotubes to conventional
AFM cantilever tips [33]. These have to be homemade, but they are stiff and
gentle, do not easily break, give high resolution, and can be used for imaging
in deep structures. Carbon nanotubes can be sharpened by radiation-induced
necking [34].

Figure 1.4 depicts SEM images of a silicon nitride tip (a) with cantilever
mount (b) and an electron beam-deposited diamond-like tip with two enlarge-
ments (c,d).

Silicon nitride tips have a well-defined geometry with very smooth side-
walls with slope angles of 54.7°. The angle between opposing edges is 90° and
between opposing faces 70.5°. That means the steepness of topologic features
must not exceed about 55° or 45° if the tip is mounted with a side in front
(Fig. 1.4a) or with an edge in front, respectively. The cantilever inclination
angle adds to upward slopes and subtracts to downward slopes. Therefore,
separate measurements in forward and backward reaction are useful if steep
slopes occur. For steeper topology either the sharper tips or shear-force AFM



1.3 Instrumental 7

© . @

Fig. 1.4. SEM images of AFM tips and mount, (a) SizN4 pyramid, (b) cantilever
mount, (c) extremely sharp diamond-like extra tip at the apex (600 nm scale), (d)
enlarged tip end (80 nm scale)

(Sect. 1.10) have to be used. The base of the silicon nitride tip is typically
4-5pum long and the heights are 0.707 (1/4/2) times of that length. The can-
tilevers may be one-leg, triangular (Fig. 1.4b), or square. They vary in their
spring constants also by the thickness and width of the legs as is required for
various application modes.

Etched silicon tips are conical or more angular and do not have well-defined
geometries. There is a risk in having double tips and they are less stable. This
detracts from their advantage of having higher aspect ratio and lower tip
radius.

Electron-beam deposited or nanotube tips have extremely high aspect ra-
tio and very small tip radius, which is immediately measured by electron
microscopy after fabrication. However, they are much more involved than the
highly economic pulled tips in shear-force mode AFM for the sake of minimiz-
ing tip—sample convolution at steep features. Tip characterization techniques
are described in [20] (pp. 147-168).

Special tips may be focused by ion beam techniques. Cone angles below
12° and radii of curvature of 4 nm have been achieved [32]. ZnO whiskers with
cone angles of 2°—4° with tip radii <10nm [35] may have flexing problems.
This improves with ZnO nanowires grown by metallorganic chemical vapor
deposition as studied in [36]. These are structurally compatible with typical
AFM cantilevers and maintain mechanical stability during operation. They are
promising candidates for high aspect ratio probes. A totally different approach
is tetrahedral tips with two vertical sidewalls that can be used for the imaging
of nearly vertical surface steps [29, 37].

Stressed metal probes are of particular interest for extremely high rough-
ness [38]. A fabricated metal cantilever out of MoCr bends away from a trans-
parent probe chip and its tapered end is used as the probe tip. Light is focused
through the transparent chip to the bent cantilever for reflection from a se-
lected section to the split photodetector, which can be adjusted in a wide
range from tens to hundreds of micrometers. Several of these can be mounted
to the horizontal transparent chip. The cantilevers are typically 100-400 pm
long, 40 nm wide, and 1 wm thick. This corresponds to tip heights of 10-150 um
at a radius of cantilever curvature of 520 um. But the latter may be decreased
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Fig. 1.5. Sketch of the AFM setup with stressed probes for very deep structures

to 280 wm so that the 400 um cantilever exhibits a tip height of 300 um. The
spring constant of this 400 um cantilever is 0.06 Nm™' and the resonance
frequency 7.2kHz. Figure 1.5 sketches the setup of the bent cantilever with
the tip at the end. Its uncomplicated manufacture also in arrays of tips with
various materials and numerous application proposals are claimed in some
patents [39,40]. A particular advantage for tip arrays is the parallel align-
ment of chip and sample surface. Most obvious is the contact AFM mode.
However, a stiffer stressed cantilever out of NiZr with larger spring constants
and clamp holder has been fabricated for noncontact operations [41].

These are AFM tips for very deep and narrow structures and measurement
at their bottom. But the resolving power is still very good. Structures as small
as 20nm have been imaged by an 80 wm high tip on a 25pum high pentacene
film due to the micro-roughness of the MoCr material. It is to be expected
that this technique, which can be used with common AFM equipment (e.g.,
Nanoscope III), will find widespread use in metrology and AFM on very rough
surfaces. But shear-force AFM (Sect. 1.10) is even simpler in the preparation
of sharp tips and may serve for the same purposes. Both techniques are far
from being fully acknowledged.

A further application of stressed cantilever tips is imaginable for appli-
cation in the ‘Milliscope’ [42,43]. This instrument is cantilever based and
uses four audio loudspeakers (ALS) as electrodynamic positioners instead
of piezos. The scanning range covers enormous 1.1 x 1.1 x 0.14mm? [max-
imum range of other cantilever SFM (commercially: DualScope™ Scanner
DS 95-200) is 200 x 200 x 15um?], and the linearity is good up to an im-
age size of 600 um x 600 um and acceptable over the whole scan area. The
lateral resolution is only limited by the acquisition grid (pixel size) and is
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of the order of 10nm for smaller scale scans. This has been verified with a
test grid, gold-coated polystyrene spheres (270 nm in diameter), and human
sperm (maximum height 1.9 um). Furthermore, a thin section of a tomato
bud effectively imaged the sharpened tip at the stiff and steep cell walls.
However, the enormous height capabilities of 140 pm can only be used for
very shallow extended features due to cantilever sliding at feature heights
greater than 3 um and growing at a slope greater than 15°-20°. The compli-
cated three-dimensional scanner did not find widespread application even if
some problems with low-scale scans could be solved. It has to compare with
stressed cantilever (Fig. 1.5) and shear-force AFM (Sect. 1.10).

1.4 Validity Checks

AFM measurements on (very) rough surfaces must be represented with three-
dimensional surface plots (Sect. 1.9) rather than top-view projections. This is
necessary for the assessment of quality and detection of possible artifacts in
some regions of the image by tip—sample convolution or tip imaging. AFM
imaging of large and steep features in wide scans is only possible in constant
force mode. The validity checks are easily obtained with perspective imaging,
while two-dimensional projections may hide numerous deficiencies. In par-
ticular, tip-derived asymmetries of large features should be absent. In good
measurements there is practically no asymmetry of the features except for the
tilt of the cantilever, which makes the tip decline. More pronounced asymme-
tries point to nonoptimal conditions during the scan. A sensitive validity test
is provided by the comparison of perspective images at 0° and 90° rotation
(in addition to the pitch angle) and further orientations. Two examples for
perfect imaging of large and frequent cones on hydrated hydroxylammonium
chloride (Fig.1.6) and floes on photolyzed 9-chloroanthracene single crystals
(Fig. 1.7) are shown [44]. The cones in Fig. 1.6a,b are almost symmetric, stand
vertically, and look similar from all sides. However, the image cannot be free
from artifacts in the depths, which means that they are actually larger and
taller in the deeper regions than when imaged. Calculating the image inversion
can easily test this. The inverted Fig. 1.6¢ reveals sharp edges due to some tip
imaging in the depths and it not reaching the ground. Such information is not
obtainable from the top view (Fig. 1.6d), which more or less hides all of these
important facts. It is, however, useful for counting features and assessing the
lateral arrangements. Clearly, there is no high symmetry in the arrangement
of the columns.

The cones in (a) or (b) with heights of up to 800nm at a frequency of
one per square micron do not show scan-derived asymmetries, scan tracks, or
other tip-derived deficiencies. Nevertheless only the tops of the cones are free
of tip—sample convolution. The structures at the bottom of the perspective
image trace the negatives of the tip. This could be more clearly shown by the
inverted images. Clearly, the geometric limits of contact AFM with pyramidal
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Fig. 1.6. Contact AFM surface plots of large cones on hydrated hydroxylammonium
chloride (crystallized from methanol) with SigNy4 tip at a scanning rate of 3.55 Hz;
the views are (a) at 30° rotation, (b) at 120° rotation, (c) inverted at 30° rotation
and (d) a top view of (a)

tips have been exceeded and the apparent slope angles of 55° must be steeper
in reality. Thus, image inversion is another valuable means of image check.
The stability of the image is the result of proper adjustments of all parameters
in the scan. More realistic imaging in the lower part would require sharpened
tips or the high aspect tips in shear-force AFM (Sect. 1.10).

Also the (prismatic) floes in Fig.1.7a and Fig. 1.7b are undistorted from
scan or tip despite their sharpness and have slopes of 41°-44° and 39°-42° on
opposing sides. That is they are unusually steep but do not reach the gradient
of the tip. Importantly, the image is stable for 10 consecutive scans and next
day. The height of the floes is valid and there can be no doubt concerning the
validity of the shapes of these features [44] with the exception close to their
base, where the floes should be thinner.

The check is most sensible if the directions differ by 90° as in Fig. 1.6a,b
and Fig.1.7a,b, as tip-derived asymmetries and scan deficiencies would be
most evident. The best scan direction must be found by trace/retrace tech-
nique. Extended steep features should not be measured nearly parallel to the
scan direction in order to minimize scan errors. If that is not possible due to
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Fig. 1.7. Contact AFM surface plots of steep prismatic floes on photolyzed
9-chloroanthracene with SizN4 tip at a scanning rate of 3.55Hz; the views are at
30° rotation in (a) and 120° rotation in (b)

diversity of the topology, various parts should be measured at their optimal
scan angle in the smaller range and handled as inserted image.

1.5 Artifacts

There are unavoidable topologic artifacts in particular situations and artifacts
that can be avoided by suitable scanning conditions. All artifacts that derive
from geometric effects have been termed tip—sample convolution.

Aslong as the slopes on rough surfaces are below about 50° or 40° (depend-
ing on the tip orientation) there is no risk of severe tip-sample convolution in
measurements that do not aim at atomic or molecular resolution. Many nat-
ural surfaces do not reach such steepness even if the height differences might
be large, up into the multimicrometer range. If the surface slopes are steeper,
the side of the tip will touch an upper point of the surface and there will be
imaging of the tip at that point. In extreme cases it might even happen that
the cantilever legs slide on the surface. The tip—sample convolution gives arti-
ficial images that can be mathematically corrected in favorable cases [45,46].
The problems are different in the highly resolved range below the radius of
curvature. No reconstruction is possible when the tip contacts the sample
at more than one point simultaneously. Such calculations allow deduction of
tip shape for example from AFM on photoresist gratings. Tip imaging was
developed with fabricated indium phosphide columns that were constructed
using aerosol and dry-etching techniques. Scanning with a silicon nitride tip
gave an image showing a perfect image of the tip at the positions where the
etched columns were present, except at the top of the pyramids (these regions
were flat due to the width of the columns). This is reverse AFM imaging:
the vertical column becomes the tip and the silicon nitrite pyramid becomes
the sample [47]. A very characteristic example for tip imaging is given in
Fig.1.75a. All tips are more or less truncated and this can be seen if sharper
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Fig. 1.8. Schematic representation of the tip—sample convolution at a vertical
column; solid line represents the obtained image of the SisN4 pyramid and the
flat part

10 um

Fig. 1.9. Artificial contact AFM on an irradiated trans-3-benzylidene-butyrolactone
(010) face exhibiting slip of the cantilever legs over the rims of deep clefts

features than the tip apex show up as tip-imaging features that have only one
orientation in a scan. The sketch in Fig. 1.8 gives the explanation. It indicates
that even in tip imaging the height of the sharper feature is correctly obtained,
unless further close-by features hinder the tip to touch ground before and after
the convolution. SigNy tips with their well-characterized shape are the best
choice for the identification of topologic artifacts. Truncations of the tip from
manufacture or by breakage upon approach or abrasion upon scanning have
to be controlled separately.

Different problems occur between very high floe structures and deep clefts,
and inside cylinders or funnels that are deeper than the tip height. The tip
loses the ground and hangs at the rims, or the cantilever slides on the surface.
Such sliding of the cantilever leg along extended rims outside the scanning area
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is exemplified in Fig. 1.9. Irradiation of trans-3-benzylidene-butyrolactone on
its (010) face with a 2.8 um long SisNy tip produced very high features with
sharp edges so that the tip touched the surface only briefly. Most of the time
the cantilever slid over closely distant rims of clefts, while feedback went off
scale and it did so repeatedly at the next rim after intermittent coming back
of the tip to the surface when the feedback briefly resumed and tip contact
was lost again due to the next rim. Only the occurrence of very high edge
floe features between deep clefts can be deduced from the artificial image in
Fig.1.9 [48]. Longer or sharper tips (higher aspect ratio) such as the ones
used in shear-force AFM (Sect. 1.10) should be used in order to obtain real
topology in that situation. But even then there will be artifacts if the walls
are (near) vertical and the ground cannot be reached in extreme cases.

Another artifact with a powder grain larger than the tip length has been
described [12]. The grain imaged the structure of the whole cantilever (leg
edges and SigNy tip) in a 20 pm scan with z-scale of 4 um.

Further difficulties occur upon measurement of the pores of membrane fil-
ters even if the slopes are not extreme. Two examples are given in Fig. 1.10 [44].

The images of Fig.1.10 contain small shallow funnels with width/depth
ratios from 200-230/10-30 to 340/120 nm and also larger funnels, mostly in
the shape of craters. The latter fit to the nominal pore size. Some of them
do not reach the tip gradient at their slopes, whereas others exhibit slopes
approaching 55°. These are tip—sample convolutes representing open voids in
their lower parts. Apparently, the pyramidal tip fills the whole cross-section
of the void at a certain level and cannot descend further. The flat regions in
Figs. 1.10a,b indicate sliding of the cantilever at heights outside of the scan

(b) AN

600 nm

Fig. 1.10. Two different surface plots (a) and (b) of contact AFM images of a dry
microporous membrane filter out of regenerated cellulose (Schleicher & Schiill, RC
59, 0.6 pm pore size) showing very deep funnels between hills as well as artifacts pro-
duced by a cantilever sliding over features outside the scan area; (a) scan direction
from left to right, (b) scan direction from front to back; scan speed was 16 ums™";

z-range of the piezo was 2.7 pm
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area on the very rough membrane (see also the descent artifact in Fig. 1.27b).
Clearly, feedback control does not work during sliding of the cantilever as en-
forced by the z—y drive, but regular feedback returns as soon as the tip touches
the ground again. Three sliding regions are recognized as wedge-like artifacts
in Fig. 1.10b. Apparent gradients around the lake-like depression measure up
to 80°-84°, values that cannot be obtained regularly with pyramidal silicon
nitride tips. The coexistence of valid topology and artifacts within the same
scan proves the high dynamics and fast response of the laser deflection setup
(Fig. 1.3). The artificial bottom in Fig. 1.10a is 1.15um and that in Fig. 1.10b
is 0.84 um below the highest image point, respectively, and these are by far
the deepest funnels ever seen by SXM with regular SigNy tips of 2.8 um height
(further references in [44]). Sharpened tips are not usually applied for mea-
surements in that range of roughness. Other AFM images of membranes were
restricted to z-scales of 200 nm [49,50] or 400 nm [51].

Further improvement of the measurements in the depths of membranes
can be expected by shear-force AFM (Sect.1.10) or by contact AFM using
stressed metal probes of suitable length and bending curvature [38]. The for-
mer has been applied to porous silicon with very deep descents (Figs. 1.76a,b).
The performance of the latter for deep and narrow samples has been demon-
strated for deep reactive ion etching (DRIE) and microelectromechanical sys-
tems, in which tip heights of 100 um or more are required for nondestructive
measurements at the bottom of deep and narrow trenches [38]. For example,
a b0 um wide and 100-pum deep trench was successfully imaged at the bottom
with a 150 um high tip. 10 um stressed tip height would be suitable for the
expected depths in Fig. 1.10. The stressed metal probe is an invaluable depth
gauge in the technically interesting range using common AFM equipment.
However, an easier alternative is available by shear-force AFM (Sect. 1.10) for
such extreme topology.

Scanning techniques cannot image at verticals and overhangs (even if pyra-
midal tips with two vertical faces are applied). While the artifacts at vertical
slopes in single gratings or overhangs lead to (partial) tip imaging at the upper
edge and give at best a scan line with the tip gradient, the practical problems
are more involved with double gratings and worse with irregular impossible
topologies. Unfortunately, no general technique is available for corrections of
tip—sample convolution at irregular or very high topologies [12,44,46]. How-
ever, there is also application of deep vertical features in test samples: They
have been used for tip orientation adjustment in contact AFM and tapping-
mode AFM via experimentally determined cross-sections for mathematical
fitting curves [52]. Without knowing or being able to control the actual tip
orientation the AFM image results may be misleading at the bottom of deep
features. The actual tip orientation is particularly important for the measur-
ing of semiconductor devices exhibiting deep features, and the scanner head
needs such calibration for that purpose. Clearly, this technique also detects
the actual tip angles.
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(a) (b)
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Fig. 1.11. Contact AFM topology of a commercial 3um x 3um x 0.5um double
calibration grating with an SigNy4 cantilever tip; (a) excellent scan indicating that
adjustment of y-derating was necessary, (b) after the y adjustment but suboptimal
scan though sufficient for the calibration purposes

Focused ion beam milling may pattern verticals. An example is given in
[53]. The bending at the edges, which may be as high as 9nm with respect
to the flat inner area, has been stressed. Preferred calibrating double gratings
for AFM scanners have similar shape. Their measurement cannot avoid tip—
sample convolution due to the tip slope that is imaged as soon as the tip
loses ground and touches at the edge with its sidewalls. This is clearly seen
in the excellently resolved double grating in Fig.1.11a, where the slopes of
the tip pyramid are clearly recognized (£50°, also after correction for the
y-direction). Fig. 1.11b shows the same grating (after the necessary adjust of
y-derating) with a less optimized scan (scan direction less favorable than in
the excellent image). This scan exhibits further artifacts from the corner edge.
However, it is nevertheless valid for the calibration in x, y, and z, because the
top of the blocks is artifact free.

Also single gratings with well-defined space as in Fig. 1.12 are well suited
for x and y calibration (two orientations), notwithstanding an actually differ-
ent shape at slopes that equal or exceed the tip slope.

A typical problem of unavoidable artifacts in scanning techniques concerns
with spheres that occur frequently in test samples. This includes verticals
and overhangs. Figure1.13 depicts contact-mode AFM images of a hexago-
nal close-packed latex sphere monolayer on mica at equal x,y, and z scales
scanned with an SigNy tip. Clearly, 220nm diameter latex spheres do not
show up as balls or calottes but as flattened calottes, because tip—sample con-
volution increases in steeper parts up to tip imaging. The tip imaging can be
nicely seen in the upside-down inverted perspective image (Fig. 1.13b), which
exhibits sharp rims (actually trenches) and peaks (actually depths) that are
images of the tip at these sites. The tip cannot reach the ground between
the spheres. The medium depth at the triangles between three spheres is only
83 nm, and the medium depth between two spheres is only 61 nm in Fig. 1.13a.
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Fig. 1.12. Contact AFM calibrations scan on a 1um single grating with an SigNy4
cantilever tip
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Fig. 1.13. Contact AFM images of 220 nm latex beads with standard SizN4 probe
tip at equal z,y, z scaling; (a) surface plot, (b) inverted surface plot showing tip
imaging in the depths of the distorted topology

Such artifact cannot be seen in top-view projections. Imaging can be improved
with sharper tips but artifacts will remain (Fig. 1.74).

The pronounced artifacts at cubes’ sides and at cubes’ edges (where the
imaged pyramidal sides of the tip change), as well as flexing or bending of
extremely sharpened tips, are described in great detail for blunt tips also
n [12]. Importantly, flexing of tips often causes exaggerated slope gradients
and fraying. Tip shapes cannot be inferred directly from the steep slope gra-
dients observed at verticals when measured with long thin tips since the tip
may have flexed. Fortunately, the occurrence of extended verticals is not very
common in natural surfaces, but slopes are in most cases low and the sur-
faces rather smooth. If verticals occur, shear-force AFM with tapered tips is
the proper choice for less convolution (Sect. 1.10). Another important point is
the optimization of scan direction if extended rims/trenches occur. It should
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be avoided to parallel their directions or cross them at right angles, if possi-
ble, in order to minimize tip—sample convolution. The 45° crossing is best. If
necessary, different partial images at changed scan direction are required.

The usual publication of SFM data as two-dimensional projection is un-
suitable for rough surfaces as it is impossible to analyze potential artifacts
and to identify the regions of valid measurement. Three-dimensional imaging
is much superior, but quality and reliability tests and further analyses are
still not possible with published pixel graphics or printed images, but require
access to the primary XY Z-data [54]. The first way to reach that goal for
everybody was the disclosure of AFM data in the format of interactive VRML
data. Their access to all major analyzing software has been realized and is now
also commercially available.

1.6 Surface Scratching and Plowing, Liquids on
the Surface

Composites of hard and soft materials may produce elasticity artifacts in
the topology that can be traced due to the extraordinarily high resolution
in the vertical direction. This can be judged by repeated measurements with
varying preset loads. It excludes damage of the surface and it is also a means
to detect chemical variation on the surface. Actually, the elasticity feature
is used for force modulation microscopy (FMM) as an extension of AFM
imaging by detection of different amounts of deflection at different elasticity.
Adhesion is obtained from the force-distance measurements. An oscillating
voltage signal from a separate piezo is applied to the z-control signal. However,
if the same piezo is used for the modulation the deflection tends to be unstable.
With the force modulation technique, the sample assembly is scanned with
a small vertical oscillation, which is significantly faster than the scan rate
[55]. The average force on the sample is equivalent to that in contact mode,
and both a topologic image and a force modulation image are simultaneously
obtained. Stiffness differences can be located. Another approach is the so-
called interfacial force microscopy (IFM). It uses capacitor sensors for that
purpose [56]. The pull-off force is set equal to the peak attractive force for the
work of adhesion calculation.

This technique clearly enters the nanoindentation field, where diamond
tips and UN up to mN load ranges are used (Chap. 3), if forces between differ-
ent materials are increased to achieve plastic deformation. A similar extension
of contact AFM is lateral force or friction force microscopy (LFM or FFM).
In that mode the tip or sample is moved perpendicular to the long axis of the
cantilever and the amount of bending measured by the light deflection in a
four sections phototube. Various procedures exist and have been theoretically
analyzed [57,58].

The standard force settings range for contact AFM is 1-30 nN. However,
there were numerous complaints of surface modification upon scanning with
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Fig. 1.14. Symmetrical (a,c) and asymmetric cantilever tips (b,d)

forces up to 10nN (e.g., in [22]). Such erratic scratching, scraping, plowing
has a definite reason. Regular cantilever tips of types (a) and (c) in Fig.1.14
do not scratch, scrape, and plow on solids up to 20-30nN in constant force
mode. Even polymer surfaces are sufficiently elastic. On the other hand, tips
of types (b) and (d) do scratch, scrape, and plow at and below 10N load in
contact AFM [44,59-61].

It was clearly not acknowledged that noncentric cantilever tips or unequal
cantilever legs must be avoided. For example, Fig.3.12 in [22] or Figs. 1a,b
and 2c¢ in [12] depict asymmetrically placed tips without comment. There
is ample experimental proof that such asymmetric tips scrape even below
10nN and sometimes very efficiently (this depends on the crystal pack-
ing) [44,59-61]. For example, the quite hard and elastic crystal surfaces of
trans-benzylidene-cyclopentanone (indentation hardness H = 110 MPa, re-
duced modulus 4.9 GPa) can be easily scraped out upon repeated scanning in
2um x 2um regions of a 10um x 10 um area. The nominal force was 10 nN
with an asymmetric tip in the face in front orientation. Intermediate recording
was omitted to avoid fraying out of the rims by the scratchy cantilever tip.

The flat square holes after five scans are 50 nm deep with a slope angle
of 10°-14°. The big hole after ten scans is 120nm deep with slope angles of
22°-27° (Fig.1.15). Further 10 pm scans would both show and increase fray-
ing. On the other hand, symmetrical tips up to 20nN load and more did not
alter the surface of the same material upon repeated scanning [44]. The scrap-
ing efficiency depends strongly on the crystal packing [59]. Clearly, scraping
can be purposely obtained with asymmetric cantilever tips, cantilevers that
have a drop of liquid, or a dust grain on one of the cantilever legs [44,60,61].
Conversely, selecting symmetric tips under a microscope with magnification
larger than 400-fold avoids scraping. Nevertheless, checks of scraping by sev-
eral scans in a zoomed-in region are advised due to the risk of cantilever
contamination that may occur upon instrument setup. Seven papers report-
ing surface scraping are listed in Ref. 18 of [44] and numerous reports in [22]
claim that “their force” was too high. The corresponding authors did not
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Fig. 1.15. AFM top-view image (a) and cross-section (b) of scraping experiments
on the main surface of trans-benzylidene-cyclopentanone with a cantilever tip of type
(b) of Fig.1.14 at 10 nN force, two experiments at five, and one at ten 2 um x 2 pm
repeated scans

acknowledge the tip-symmetry feature and this is also not acknowledged
in [62]. These authors should have carefully selected their tips. A more re-
cent report on muscovite mica scratching at loads above 70 and 80nN was
related to water content and pH, while others did not find scratching wear
up to 400nN under vacuum [63]. Unfortunately, the symmetry of the can-
tilever tip was again not addressed, which makes the quantitative assessments
doubtful at least. Conversely, purposeful plowing on polycarbonate (PC),
polymethylmethacrylate (PMMA), or epoxy resin (ER) with the AFM re-
quired loads of 500 nN with a diamond tip. The radius of curvature was given
to be 100 nm [64]. But the real shape of the tip apex (curved or flat truncation)
will play an important role in scratching as well (Chap. 3, Sect. 3.11).

AFM on rough surfaces is very sensibly reproducible if symmetrical tips
are applied. This may be illustrated by a photostability test at the nanoscopic
level with a rough and diverse surface of tetraphenylethene, an organic hydro-
carbon crystal. There was 10 min irradiation between Fig.1.16a and b with
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Fig. 1.16. Contact AFM reproducibility test with symmetric SigNy4 cantilever tip;
(a) fresh crystal of tetraphenylethene, (b) the same sample after 10 min photoirra-
diation in order to demonstrate photostability at the nanoscopic level

Fig. 1.17. Contact AFM on the viscous surface of an N-vinylcarbazole crystal that
had been exposed to methylamine gas, showing spreading of material by the tip

a water-cooled Hg high-pressure lamp (Hanau 150 W) through Solidex from
5-cm distance [65]. The original site was found again with high precision and
all minor details are unchanged, which is very remarkable, indeed.

A particular advantage of contact AFM is the most direct information
about the surface qualities. It may be viscid and the tip will stick to it and
eventually snap free (no measurement is possible under such circumstances).
If a highly viscous liquid is present or formed during the scan, the tip spreads
it along the scan direction (as shown in Fig.1.17) [7], and it will stay there
for some time.

If a liquid of low viscosity is formed on the surface, there will be gradual
remodeling of the surface upon continuous AFM scanning also with symmetric
tips: the liquid dissolves some of the crystalline material and this solution
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Fig. 1.18. AFM traces (10um, z-scale: 200nm) on an o-cinnamic acid crystal
surface after exposure to chlorlne gas with a nanoliquid formed on it at the times
given, showing development of an increasing hole, a secondary hole, and desolving
and recrystallization of materials due to transport of the liquid by the AFM tip

is transported back and forth with all signs of nano-recrystallization [59, 66].
This is shown in Fig. 1.18. The nanoliquid was generated by brief reaction of o-
cinnamic acid on the (010) face with chlorine, blowing away of residual chorine
with air and continuous AFM measurement at the times given. Measurements
started 10 min after the reaction. This is an important general method for the
detection of minor liquids on surfaces that may not be visible under strong
light microscopes. These results enforce repetition of AFM measurements on
rough surfaces for exclusion of nanoliquids that are different from adsorbed
water layers.

Another case of surface liquid formation is encountered if the very strong
organic base benzimidazole-2-guanidine is reacted with gaseous carbon diox-
ide. A freshly cleaved face (Fig.1.19a) is preferably used, as naturally grown
faces tend to be very irregularly rough [67]. Fig. 1.19b shows the interaction
with carbon dioxide (probably formation of the carbonate salt by additional
reaction of a water layer) that provides flat layers with steps (for higher res-
olution of the molecular steps see Fig.1.24). If however the carbon dioxide
was blown away with moist air a viscous liquid started to form. It starts to
spread in scan direction (left to right) as is already seen in (c). 36 min later
at a rotation angle of 35° the viscous liquid had largely increased. The irreg-
ular features are not solid, because they change their shape upon scanning.
The “drops” are not regular and do not fully unite. Clearly, there are some
problems with the definition of the terms viscid, viscous, liquid, or fluid in the
nanoscopic range. Importantly, solid features do not change upon five to ten
consecutive contact AFM scans with symmetric cantilever tips in the 10-30 nN
load range, and that is a clear phenomenological definition of a solid.

A special case is water layers on hydrophilic surfaces in ambient at-
mosphere. If they do not show similar features as in Figs. 1.17-1.19d, they do
not distort the contact AFM image but belong to the natural surface. The tip
simply penetrates through humidity-dependent water multilayers. The water
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Fig. 1.19. Contact AFM traces on the cleavage plane of benzimidazole-2-guanidine;
(a) fresh; (b) after application of gaseous carbon dioxide; (c) after blowing away the
carbon dioxide with moist air; (d) 36 min later; the z-scales are 50 nm in (a) and
(b) and 100 nm in (c) and (d); a viscous liquid is clearly formed in (d)

layer may be adsorbed as inorganic (hydr)oxides (these are also as layers on
numerous metals), or solid surface hydrates may be present on polar organic
molecular crystals, or hydrolyzed surface layers may be hydrated. Also sur-
face hydration to give solid surface hydrates may be found if fresh molecular
crystals are exposed to moist air for the first time during AFM measurements.

1.7 Molecular Steps

The z-piezo response in contact AFM is so sensitive that molecular steps
of organic molecules (5-10 A range) are routinely vertically resolved. It is re-
markable to obtain reproducible images with SigNy4 cantilever tips at 10-20 nN
force under ambient conditions even on rather corrugated surfaces at the cor-
rect height when compared with crystallographic data in large scans. Such
molecular steps are frequent with layered crystal structures on faces that are
parallel to the layers. A typical example is 3,5-diphenyltetrazine (P2, /c) with
four nitrogen atoms per molecule. It exhibits its skew molecular monolayers
at an effective height of 5.4 A (100), but natural organic single crystals are not
perfectly flat [65]. Two images (a) and (b) of different crystal specimens that
were routinely taken at a time distance of three years are shown in Fig. 1.20.
The measured step heights are consistently 10, 15, 20, 25, and 30 A, which
corresponds to steps of 2-6 molecular layers (Fig. 1.20).

The crystal packing of 3,5-diphenyltetrazine is visualized in Fig.1.21. It
shows the skew (54°) molecular layers with alternating orientation and some
interlocking (about 2 A). The correct distance tells that there is no surface
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Fig. 1.20. Contact AFM surface of 3,5-diphenyltetrazine on (100) scanned with an
SisN4 square pyramid, showing molecular steps of 10, 15, 20, 25, and 30 A heights
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Fig. 1.21. Stereoscopic packing diagram of 3,5-diphenyltetrazine with (001) on top
along [100] but rotated around y by 10° for a better view. The layered structure
type is clearly seen as well as the outer hydrocarbon arrangement, but some access
of the uppermost nitrogen, e.g., for protonation appears still possible

reconstruction. The uppermost layer clearly indicates that the external phenyl
groups shield the four nitrogens per molecule. It appears not impossible to
reach the uppermost nitrogens by the protons of water, but the hydrophobic
phenyl groups should prevent the formation of a closed water layer.

Salt formation experiments under AFM control serve the clarification of
this point. Protonation of 3,5-diphenyltetrazine has been investigated with
gaseous hydrogen chloride under AFM control on a surface of equal quality
as in Fig. 1.20. Clearly, the protonation to give the 3,5-diphenyltetrazine hy-
drochloride would be easiest at the molecular steps. However, no change is
seen at the steps that are unaffected at this large scan (Fig.1.22) probably
because the chemical reaction does not continue there after protonation of
the front molecules, because there is no need to leave the layer: the proto-
nated cation molecule is more attracted by its inner neighbor and the chlo-
ride counterion is well accommodated at the step. However, the harder way,
which is protonation from the surface, can start at nucleation centers and
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Fig. 1.22. AFM topology of 3,5-diphenyltetrazine after two additions of diluted
hydrogen chloride gas (1.2 and 3.2 ml) for salt formation via proton transfer; the salt
islands grew after the second application of the acid; the scanning (after blowing
away of the HCI) did not influence the result; no continuing protonation occurred
at the molecular steps

lead to islands of considerable height around such points of initial attack.
After application of 1.2ml of 10% HCI gas (diluted with dry air) from a sy-
ringe in 5-cm distance, no islands were observed. The 12 islands that are seen
in Fig. 1.22 are the result of a second application of 3.2 ml of the diluted acid.
The AFM scanning did not influence the result. The acid was blown away be-
fore the scanning. These results seem to exclude a water layer on the surface
of 3,5-diphenyltetrazine. It is assumed that the islands in Fig. 1.22 consist of
the monoprotonated salts, but the possibility for diprotonated salt formation
cannot be excluded presently [68].

No risk of a water layer is encountered on anthracene single crystals (grown
from ethanol solution), which also exhibit a layered structure. Again these
layer surfaces are corrugated. The crystal packing under the (001) face is
depicted in Fig.4.37 (similar to Fig.1.21, but all molecules inclined to the
right side). The molecules in the monolayers are inclined by 67° and all point
in the same direction. The topologic image has been taken with contact AFM
using regular SizNy cantilever tips under ambient conditions [66], and a similar
image was obtained three years later [69]. The terrace steps in Fig. 1.23a are
10, 20, 30, and 40 A high. This corresponds precisely to 1-4 monolayers, all
within one scan and it excludes surface reconstruction.

Molecular steps with molecules that stand skew and free to one side
are sites for release of internal pressure from inside the crystal where the
molecules can freely exit. Such internal pressure can be produced by light-
induced [4 + 4]-photodimerization of anthracene. The photodimer is no longer
a planar molecule and therefore considerably distorts the lattice. The applied
light penetrates down along a gradient through about 200 molecular layers,
so it is a crystal bulk effect. The bulky dimer molecules migrate and shift
also molecules of anthracene in front of them. Fig.1.23b shows that indeed
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Fig. 1.23. Contact AFM image on (001) of an anthracene crystal, (a) showing
molecular steps, (b) exit of molecules at the molecular steps after irradiation, which
produces internal pressure due to [4 + 4]-dimerization reaction

molecules exit along the molecular steps by forming walls that increase at
later stages of the photolysis [61,65, 66].

Alternatively, it might be asked if the features at the steps are the ac-
tual reaction sites. However, the question of the chemical composition at the
exit regions has been definitely answered by SNOM on the rough surface
(Chap. 2) [69]. The whole surface of Fig. 1.23b and in later stages of the pho-
tolysis is chemically uniform (equal chemical composition), as no chemical
contrast occurs over all features. Therefore, the mixture of anthracene and its
photodimer changes constantly all over the surface, at the exit walls and at
the plain surface that experiences vertical transport in the later stages. This
result disproves earlier defect-site theories claiming energy migration to such
defects. The molecular steps are certainly crystallographic defect sites, but
the product is not specifically formed here (at the sites of exit) but at the
sites of light absorption. Such conclusion is only possible if AFM evidence is
combined with SNOM evidence.

Molecular steps may also be formed upon chemical reaction if flat lay-
ers ensue. Thus, the reaction of the strong base benzimidazole-2-guanidine
(including water layer) with carbon dioxide in dry air (Fig.1.24) produces
layers that exhibit terrace-like steps that are stable and more highly resolved
than those in Fig. 1.19b (in moist air). The step height is typically 2nm, some
steps measuring 1.5 and 2.5 nm. Clearly, this is in the molecular range of the
resulting benzimidazole-2-guanidinium carbonate or hydrogencarbonate [67].

Crystallization on the cleavage plane of calcite (CaCO3) was studied by
contact AFM. Growth and dissolution occurred in a layer-by-layer fashion in
monomolecular steps that were 3-A high [70]. Terraces with heights of 4 A
have been obtained by layer-by-layer growth of SrTiOs and BaTiOg films
using laser molecular beam epitaxy (MBE) and measured by AFM [71]. Also
the molecular layer-by-layer growth of AlsO3, and BaO thin films occurred in
terraces [72]. Two unit-cell thick (6.6 A) layers of MBE-grown SrCuQO, and
CaCuO; were recorded on SrTiO3 (100) [73].
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Fig. 1.24. Contact AFM topology of a step structure in the reaction of benzimi-
dazole-2-guanidine with carbon dioxide with molecular step heights of 2nm; the
z-scale is 25 nm
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Fig. 1.25. AFM topology of the in situ surface hydration of 5-aminotetrazole in
moist air, showing advancement of a reaction front without a groove in front; image
(b) was taken 10 min after (a) with the crystal being exposed to moist air, (¢) 2 min
later, (d) after further 8 min at a different site
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1.8 Ambient Surface Modifications

Ambient conditions mean moist air (mostly undefined relative humidity) at
room temperature and 1 bar atmospheric pressure. Carefully crystallized sam-
ples with numerous polar substituents may efficiently catch water from the
atmosphere and form solid surface hydrates. This is followed by AFM in
Fig.1.25 with surface hydration of 5-aminotetrazole (CH3Nj, crystals from
dry methanol) [7]. During contact AFM scanning a broad reaction front ar-
rived as is seen in Fig. 1.25b that still contains the landmark fissure. There
were 10 min between the measurements (a) and (b), 2 min between (b) and
(c), and 8 min between (c) and (d). This is a very efficient surface hydration
reaction from the gas phase forming a crystalline hydrate. Unfortunately some
sliding of the cantilever at a remote obstacle occurred that could not be taken
care of in the very rapid scanning routine. Two further images between (c)
and (d) continued the migration of the broad front as judged from zoomed-in
images leaving out the artificial area (not shown), because the cantilever slid-
ing grew into the image more badly. Image (d) at a different site shows that
the final size of the hydrate structures is reached already while it runs and a
rough hydrate coating covers the crystal at the end. No groove is formed before
the broad front and very rapid molecular migrations above the surface occur.
This is unusual. Either the crystal packing under the most prominent face
of 5-aminotetrazole impedes hydration or the feature formation is impeded
in the absence of crystal seeds that are available wherever the reaction front
arrives. In that case it would be recrystallization of an unstable preformed
solid phase. The scanning does not induce it, and there is no nanoliquid on
the crystal.

A reacting front upon surface hydration with the result of a crystalline
surface hydrate is also observed if hydroxylammonium sulfate crystals (crys-
tallized from methanol) are exposed to moist air [74]. In that example a groove
ahead of the slowly proceeding wedge-shaped front is recognized (Fig. 1.26).
It takes several hours to pass the 10 um x 10 um surface, and Fig. 1.26d does
not change after one more day in moist air. These features point to a dif-
ferent mechanism or different crystallographic influences than in Fig.1.25.
Again, the very rough surface layer assumes its final height while it proceeds.
The surface hydrate has different chemical properties from the unhydrated
surface, but a bulk crystalline hydrate of hydroxylammonium sulfate is not
known. It crystallizes unhydrated also from water [74]. Surface hydration may
protect the crystal or it may increase its reactivity. AFM shows that there is
no liquid on the surfaces, but this does not exclude additional firmly adhered
water layers. Importantly, surface changes in ambient air at the submicron
level are very important for all surface properties and should therefore rou-
tinely be tested by contact AFM before application of any perhaps more well-
known surface techniques such as ellipsometry, interferometry, UV /VIS-, or
IR- spectroscopy, etc.
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Fig. 1.26. Contact AFM topology of the in situ surface hydration of hydroxylam-
monium sulfate [(NH2OH)2-H2SOy4] in moist air, showing advancement of a reaction
front with a groove in front; image (a) was taken 40 min after mounting and expo-
sure of crystal to the moist air, (b) 23 min later, (c) after further 28 min (four scans
in between), and (d) after 20h

2.000 um
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500.00 nm

Fig. 1.27. Contact AFM surfaces (SizNy tip) of the dominant face of hydroxylamine
hydrochloride, (a) after final hydration in moist air for 24h at 18°C; (b) after
reaction of the surface with diluted acetone vapor for 2 min with descent artifact
to the right as the limits of the piezo was exceeded (z-scale is 4 um!); (c): pristine
(not hydrated) surface that was exposed to acetone for 5 min showing much slower
reaction and island formation
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Moving reaction zones are not very frequent. But various types of surface
changes occur on polar crystal surfaces. Surface hydration in moist air may
occur at random and so rapidly that it is hard to obtain an area without
previous hydration such as in Fig. 1.6, which shows the surface hydration of
hydroxylamine hydrochloride (dense volcano-type features). In that case an
enormous increase in reactivity toward the reaction with acetone gas to give
acetone oxime hydrochloride has been found [74]. Figure 1.27 demonstrates the
enormous reactivity of the final and stable hydrated surface of hydroxylamine
hydrochloride (a) after the cones of Fig. 1.6 have grown together. These solid
hydrate features change to the huge volcano-like features in Fig. 1.27b after
application of diluted acetone vapor from a close-by filter paper that was
soaked with some drops of acetone for 2 min and blowing away of the gas
mixture. The height of these also microscopically detectable hills exceeds the
capacity of the applied piezo and this is the reason for the artifact in the
descent of the features (scan from left to right). But the size of the presumed
symmetric hills is nevertheless roughly discernible.

The materials transport is enormous and the product structure has been
secured by isolation and chemical characterization in large-scale runs that go
to completion with 100% yield. Conversely, the reaction of acetone gas with
unhydrated hydroxylamine hydrochloride is much slower as shown in Fig. 1.27c
starting from a pristine surface after 5-min exposure. Importantly, the cones
in (c) are not at random, but stay in line, though in various directions. The
fact that gaseous water (also water that is stoichiometrically liberated by
the reaction) catalyzes the solid-state reaction had to be taken into account
for large-scale runs in flow systems for removal of highly dilute acetone from
spoiled atmosphere [74]. Numerous related reactions have been tested there.

Random groups of volcanoes with different sizes are described for the hy-
dration of 4-aminobenzoic acid in Fig. 1.32. Furthermore, random islands with
different sizes (for example 1.5-6 and 10-15um wide, and up to about 1um
high) in 100 pm AFM scans have been observed after aging of o, w-dihydroxy

Fig. 1.28. Contact AFM topologies of MBH (crystallized from CH30H); (a) fresh
but possibly pre-reacted; (b) after 10 h exposure to moist air, showing formation of
a huge island but not at the same site as in (a)
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Fig. 1.29. Contact AFM topologies of DABCO after exposure to moist air; (a) was
only measurable after considerable loss of material by sublimation; the time differ-
ence between the measurements (a) and (b) is 1h; in between were four additional
scans

functionalized poly(dimethylsiloxane) (PDMS) and the ethoxysiloxane mix-
ture for six months under ambient conditions [75]. Obviously this “unex-
pected” feature formation must be the result of chemical reactions with
water vapor. Not at random and very slow is the surface hydration of
N-methylbenzothiazolone-2-hydrazone (MBH) with ambient moist air. Huge
isolated islands (not the same site in Fig. 1.28b) are formed within 10h [67].
Apparently, this is an impeded surface hydration while forming a solid hy-
drate. There is again no liquid on the surface. It is assumed that the crystal
packing hides the functional groups under the surface and that hydration
proceeds only around rare nucleation centers.

Island formation has also been observed by autoxidation on (001) of
2-mercaptobenzothiazole crystals (Fig. 1.41) or on (110) of anthracene crystals
(Fig. 2.29) with oxygen. Much smaller islands have been found with shear-force
AFM in the hydration of phthalimide, but only after hydrolytic ring opening
and not in the initial surface hydration. This was clarified by SNOM and is
described in Chap.2 (Fig. 2.34).

It is also possible that surface hydration protects the crystal by nanoscopic
covers. Thus, hydration may smooth the surface by forming flat layers. This
is shown by the hydration of 1,4-diazabicyclooctane (DABCO) crystals (sub-
limed) in Fig. 1.29. These crystals are highly volatile so that only large crystals
(>3 mm) can be studied under ambient conditions. The first image that can be
taken in air shows a smooth flat covered with many separated domains appar-
ently from a hydrate (Fig.1.29a). At that time the vaporization losses come
to a stop, and after 1h the smooth surface covers have increased (Fig. 1.29b).
After that, the crystal is protected from further evaporative losses. It stays
unchanged for days in air and does not smell intensely anymore. Again, no
nanoliquid is on the surface, but this does not exclude a strongly adhered
water layer. Clearly DABCO crystals protect themselves from losing weight
in moist air by forming a nanoscopic protective hydrate cover [7]. This finding
may be of practical importance for its handling.
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Another example for flat cover formation at in-situ reactions with at-
mospheric constituents [7] is described in Fig. 1.24.

Importantly, surface layers and particularly the flat ones often (but not
always) protect the crystal from chemical reaction with reactive gases. Strik-
ing examples have been described in the reaction of penicillamine or cysteine
with acetone vapor. AFM clearly indicated initial reaction followed by forma-
tion of flat layers. These prevented further reaction by surface passivation. It
was also shown that the application of penicillamine hydrochloride or cysteine
hydrochloride and acetone vapor did not produce surface passivation and the
corresponding thiazolidine salts could be isolated with 100% yield [74]. Hence,
these reactions can be engineered, because the free bases can easily be liber-
ated from the salts.

The examples of this section show that contact AFM control of crystal
surfaces in ambient environment or upon aging (e.g., Figs. 1.52 and 1.64) is
indispensable prior to performing other surface investigations. The submi-
croscopic features or layers that may form can decisively influence physical
properties and chemical reactivity also on the macroscopic scale.

1.9 Chemical Surface Modeling and Typical Shapes
of Topologic Features

A great number of different surface features occur on natural surfaces, but
these are normally too complicated for a classification of their shapes. How-
ever, anisotropic surface modeling can isolate the basic shape components.
Most successful are chemical reactions on surfaces of (single) crystals with-
out involving liquids or solvents. These proceed anisotropically and are a good
means for creating well-defined shapes or a limited number of shapes of submi-
croscopic features. Solid-state reactions are strictly controlled by the crystal
structure and they are face selective. Apart from creating well-defined sur-
face nanostructures the pronounced anisotropy is the background for chem-
ical application in waste-free quantitative syntheses, which are really benign
and sustainable. The classification of naturally grown surface features accord-
ing to their geometric shape is of scientific and technical importance. The
nanostructures are formed by self-assembling far above the molecular level by
lattice-directed transport phenomena. The solid-state reactions can be initi-
ated by heating, photoirradiation, gas—solid reaction, or solid—solid reaction.
All of these processes may become profitable surface modeling procedures.

1.9.1 Volcano or Cone Type

The volcano type describes regular cones with sharp apex such as in Fig. 1.30
and vertical elevations with more or less pronounced summit curvature in
dense packing. The term is also reminiscent of their formation by “eruption”
of molecules over the initial surface. They occur also as one type of islands
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Fig. 1.30. Contact AFM topology of a-cinnamic acid (crystallized from benzene)
on (010) after 30 min irradiation with 365-nm light (6 mW c¢m™?2) exhibiting densely
packed volcano structures; (a) top view with 1,520 stable volcanoes, some of them
aligned along the cleavage plane direction; (b) surface plot of a section of image (a)

where the volcanoes are well separated from each other (Sect. 1.9.2). The same
slope angles all around are a quality mark of proper scanning (Fig.1.6). The
volcanoes may be tall, of similar size (Fig. 1.30), and so densely packed that the
bottom of the surface is tip imaging by necessity [76]. The features of Fig. 1.30
are created by bulk photolysis (light penetration down by 1,300 layers) of pla-
nar hydrogen-bound cinnamic acid molecules to give three-dimensional four-
ring dimer molecules. The internal pressure produced is released by upward
transport of molecular material through the monolayers of the skew hydrogen-
bound planar molecules parallel to the previously flat surface with terrace
structure.

Considerably taller, in random large groups and with downhill fissures
are the volcanoes of Fig.1.31. They were achieved by reaction of a layered
planar aromatic hydrocarbon (anthracene) in a gas—solid reaction. Again the
molecular transport was across the horizontal layers of skew molecules [67].

Volcanoes of very different sizes are obtained on (101) of a highly polar
organic crystal of 4-aminobenzoic acid that was previously exposed to moist
air (Fig. 1.32).

Interestingly, volcanoes can also be generated by gas—solid reactions with
plastic polymers. For example injection-molded PMMA and gaseous chlorine
give the rather blunt volcanoes in Fig.1.33 by chlorination of the surface
region [24].

1.9.2 Islands
Island formation occurs if the crystal surface shields the functional groups of

organic molecules. The crystal protects itself from being chemically attacked
and damaged at the molecular level. Reaction can only start at nucleation
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Fig. 1.31. AFM topology on (001) of anthracene after exposure to 0.05ml chlorine
in 3ml air with a syringe from 3 cm distance and blowing away of the reactive gas
after 2min

um

10

Fig. 1.32. AFM topology on a (101) surface of 4-aminobenzoic acid (P21/n, crys-
tallized from ethanol) that was previously exposed to moist air indicating surface
hydration by the formation of volcanoes of different heights

centers and it spreads around them. The crystal packing of benzimidazole is a
good example for the hiding of the functional N and NH groups that would be
ready for reaction with cyanogen chloride as a very potent agent. The benzene
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Fig. 1.33. AFM topology on PMMA after treatment with chlorine gas for 1 min
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Fig. 1.34. Stereoscopic packing diagram of benzimidazole with the (100) face on
top, showing the shielding of the functional groups by the benzene rings

rings of benzimidazole point outward on its overwhelming natural (100) face
(Fig. 1.34). That is enough to effectively impede the reaction with cyanogen
chloride or other reagents. However, it can be seen that the functional groups
are available at the side faces.

These side faces are present at molecular steps on the (100) face as searched
and found by contact AFM in Fig. 1.35a. Clearly, the huge islands build up
at the molecular (6 + 2) nm steps and grow from there, but not at the undis-
turbed parts of the surface. These islands ensue aligned along the molecular
steps [77]. Related island formations at molecular steps of thiohydantoins and
gaseous amines have been described in [78].

Molecular steps such as in Fig. 1.35 are prominent defect sites for reaction
at self-protected surfaces, but there are further nucleation sites at the mole-
cular level that may not always be detectable with AFM on rough surfaces
away from lateral molecular resolution. Some examples are defects by missing
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Fig. 1.35. AFM topologies of benzimidazole on the (100) face at a step site: (a)
fresh surface crystallized from methanol; (b) same site after application of 3 ml 20%
CICN vapor in air, showing the development of huge islands at the 6 + 2nm step
site of (a)
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Fig. 1.36. AFM topology of an island structure that was formed on a benzimidazole
crystal on (100) along a crack upon reaction with cyanogen chloride; z-scale is 800 nm

molecules, impurity molecules, pits, and cracks. Typically, such defect sites
occur in low concentrations on crystal surfaces and prevent uniform reaction
on it. An example of an island that spreads along a crack of benzimidazole
in the same reaction with cyanogen chloride vapor is depicted in Fig. 1.36.
Clearly, the reaction started along the crack of the self-protected single crys-
tal and extended to both sides from there [79].
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Fig. 1.37. Contact AFM topologies; (a) flat islands on sulfanilic acid monohydrate
after cautious application of very diluted NO2 (z-scale: 50 nm); (b) flat diked islands
of 1,3,5-triphenylverdazyl and triphenylverdazylium nitrate complex by a solid-solid
reaction (z-scale: 200 nm)

Low-height flat islands with enclosed “lakes” are obtained upon very minor
reaction of sulfanilic acid monohydrate with dilute nitrogen dioxide as shown
in Fig. 1.37a [80]. More intense application leads to huge volcano islands. Also
diked flat islands can be produced and imaged by putting a small crystal
of triphenylverdazylium nitrate on a single crystal of 1,3,5-triphenylverdazyl
stable free-radical. Scanning is performed after 20 h at 0.5-1 mm distance
from the edge of the crystal contact (Fig.1.37b) [81]. The solid components
quantitatively form a charge transfer complex upon comilling. This complex
exhibits interesting magnetic properties [82].

Volcano islands may be created at random as in Fig. 1.38. They are ob-
tained by surface modeling of solid aniline derivatives with nitrogen dioxide
or nitrosylchloride gas [83]. An example is depicted in Fig.1.38. The islands
are not symmetrical in this case, probably because hydrogen-bonded ribbons
in the crystal packing impede the exit of molecules over the surface.

Volcano islands can also occur aligned in cleavage directions of crystals.
Huge regular and blunt islands in Fig. 1.39 are the result of a solid—solid azo
coupling exemplifying this. These volcanoes are definitely aligned but not at
random [67].

Sharp aligned fence-like islands consist of numerous volcanoes that touch
every direct neighbor. The direction of the fences corresponds to the cleavage
plane direction of o-cinnamic acid that was exposed to filtered daylight for
half a year in a secured environment in order to achieve extremely slow partial
photodimerization (Fig.1.40) [76]. This should be compared with Fig. 1.30 at
much more rapid photolysis. The anisotropic molecular migrations over far
distances are very evident.
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Fig. 1.38. AFM topology on (001) of 4-aminobenzoic acid after exposure to NOCI
vapor giving somewhat irregular volcano islands as a consequence of the diazonium
chloride formation
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Fig. 1.39. Contact AFM topology of blunt aligned volcano islands that
occurred on (001) of 2-naphthol about 1mm apart from a solid grain of diazo-
tized 2-aminobenzoic acid after 3h; the cones are oriented along a cleavage plane
direction of 2-naphthol

Still another island structure has been obtained in the form of concentric
rings upon autoxidation of mercaptobenzothiazole (Fig.1.41) [67]. Presum-
ably, autoxidation on the self-protected surface started around a hole as the
nucleation site. The circles are seen both in the top view (a) and in the surface
plot (b), but only the latter indicates the volcano type of the densely packed
segments.
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Fig. 1.40. AFM topology of o-cinnamic acid (crystallized from benzene) on (010)
after 6 months’ exposure to Pyrex-filtered daylight under argon exhibiting fence-like
structures aligned along the cleavage plane direction

(b)
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Fig. 1.41. AFM topology on (001) of 2-mercaptobenzothiazole after partial
autoxidation in oxygen atmosphere; (a) top view (z-scale: 250 nm); (b) surface plot,
showing circular island formation

1.9.3 Craters

Numerous shapes of what should be called craters exist. Small submicroscopic
funnels are easily imaged by contact AFM if their slopes are not too high and if
their depths do not reach the length of the tip. Figure 1.42a gives an example
for the funnel-type craters at slopes <20° and depths of typically 40nm.
They were created by a solid-solid reaction with AFM scanning close to the
contact edge of the reacting crystals in air at the exclusion of solvents. The
shapes of these stable craters can only be judged from inverted images, which
translate the craters into the inverted volcano shape (Fig. 1.42b) [84]. As there
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(b) inverted image

Fig. 1.42. AFM topologies on (010) the (R, R)-cyclohexylspirotaddol after 2 h treat-
ment with solid (S)-pantolactone creating steep random craters; (a) top view, (b)
inverted surface plot for the visualization of the shape of the craters; the slopes are
<20°

is local mass and volume increase in solid-solid reactions that usually cannot
be compensated by an increase of density the formation of craters must be
accompanied by upward transport. This is evident from an increased surface
corrugation with relation to the original surface in Fig.1.42 having the form
of shallow hills.

Such funnel-type craters may also assume shallower shapes and very dif-
ferent sizes as in a typical gas—solid reaction without solvent, which produces
a linear dimer molecule with shrinking of the volume upon proton catalysis
from an alkene. The craters exhibit depths from <20 up to 200 nm and slope
angles <10° (up to 15° only at the front left funnel) (Fig. 1.43) [85]. There is
no mass increase in the catalytic reaction and apparent density increase, but
some compensating upward transport is seen by the hills between the craters.

Crevice-type craters with sharp corners are distinctly different (Fig. 1.44a).
The actual shape is only revealed with the inverted image (Fig. 1.44b), which
clearly indicates the sharp edges in various directions. The slopes are be-
low 40° with the exception of a few crevice craters that have short parts in
north-south orientation at 55°-60°. These few sites are artificially imaged. The
craters were formed upon a photolytic rearrangement in the crystal bulk that
severely changes the molecular shape. The corresponding upward transport
is unspecific at that degree of conversion. Volcanoes and craters are present
after 5min irradiation [65].

In photochemical conversions without mass change crater formation must
be accompanied by upward transport if the density change is low. This is
more evident when there are larger craters. Quite often, craters and volcanoes
of similar size are formed at the same time. Figure1.45 gives an example
from a solid-state cis—trans photoisomerization, where the crater rims unite
to volcano-like structures [86].
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10 um

Fig. 1.43. AFM topology of shallow funnel-type craters on the main face of 1,1-
dianisylethene after two applications of 0.5 ml gaseous HCI in 5 ml air from a syringe
in 3 cm distance

‘t inverted image

10 Hm

Fig. 1.44. Contact AFM topology on (001) or (00-1) of dicarbethoxy-
dibenzobarrelene (P21212;) after 15min irradiation with a high-pressure Hg lamp
through a Pyrex filter producing an enantioselective di-n-methane rearrangement

Even better visible is the combination of large craters and large volcanoes
(like egg trays) in the isomerization of 8-trans-cinnamic acid (Fig. 1.46) [65].
Further examples for this type have been published [48, 65, 66].

Three different types of large craters with flat bottom can be created.
Figure 1.47 shows a rim-type flat crater. All upward transport goes to the rim
upon a gas—solid nitration in the absence of solvent [87]. This is a multistep
solid-state cascade reaction that also produces water and nitrogen monoxide.
Therefore, the relation of the features to the original lattice may be not so
direct as in the case of the one-step chemical reactions. However, the molecular
packing appears suitable for the circular response.
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400 nm

10 um

Fig. 1.45. AFM topology on (010) of cis-benzylidenebutyrolactone after irradiation
at 365 nm (bandpass 6.4nm; 6 mW cm™?) for 120 min

10 Hm

Fig. 1.46. AFM topology on (100) of 8-trans-cinnamic acid after 1 min irradiation
(A > 300nm) and 20h rest

The second type of a flat-bottomed crater goes down in concentric steps,
the heights of which vary from 1.5 to 11 nm (Fig. 1.48) [81]. These are in the
range of a few molecular layers probably of the product molecules from a gas—
solid cyanation reaction, as the crater is built down gradually by increasing
the number of steps. The initial crystal [88] consists of monolayers without
hydrogen bonding. The layers are parallel to the (001) face, and that results
in the spectacular shape of the craters.

It is also possible to obtain large craters with flat rims by gas—solid cataly-
sis of linear alkene dimerization, which is the third type of large flat-bottomed
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Fig. 1.47. AFM topology on (10-1) of tetraphenylethene after exposure to 0.2 bar
of NOg for 10 min to give tetra-p-nitrophenylethene

(a)

100 nm

10 #M

Fig. 1.48. AFM topology on (001) of diphenylamine (P-1) after five additions
of 0.5ml diluted CICN gas in air to give IN-cyanodiphenylamine and HCI gas;
(a) surface plot; (b) top view (z-scale: 200 nm)

craters (Fig. 1.49) [85]. The starting surface was very flat with molecular ter-
race steps on it. No significant upward transport is recognizable, which is sur-
prising, as it is hard to imagine that all of it can be accounted for by a density
increase due to the overall shrinking. The crater width is 8 um at a depth of
400 nm though. The E/Z-ratio is 15:85 in the 1,1,4,4-tetraarylbuten-1 prod-
ucts, if the same reaction is performed on a preparative scale to completion.
The reason can be found in the crystal lattice of the starting material [89].
Its crystallographic density is rather low (1.17gcm™2). A packing diagram
on (001) (Fig.1.50) reveals numerous small channels orthogonal to it. Even
though the layered alkene molecules are interlocked it appears comprehensible
that, after the shrinking linear dimerization, the extended product molecule
migrates along the channels and fills them, while compression to neighboring
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Fig. 1.49. AFM topology on (100) of 1-(4-anisyl)-1-phenylethene (Cc) after three
applications of 1 ml HCI gas each to catalyze the stereoselective linear dimerization

Fig. 1.50. Packing diagram of 1-anisyl-1-phenylethene (Cc) on (001) showing chan-
nels orthogonal to that face

channels will also occur in the distorted lattice. Unfortunately, we cannot as-
sess the original level of the surface in Fig.1.49. Some upward and probably
downward transport must have occurred, but not concentrated at the rim and
edge in the depth of the crater.

1.9.4 Pool Basin Type

If depressions have square, rectangular, or rhomboidal cross sections and flat
bottoms these resemble “pool basins.” Examples for the latter two are de-
picted as top views in Fig. 1.51. They were created by gas—solid reaction with
the same reactive gas (cyanogen bromide vapor) but two different crystal sub-
strates and are the result of advanced reaction. In the case of Fig.1.51a the
pool basins developed in a sudden event from numerous small flat molecular
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Fig. 1.51. AFM imaging of pool basin-type features; (a) generated by reaction on
(001) of 2-hydroxyaniline (Pbca) with six portions of cyanogen bromide gas, depth
<120nm and (b) by reaction on (100) of benzoic hydrazide (P2:/c) with three
portions of cyanogen bromide gas, depth 60-100 nm

scale depressions [77]. The packing of the starting crystal for (a) has two rows
parallel to the a and b axes. In the case of Fig. 1.51b the reaction started grad-
ually with tall volcanoes up to more than 50 nm, before a sudden event upon
continuing reactive gas exposure formed the rhombs [77]. The angle of the
rhombs is about 70°. Importantly, the crystal packing of the starting crystal
for (b) has two directions of preference crossing at an angle of 72°. The three-
step behavior of gas—solid reactions, which is exemplified in both cases, is the
common basis of the molecular solid-state reaction mechanisms. These are
subdivided into steps of phase rebuilding, followed by phase transformation,
and followed by crystal disintegration in the reaction layer of about 100 nm
for generation of new surface for the next cycle, etc. [59,90,91]. These and
many other AFM measurements replaced previous theories that would forbid
and deny anisotropic molecular migrations within crystals as a prerequisite of
solid-state reactions [92].

Less spectacular almost square pool basins with depths down to 350 nm
are obtained with a totally different gas—solid reaction if a previously very flat
single crystal of 4-nitroaniline is aged in air for some weeks (Fig. 1.52) [67].

1.9.5 Prismatic Floes

Vertical elongated prismatic features either in one, two, or three different
directions have the appearance of floes even if the opposing surfaces are not
parallel but inclined, and we actually have more or less straight three-sided
prisms. However, in common imaging they usually appear more like floes.
Such surface modeling by chemical interaction requires cleavage planes that
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Fig. 1.52. AFM topology on (100) of an aged single crystal of 4-nitroaniline (crys-
tallized from hot water by slow cooling; P2 /n), showing pool-like depressions

end on the surface in question. The first example has been depicted at two
different view directions on monoclinic 9-chloroanthracene [93] (unfortunately
no atomic positions are made available from the X-ray analysis) in Fig. 1.7.
These photochemically generated features align only in one direction, which is
the cleavage plane direction. Similar prismatic floes can be generated by a gas—
solid reaction of rac-camphene (cubic highly disordered plastic crystals) [94]
and hydrogen chloride to give the elusive rac-camphene hydrochloride with
exo-position of the chlorine substituent [95]. The AFM result is shown in
Fig. 1.53. The slope angles are up to 25° here and the floes have different sizes.

Very steep floes are obtained by the solid—solid condensation of 4-hydroxy-
benzaldehyde with 4-toluidine. A small crystal of the amine is placed on a
single crystal of the aldehyde, and AFM measurement is performed at 0.2 mm
distance to the contact edge. The floes in Fig.1.54 are created by crystal-
guided removal of aldehyde molecules for reaction within the amine crystal to
form the colored condensation product and water there. The remaining non-
consumed aldehyde material is imaged by AFM. Two different directions are
active for the aldehyde migrations that relate to the orientation of the layered
molecules [96]. The floes in Fig. 1.54 reach heights of more than 1 um and the
slopes of the large ones are found steeper than the angle of the pyramidal tip
(> 55°). Two aniline derivatives (4-toluidine and anisidine [96]) are equally
active. What is seen in Fig. 1.54 are the remains of an initially smooth only
slightly corrugated surface of 4-hydroxybenzaldehyde after its modeling down.
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200 nm
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Fig. 1.53. AFM topology of a rac-camphene surface after exposure to 0.5ml of
gaseous HCl; scan direction was from left to right

600 nm

10 um

Fig. 1.54. AFM topology on (010) of 4-hydroxybenzaldehyde after placing a crystal
of 4-toluidine (m.p. 45°C) with the edge at 0.2 mm from the scan site 10 min before
measurement; chemical reaction occurred only in the 4-toluidine crystal, which is
out of the scan range

The achieved steepness (>55°) appears to be not reachable by building up of

pyramidal floes.
The prism structure is very evident in the solid—solid reaction of the same

aldehyde with 4-aminophenol (Fig. 1.55) [79]. The mechanism is different here.
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10 um

Fig. 1.55. AFM topology on (010) of 4-hydroxybenzaldehyde after placing a crystal
of 4-aminophenol at 0.2 mm from the scan site

10 MM

Fig. 1.56. AFM topology on the turbid main face of 1-cyano-5,6-dimethyl-
benzimidazol after crystallization from methanol, showing huge uniform prism
features

It is also possible to create straight three-sided parallel prisms of con-
siderable height by crystallization of a 1l-cyanobenzimidazol derivative [77]
(Fig. 1.56). One obtains a highly corrugated surface of the type that is stable
toward methylamine gas (no surface change).
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Fig. 1.57. AFM topology on (110) of thiohydantoin (P2;/c) after treatment with
methylamine gas

1.9.6 Heights and Valleys

The heights and valleys type differs from the prism type by less regular and
extended topology. Usually, segments subdivide the gross features. The direc-
tions may be parallel or variant. Figure 1.57 exhibits almost parallel directions
of the heights and valleys. The segments are of the volcano type although
largely merged with their neighbors [78]. Actually, cleavage planes end at
that surface of the original crystal. They are inclined by 66° in the example
of Fig. 1.57.

While chemical interaction of tetraphenylethene with gaseous nitrogen
dioxide on (10—1) produced rim-type flat craters upon tetranitation (Fig. 1.47),
the reaction with bromine gas gives tetrabromination [85] with formation of
heights and valleys (Fig. 1.58). This indicates that the crystal structure of the
starting material does not alone determine the surface modeling in the case
of multiple solid-state cascade reactions. A difference in the chemical reaction
mechanisms is autocatalysis by the byproduct hydrobromic acid only in the
bromination case. Nevertheless, the feature-forming process can be related to
the crystal packing of tetraphenylethene (P21), which has molecular rows in
three almost orthogonal directions [87].

The heights and valleys feature type is not restricted to parallel alignment.
The gas—solid chlorine addition in Fig. 1.59 exhibits valleys in three directions.
And they are not all connected to each other. Furthermore, the heights consist
of very densely packed or merged volcanoes of considerable height [79,97].
Unfortunately, no crystal structure determination of the starting material is
available for a more detailed analysis.
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Fig. 1.58. AFM topology on (10-1) of tetraphenylethene after 10 min application
of bromine vapor to give tetra-p-bromophenylethene and hydrogen bromide

600 nm

6 um

Fig. 1.59. AFM topology on the main face of 5-benzylidene-thiohydantoin after
exposure to 1 ml Cly from a syringe in 3 cm distance in air

It is not always easy to differentiate the nonparallel heights and valleys
type from the craters and volcanoes type (Sect.1.9.3, Fig. 1.45). But the fea-
tures in Fig.1.60 tend more to the shape of this section. These were pro-
duced by huge surface changes in the phase transformation step of a gas—solid
diazotization [97]. The preceding gradually increasing features were volcanoes
(not shown). Again merging segments are recognizable.
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10 um

Fig. 1.60. AFM topology on (101) of 4-aminobenzoic acid after extended (10ml)
application of gaseous nitrogen dioxide to give the corresponding diazonium nitrate;
the features shown are the result of a sudden phase transformation event

The heights and valleys type may also be recognized in diamond-knife
microtome cuts of adhesive tooth—biomaterial interfaces with various cements
in dentistry. These determine the lifetime of tooth restoration and are the
result of the alignment of composite materials [98]. They are described in
more detail in Sect. 1.11.1.

1.9.7 Fissures

Fissures occur in various appearances, usually along cleavage planes. Diben-
zylidenecyclopentanone has such a cleavage plane and its direction is shown
in the crystal packing diagram of Fig.1.61. The vertical cleavage plane ends
at the (001) crystal surface.

This cleavage direction along the b-axis is clearly present in the AFM topol-
ogy on (001) after photochemical reaction of the crystal. However, a mixed
feature type occurred in the photolysis reaction, which gave three different
products [99]. The original surface had only corrugations within a few molec-
ular layers. The fissures align along the b-direction of the original crystal. The
nonparallel fissure in Fig. 1.62 (top right) is probably the result of a crystal
defect. Evidently, there must be overall shrinking upon reaction that enforces
the fissures in nearly constant distances. Additionally, molecules erupt from
the beginning through the surface and release internal pressure that is cre-
ated by change in molecular shapes as a result of two different dimerization
reactions and one competing trimerization reaction [99].

Parallel fissures on a highly corrugated surface are also observed upon more
extended irradiation of a-cinnamic acid (Fig. 1.63). In that case there are also
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Fig. 1.61. Stereoscopic packing diagram of dibenzylidenecyclopentanone (C222;)
on (001) rotated around x by 5° for a better view, showing molecular layers and the
slightly interlocked cleavage plane ending there

0 2.5 5.0 7.5 10.0 um

Fig. 1.62. AFM topology on (001) of dibenzylidenecyclopentanone after 15 min
irradiation through a Solidex filter; the z-scale is 200 nm

ridges at one side of the fissures along the direction of the vertical (10-1)
cleavage plane that cuts the c-axis at an angle of 40° [76]. This is already
the phase transformation stage of reaction following the gradual build-up of
volcanoes such as in Fig. 1.30.

Fissures may also appear in less regular form as on an aged single crystal
of 2-aminophenol in Fig. 1.64. These fissures are broader and not uniform in
length and width. This measurement stresses again the necessity to look for
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Fig. 1.63. AFM topology on (010) of a-cinnamic acid after 50 min irradiation at
365 nm; the features are the result of the phase transformation step of reaction

10 7 um

Fig. 1.64. AFM topology on (001) of an aged single crystal of 2-aminophenol,
showing broad fissures

submicroscopic features with contact AFM prior to any other surface investi-
gation.

1.9.8 Bricks

Brick-like structures with sharp rectangular edges are another feature type
of surface modeling with solid-state chemistry. Thus, the impressive blocks in
Fig.1.65 are built upon a photochemical cis—trans isomerization on a crystal
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Fig. 1.65. AFM topology on (010) of cis-benzylidene butyrolacton after 45 min
irradiation at 365 nm (6 mW cm™?) to form the trans-isomer

10 um

Fig. 1.66. AFM topology on (001) of 2-naphthol (Cc) (ref. [100]) with a
4-bromobenzenediazonium nitrate crystal on it at about 1 cm distance after 4h

without melting [86]. This is the phase transformation state after formation
of the product phase from the distorted rebuilt phase.

The sharp-edged bricks in Fig.1.66 were produced by a solid-solid azo
coupling between 2-naphthol and a diazonium salt crystal on it [83]. AFM
scanning was performed at about 1 cm distance from the edge of the diazonium
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2.0 um

Fig. 1.67. AFM topology on (010) of sulfanilic acid monohydrate after exposure to
0.8ml NH3 on the AFM stage; (a) top view; (b) surface plot, showing submicron
brick-like features forming a network at right angles

(a)

Fig. 1.68. AFM topology on (010) of monolayered diphenylmethanol (P212:2)
(ref. [101]); (a) fresh, (b) after slow application of NO> gas (six portions) with a
syringe from 2 cm distance

salt crystal. This surface modeling provides high blocks that are not really
“islands” and neither are they “heights and valleys.” We must ensure that
these features are not artificial in the sense described for small cubes in [12],
because they are much larger than the tip dimension.

Brick-like features may interpenetrate at right angles in a gas—solid salt
formation. This is shown in a top view and a surface plot in Fig. 1.67, even
though the edges are somewhat rounded here. But contact AFM has no prob-
lems with that scan. It should be noted that the reagent and the product
also play their role in the shape of the surface change. This is the reaction
of sulfanilic acid monohydrate with ammonia. If nitrogen dioxide is applied to
sulfanilic acid monohydrate, it results in the islands in Fig. 1.37a or large and
high islands. Huge bricks can be the result of phase transformation upon
gas—solid reactions. Figure 1.68 shows the result of the chemical interaction
of nitrogen dioxide with the smooth but obviously not very stable natural
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10 um

Fig. 1.69. AFM topology on (001) of rac-3-carboxy-2,2,4,4-tetramethylpyrrolidine-
oxyl after five applications of XeFs vapor for 30s each, forming the corresponding
nitrosonium fluoride; scan direction is front to back

surface of a single crystal that is totally changed and easily scanned with
contact AFM [79]. This is a result of the phase transformation step.

A gas—solid single electron oxidation of a stable nitroxyl radical with
xenon difluoride provides a similar but about 10 times higher large brick
after repeated applications until the phase transformation stage occurred fol-
lowing the phase rebuilding stage with volcanoes along the major crystal axis
(Fig. 1.69) [87]. Thus, similar features can be constructed with totally different
reagents.

More frequently, bricks appear as conglomerates of differently shaped
species as in composite crystals or at head sites of large prismatic crys-
tals with well-developed prism faces. Also such important details can be
successfully scanned by contact AFM if proper mount to the AFM stage
succeeds (Fig.1.70). These are, however, not the aim of purposeful surface
modeling.

All of the reported examples of surface modeling by self-organized solid-
state chemical reactions are strictly guided by the crystal packing on the
corresponding faces and this has important consequences for the dynamics in
molecular crystals. They are now exhaustively studied with organic molecular
crystals and a few inorganic salts. Similar feature forming with polymers have
also been addressed. Furthermore, it is expected that proper inorganic crystals
with their cleavage planes will behave similarly in solid-state reactions. The
patterned surfaces might be used for nanoscopic molds when fixed by metal-
lization or related vapor deposition techniques for reproduction purposes in
technical applications. The use of crystal packing for self-assembling is very
efficient and reliable.
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Fig. 1.70. AFM topology of a good trans-2-benzylidenebutyrolacton prismatic crys-
tal at its head face, as crystallized from methanol
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Fig. 1.71. Principle of the interferometric method for shear-force controlled AFM

1.10 Shear-Force AFM

The use of shear force for distance (more precisely: constant shear-force gap)
control was primarily introduced as a tool for the first commercial scanning
near-field optical microscope (SNOM, Chap. 2) [14,15]. The setup in Fig. 2.5
contains the AFM unit that can also be run without coupling-in of light. There
are essentially two ways for the detection of shear force. Figure 1.71 sketches
the interferometric method as proposed by Toledo-Crow et al. [102]. It uses
a differential interferometer with a Wollaston prism to detect the fiber-tip
bending. The dither is in scan direction.
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Fig. 1.72. Optical technique for shear-force controlled AFM

Focusing on the fiber that must be reflective is not easy. This technique has
not found widespread application despite its high sensitivity. More common is
the optical detection with shadowing of a laser light source [103], which is very
practical and therefore one of the most widely used shear-force techniques. It
is sketched in Fig. 1.72.

The diode laser beam is adjusted to the tip that vibrates at right an-
gle to the scan direction (100-400kHz) in a way that only part of it is ob-
scured, and the chosen fiber edge coincides with the center of the spot. The
photodiode detects light-intensity fluctuations most sensibly, if it is placed at
the obscured region. Such adjustment is quite easy; the tip can be uncoated,
which is a major advantage for its sharpness and high resolution. Unlike the
interferometer this is not an absolute measurement of displacement, but it
is kept constant by lock-in feedback and is actually not required for topo-
logic measurements. The fast light control allows for scan speeds of up to
200 ums~! following high and varied surface topology in large scans without
tip breaking. This is by far unparalleled by other techniques. Nevertheless,
the scheme of Fig. 1.72 can be modified for nonoptical control by sensing the
vibration amplitude with a tuning fork [104]. Still another approach glues the
tip to a four-segmented piezoelectric tube. One electrode is used to excite the
tip vibration; the other three electrodes detect the tip vibration [105]. While
these techniques are also used in commercial instruments (mostly designed
as SNOM instruments, see Chap. 2), their response rate is much slower with
respect to light sensing. This avoids a diode laser but enforces slow scan rates
and introduces highest risk for breakage of the tapered fiber tips with very
high aspect ratio. In all of the different setups, the signal is measured with a
lock-in amplifier and sent to the stabilizing feedback loop.

The tips in shear-force AFM are primarily made from silica wave-
guides (mostly multimode cylindrical). Both mono- or mulitimode fused
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quartz waveguides with core diameters of 3.4 or 5.7 um and 125 um step index
coating at lengths of 60—120 cm are suitable for sharp pulling. The tested opti-
cal fibers were coaxial and did not preserve polarization. As-sharp-as-possible
pulling is performed by applying a commercially available micropipette puller
(e.g., from Sutter Instruments). End radii of curvature <10-20 nm with a very
high aspect ratio are achieved by proper use of pulling parameters. Such a tip
is depicted in Fig.2.2c. The mechanical resonance frequency of the probe is
between 100 and 400 kHz, the Q-factor 70-160. The probes are driven to a free
oscillation amplitude of 5nm, which is set to 30-70% damping depending on
the sample for maintaining constant shear-force distance. Less damping lacks
in sensitivity, more damping will rapidly abrade the sharp tip and decrease
the resolution. It should be possible to use etched metal wires as in STM
and metal or silicon nanowires in shear-force AFM, and these would provide
still higher aspect ratio and more flexibility. The thus-gained higher stability
is highly desirable. Flexural stiffness characteristics of nanowires have been
investigated [36,106].

Damping means reduction of the oscillation amplitude due to interaction
between the tip and the sample. The mechanism of damping is still a matter of
debate. It is certainly not sensitive to surface corrugations as initially proposed
[15] but relies on frictional lateral forces that are called shear forces. Various
influences are at work. Van der Waals’ attraction will certainly influence the
vibration amplitude of the tip. In ambient air gas molecules surrounding the
tip in the shear-force gap will be limited in their motions and this effect
is called hydrodynamic damping. However, these influences do not seem to
be sufficient for (very) rough surfaces, which require stronger effects if the
vibrating tip is to survive at reasonably rapid scan rates. The van der Waals’
forces alone appear insufficient. As the tip comes too close to the surface
similar to contact AFM the tapered vibrating tips will break upon approach
or abrade upon scanning even if these have a water layer. Usable shear-force
damping forces are provided by water layers on polar surfaces (including oxide
layers on metals or thiol monolayers on gold), and merging of these layers with
the water layer on the silica tip may be important for the mechanism. The
water layer on the silica tip may also be of importance on surfaces without
such layer requiring closer distance for the same damping (Table 2.1, Sect. 2.5).
Also dangling bonds on organic molecular crystals (for example by free side
groups or adsorbed gases) may add to the mechanism. A strong indication
for these mechanisms is the sudden appearance at a definite distance and
good performance only at ambient conditions [107]. The actual distance in
the shear-force gap is preferably in the 5nm ranges and can be changed by
the preset damping percentage (30-80%). Fortunately, sufficient shear force is
available in most samples because lack of water layers is not very common. We
do not discuss here the special problems of shear-force damping in ultrahigh
vacuum (UHV) [108].

There are great similarities between shear-force AFM and contact AFM.
The reachable lateral and vertical resolutions are better than 1nm and 0.1 A,
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respectively. The resolution of molecular steps on corrugated surfaces is also
possible in shear-force mode (e.g., Fig.2.34a,b). The lateral resolution ac-
cording to the Rayleigh criterion on rough surfaces is better than 1 nm with
shear-force tips of 10nm and commercial contact tips of 5nm radii of cur-
vature. However, such lateral resolution capabilities are often not used in
large-scale (>1 um) scans on very rough surfaces, and atomic resolution is not
the aim of common shear-force AFM. Shear-force mode may also provide tip
imaging if the surface features are taller and sharper than the tip apex, but
this rarely happens with very sharp uncoated tips. Such tip imaging by surface
features becoming the actual probes is more frequent with blunt, abraded, or
broken tips. For example, Fig. 1.73 displays the imaging of a badly broken tip
by nanoparticles of 100200 nm width. It is clearly seen that the tip shape
occurs repeatedly and in the same orientation. The different sizes relate to
different height position of the nanoparticles. Proof for tip imaging is given
by the change of feature orientation with changed scan direction but not if the
sample is turned while maintaining the scan direction. It would also change
in the case of true feature imaging. Further examples for tip imaging with
differently shaped defective tips are shown in Figs.2.18a, 2.21a, and 2.22a
(Chap. 2). There is no difference in behavior with contact AFM in that re-
spect and good measurements are only possible with very sharp probe tips.

0 25 um

Fig. 1.73. Shear-force AFM (z-scale: 200nm) imaging of a badly broken tip by
nanoparticles with diameters of 100—200 nm that partly aggregate and swim up in a
solid resin with 5 nm coverage; the tip shape repeats in shape and orientation giving
much larger features than the nanoparticles
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Fig. 1.74. Shear-force AFM image of a 480 nm diameter polystyrene-co-acrylamide
bead on mica at equal z,y, z scales showing good performance of the probe tip; (a)
surface plot; (b) cross section through the center of the bead

The main advantages of shear-force AFM are the ease and economy of tip
pulling and the very high aspect ratio. Therefore very steep slopes and deep
structures can be better scanned. This can be shown by the measurement
of beads and porous silicon. Figure1.74 illustrates the performance of the
shear-force AFM with a polystyrene-co-acrylamide latex particle on mica with
nominal radius of 240 nm [109, 110].

Figure 1.74a shows the surface plot with a uniform z, y, and z scale. The
section in Fig.1.74b has the correct height and the circle form on top. Of
course, the baseline is enlarged and the base angle is not 90° but is very good
at 79° and 80° due to tip—sample convolution with the vibrating tip with about
10° opening angle. Clearly, the final slope of the convolute would be expected
at about 45° or smaller with an SisN, pyramidal tip (cf. Fig. 1.13). The excel-
lent performance of shear-force AFM despite the tip vibration can be favorably
and highly economically used for improved measurement of extremely deep
steep features.

Porous silicon is an important object for AFM characterization. For exam-
ple, porous n-type and p-type silicon has been anodically etched (100 mA cm ™2,
20min and 5mA cm™ 2, 30 min, respectively) in 48% HF and 95% ethanol
(50:50 by volume) to obtain porous silicon measured in ambient air by contact
AFM [111]. The features were not very high. The n-type sample resulted in
shallow depressions 1 um wide and “pores” of 130-170 nm width with walls of
40 nm width, the total z-range being 85 nm. The p-type sample gave hills not
higher than 2nm and corrected smallest width of 1.5nm [111]. Unfortunately,
the usually very rapid formation of a silica layer in air was not addressed,
neither was the “porosity” evident with such small features.

We were interested in measurements on rough porous silicon with defined
layers on it. The investigated sample was coated with 50 nm silica on silicon. A
demonstration of the superiority of shear-force AFM for such task is available
by comparing with the result of standard contact AFM. Clearly, AFM mea-
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Fig. 1.75. AFM surface images of a sample with 50 nm silica on porous silicon; (a)
contact AFM using a SigNy tip; (b) shear-force AFM using a vibrating silica fiber tip
with high aspect ratio at a scan rate of 50 ums™'; the contact AFM image is totally
artificial (only tip imaging), whereas the shear-force image largely depicts topology
with penetration depths exceeding 1,000 nm, but with artifacts in the depths

surement of extremely rough surfaces cannot be achieved with silicon nitride
tips in contact mode, as tip imaging occurs at the smaller, densely packed
features. The pyramids with rather sharp tops are clearly imaged in the sur-
face plot of Fig. 1.75a. It even shows the inclination of the tip (10-15°) under
the tilted cantilever. A much better result is obtained when using a pulled
silica tip with about 15nm “radius of curvature” and very high aspect ra-
tio in shear-force mode, despite the horizontal tip vibration (Fig.1.75b). The
column-type features stand vertical and look the same from all directions.
There are also artifacts in the depths, of course. This could also be demon-
strated by an inverted image (not shown). Again, perspective surface plots
are essential for a realistic interpretation that could not be obtained by top
view projections.

Even more impressive is the shear-force AFM on a sample of porous silicon
(nominal pore depth about 2um and 1-2um diameter) coated with 50 nm
Si05 and 30 nm SigNy (the sample was kindly provided by Dr. M.J. Schoning
of Forschungszentrum Jiilich). Two images taken at a scan rate of 70 ums—!
demonstrate the reliability. The time between the measurements was 3 min
in Fig. 1.76a,b. Differences are hardly recognizable in the two images (a) and
(b). Thus, the sharp tapered tip of fused silica was not abraded or broken
by the measurement under these extreme conditions and the maximal heights
match with the pore depth. Such high efficiency is the result of the very rapid
shear-force response by the light-sensing control that could not be obtained
by any of the other available techniques. Still sharper stiff probes would scan
the very depths even better in shear-force mode.

Numerous steep (45-55°) and high (>1 um) features have also been imaged
with shear-force AFM in Fig. 2.32a on irradiated o-cinnamic acid. There is a
high level of requirement for shear-force AFM in composite materials with very
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Fig. 1.76. Shear-force AFM on porous Si that is coated with 50nm SiO2 and
30nm SizNy; (a) first measurement with height variation of 2.38 um; (b) second
measurement with height variation of 2.52 um, both showing deep descent at the
very high roughness

distant surface levels as these may easily occur in microtome-cut preparations
due to different elasticities of the different media. Examples that could not
have been scanned with standard SigNy tips are given in Chap. 2 (Figs. 2.70—
2.73). The dyed fabric fibers are so much down under the resin surface level
that the cantilever would have slid over the rim similar to Fig. 1.9 (Sect. 1.5).
Further development of shear-force tips with high stability and extreme as-
pect ratio for very deep structures appears possible for the demands of depth
gauging and AFM topology at the bottom. Piezos for 200 pm x 200 pm scans
with height capabilities of 15 um are commercially available (for example, the
DualScope™ Scanner DS 95-200). Their height capabilities can be profited
from by the simply pulled silica tips but not by common cantilever tips. These
capabilities are required if living cells as a whole are to be studied with high
resolution. For example, there is the long available possibility for the reliable
and repeatable imaging of a living somatic cell in culture (therein better with
hydrophobized tip) during mitosis that requires a height compensation range
of about 20 um as had been done in [42] seven years ago. Importantly, shear-
force AFM with the possibility for very high aspect ratios is much simpler and
appears able to favorably compete with the stressed metal probe contact AFM
even when it could be adapted to the Milliscope (Sect. 1.3). Large range and
very high AFM capabilities will become very powerful tools in many fields such
as cytology, histology, microelectronics, micromechanics, micropatterns, etc.

1.11 Further Fields of Practical Application

AFM on (very) rough surfaces has important applications in biosciences and
pharmacy. Numerous examples are also reported in Chap.2 (Sect. 2.10). For
example, microtome cuts of tissues are usually very rough and can be studied
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by shear-force AFM in combination with SNOM for cytological and histologi-
cal investigations, including cancer prediagnosis. Further fields of application
are in polymers, ceramics, mineralogy and geology, metallurgy and corrosion,
catalysis, forensics, ancient history, to name a few.

We concentrate here on the high-topology aspects, but not on atomic res-
olution and other aspects that are not directly related with topology.

1.11.1 Biology and Medicine

AFM imaging of live and fixed cells in culture remains an important field of
research [112]. Cell increase or change in shape under the action of drugs has
been successfully scanned with contact AFM also under physiological condi-
tions. For example, red blood cells change from a discoid-like shape to a very
irregular echinocyte with a lot of ledges under the action of sodium chloride
solutions. Similarly, the surface morphology changed upon application of a
hypertension drug [113]. Further drugs have been applied to red blood cells
and their morphological changes monitored with AFM suggesting a new strat-
egy to describe and understand blood pathologies [114]. Acrosome-intact and
acrosome-reacted human sperm were differentiated on a cover slip by con-
tact AFM. Head length at half-maximum height was significantly decreased
from 3.56 to 2.99um in acrosome-reacted sperm [115]. The AFM was used
to investigate the lamellipodial extension as triggered by the application of
epidermal growth factor (EGF). An increasing height from about 500 nm to
typically 600-800 nm together with a decrease of the elastic modulus by a
factor of 1.4 was observed [116]. In a similar AFM study the total cell volume
of epithelial canine kidney cells increased after blockade of the Ca?'-sensitive
KT channel by 17%, while its activation by intracellular elevating of the Ca*
concentration decreased the cell volume by 19%. Hence, local effects by the
polarized distribution of K* channel activity can be traced [117]. Living en-
dothelial cells of bovine aorta increased their volume upon application of the
hormone aldosterone [118]. Related studies deal with the topological imaging
of the destruction of bacteria by antimicrobial agents. For example, cell lysis
could be imaged by AFM. Staphylococcus aureus NCTC 4163 was exposed
to ovine-derived antimicrobial peptides [119]. The action of the antimicrobial
peptide PGLa on live Escherichia coli was followed by AFM. It proceeded
in two stages: by loss of bacteria topologic features and further damage with
total cell rupture, but Mg?* ions partially inhibited these events [120]. The an-
tibiotic daptomycin changed the topology of Bacillus cereus by flattening and
shrinking of cells and leakage of cytoplasm through the membrane. Further-
more, the destabilization of flagella was also observed [121]. A detailed image
of the amyloid aggregation forming plaques in Alzheimer disease is emerging
due to topologic AFM investigations for a better understanding of the patho-
genesis holding promise for the future testing of potential therapeutic drugs
for interfering the fibril assembly [122-125].
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Diamond-knife microtome cuts of adhesive tooth-biomaterial interfaces
with various cements in dentistry have been studied to judge the lifetime of
tooth restoration for various materials [98]. AFM is the tool of choice for eluci-
dation of the interfacial interaction between adhesive resin, hybrid layer, resin
tag, and unaffected dentin. Two photopolymerizable methacrylate resin-based
adhesives and one resin-modified glass—polyalkenoate cement were applied to
horizontally exposed dentin surfaces of freshly extracted human third mo-
lars following the manufacturer’s instructions [98]. The 15um scans covered
z-ranges of 5um and showed heights and valleys between the different zones
of varied hardness. Furthermore, enlarged scans of the hybrid layer (z-scale:
500 nm) exhibited collagen fibril arrangement (either parallel or loosely orga-
nized). The collagen fibrils were found thicker than the normal 80-100 nm.
Resin tags were formed in the dentin tubules. The latter firmly attached the
resin tag to the tubule orifice wall and also formed an adequate seal of the
tubule. After three months’ storage in water the hybrid layer became detached
from the unaffected dentin, resulting in a gap. Low hybridization can guar-
antee satisfactory retention and sealing of dentin, and there were differences
in the various brands studied. An AFM image of an untreated human tooth
microtome is imaged in Fig. 2.51a (the enamel-dentin boundary).

Bone structures and healing of broken bone can be analyzed by AFM
directly and after various preparations [126,127]. Topologic AFM also revealed
the morphological changes in the demineralization of dentin [128].

1.11.2 Pharmacy

A review for drug characteristics with AFM has appeared [129]. Pharmaceu-
tical tablets are highly composite materials. Therefore, contact AFM is com-
bined with microthermal analysis by replacing the standard AFM tip with a
Wollaston wire, thereby allowing the probe to act additionally as a thermistor
and temperature probe. Hence, it is possible to map the topology and also
the thermal conductivity of the sample. Thermal analysis on highly localized
regions of the sample is possible by applying a heating signal to the material.
Thus, pharmaceutical tablets can be exhaustively studied [130].

Most pharmaceutical applications of AFM are in the improvement of drug
delivery by excipient optimization. Shapes of the particles, sizes, dimples,
or pores, dissolution rates (in liquid) are the points of interest [131-133].
Fractal analysis is used to describe three-dimensional AFM surface roughness
of pharmaceutical solid particles for quality control. Granules, powders, and
freeze-dried powders were analyzed, and a computer program was written to
implement the variation method [134].

Furthermore, contact AFM is the tool of choice for the characterization of
the performance of pharmaceutical vials out of borosilicate glass that suffer
structural and chemical modification upon use [135].
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1.11.3 Polymers

Roughness on pristine and aged or reacted polymer surfaces is certainly of
enormous practical importance for polymer application. Fig.1.33 gave an
example of a roughening surface reaction of PMMA. Such roughness is of
major importance if adhesion of functional coatings is to be applied and im-
proved, for example with optical components that have to be protected from
mechanical and environmental atmospheric wear. This subject has been fully
covered in various directions in a report [24]. AFM on rough surfaces is of
enormous importance in polymer industries also for other reasons. However,
there is a tendency to neglect the topology at the expense of phase imag-
ing. Unfortunately, tapping-mode AFM is less reliable with topology, but
it is frequently preferred as phase contrast can be recorded that is usually
applied for determining physical and chemical differences in composites. Re-
views are available [136, 137]. For example, AFM helps in improving bulk
properties such as toughness, impact strength, and wear. Nevertheless, con-
tact AFM (without scraping the surface, cf. Fig. 1.14) and shear-force AFM
would provide highly useful additional information in most cases. Of particu-
lar importance in polymer applications are studies of various phase transitions
using a high-temperature accessory. However, viable approaches for detecting
stress-induced phase transitions are nanoindentation (Chap. 3) and even bet-
ter nanoscratching (Chap. 4), and their use is emerging. Micro- and nanowear
topologic studies are a continuous subject for AFM on rough surfaces in
particular for industrial automotive polymers [138], mostly in combination
with nanoscratching tests (Chap.4). The performance of antithrombogenic
polymers in the field of cardiovascular prostheses, artificial hearts, and other
devices is related to surface topology. Suitable heparin-like polymers that cat-
alyze the inhibition of thrombin by antithrombin III have been successfully
scanned with AFM next to chemical analysis by SEM-EDXA. Functionaliza-
tion increased the roughness of the surface and its area [139]. Biostability and
biocompatibility of polymer dialysis membranes were topologically studied
with AFM before and after use [140]. Degradation and ductile-to-brittle tran-
sitions occurred upon use and suggested reinforcement with biocompatible
alumina—zircon composites.

1.11.4 Ceramics

Contact AFM is generally used for securing smoothness or roughness of ce-
ramic (ultra)thin films. In most cases topology is an undesired property in
ceramic layers and low roughness is favorable for applications. Examples are
diamond-like carbon coatings for hard disk drives [141], or protecting coatings
for turbine blades, diesel engine parts, gas turbine components at very high
temperatures and in adverse corrosive environments, etc. [142,143]. Similarly,
wear or polishing on ceramic surfaces is also routinely monitored by contact
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AFM [144,145]. Bulk ceramic is usually rich in topologic features. AFM imag-
ing of ceramics topology was facilitated as stylus measurements were common
in that field before [146].

Surface roughness of ceramics is of high importance for industrial quality
control. Contact AFM provides the basis for applications such as friction,
bonding, gluing, etc. This helps in the construction of integrated circuits
[147,148]. Further examples are the topologic characterization of ferromag-
netic BaFe 2019 sintered powders [149], the particle size distribution of TiOs
films suitable for technical applications [150], superconductive adhesion coated
continuous and flexible round wire [151], and application of glass ceramics out
of cordierite and spodumene [152,153].

Ceramic membranes for ultrafiltration or microfiltration have been char-
acterized by AFM. The materials were y-Al,O3 or a-Aly O3 [154] and ferrox-
ane [155]. Medicinal applications of ceramics are manifold and AFM is the
tool of choice for the analysis of their suitability and performance. A starch
thermoplastic/hydroxyapatite composite was exposed to body fluid and AFM
monitored the changes in roughness indicating degradation of the polymer
matrix and nucleation of calcium phosphate and finally dense uniform cov-
ering with it. The results suggest the great potential of the composite for a
range of temporary applications in which bone-bonding ability is a desired
property [156]. The three-dimensional AFM surface topology of ceramic or-
thopedic joint prostheses is very important for the performance life of the
joint replacement systems [157]. Titanium implants have been coated with
alumina and a top layer of porous calcium phosphate under AFM control
to form a biocomposite. Thus, an excellent combination of bioactivity and
mechanical integrity has been achieved [158]. Fluoroapatite glass has been
sputtered on roughened surfaces of TigAl4V for possible future use as medical
implants. An AFM was used to measure the roughness as this greatly affects
cell attachment [159].

1.11.5 Mineralogy and Geology

High topologies subject to AFM study occur in geology. Both the texture and
the dissolution of minerals are important for geological processes and even
in astrophysics. For example, mineral-surface heterogeneity in soils and the
outcome of leaching processes deserve topological study by AFM [160]. The
shape of the particles helps in the identification of the mix of minerals as
detected by X-ray diffraction data.

It is necessary to visualize and characterize pore geometries in rocks by
contact and eventually shear-force AFM for accurate estimation of under-
ground flow systems in view of radioactive waste disposal. These studies
provide three-dimensional observation of internal rock structure with high
resolution for the permeability estimation [161]. Contact AFM was used
to study fragments of the Martian meteorite ALH 84001. Viewing of the
fragments demonstrated the presence of structures, previously described as
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nanofossils by NASA representatives who used SEM imaging after gold coat-
ing. Careful AFM imaging of the fragments revealed that the observed struc-
tures were not an artifact introduced by the coating procedure. However,
examination of fracture surfaces near the fusion crust of ALH 84001 with
AFM revealed structures also found in Antarctic cryptoendolithic communi-
ties. The similarity points to terrestrial origin of the nanofossils and terrestrial
microbial activity within a meteorite from the Antarctic blue ice fields. These
structures do not bear any resemblance to those postulated to be martian
biota, “although they are a probable source of the organic contaminants pre-
viously reported in this meteorite” [162].

In the search of aqueous habitats on Mars direct proof of (ancient) flow-
ing water is still lacking, although remote sensing has provided indications
of young fluvial systems. To demonstrate that such proof can be provided,
surface marks on recent terrestrial sand grains of known origin were exam-
ined by AFM. A quantitative three-dimensional analysis can numerically dis-
tinguish between aeolian and aquatic transport mechanisms in sedimentary
deposits on Earth. Natural grains of quartz, olivine, feldspar pyroxene, and
monazite yielded three-dimensional maps of the mineral surface. Fully auto-
mated analysis of distribution patterns of the structural elements that con-
stitute the grain surfaces shows characteristic differences in wind-transported
and water-transported grains. These can be used as diagnostic fingerprints for
the type of transport. This technique is promising for application in future
missions to Mars [163].

Hillock growth of several hundreds of nm on (100) of orthopyroxene has
been observed by AFM and this observation in combination with AES depth
profiles is beneficial for the understanding of the mechanism for weather-
ing and water-rock reactions [164]. The microstructure of palygorskite (ac-
companied by smaller amounts of smectite, illite, and kaolinite) in Southern
Georgia has been studied by AFM. The results suggest that there was an
evolving and complex mineralogical and geochemical system during and after
its deposition [165]. Contact-mode AFM is able to differentiate various ver-
miculite samples from different geological origins. The topological differences
are attributed to their variable Mg-interlayer contents and the presence of
biotite-vermiculite mixed-layer additions in the absence of noticeable recon-
struction [166]. Topologic features such as grain distortion, dislocation, stack-
ing faults, grain boundaries, and dislocation walls were observed by AFM
on Burma Jadeite. High-quality jadeite can be synthesized by imitating the
conditions of metamorphism thus disclosed [167].

Calcite is a subject of biomineralogy. Its crystallization may be biologically
controlled. Unicellar algae form calcite shields called coccoliths with associated
polysaccharides. AFM studies with Emiliania huxleyi reveal that the latter
regulate crystal morphology by enhancing the precipitation of specific faces,
a crucial aspect of the biomineralization process. Elaborate shapes of calcite
crystals are produced [168]. Biogenic carbonate minerals can have important
consequences for the biogeochemical cycle of carbon. Calcite surfaces were
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hung at discrete depths on a sediment trap array line for a three-day deploy-
ment period in subtropical North Pacific waters. AFM revealed the changes
in surface morphologies. Organic films developed on the surfaces while car-
bonate minerals dissolved [169]. Similarly, AFM was the method of choice in
studying the dissolution of Al-substituted goethite particles by Pseudomonas
mendocina var. bacteria [170]. Dissolution of minerals is an important subject
in weathering of sediments and rocks. The basics are crystal dissolution kinet-
ics that gained an additional tool by contact AFM providing high-resolution
topologic information [171]. AFM revealed development of microtexture for
field-weathered peristeritic feldspar. Rates were calculated and compared to
other field rates [172]. Orthoclase dissolution was studied by in situ AFM
on (001). There were terrace roughening at pH = 1.1 and step motion at
pH = 12.9. Contrasting dissolution mechanisms are inferred for low- and high-
pH conditions. No coating was observed under high fluid flow conditions. The
rates on (001) are comparable to those derived from steady-state powder dis-
solution rates and improve the understanding of alkali feldspar-weathering
processes [173]. Well and poorly crystallized kaolinites show differences in
their AFM topologies. These influenced the rates of dissolution in oxalic acid
and inorganic acids, but they were not very different, suggesting that the fun-
damental structure of kaolinite rather than the specific surface details exerts
the greatest influence in that case [174].

Surface modeling techniques in mineralogy were performed under AFM
control. Interestingly, photoelectrochemical etching of TiOs (rutile) along the
c-axis produced a nano-honeycomb porous single crystal structure on (100)
with large specific surface of the n-type semiconductor, suitable for photo-
electronic devices such as a photocatalyst and a dye-sensitized solar cell [175].
Electrochemical anisotropic hydride growth on Ge (110) and Ge (111) was
judged according to feature shapes with an AFM. Substantial insight into the
mechanism of hydride growth was obtained, even though the features were
not very high (below 100nm) [176].

1.11.6 Metallurgy and Corrosion

An important field for AFM on rough surfaces is opened in metallurgy and
corrosion. Powder metallurgy mills, presses, sinters, and anneals for obtain-
ing substrates that require quality control by AFM for roughness measure-
ment [177,178]. The topology and performance of protective covers or coatings
must be most reliably determined by contact AFM [179]. Similarly, the per-
formance of zincation treatments is a matter for AFM characterization [180].
Texture, lattice imperfections, and corrosion resistance of zinc alloy electrode-
posits have also been studied with contact AFM [181]. Particularly rich nano-
and microstructures were topologically analyzed on steel as an example for
multiphase systems [182]. A review covering quality control by AFM analysis
in metallurgy is available [183]. Metal corrosion is a severe technical problem
that requires detailed topological study by contact AFM, sometimes combined
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with STM. Broad possibilities have been reviewed [184]. Topologic features
play their role from nanoscopic nucleation to microscopic pitting and crack-
ing. A review paper [185] lists and exemplifies various mechanisms. These
include corrosion in solution (growth and pitting), intergranular corrosion,
stress corrosion, crack growth in solution and in air, environmental influences,
and nanofractography with various materials. Improvements of pitting resis-
tance for example in resulfurized stainless steel are to be controlled by AFM
measurements [186]. However, intergranular corrosion attack increases with
increasing sulfur content in stainless steel [187].

Fatigue phenomena require topologic investigation by AFM for an under-
standing of the surface deformation [188,189]. This includes the detection
of slip bands, protrusions, crack nucleation, and growth in strain-controlled
fatigue tests at various strain amplitudes. These components of the fracture
mechanics are very important for the development of macrocracks and failure.
AFM led to the development of formalism for the quantitative characteriza-
tion of the surface deformation of cyclically loaded structures. An in situ
system has been described [190]. The corrosion of brass in oxygen-containing
water was also studied by AFM [191]. Furthermore, the corrosion and passi-
vation of Ti grains has been topologically and frictionally studied [192]. Also
electrochemical corrosion is an obvious subject for AFM as high topologies
ensue [193,194].

More details about the local chemistry of corrosion can be obtained by
electrochemical atomic force microscopy (ECAFM) [195]. Examples are the
anodic dissolution of copper [196] or inhibition of copper corrosion [197], the
surface structure of a lead electrode during redox process [198], corrosion
of steel [199, 200], or the uranium (IV)-oxide dissolution and remineraliza-
tion [201]. A medicinal application of ECAFM studied the oxidation of the
implant metals Ti and TiAlgV4 by H2O5 to form oxide layers that should be
biocompatible to surgical wound environments. Topological changes occurred.
These are related to oxidative mechanisms that take place on the titanium
oxide surface and in wound environments. The study provides a foundation
for the porous oxide surface model on commercially pure titanium exposed to
hydrogen peroxide [202].

The local chemistry of corrosion can also be studied with optical near-field
spectroscopy. Electrochemical corrosion of dental alloys with shear-force AFM
and SNOM assessment is described in Chap. 2, Sect. 2.9.1.

1.11.7 Catalysis

There are numerous atomically resolved AFM measurements on flat metal sur-
faces catalyzing gas-phase reactions. Such model studies are not the subject
of this book. Heterogeneous catalysts generally owe their efficiency to rough-
ness. It is therefore not surprising that AFM was applied to them [203,204].
The catalytic surfaces were characterized as valleys, ridges, crevices, dislodged
plates, wide pits and craters, and narrow slits. Furthermore, the changes of the
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surface topology of common fluid cracking catalysts upon operation in a typ-
ical refinery have been studied [205]. Pore diameters, pore size distributions,
deep trenches, valleys, craters, and short stacks of plates with voids were the
features of interest. AFM images allowed the distinction of old and young FCC
fractions and coke deposits could be identified. Their burning in air at 600°C
did not alter structure and activity. Such characterization of catalyst surfaces
is of highest industrial interest and results are mostly not disclosed. AFM is
also useful in enzymatic catalysis. The activity of a horseradish peroxidase
assembly was related to the surface topology as detected by AFM [206].

1.11.8 Forensics

Topologic measurements with the AFM have found increasing applications in
forensic evaluations, and this is not restricted to DNA analysis [207,208]. The
human hair is an interesting object for forensics due to characteristic cuticle
step height, tilt angle, cuticle diameter [209,210]. Further information about
cosmetics and medical diagnoses is also obtained, in particular if lateral force
is applied to treated hair [211].

Another topic is forensic examination of line crossings in documents. It is
largely facilitated by AFM due to the ambient conditions [212]. Also detection
of gunshot residues deposited on the bullet and on the firing hands collected
using double-sided tape has been studied by means of AFM in combination
with other techniques for considerably increasing the confidence level of such
detection [213].

Also a forensic problem may be the determination of the radiation ex-
posure history of common materials, including organic crystals. Exposure to
radioactive material leaves a permanent record, which can be read for forensic
(and dosimetric) purposes by using AFM [214].

1.11.9 Historical Objects

Both prehistoric fossils and historic antiques deserve AFM investigation,
while comparatively scarce applications have been published. Organic-walled
Precambrian fossils and microscopic spheromorph acritarchs, permineral-
ized in 650-million-year old cherts of the Chichkan Formation of southern
Kazakhstan, have been studied by AFM in combination with laser Raman
spectroscopic analysis of individual specimens. The walls of these petrified
fossils are composed of stacked arrays of about 200 nm wide angular platelets
of polycyclic aromatic kerogen [215]. Thus, AFM helps in the investigation of
geochemical maturation of ancient organic matter and in the distinction of
true fossils from pseudofossils. Furthermore, a fossil bacterium in dolomite has
been analyzed by shear-force AFM and SNOM in Chap. 2, Sect.2.10.1. Late
Cretaceous avian bone tissues from Argentina demonstrate exceptional preser-
vation in a medium-grained sandstone matrix, indicating unusual perimortem
taphonomic conditions. AFM topology and AFM pulling curves are required
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in addition to immunohistology to prove integrity and functionality of retained
collagen [216]. Furthermore, mineralized human tissues have been investigated
with AFM [217].

The anticorroding property of the Chinese ancient bronze black mirror
Hei—Qi—Gu has been elucidated by AFM and supporting techniques. SnO9
and SiO, particles with very small particle sizes are particularly stable and
protect the bronze alloy successfully [218]. AFM, XPS, and SEM with XPMA
were used to characterize the morphology of the surface of glazes from an-
cient Kiev and Vizantia, discovered on archeological excavations. Differences
in the morphologies point to original manufacture of glazes in ancient Kiev
as distinguished from the Byzantine glazes [219]. A more general paper inves-
tigated the surfaces of medieval stained glass and ancient copper alloys both
chemically and topologically with AFM [220]. Luster is one of the most inter-
esting ancient ceramic decorations. Luster reproductions were compared with
medieval luster surfaces by chemical analysis and AFM morphology. It was
concluded that Cu and Ag were introduced into the glaze by ion exchange
with alkalies from the glaze, rather than forming a superimposed layer on
top of the glaze. Surface roughness resulted by the nanocrystals’ growth in-
side the glassy matrix. Silver particles appeared heterogeneously distributed
and had a smaller size and higher roughness than copper particles on ancient
luster [221].

1.12 Electromagnetic AFM

A new development in AFM uses electromagnetic actuators instead of piezos
for distance control and affordable Nanosurf easyScan 2 or Nanosurf Mobile
S instruments are already available. These portable instruments are simple
in operation and exhibit a high degree of automation. They allow for most
AFM techniques with lateral resolutions from 1 nm. Surface areas with very
high topology and up to several 100 um wide can be routinely scanned. These
features are of particular interest for real-world surfaces. Figure 1.77 demon-
strates the capabilities with a reflector for bicycles. The enormous height
resolution is extraordinary and easily achieved. There are many advantages of
electromagnetic actuators for AFM when compared to piezo AFM. The range
from molecular resolution to the light microscopy scales, but with very high
topographic capability (see also Sect.2.13), is spanned in a low-size portable
instrument. It is expected that this technique will find widespread use in ap-
plied AFM, teaching, research, and industry.

1.13 Conclusions

Topologic AFM is a mature technique. It is not just a means for atomic
or molecular resolution; high topology measurements require different ex-
pertise and provide another breakthrough with most widespread practical
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Fig. 1.77. Large-scale AFM image of a technical retroreflector surface with well-
resolved 13 um height differences in an 86 x 86 um? area, showing the topographic
capabilities of the electromagnetic Nanosurf easyScan instrument; courtesy of Dr.
L. Scandella, Nanosurf AG, Liestal/Switzerland

applications in almost all branches of life and sciences. The idea was to scan
real-world samples at ambient conditions without change in treatment and
evacuation. Another aim was the control of self-assembled high surface fea-
ture generation by chemical reaction under control by AFM with classification
of feature types and purposeful surface modeling. This has been demonstrated
from the early start in 1990s, when AFM was used in the ranges that were
typically 10 um wide and up to 3 um high. Such measurements had to be ex-
perimentally explored without scraping the surface. The success is clearly seen
in the high increase in the number of applications since about 1998, which is
indicated in Sect.1.11 preferably with technically useful examples. Unfortu-
nately, there is still widespread reservation in acknowledging the capability of
reliably scanning very high and steep surface features without scraping the
surface, even if the expertise has been long available. Therefore high topol-
ogy is frequently not mentioned in the abstracts of relevant papers. Hence,
some important papers have almost certainly been missed in the author’s lit-
erature retrieval efforts. Fortunately, the most robust and least complicated
techniques of contact AFM and shear-force AFM provide the most direct
and reliable information of topologic surface properties that are so important
for practical applications. Numerous spectroscopic techniques can be added
for better knowing what the surface features are chemically (e.g., SNOM,
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friction force, thermoconduction, thermoanalysis, magnetic force, electrosta-
tic force, adhesion, chemical force, etc.). Dynamic AFM such as tapping mode
became quite popular, although the topologic information is indirect and less
reliable. It is therefore frequently neglected in publications at the expense of
phase imaging, the interpretation of which is less rewarding for rough surfaces,
which are the rule for real-world samples. These dynamic techniques were not
included as they had been the subject of recent review books. There was,
however, no review with specific concern of topology as offered for the first
time in this book. The success in feature generation and control and further
applications of highly resolved topology in life sciences, including medicine
and pharmacy, and in chemistry (solid-state syntheses, polymers, ceramics,
catalysis, metallurgy, corrosion, etc.), mineralogy/geology, astrophysics, foren-
sics, ancient history, etc., are promising for increased future application in all
fields that relate to solid surfaces in academic and industrial research and
application.
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2

Scanning Near-Field Optical Microscopy

2.1 Introduction

The history of SNOM (scanning near-field optical microscopy) [other acronyms
are NSOM (near-field scanning optical microscopy), PSTM (photon scanning
tunneling microscopy ), and STOM (scanning tunneling optical microscopy) —
the same acronyms are used for the near-field microscopes| started with the
idea of a very small aperture (smaller than A/2 of the light) for the light
source. The confined light passing through small apertures may break the
Abbe diffraction limit of microscopic resolution. This technique is overwhelm-
ingly used in common SNOM equipment even though the light is collected
in the far field. The possibility for apertureless SNOM with uncoated illu-
minated tips and reflection back to the fiber was first proposed by Courjon
et al. [1,2] who tried to use a phase effect for the reflection at near-field dis-
tance (<A/2) but such effect could not be usefully applied. It was only a new
and apparently unexpected or even denied [3] near-field effect in shear-force
distance that allowed for SNOM on rough surfaces in constant distance (more
precisely in constant vibration damping gap) with sharp uncoated tapered
waveguides [4-9]. It is the strongly enhanced reflection back into the very
sharp fiber at shear-force distance that allows for SNOM on “real-world”
rough surfaces without topological artifacts up to high slopes for all types of
transparent and opaque samples [4-9], where hot and blunt metal-coated tips
cannot follow the topology.

Scanning techniques are able to provide the topology of the rough surface
and the light interaction in SNOM provides the additional information that
can also be imaged upon the topography. Depth of focus has been a severe
problem for normal light microscopy at resolutions above the A/2 resolution
limit. Modern solutions for that problem are confocal microscopy and digital
microscopy. The latter technique is also able to obtain 3D topographic images
of surfaces with optical information. It overlaps with SNOM at the larger area
ranges with remarkable depth of focus capabilities that is briefly mentioned
in Sect.2.13 even if it is not a nanotechnique.
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2.2 Foundations of SNOM

The history of SNOM and its relation to further microscopic techniques has
been reviewed [10] and is not repeated here. The discussion in [10] is lim-
ited to the idea of aperture SNOM, which breaks the diffraction limit with
a submicroscopic light source. The light is passed through a submicroscopic
aperture of metallized devices. Submicroscopic local resolutions are achievable
but only on test samples or samples without topology. This is valid for all dif-
ferent modes of aperture SNOM (illumination mode, collection mode, reflec-
tion mode). The major problems are the heat (all three illumination modes)
and bluntness (emission and all three collection modes) of metal-coated tips
that cannot reasonably be operated in shear-force distance of less than 10 or
5nm to a surface. Therefore, measurements are mostly restricted to constant
height techniques over very flat surfaces necessarily with interference errors
and topologic artifacts if topology is present. Furthermore, shadowing effects
are difficult to treat. The technical problems in the manufacture of suitable
tips are manifold, because rather thick metal coatings are required for elimi-
nating light leakage. The smaller the aperture is, the more heated is the blunt
tip with flat end to very high temperatures (100 —>470°C) [11,12] and that in
very close distance to the scanned surface! In sharp completely coated tips the
melting point of Al at 660°C is easily reached. The heat production has been
used to ‘vaporize’ the aluminum coating at the tapered tip end for the pro-
duction of sharp 400 nm far-field apertured SNOM tips that can be used for
positive submicron lithography on photostable light absorbing organic crys-
tals by local surface melting [13](Sect. 2.12). Furthermore, use of the heat on
metal-coated tips for producing pits has been described in [14]. Light leak-
age of the metal-coated tips causes artifacts and reduces contrast, and these
effects can be only partly overcome by modulation techniques. The propagat-
ing modes become evanescent and are strongly damped if the diameter of the
waveguide is smaller than A\/2 (cut-off). Therefore the tapered region must
be as short as possible. The radiation intensity scales with the sixth power of
the aperture radius, the limit being about 50 nm [10]. Far-field detection of the
evanescent light (that has become propagating by the tip—sample interaction)
through the transparent sample in transmission mode will be dependent on
the nonuniform bulk composition. The latter cannot be assessed from the sur-
face experiment looking for local variations in composition. Various types of
apertured tips and the relation to other techniques that break the diffraction
limits have been exhaustively described in [10]. These include flat apertures,
small quartz or SigNy tips sticking out of the aperture, metal-coated tetrahe-
dral tips with one edge uncoated leading to a localized excitation of a metal
particle at the tip, and hollow metal pyramids. Tetrahedral tips connected to
tuning fork distance control have also been realized [15]. However, the scan
rates are very slow (500nm s~!), samples need to be transparent, and heights
above 24 nm were not tested. Also active probes are discussed [10]. For exam-
ple, a submicroscopic diamond crystal that was previously exposed to 2-MeV
electrons was attached to a SNOM fiber probe and its fluorescence used for
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near-field imaging [16]. Alternatively, an apertured metal coated tip may be
additionally coated with fluorescent molecules embedded in a polymer such as
PMMA and the fluorophore excited by absorption of short wavelength light
through the fiber. Problems of bleaching out are less severe with fluorescent
nanoparticles that are embedded in the additional coating. For example it
is possible to have only one CdSe nanoparticle (core: 3.8 nm diameter; 1 nm
ZnSe shell) over the whole 150 nm aperture, and this would pave way for mole-
cular resolution (<10nm) at room temperature after coupling-in of 458-nm
light [17]. It was however not pointed out how the heat problem of apertured
tips could be handled in that endeavor. Test samples and flat surfaces have
been tested with these techniques, mostly in terms of resolution (>50nm) and
“edge contrast” well below the diffraction limit of classical light microscopy.
The various typical difficulties with aperture tips in terms of multiple arti-
facts, contrast, sensitivity, topology, distance or height regulation, interference
(between probe edge and the sample), and resolution have been collected and
theoretically discussed [18]. However, the so-called “credibility requirements”
for near-field optical images that are claimed (“no correlation between topo-
graphic and near-field image” and “correlated structures must be displaced
by a constant amount between topology and optical image”) contradict the
actual goal of SNOM, which is detection of chemical contrast either with or
without topology (e.g., metal patterns on or in supports). Such chemical con-
trast must occur precisely at the site of the chemical species in order to be
really credible. Displacements (by some casual asperity at the metal-coated tip
or for other reasons) are also a type of artifact (Sect.2.6.5). Noninterpretable
images are of little practical value.

At this point it appears suitable to compare the various principle tech-
niques of SNOM that have been used. They are grouped in Fig.2.1. Most
of them require very flat surfaces such as monolayers or molecular species
on mica or graphite but are not usable on rough “real-world” surfaces. The
exception is method C, where very sharp tapered tips are used apertureless,
that is without metal coating.
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Fig. 2.1. The various principles of SNOM techniques; aperture SNOM (A, A’, B, C)
with metal-coated light sources, D and E with separate source; apertureless SNOM
by light tunneling (F, G), scattering with double modulation (H, H'), and under
shear-force regulation with uncoated tips according to the C geometry



90 2 Scanning Near-Field Optical Microscopy

Apertureless SNOM is still less popular but possible according to four
principally different techniques.

Photon tunneling (PSTM) relies on a collection of forbidden light illumi-
nated through the sample at angles within the range of total reflection by a
sharp transparent (F) or opaque tip (G) on the flat surface [19]. Interference
occurs between the tip field and the background field, and the fringes may
obscure the SNOM image [20]. Furthermore, topology and local changes of the
refractive index combine to the optical signal. Separations have been tried by
a distance modulation technique [21].

The second technique SIAM (scanning interferometric apertureless mi-
croscopy) uses double modulation (vertical vibration of the tip and lateral
of the sample) with reflection of the light from an interferometer back to
the interferometer (H’). The phase shift due to scattering at an AFM tip at
the other side of a transparent plate with reference to a second spot with-
out such scattering is scanned. The modulations decrease the background
signal. Resolutions down to 1nm are claimed [22,23]. However, the origin of
the high-resolution features remained unexplored (microscope cover slip) [22]
or the image is recognizably artificial (dark/bright edge contrast of mica and
droplets is seen in Figs. 2.2, 2.3 of [23]). Few samples of interest are clear trans-
parent glasses and permissible surface topology must be very low. The liftoff
artifact of the tip pulling away from the surface (it goes out of laser focus)
can only be corrected for samples with topology variations less than 20 nm.

The third apertureless technique uses near-field scattering. It focuses laser
beams to the apex of metal tips as scattering devices that are in tapping
mode to the surface, in order to obtain field enhancement under the metal
tip (H). The dither serves the demodulation of the signal at higher harmonics
for reducing the background of scattering from both the illuminated probe
shaft and the sample [24,25]. The optical near-field interaction signal is ex-
tracted by the demodulation procedure. Clearly, this technique is restricted
to very flat surfaces. No improvements provide excited single fluorophores
at the tip end [26], including FRET (fluorescence resonant energy transfer)
in the near-field [27]. For example, a 50 nm gold step on glass gave a much-
extended artificial stripes contrast (cf. Sect.2.6.2) without discontinuity at
the edge site over more than 10 um when a p-polarized beam scattered at
a silicon tip [28]. Coherent imaging of plasmon patterns used a carbon nan-
otube tip bundle as the scatterer with heterodyne detection and second or
third harmonic demodulation [29]. The 91 nm wide gold disks (20nm height
on glass) revealed dipolar oscillation, however, both phase and amplitude
are structured and therefore not valid materials contrast even if they closely
relate to the tip-broadened 140 nm topology. Still, the near-field scattering
theory does not seem to cover the complete physics: far infrared (A = 150 wm)
near-field imaging (150 nm resolution) relies on ac coupling of the tip-surface
system instead of scattering, and this mechanism may also play a role at
near infrared and perhaps even visible imaging [30]. More detailed descrip-
tions of the theory, various experimental setups, and artifacts of the two
types (amplitude and phase or intensity) of scattering apertureless SNOM
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are given in [31]. Simulations of the near-field around silver tips have been
published [32].

The fourth apertureless choice is illumination through and reflection back
to the very sharp uncoated tapered fiber in shear-force distance at a horizon-
tal dither at 100-400 kHz, which uses a new physical effect for the local light
collection in the very close near-field: enhancement of reflectivity into sharp
dielectric tips in the shear-force gap [4-9]. The sharp uncoated tip is used both
as an emitter and a detector in that technique. This apparently unexpected
new experimental knowledge will certainly help to better understand the phe-
nomenon of shear-force in very close distance that is still subject to debate,
despite enormous theoretical efforts [33]. The favorable technique uses crossed
polarizers for illumination and detection in order to efficiently suppress un-
desired primary stray light and light reflected from the front end of the fiber.
However, the polarization is not maintained in the apertureless SNOM for
“real-world” samples. The technique has therefore nothing in common with
depolarization SNOM using uncoated tips at constant height (instead of con-
stant distance) and a polarization manipulator [34]. Edge contrast but not
chemical contrast is obtained in depolarization SNOM.

As previous theoretical modeling efforts did not predict the experimentally
found internal reflection enhancement [4-9] we do not refer to all of these
studies here. Even the constructors of the commercial instrument and the
supplier (DME, Copenhagen) were apparently not aware of the enhancement
necessity [35]. In fact, the now experimentally secured reflection enhancement
in the shear-force gap is the only reason for the good performance of the aper-
tureless shear-force SNOM mode, excluding topologic artifacts. It does not
help that simulation of the intensity on the basis of the vector Helmholtz equa-
tion in the strict regime of linear optics claimed the possibility for near-field
resolution for the reflected intensity orthogonal to the incident polarization
for an uncoated tip with 60 nm diameter at the apex and 30 nm distance [36].
These parameters are absolutely unsuitable for the experimental conditions
of artifact-free SNOM, which works only under the conditions of enhanced re-
flectivity that requires end radii of <20 nm and distances in the range of 5nm
(see below). Furthermore, the objections against constant distance SNOM in
terms of topologic artifacts [37] do not apply under the favorable conditions
of the new near-field enhanced reflection back to the sharp fiber, a fact that
has been largely overlooked in the past, when blunt (etched) and therefore
easily broken tips were used.

The difference between aperture and apertureless tapered tips in technique
C (Fig.2.1) may be demonstrated with an on-scale comparative sketch, which
also indicates the shear-force condition (distance <10nm, typically 5 nm)
(Fig2.2). Clearly, hot metal-coated tips require thermal stability of the sam-
ple and absence of topology, while ambient sharp tips can easily follow the
topology with slope angles up to the tip gradient with shear-force distance
control even on delicate organic or biological surfaces. Experimental evidence
shows that the sharp tip must have an end radius of <20 nm for being a suit-
able acceptor for strongly enhanced near-field light within the shear-force gap.
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Fig. 2.2. Sketch of (a) a typical metal-coated tip, (b) a sharp uncoated tip, and (c)
photo of an uncoated tapered tip indicating the high aspect ratio without resolution
of the end radius, of course

Furthermore, very sharp tips have no problem with interference phenomena
or very steep temperature gradients. However, the illuminated spot under the
uncoated tip is rather large (about 1um in diameter). This means we need
the large difference in far-field and near-field coupling of the reflected light
intensity back to the tip if near-field resolution can be achieved.

We are able to experimentally demonstrate the new near-field effect with
great ease: very sharp tips collect reflection within the near-field gap much
more efficiently than far-field stray light [4-9]. An XY plotter in the ap-
proach procedure for the SNOM experiment monitors such enhanced reflec-
tivity (Fig2.3). Approach of tapered laterally vibrating tips (near the mechan-
ical resonance at frequencies of 100-400 kHz with 5 or 10 nm free amplitude)
for shear-force AFM is subdivided into fast coarse approach with retraction
by 1um and stop as triggered by the damping control and a slow close ap-
proach from that waiting position. This works both with dark and illuminated
waveguides. Figure 2.3 depicts the reflected intensity during coarse approach
of the laterally vibrating illuminated tip in its left part. When it feels the start
of damping the shear force control triggers the immediate retraction and stops
in order to prevent penetration into the surface and breaking there. At the
same time a short flash of reflected light is recorded at the surface point. The
right part of Fig.2.3 traces the close approach. From the waiting position
cautious approach is started down to the preset damping efficiency (usually
30-60%), and the scanning of SNOM under shear-force distance control (si-
multaneously AFM) is started thereafter at again largely increased optical
signal in shear-force distance. Figure 2.3 clearly exhibits a constant far-field
stray light signal at the detector of the reflected light level through the fiber
that is independent of the tip surface distance. Only at the surface point and
during scan when the tip is in shear-force distance is the remarkable signal
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Fig. 2.3. Approach of a sharp illuminated multimode tapered quartz glass tip to
a typical surface while monitoring the signal level showing highly enhanced light
intensity level while the tip is in shear distance

enhancement seen. Thus, the scan in constant shear-force distance monitors
only variations in the near-field enhanced signal, and the constant far-field
part does not contribute to the contrast. Due to this unexpected strong en-
hancement effect in the shear-force gap we get near-field resolution and avoid
“crosstalk” with the AFM detection of the topology. Hence, our near-field ef-
fect in the shear-force gap secures that topology does not influence the optical
contrast (Fig. 2.3). Clearly, it works only in shear-force distance and only with
sharp tips (final radius <20nm), and the optical resolution is in the range of
the tip radius or somewhat better.

The sharpness requirements are severe (<20nm apex radius). Thus, the
“new probes for scanning near-field optical microscopy” uncoated at lengths
from 15 to 150 um and with apex radii from 200 to 2000 nm as offered by
LovalLite (Troyes, France) are totally unsuitable for our technique with shear-
force enhancement of the reflection: neither the enhancement will occur nor
the topology (Fig.2.2) can be followed.

Actually, our near-field enhancement effect for the collection efficiency in
the shear-force gap does not work for blunt or most (exception in Fig. 2.16)
broken tips. These do not exhibit the enhancement but may even decrease
the signal level with respect to the far-field level while in shear-force dis-
tance. This is clearly shown by the approach behavior of a typical broken
tip (similarly with blunt tips) in Fig. 2.4. Here the intensity decreases at the
surface point and during alleged shear-force scanning. In the absence of the
enhanced coupling of shear-force gap reflected light no SNOM signal is ob-
tained but only far-field artifacts. These are presented in Sect.2.6. As the
enhancement is absolutely necessary (the SNOM signal level should be more
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Fig. 2.4. Approach of a broken multimode tapered quartz glass tip to a typical
surface while monitoring the signal level; only artificial far-field artifacts are obtained
under such unsuitable conditions

than at least twice the far-field level and may reach factors of up to >50)
every single measurement must control the signal level. Tips may be blunt
from the beginning, or they may abrade and break upon handling, approach,
or measurement.

Sharp fused quartz tips can be routinely pulled (as sharp as possible) to
end radii between 20 and <10nm (detected by SEM), and are the more stable
the smaller the radius is. Etched tips [14] are blunt (end radius about 60 nm)
and do not reach the required sharpness. These experimental requirements
may be the reason for previous failures or topological artifacts with this aper-
tureless technique that is easier and more versatile than any other SNOM
technique (Fig.2.1) and can be used for the more important applications to
(very) rough “real-world” surfaces. Resolution limits are as yet slightly below
10 nm, topological limits are encountered at extremely steep (depends on the
taper angle) or extended vertical slopes and overhangs that are not suitable for
any scanning probe technique. Impossible topology will give artificial contrast
next to valid SNOM contrast in “normal” regions of the sample.

Applications of SNOM to rough and very rough surfaces that are most
common in nature and industry require a stable technique and the easy and
cheap access to the probe tips. The chemical (materials) contrast in SNOM re-
quires a chemically or physically non-uniform surface. It is more diverse than
the contrast in conventional microscopy (illuminated topology, absorption, flu-
orescence, phase, polarization, Rayleigh, Raman). Topologic errors are absent
in shear-force gap reflection-back-to-the-fiber SNOM if the tip is sharp and
not broken and if a considerable enhancement of the reflected intensity is real-
ized. The enhancement factor (>2 to >50 times the far-field level) depends on
the substrate and the instrumental alignments; it needs to be recorded during
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the scanning. The chemical contrast differentiates very sensibly. It contains
the microscopic contrast features and also the variations of the shear-force
efficiency between the composite partners and electrostatics (constant damp-
ing at different distances) and the specific enhancement qualities that vary
between the different composites in surprisingly large ranges. Rankings are
difficult due to so many different influences, but highly reflecting materials
(metals, salts, polar substances) tend to produce higher enhancement factors.
There are also enormous differences in the penetration depth of the light, and
the influence of surface layers on the shear-force distance at a preset damping
is very decisive. But all of that belongs to the chemical contrast. Even closely
related organic compounds in a composite can be easily differentiated. The
reason for the close-near-field contrast remains largely undetermined. Fluores-
cence and Raman SNOM contrast can be locally analyzed by diffraction and
spectroscopic analysis. The so-called “edge contrasts” (these are not materials
contrast!) are of little practical interest as edges, protrusions, and ditches are
more easily characterized by AFM. Only chemical (materials) contrast is of
practical use in SNOM.

2.3 Equipment

Aperture SNOM equipment has been well described in [10] and is not repeated
here. We also do not repeat the unusually complicated setups of scatter-type
apertureless SNOM. Very sharp uncoated monomode or better multimode
tapered quartz glass waveguides with end radii of 10-20 nm are required in the
shear-force reflection back to the fiber technique. Both mono- or multimode-
fused quartz waveguides with core diameters of 3.4 or 5.7 and 125 pum-step
index coating at lengths of 60-120cm are suitable for sharp pulling. The
tested optical fibers were coaxial and did not preserve polarization. They are
easily and highly economically pulled with a well-adjusted laser puller such
as the P-2000 micropipette puller (Sutter Instruments, Navato, CA) at the
proper settings. The more stable are the pulled tips with respect to breakage,
the smaller the radius that may approach 10 nm or below (typically 15nm).
There is the risk of breakage in shear-force distance particularly with sticky
materials or in the absence of a reasonable shear-force mechanism (e.g., on
platinum). Therefore, etched tips [14] that are more brittle and blunt (end
radius typically 60nm) are unsuitable also due to their high tendency for
breakage (breakage does not apply if these are metal coated for the fabrication
of aperture tips). Figure2.2 is an on-scale sketch for a typical situation of
shear-force AFM and distance regulation. It indicates that successful use of
apertured “tips” (irrespective of their enormous heat in shear-force distance)
cannot be substantiated also for geometric reasons, even if there were a small
protrusion at the end.

The various functions of the robust commercially available RASTER-
SCOPE SNOM 4000 of Danish Micro Engineering A/S (DME), Copenhagen
are depicted in Fig.2.5. A detailed description of its construction is given
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Fig. 2.5. Block diagram of an apertureless reflection-back-to-the-fiber SNOM setup
with shear-force distance control and cross-polarization to minimize straylight; 1:
beam splitter and crossed polarizers; 2: shear-force arrangement; 3: sample mount
on a piezo stage

n [38]. This setup uses light-controlled constant damping control (2) for
maintaining the shear-force distance of the horizontally vibrating tip (100-
400kHz) (distance variations at different surface components are part of the
chemical contrast). The He/Ne laser beam is shadowed by the edge of the vi-
brating fiber and provides the feedback signal for maintaining the preset am-
plitude (cf. Fig.1.72, Sect. 1.10). The damping level may be chosen. Typical
settings are between 30% and 60%. The shear-force mechanisms are described
in Chap. 1, Sect.1.10. The fast light control allows for scan speeds of up to
200um s~! following high and varied surface topology in large scans with
shear-force feedback. This is highly superior to the slow mechanical (piezo) or
acoustic (tuning force) control. Any preference of the apparently more popular
slow techniques at the expense of the most rapid trigger for the adjustment
of the vibrational amplitude has to be paid with enormous difficulties as the
tips are at risk, the sensitivity decreases, and extremely slow scan rates are
the consequence. Importantly, shear force control also provides a simultane-
ous topologic image in addition to the optical image without crosstalk. All
variations in the enhanced near field light are chemical contrast due to all
effects that determine its efficiency. The free lateral oscillation amplitude is
5 or 10nm. Any artifacts (deviations from true chemical contrast) are easily
recognized [9] and covered in detail in Sect. 2.6.

The light source is a high-quality laser (e.g., an Ar" laser, emitting at
488 nm) focused to a coupler through a beam splitter and a crossed polar-
izer for effective elimination of straylight that would add to the back coming
reflected light (1). The tapered coaxial optical waveguide does not retain po-
larization. This or the degree of polarization at the end of any polarization
conserving tips can be checked with a polarizer in the far-field of the free
tip end. The light passes through the uncoated optical waveguide and pro-
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duces a concentric light spot of about 1 um diameter on the sample at a piezo
table (3) (typical energies are 60-80 L W). The optically controlled feedback
is fast enough so that scan rates between 10 and 120 um s~! can be achieved
at a resolution of 512 x 512 pixels. Fast scanning may be required for min-
imizing loss of contrast by heating of strongly light absorbing surfaces [5].
The feedback dynamics has been checked with porous silicon samples at a
rate of 50um s~! in Fig. 1.75 or with 70 um s~! in Fig. 1.76 (Sect. 1.10). The
light that is reflected back through the fiber consists of a constant far-field
background and the enhanced reflection in the shear-force gap (typical energy
1uW). It is decoupled, separated from the primary straylight, detected by a
photodetector with photomultiplier, and processed to an optical image by a
computer, which also processes the AFM information in an independent chan-
nel. An energy meter must constantly control the signal level. Suitable edge
filters or interference filters may also separate primary light from fluorescence
light or the reflected light may be coupled to an optoacoustic spectrometer
with waveguide optics for spectral analyses (local fluorescence and Raman).
The whole setup is very robust and easily installed as shown in Fig. 2.6.

2.4 Optical Resolution

The reflection-back-to-the-fiber SNOM that works on the basis of the new
close-near-field effect is able to achieve subwavelength resolution on rough and
very rough surfaces comparable to or even better than the concomitant shear-
force AFM resolution, due to the strongly enhanced near-field collection in
the shear-force gap. However, maximal resolution is not usable in mostly used
large scans of 10 um x 10 um with a pixel size of 18 nm. That range is, however,
more important or typical for practical applications on “real-world” surfaces.
However, there are also important technical questions with nanoparticles, and
maximal resolution of apertureless SNOM has to be assessed. As described
in Sect.2.2, the end radius of the tapered uncoated tip varies from <10 to
20 nm, depending on the pulling result.

A first indication of the high resolution power is obtained from fluoresc-
ing nanoparticles that swam up in a resin. The depth of the resin cover on
top was judged to be 5nm as the AFM width was consistently found 10 nm
larger than the fluorescence SNOM contrast [39]. In another experiment an
autoxidized skew (slope 10-15°) (110)-surface of anthracene had formed struc-
tured features of anthraquinone with a pronounced chemical contrast. The
peak-to-peak distance of the optical contrast obtained with a sharp uncoated
tip was measured in several instances to <20nm [6]. This is an excellent
resolution for apertureless SNOM that cannot be obtained with any other
SNOM technique on such sample. Similarly, a polycarbonate substrate gave
protrusions on the polymer with bright contrast and sub-20nm resolution
as shown in Fig.2.7. A similar resolution result (15nm) was claimed in the
literature [38].
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Fig. 2.6. Photograph of (a) a fully installed apertureless shear-force SNOM with
laser, coupler, vibration protected SNOM head, receiver box, and hygrometer but
excluding the control unit with energy meter, computer, screens, oscilloscope, and
other commodity units that are to the right; the very thin transparent fiber between
coupling unit and SOM table is not resolved in the photograph; (b) detail of the
coupling and receiving unit
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Fig. 2.7. Apertureless shear-force SNOM (650 nm); edge resolution on a poly-
carbonate substrate

It is however common practice to refer to optical resolution on flat surfaces
free of topology. Exclusion of topology may be obtained by using polished
fossil minerals, such as dolomite with embedded pyrite geodes (the chemistry
is secured by local Raman SNOM; Fig. 2.66). Figure 2.8 shows bright optical
contrast in a region where there is no AFM topology even in a very wide scan.

We can use such samples for fabricating test samples for the determination
of the resolution. The location of the pyrite islands can only be seen in the
optical image but not in the AFM. However, we cannot say in that trace if
the pyrite is at the surface (the grain on it has low reflectivity), or touching the
surface or beneath the surface. According to Fig. 2.9 one has to fine polish until
situation ¢ with vertical boundary is found somewhere. The best resolution
found is then the approved resolution with the tip used, but only numerous
values between 20 and 30nm (full slope) could be found with the sample of
Fig. 2.8 that could not be further polished.

A similar optical resolution test with a fine polished sample of marble ex-
hibiting numerous geodes is shown in Fig. 2.10. The contrast edge in the cross
section of the optical image extends over less than 9 nm with a sharp tip. The
chemical difference but not the very low topology due to different polishing
resistance is responsible for the excellent resolution of apertureless SNOM:
The nearby high topology does not give a similar or inverse optical con-
trast [40]. This new technique of preparing samples for edge resolution may be
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Fig. 2.8. Large shear-force AFM (a) (z-scale: 500nm) and SNOM (b) scan on
a polished dolomite surface containing highly reflecting pyrite grains with strong
optical contrast
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Fig. 2.9. Sketch for the requirement of a vertical boundary suitable for optical
resolution determination on a flat surface

confidently used for all different SNOM types that work with opaque samples,
as the samples are very robust. The present result secures the other deter-
minations of optical resolution on rough surfaces well below 20nm. Optical
resolutions below 10nm on very flat silver/gold patterns (topologic contrast
of about 5nm) have also been reported for the tetrahedral tip [41]. However,
many questions remain open at the low value.

Also steepness artifact (Sect.2.6.2) can be used for judging the resolution
capability. Sodium chloride cubes with vertical faces are most easily obtained
by evaporation of sodium chloride solutions on glass. Its height may be about
1um, and the expected edge artifact consists of bright/dark/bright stripes.
Despite the enormous height difference, the edge resolution of this typical ar-
tifact was found less than 18 nm in Fig. 2.11. This easily repeated experiment
is a good and time-saving means to test the resolution properties of a partic-
ular tip prior to use on delicate samples [40]. Similarly, isolated beads on any
support can be used for that purpose (Fig.2.52).
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Fig. 2.10. Apertureless shear-force AFM (a) (z-range: 50 nm) and SNOM (b) with
a polished marble surface; optical resolution at a geode site (¢) with insignificant
topology

Common standards out of platinum or chromium arrays with extreme
steepness (>80°) are unsuitable for these tests, as they do not provide a use-
ful shear force mechanism. The tips are therefore too close to the surface
and abrade or break during scanning. This is observed both in AFM topology
and optical edge artifact. Both become deformed and continuously worse upon
scanning. Finally, the tip will break in the array of square features where it in-
evitably hits to vertical walls. Platinum is more “destructive” than chromium.
Contact AFM does not have these difficulties but very high tip-sample con-
volution.

The particular wealth of the apertureless back-to-the-fiber SNOM is clearly
secured with the exceptional optical resolution that can be achieved in the
10-20 nm range, as this has been demonstrated with various organic and inor-
ganic materials [40]. A good shear-force mechanism (oxides with water layer,
or dangling bonds of self-assembled monolayers, or organic and biological ma-
terials or polymers) is required. The topology may be high but slopes must be
less than 70-80°. Hard verticals or overhangs at right angles to the vibration
direction or deep holes with widths close to the vibrational amplitude disfavor
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Fig. 2.11. Simultaneous shear-force apertureless AFM (a) and SNOM (b) at a
1um vertical edge of a sodium chloride crystal on glass; the optical image at the
edge contains only artificial but not materials contrast; the section (c) shows the
high resolution of the stripes

shear-force measurements. But these obstacles do not usually occur on “real-
world” natural or technical surfaces. Sticky surfaces are difficult.

2.5 Dependence of the Reflectance Enhancement
from the Shear Force

The efficiency of the shear-force damping (100d/dy, where d is the set am-
plitude and dy the free amplitude of vibration) of the horizontally vibrating
quartz glass tapered tips is dependent on the surface material in question.
Thus, for example 50% damping will be obtained at different distances on
different materials. This feature already is an important part of the chemical
contrast, which is highly distance dependent. Also the optimum for the aper-
tureless SNOM measurement has to be found for every different sample as a
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Fig. 2.12. Iris stop as an additional tool for the elimination of primary straylight

compromise between depth of optical contrast and risk of breaking the tip at
too close a distance. Hence it is both of theoretical and practical importance
to know more about reflectance enhancement and damping, which is related
to distance.

The enhancement factor F (factor F' = I /Iy, where I is the total intensity
and I the far-field background intensity) is strongly dependent on the exclu-
sion of primary straylight that should be further diminished by an iris stop
as sketched in Fig. 2.12. This feature increases the optical contrast by remov-
ing the reflected light from the waveguide cut end, which is never perfectly
orthogonal to the incoming beam direction.

The enhancement factors F are different for different materials and can
reach values of up to F' > 50 (found on Al with ambient AloO3 and water
layer on it), while factors of F' > 2 are sufficient for pure optical contrast
at poorly near-field reflecting compounds. Approach curves to various preset
damping values have been carefully measured with various materials. This is
exemplified in Fig. 2.13 for two series of experiments for gold surfaces that had
been treated with hydrogen sulfide in order to achieve a shear-force mechanism
with the shortest possible self-assembled sulfide monolayer and in Fig. 2.14 for
finely polished dolomite. These curves are only obtainable in a certain range of
damping [40]. Too low settings will not properly engage while too high settings
will abrade the tip and thus decrease the efficiency of the enhanced reflection.
The sensitivity of the process is obtained from the linear part of the curves,
and all points of a curve have been obtained with the same tip by successively
increasing the preset damping value, up to final decline of the factor F. The
tips were abraded then and sometimes broken. Independent tests secure that
tips that have been used only in the linear part retained their sharpness,
while those that experienced the horizontal or declining part of the approach
were abraded. Clearly, the optimum for the safe SNOM measurement is to be
sought in the middle of the linear part of the curves. It is of high interest that
the increase of the signal or the factor F' is linearly rather than exponentially
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Fig. 2.13. Two different approach curves to a gold surface that had been treated
with HaS before, showing linear parts in the optimal damping regions without tip
abrasion
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Fig. 2.14. Approach curve to a finely polished dolomite (CaCOs - MgCO,) surface,
showing linear dependence prior to continuous tip abrasion in the bent part of the
curve

related with the damping value, which is a measure for the distance in these
and in the cases of Table 2.1. Actually the width of the shear-force gap is
decisive. The bend to the horizontal and final decline in series 1 of Fig.2.13
is caused by abrasion of the tip, which becomes blunter. The tip of series 2
must have been sharper as the decline starts later and the steepness is higher
(Table 2.1). The steepness is the sensitivity, and it depends also on the detailed
shape of the shear-force gap.

Abrasion of the tip on dolomite starts at similar damping values even
though this material is much harder. However, the sensitivity is roughly three
times higher than in the case of gold. All further measurements in Table 2.1
have been performed up to the abrasion or breakage of the tip. The reliability
is sufficient for comparisons of the sensitivity of the near-field enhancement
of reflectivity in the shear-force gap.

Table 2.1 [40] indicates generality of the shear-force gap reflectivity en-
hancement with very different types of materials and shear-force mechanisms.
It also indicates that optimal damping sets for SNOM depend on the material.
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Table 2.1. Steepness [(I/1p)/(100d/do)] of the approach curve of different materials

material A F/A type of

surface %damping  material

anthracene (001) 0.0064 organic, unpolar

phthalimide with water layer 0.096 organic, polar

aluminum + Al;Ogz-layer and HoO 0.025 metal with hydrated oxide
(winter)

aluminum + AlzOgs-layer and HoO 0.040 metal with hydrated oxide
(summer)

silicon + silica-layer and H2O 0.373 half-metal with hydrated oxide

gold—S—H, series 1 0.069 precious metal with S—H
(winter) monolayer

gold—S—H, series 2 0.099 precious metal with S—-H
(summer) monolayer

dolomite with water layer 0.265 salt with water layer

The variations cover two magnitudes, and that is the reason for the excep-
tionally good optical contrast achieved with this type of apertureless SNOM
even at very small structural variations. Clearly the specific thickness of water
layers will be an important factor in determining the differences. The listed
values in Table 2.1 have been obtained at A = 488 nm. Similar values have
been obtained at A = 632.8 nm. It thus appears that no wavelength depen-
dence exists in the visible region, as expected. The most frequent and highly
efficient shear-force mechanism seems to be the water layer on the tip and on
the sample. This fact makes the measured slopes dependent on the ambient
humidity (room temperature), which were higher in summer than in winter.
The thicker the water layer, the more sensitive is the distance effect. The wa-
ter layer on the sample will certainly merge with the water layer of the quartz
glass tip at <10nm distance (the typical assumption is 5nm). Also the polar
thiol groups on the gold surface accept a water layer. The lowest sensitivity
exhibits the unpolar hydrocarbon anthracene, which does not have a water
layer. It is important that the enhancement is not restricted to water layers.
But in the case of hydrophobic anthracene the shear-force distance must be
smaller than in the other materials at the same damping settings, and there-
fore the tip is at risk for breaking already at small damping. The same has
been observed with platinum (no water layer), which can hardly be scanned
in shear-force mode without tip breakage. The indicated merging of the water
layers in shear-force distance may serve the coupling of the light in the near-
field gap, and such water contact may also be enforced from the layer at the
tip toward anthracene at enforced shorter distance. It is very likely that in-
clusion of such merging concept must be considered in successful modeling or
simulations of the experimentally secured enhancement effect [4-9,40]. Unfor-
tunately, the shear-force is still not well understood probably due to numerous
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factors and very diverse situations that are different for every material as the
strong chemical contrast in apertureless shear-force SNOM indicates.

It was not possible to convert damping settings to absolute distances as
the Z-piezo voltage starts from varying levels that are not zero for every single
approach that strongly depends on the actual conditions of the process, which
also takes into account sloping positions, etc. Furthermore, interferometric
distance measurements in the shear-force gap range of about 5nm with all
the difficulties of sloping position, definitions of the water layer size, and the
detailed tip end geometry would not help much.

The present measurements clearly indicate different distances at the same
damping for all different materials. It is therefore not surprising that no corre-
lation exists between the slopes and the absolute values of the F-values. The
values of F' depend heavily on the chemical and physical properties of the
materials (e.g., nanoscopic refraction index, glossiness, crystal packing, etc.),
but not exclusively. The weight of the different influences cannot be assessed
as long as nothing is known about the near-field contribution from the depth
of the material (distance dependency) in the transparent or opaque cases.

2.6 Artifacts

Every SNOM, independent of the type of measurement, has to be checked
for artifacts that are not chemical contrast. It is therefore important to know
the appearance of the various artifacts that can occur before dealing with the
good measurements that give clear-cut answers to important questions, which
cannot be solved by other techniques.

2.6.1 Tip Breakage During Scanning

Both the AFM and the optical image will become artificial if a tip breaks dur-
ing the scan. This is seen in the gold projection triangles on a polycarbonate
test pattern of Fischer [42] with narrow very deep holes. The contact AFM
(Fig. 2.15a) with SigNy cantilever tip shows the correct topology. However in
the shear-force images (b, c) the first very deep vertical hole soon broke the
tip. This can be seen at the horizontal end of the depression down half-left in
(b) and the reversal of the then diffuse and artificial ring contrast. No valid
fine structure could be resolved under these conditions.

The second measurement of the same sample with the same tip at some
offset gave the images of Fig.2.16. The artificial diffuse ring contrast in the
optical image (enhanced at F' > 4) is certainly an interference phenomenon.
Furthermore, the AFM image exhibits still sharp features. The reason is seen
in the SEM image that was taken with the broken tip directly after this
measurement and is shown in Fig. 2.17.

The tip in Fig.2.17 broke horizontally at a width of 200nm and left a
sharp protrusion of about 80nm height at an edge. The protrusion did not
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(b) ()

Fig. 2.15. Contact AFM (3um) (a) and demonstration of tip breakage during shear-
force scanning at a rough gold projection on polycarbonate (b, ¢); (b) shear-force
AFM; (c) simultaneously shear-force SNOM; the z-scale is 200 nm in (a) and 100 nm
in (b); the depression down half-left in (b) had a depth of 120 nm and was correctly
scanned until breakage of the tip (horizontal end of feature) when the correct SNOM
contrast (gold-free depth) changed sign and produced artificial diffuse ring contrast;
the first scan line is at the bottom

(a) (b)

Fig. 2.16. Artificial AFM (3 um) and artificial (although enhanced) optical images
on the Fischer pattern with the broken tip of Fig. 2.17 showing interference fringes

give a correct AFM but held the broken face as a reflector in the near-field
to the surface for the interference contrast. It did also provide the shear-force
gap enhancement. This is an interesting experiment but not a valid SNOM
contrast. It tells that one has to be alert even if the optical signal is enhanced.
Clearly, enhancement is essential but may not be sufficient for genuine SNOM
contrast.

The type of tip breakage in Fig.2.17 may be rare. More frequent are skew
breakages. A roughly 45° essentially straight breakage at 1.27 pm diameter (no
protrusion) gave even more diffuse stripes contrast. A flat horizontal shape
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Fig. 2.17. SEM image (30,000 x; bar: 500 nm) of the broken tip with protrusion
at the right edge

1.01 pm wide elongated all features in scan direction, and the optical image
was identical with the topology image. As we have glass the breakage may also
result in a largely irregular torso. Slow continuous abrasion tends to increase
the end radius of the tip. Tips may also be broken before measurement or
during approach, and the appearance of the artificial images will be very
different depending on the shapes of tip and surface.

2.6.2 Stripes Contrast

The artificial stripes contrast might be circular and straight. Figure 2.18 con-
tains both types. Nanoparticles of 100-200 nm size (partly aggregated) that
swam up under an afterward hardening resin were scanned with a particu-
lar broken tip that produced an AFM topology with sharp tip imaging and
gave circular fringes around the small protrusions (up to 40 nm high) or al-
most straight stripes in the nonenhanced artificial optical image. These types
of artifact in the optical image are easily recognized and occur in many pub-
lished images that were taken with other SNOM techniques either apertureless
(e.g., [1]), or when using apertures.

An optical stripes artifact has also been discussed with a very sharp tip at
a vertical edge (Fig.2.11). The reason here is the extreme topology that can-
not be followed even by a sharp taper. The stripes contrast is recognized at the
alternation of dark and bright parallel zones. This occurs with blunt tips not
only at isolated surface protrusions but also at extended positive features. An
example is shown with a partly autoxidized crystal of 2-mercaptobenzothiazole
on (001), which exhibits islands of the corresponding disulfide that were im-
aged with a blunt taper at a 10um scan with shear-force AFM. The AFM
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AFM optical

Fig. 2.18. Shear-force AFM (10 um, Z = 100 nm) and optical image of 100-200 nm
wide nanoparticles embedded in a resin obtained with a broken tip showing tip
imaging and artificial optical features that are related to topology (upward dark,
downward bright, see also Sect.2.6.3) as circular fringes (there was a particle out of
the left edge of the image) and some stripes

Fig. 2.19. Simultaneous shear-force AFM (a) (11 pm, z-range: 800 nm) and artificial
SNOM scan (b) on partly autoxidized 2-mercaptobenzothiazole with a blunt tip
showing some tip imaging and artificial stripes contrast at the sites of the islands

exhibits clear signs of tip imaging (rhombs) and the optical contrast is an
artificial stripes contrast (Fig.2.19), because there is no enhancement to the
blunt tip. The topology is easy, the slope angles ranging from 10° to 22°.
However, blunt tips experience severe problems at these slopes. In fact, the
topology is not extreme for a sharp tip, and a dark contrast of the disulfide
with respect to the brighter thiol is obtained under the conditions of enhanced
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near-field reflection (Sect.2.7, Fig.2.28). The poor performance of a 100 nm
wide tip probing 282nm latex spheres is also recognizable in [43] where a
stripes contrast is to be seen.

It should be noted again that a steepness contrast is unavoidable even for
very sharp tips if the slope angles are larger than the gradient of the tip (for
example Fig. 2.11).

Interesting though artificial images are obtained with blunt or broken
vibrating tips if they scan along extended slope areas, even if such slopes
would not pose any problems to sharp tips. Series of parallel stripes are ob-
tained along the rims and slopes that, of course, do not tell any useful optical
properties but those that are artificial. We present here sample images for
the classification of the artifact that may be easily avoided by using sharp
tips. Fluorescent PET fibers (polyethyleneterephthalate) were embedded in a
common resin (Technovit, Kulzer, Wehrheim, Germany) and cut with a mi-
crotome. The topologies in Figs. 2.20a,c were obtained using blunt tips. The
optical images (b) and (d) at the two different sites did not profit from signal
enhancement in shear-force distance and are thus artificial. The five stripes in
Fig.2.20b down right derive from a blunt tip exploring a uniform slope area
with a tilt of 32° over a range of 1.5um in constant shear-force distance. In
Fig. 2.20d the ring stripe artifacts were created at slopes of 40-70°, the steeper
areas being to the right in Fig. 2.20c. Such slopes are not troublesome for sharp
tips in enhanced near-field fluorescence collection [39] (Sect.2.11.4). Clearly,
the artificial optical response in Figs.2.20b,d is not a useful fluorescence
contrast.

Interference fringes have also been obtained in PSTM imaging of a 91-nm
latex sphere in constant height mode making use of image enhancement [44].
Clearly, such optical response is artificial. It appears that similar artifacts
should also be discussed in [45] where etched fibers were in use. Figures 2.3,
2.4, 2.6, 2.8, 2.11, and 2.12 there show some resemblance with the present
Fig. 2.20 and are likely to be the result of blunt and/or broken tips. The stripes
contrast is different from the “edge-contrast” that was described in [34]. The
origins of these latter stripes are largely unknown.

2.6.3 Inverted Derivative of the Topology in the Optical Response

If the tip is so severely blunt that small protrusions do not give a reasonable
topology in the shear-force AFM the simultaneous optical contrast may be an
inverted derivative of the distorted topology. An example is given for a sample
of 100-200 nm nanoparticles embedded in a polyvidone resin (Fig.2.21). The
AFM image (a) depicts the tip geometry as scanned by the sharper nanopar-
ticle as the probe (tip imaging) with the cross section given. The optical
artifact (b) is not the result of a contrast enhancement differentiation. But a
similar image can also be created by highpass filtering of the AFM artifact in
Fig. 2.21a followed by inversion. An enhancement factor of only F' = 1.3 was
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(b)

Fig. 2.20. Simultaneous shear-force AFM and SNOM scans on two sites of a mi-
crotome cut of a fluorescent PET fiber with a broken tip: (a) AFM (10 pm, z-scale:
4um); (b) artificial optical stripes contrast; (¢) AFM (2um; z-scale: 2um); (d)
artificial optical stripes contrast

recorded probably because the axial symmetric tip had a tiny protrusion on its
center. The bright circle in (b) reflects the shoulder ring in the huge distorted
topology of (a) [9]. Also Fig.2.18 has some indication of a negative derivative
at the protrusion sites in addition to the stripes artifact in its optical part.
A similar optical feature can be also seen in [45] (there Fig.2.11) reporting a
SNOM experiment with an etched (that means blunt) taper. It should now
be interpreted as an artifact. Figure2.21 has nothing in common with the
frequently applied technique of contrast enhancing in constant height mode
by differentiation as in [44], where PSTM interference fringes surrounding a
sphere were contrast enhanced by such technique.

It must be stressed that a sharp tip on the same sample as in Fig.2.21
gives the correct size of the nanoparticles and the correct fluorescence SNOM
contrast (Sect.2.11.4, Fig.2.77).
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Fig. 2.21. Simultaneous artificial AFM (a) (20 um, z-scale: 400 nm) and artificial
SNOM scan (b) of fluorescent nanoparticles (100-200 nm) embedded in polyvidone
with an axially symmetric broken tip showing the optical image like an inverted
derivative of the diffuse AFM response also in five small features; the sections for
(a) and (b) are horizontal through the centers of the large features

2.6.4 Inverted Contrast

There are some reports of contrast reversal during SNOM measurements in
the literature [3]. The authors used tips with end radii of 50-100 nm. However,
these break very readily upon scanning [4-9,40]. It was proposed that dust
particles had adsorbed to the tip and hung from it. With coated tips the
interpretation of false contrast invoked a concept of shear-force phase effects
[46]. It is our experience that contrast inversion may occur upon tip breakage
during scanning, the occurrence of that event being immediately detected by
the drop of the energy meter reading for the reflected light. Another report
claimed 15nm optical resolutions at 2-5nm high Al island steps with 40%
of the tips, whereas 60% of the tips provided inverse contrast that cannot be
near-field but must be far-field contrast [38]. No reasons for the difference were
given and no enhancement phenomena were reported. Again, the reason seems
to be quite obvious: the deficient measurements must be the result of blunt
and/or broken tips that do not profit from the enhancement in the shear-force
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(b)

Fig. 2.22. Simultaneous artificial AFM (10 pm, z-scale: 300 nm) and artificial opti-
cal fluorescence scan (an edge filter for elimination of the 488-nm light was applied)
with an apparently asymmetric broken tip showing tip imaging in the topology (a)
and split false contrast in the optical image (b)

gap but collect far-field light at a much lower level of intensity. The sign of
the chemical contrast (brighter or darker) cannot be securely predicted as
various influences are at work. However, sign change will be recognized when
the tip breaks during measurement (see Fig. 2.15). When starting with a blunt
tip a faulty sign of an optical contrast may ensue. Accompanying satellites
clearly recognize the artifact. Figure 2.22 gives an example for a fluorescing
nanoparticle that must give a positive contrast as the primary 488-nm light
was eliminated by a cutoff filter. However, it is inverted and has the diagnostic
satellite because of a broken tip. The topologic features in (a) derive from
artificial tip imaging. The nanoparticles are only 100-200 nm wide but the
brightest feature has a diameter of 1.3 um and a height of 135 nm. The optical
image (b) provides exclusively artificial far-field contrast; the fluorescence is
totally obscured. Valid fluorescence SNOM contrast using a sharp tip on the
same sample is presented in Sect.2.11.4 (Figs. 2.76 and 2.77).

Generally, either positive topology or negative topology may give bright
or dark optical contrast in valid SNOM if it is chemical contrast. For com-
parisons a true negative optical contrast of an island structure is added in
Fig.2.23. It was measured with a sharp tip with the indispensable enhance-
ment [8]. Importantly, the coastline of the chemically different island is closely
followed in the optical image, and despite the topology there is almost no loss
in resolution.

2.6.5 Displaced Optical Contrast

The “golden rule” for valid chemical contrast requires the optical signal
precisely at the site of the reflecting species be it in a pit, on a hill, or at



114 2 Scanning Near-Field Optical Microscopy

(a) (b)

Fig. 2.23. Simultaneous shear-force AFM (a) (3um, z-scale: 500nm) and valid
SNOM (b) images of 9,10-dibromoanthracene islands on anthracene as measured
with a sharp tip, showing the negative chemical contrast at the correct sites

a plane. Hence, the most important checks for the validity of any SNOM con-
trast (also in reflection-back-to-the-fiber mode) are precise site or topology
correspondence of the optical contrast. If these conditions are not met one
observes artifacts in the optical and very often also in the topologic image.
A striking example of image displacement is shown in Fig. 2.24, where a Pt/C
test pattern (Kramer test sample) [47] was scanned. This surface does not
provide a useful shear-force mechanism but leads to wear of the tip. Abrasion
of tips was detected by inspection with a light microscope after several scans.
It is useless to judge the edge resolution of our SNOM (Sect. 2.4) with artificial
images that become increasingly worse with any further scan.

The SNOM in Fig.2.24b is indeed artificial: first, the dark features that
seem to reproduce the topology are significantly displaced from the topol-
ogy and second, there are bright areas to the right of seven dark features in
Fig. 2.24b, although of a different character than in Fig. 2.21b.

A similar displacement of topologic and optical features is also recognizable
in a paper that imaged the surface of an ITO sample using a blunt uncoated
tip with 100-nm diameter [43]. A related problem occurred in the photon
tunneling through a SigN, pyramidal tip when a chromosome was scanned in
force contact: the optical image was largely displaced and some interference
fringes appeared [44]. Clearly, the optical features in Fig.2.8 of that study
should be considered artificial. Also STAM absorption contrasts after correc-
tion for the liftoff artifact reveal this type of artifact (Fig. 2.2 in [48], as yet
undiscussed).
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(b)

Fig. 2.24. Simultaneous shear-force AFM (a) (5pm) and SNOM (b) of a Pt/C
test pattern with an abraded tip showing noncoincidence of topologic and optical
image; the optical response is artificial and there was no significant enhancement;
dark areas in (a) are depressions down to the supporting glass of 2nm height

2.6.6 Local Far-Field Light Concentration

A remarkable artifact may occur on uniform surfaces if a regular pattern con-
centrates the illuminating light at certain spots. The reflection efficiency will
be higher there under regular conditions, but it is not materials contrast that
is recorded. A gold-coated double grating with square blocks of 500 nm height
offers favorable conditions for such an effect due to the highly reflecting side
faces. Figure 2.25 was taken at a rate of 70 um s~ ! in order to minimize ther-
mal effects by the light absorption of the gold layer [5]. It shows that a good
shear-force resolution of the topology (a) is obtained as well as an optical con-
trast, which, however, cannot be materials contrast. Rather a far-field effect
is imaged in (b). There is increased pickup of light if the tip is down between
the steep walls from all sides and the illuminated spot is about 1um wide.
The thermal effect (decrease of resolution at lower scan rate) is exceptional
as gold absorbs about 37% of the incident light and cannot efficiently trans-
port the heat to the insulating support. Excellent resolution that compares
with the resolution obtained with nonilluminated tip is obtained at a rate of
100 pum s~1 [5].

2.6.7 Topologic Artifacts

A review of SNOM on rough surfaces has to take into account eventual topo-
logic artifacts. These occur at extreme topology that also cannot reasonably
be handled with AFM, depending on the tip gradient. Tapers with high aspect
ratio may be usable up to 70° or 80° surface slopes if the shear-force control is
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Fig. 2.25. Simultaneous shear-force AFM (a) (10 um, z-scale: 1um) and optical
far-field contrast (b) of a double grating of gold on an insulating polymer indicating
increased pickup of light in the depth between the reflecting sidewalls but not a
materials contrast

very rapid. Furthermore, artifacts occur by necessity if laterally vibrating tips
are blunt or broken (Sect.2.2, Fig.2.4). Valid SNOM images must precisely
correlate with simultaneous topology if that is caused by a chemical or physical
state variation (Sect. 2.6.5). This requirement is the evident basis for chemical
contrast and local spectroscopy. If the rough surface is chemically and physi-
cally uniform no contrast occurs in genuine SNOM. Furthermore, distinction
of chemically different topologies of comparable heights in the same image is
also possible due to their different contrast. If a sample consists only of bulk
material there will be no SNOM contrast at its various sites. It has been un-
duly (by not knowing or not acknowledging the shear-force gap enhancement)
claimed that such correlation of “true optical contrast” to surface topology
should not exist even for uncoated tips [37,45,49]. Even further, it was unduly
claimed “from general principles” that “all SNOM configurations at constant
distance mode” contain topologic artifacts, “particularly with highly resolv-
ing sharp uncoated tips” [50]. While these considerations might relate to the
artificial steepness contrast at (near) vertical steps, they are irrelevant for
well-done reflection-back-to-the-fiber SNOM at slopes below the gradient of
the tip. The opposite is true: images that do not exhibit correlation to the
topology, if the latter is the reason for nonuniformness, are artificial. There
are also some cases where chemical or physical change is created locally on a
rough surface without significant change of the topology [5,6], or the reflecting
species can be embedded closely under the surface (Sect.2.4; Fig. 2.8). Only
such cases exclude the topologic correlation. Of course, topology on chemi-
cally and physically uniform surfaces must not give an optical contrast if sharp
uncoated tips with high aspect ratios are used (artificial steepness contrast
occurs at slopes that approach or exceed 80°) [6,8,51] and if local far-field
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Fig. 2.26. Simultaneous shear-force AFM (a, ¢) (10 pm, z-scale: 500 nm) and SNOM
(b, d) of large features on a uniform 4-nitroaniline surface; (a) and (b) are correct
images with a sharp tip (enhanced reflectance) showing complete absence of an op-
tical contrast because of chemical uniformity on the rough surface; (¢) and (d) were
measured with a blunt tip in the absence of significant shear-force gap reflectance
enhancement and exhibit a bad AFM (tip imaging) and a severe optical artifact
that is also recognizable by the absence of correlation with the “topology”

light concentration is excluded [5]. Not every topology is caused by nonuni-
formity. Thus, topology itself does not give rise to optical contrast in properly
done apertureless reflection SNOM using the variations in the shear-force gap
enhanced reflected light to uncoated sharp tips [7]. This is valid for both pro-
trusions and pits on the same surface [39] and amply documented [5-8,13,52].
However, the favorable situation is lost if the sharp tip breaks or if blunt tips
are used.

Due to the importance of this finding the correct situation is compared
to the artificial measurement in a very rough chemically uniform surface in
Fig. 2.26. It depicts the AFM and the optical image of a 4-nitroaniline surface
on its (100) face after short application of NOs gas [53, 54]. The tip was
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sharp in (a, b) and blunt in (¢, d). This difference can already be judged by
the difference in sharpness of the AFM topologies as there is more tip—sample
convolution in Fig. 2.26¢. Figure 2.26d is totally artificial and does not contain
any SNOM information as there was no enhancement of the reflectance, while
Fig. 2.26b proves the uniformity of the sample surface at all sites, giving no
change in enhanced reflectance at constant distance throughout.

It is important to repeat that very high uniform topology (Fig.2.26a,b)
does not give an optical contrast provided the uncoated tip is sharp and
experiences the reflectance enhancement in the shear-force gap that is so easily
recorded (Fig. 2.3). Furthermore and contrary to the undue cited statements, if
the optical measurement on a rough surface is artificial (no enhancement) the
optical contrast features do not fit to the topology, as shown in Fig. 2.26¢.d.
This calls for severe alertness if claims of “valid SNOM” are based on the
mere nonequivalence of topological and optical image in the literature. For
example, Fig. 2.26d is artificial!

Numerous successful SNOM measurements with precise site or topology
correlation of chemical contrast or fluorescence contrast have been published
[4-8,13,52,55], whereas deviations from such close correlation or the appear-
ance of optical contrast on chemically uniform surfaces (for example in [45])
indicate the recording of artifacts similar to the ones that are described for
broken tips in this chapter.

The collection of the various appearances of artifacts in the optical images
at unsuitable conditions of measurement is absolutely necessary for the judg-
ment of SNOM results here and in the literature. There are, however, instances
where both valid and artificial contrast occurs in the same image due to sin-
gle impossible topological sites (e.g., sharp ridges). Therefore, reference to
the sample pictures in this section is highly valuable for practical applications
of SNOM, the majority of which is concerned with rough surfaces and these
include all types of materials (oxides, salts, metals, semiconductors, glasses,
organics, medicinal tissues, etc.). All of these in seven sections classified arti-
facts occur also on flat surfaces without topology under unsuitable conditions
of every SNOM technique, and numerous examples from the literature have
been cited in this chapter at the appropriate sites.

The following sections deal with successful SNOM measurements and iden-
tify artificial sites of the valid images where these cannot be avoided.

2.7 Application of SNOM in Solid-State Chemistry

The chemical contrast of SNOM is an invaluable tool for the evaluation of im-
portant mechanistic questions in solid-state chemistry. These are very diverse
and must be elucidated in the nanoscopic range.

There exist questions of eminent practical importance. For example: why
can crystals of highly oxidizable organic molecules be handled in ambient air?
Surprisingly, crystals of mercaptobenzothiazole are remarkably stable toward
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Fig. 2.27. Stereoscopic view of the molecular packing of 2-mercaptobenzothiazole
with (001) on top showing flat double layers internally hydrogen bridged and thus
with all functional groups shielded from chemical attack under (001)

autoxidation in air. They occur as thin plates with most prominent (001) faces
[56]. AFM measurements on aged crystal surfaces revealed rare isolated islands
indicating extremely impeded reactivity toward oxygen. The interpretation
rests on the crystal packing, which exhibits double layers parallel to the surface
by connecting single layers in pairs by hydrogen bonds. The hydrogen bonds
connect two molecular entities each to give essentially planar eight-ring dimers
while forcing all reactive groups to the interior of the double layers (Fig. 2.27).
Therefore, autoxidation should be impeded by a single molecular layer, and
it is concluded that the oxidation product (the corresponding disulfide) can
only start to form at some defect sites and that the reaction spreads from
there forming islands. Submicroscopic proof for this mechanism is provided
by SNOM.

Figure 2.28 shows both the topology of such islands and by virtue of the
dark chemical contrast at the sites of the islands that these are of different
material (chemical contrast). Unlike Fig.2.19 this measurement is valid as
there was enhancement of the reflection in the shear-force gap. This clear-cut
result is the necessary support for the different chemical composition at the
islands and thus for the macroscopic effect of the uppermost single molecular
surface layer of the bulk crystal structure. The material is not indefinitely sta-
ble, but it may be safely handled in ambient atmosphere for some technically
important time.

A similar self-protection against autoxidation at the molecular level is ob-
served with anthracene in its common crystalline appearance as scales with
overwhelming (001) faces (Fig.4.37, Chap.4), where the molecules stand on
their short side and hide the reactive 9,10-positions (stable for >6 months in
ambient clean air with AFM precision). Similarly, only the reactive 9-position
(but not also the 10-position) are present at the flat {110}-surface in the prism
form of anthracene (Fig.4.35), and the crystal is protected against autoxida-
tion except at crystal faults [6]. Prism crystals of anthracene tend to exhibit
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Fig. 2.28. Simultanecous AFM (a) (11 um, z-range: 500 nm) and SNOM (b) of a
partially autoxidized (001)-face of 2-mercaptobenzothiazole showing islands and neg-
ative chemical contrast precisely at the island sites

050V

8 um

Fig. 2.29. Simultaneous AFM (a) (10 pm, z-range: 500 nm) and SNOM (b) surfaces
of a {110}-face of anthracene with some faults that was pre-exposed to ambient clean
air; the slopes rarely exceed 20° (but 30° is also observed); the SNOM image (b)
indicates three types of contrast: normal at the flat sites and bright (positive) or
dark (negative) at the slopes and rims due to different local advance of reaction

craters of up to 400 nm depths on their main surfaces. In that crater slopes
both reactive centers are accessible for oxygen attack and oxidation to produce
9,10-anthraquinone can occur. Neither anthracene nor anthraquinone crystals
absorb at 488 nm; however, an intermediate product, the charge transfer sand-
wich complex between both of them, does so heavily, as shown by the pure
independently synthesized brown complex (absorption spectrum in [6]). Only
SNOM can reveal the complicated situation at the crystal faults on {110}
of anthracene prism crystals that were pre-exposed to air and can autoxidize
there after an unpredictable induction period of weeks or months. The AFM
topology in Fig.2.29a cannot provide chemical information even though the
rims on top of the slopes might point to some reaction with ambient oxygen.
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Fig. 2.30. Stereoscopic view of the molecular packing and hydrogen bonding of
sulfanilic acid monohydrate along [100] (but rotated around Y by 10° for a better
view) with (010) on top showing hydrogen-bridged strings of molecules that can
only be chemically attacked from the sides after the (010)-surface has all accessible
amino groups (any other molecule of the topmost layer) diazotized

However, SNOM proves that autoxidation has started at the slopes and at
the rims by providing normal (anthracene), bright (anthraquinone), and dark
contrast (light absorbing charge transfer complex). Clearly, no autoxidation is
discernable at the flat sites of the surface. Further images are reported in [5].
If the prism form of anthracene crystals is avoided, this important material
can be stored in (clean) air for very long time without being autoxidized.
Another practical problem of worldwide importance is the switch to chem-
ical production that proceeds without producing wastes. A large number of
unexpected though environmentally benign sustainable gas—solid and solid—
solid reactions have emerged recently and have been mechanistically inves-
tigated with AFM [57]. The close correlation with the crystal packing and
face selectivity endows them with credence, as they require far-reaching
molecular migrations within the crystal, which were previously denied even
in textbooks claiming the opposite by following Schmidt’s topochemistry
hypothesis [58]. SNOM must therefore secure the experimentally proven occur-
rence of waste-free chemistry for facilitation of the suitable industrial invest-
ments. The performance of SNOM might be demonstrated with the gas—solid
diazotization of sulfanilic acid monohydrate to give the corresponding diazo-
nium salt by the action of gaseous NOs [6,59]. The AFM investigation shows
that the gas—solid diazotization of sulfanilic acid monohydrate with gaseous
NOs comes to a stop on its natural (010) face, whereas attack from the sides
of the hydrogen-bonded infinite ribbons occurs very efficiently. This is clearly
explained with the packing diagram of Fig. 2.30. It appears impossible to have
the molecules migrate up over the (010)-surface, because the hydrogen bonds
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100 nm
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Fig. 2.31. Simultaneous AFM (a) and SNOM (b) of step sites on the (010)-face of
sulfanilic acid monohydrate after short exposure to NO2 gas (1:4 mixture with air
injected from 1cm distance and left for 1 min), showing bright (positive) chemical
contrast precisely at the slope sites in the various directions

keep the molecular strings in their position preventing access to the second
layer etc. Conversely, all layers are accessible from the sides of the crystal.
This conclusion at the molecular level is unprecedented. It must and can be
secured with SNOM at steps or slopes on the (010) surface. Figure 2.31 gives
an example. The step site had been searched on the surface by AFM and
did not give a SNOM contrast before the application of a small amount of
gaseous NOs indicating chemical uniformity. Furthermore, the AFM image
did not observably change at the chosen scale after the partial diazotization.

The bright contrast is only seen at the slopes. Thus, the surface is indeed
only covered with a half layer of diazonium salt in the flat parts, whereas more
profound diazotization occurs at slope sites from where the diazonium salt
material gives rise to bright reflection. Longer-term diazotization leads to a
complete reaction of the whole crystal without melting and without producing
wastes, as was shown with powdered material and chemical analysis. Thus, the
preparative and AFM evidence and interpretation has been nicely confirmed
by SNOM. For the same goal, a controversy in solid-state photochemistry re-
quired scrutiny by AFM that had to be complemented by SNOM on rough
surfaces. Thus, o-cinnamic acid, the standard of Schmidt’s topochemistry
(claiming absence of molecular migrations), gives unexpected (and previously
denied) submicroscopic features as a consequence of anisotropic molecular mi-
grations upon irradiation when the dimer o-truxillic acid is formed. The fea-
tures correlate strictly with the crystal packing of o-cinnamic acid, and they
therefore definitely prove the long-range molecular migrations within the crys-
tal (Sect. 1.9). In no stage of the reaction could a SNOM contrast be obtained.
Therefore, the photoreaction proceeds everywhere in the region of light pene-
tration (down to 1,300 layers or through the whole crystal, depending on the
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(b)

Fig. 2.32. Simultaneous AFM (a) (11 um, z-range: 1.5 um) and apertureless shear-
force SNOM (b) of the (010) face of a-cinnamic acid after 15 min irradiation at
A > 290nm showing anisotropically grown features in the AFM and only slight
local steepness contrast but no chemical contrast in the SNOM image

wavelength for absorption), and the features do not differ in composition at
rough sites or at flat parts. As the photodimer (without C=C double bonds)
should reflect differently from the cinnamic acid (with a C=C double bond)
any possibility for a cluster-by-cluster type photoreaction without continuous
molecular migrations before crystal disintegration is additionally excluded as
chemical contrast cannot be seen at and around low and pm high features
that grow out of the bulk above the initially flat (010) surface. The result of
Fig. 2.32, as well as numerous measurements at earlier stages of the photolysis
under varied conditions, shows that no chemical contrast is discernible even at
very high features. The very reliable performance of the applied apertureless
shear-force SNOM is indicated by the very minor steepness contrast at the
edges of the very high (>1um) and steep (45-55°) features in (b). There is
no trace of a chemical contrast; the rough anisotropically structured surface
is thus chemically uniform.

Similarly, a missing chemical contrast in SNOM has been used in the
discussion of Fig.1.23 (Sect.1.7) for the exclusion of so-called “defect site
photoreaction” of anthracene (with previous claims of absorbed photon energy
migration to the defect sites) in favor of chemical reaction at the bulk sites
where the light is absorbed [55].

For industrial purposes it is also important to understand consecutive
chemical reactions. While apertureless shear-force SNOM on rough surfaces is
able to help in the development of sustainable and waste-free reactions, it is
also able to differentiate consecutive chemical reactions. For example, phthal-
imide, a heterocycle with many polar groups, can both hydrate the surface
and chemically react to give phthalic acid monoamide. It is a useful example
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Fig. 2.33. Crystal packing of phthalimide including hydrogen bonds; (a) on (010);
(b) on (101); both images are turned around Y by 10° for better view; the (001)
face is on top in both images

(a) (c)

Z=10 nm z=10nm z=200 nm

Fig. 2.34. AFM topologies (5um) on (001) of phthalimide at room temperature;
(a) fresh from acetone; (b) after 2d in air at relative humidity of 50-60%; (c) after
16 h storage in a vacuum near the saturation pressure of water at room temperature

as the crystal packing on its most prominent (001) face has the functional
groups hidden under the hydrophobic benzene rings (Fig. 2.33). However, sur-
face hydration is not excluded, as one of the oxygen atoms per molecule is
not efficiently shielded (Fig.2.33b). A double-layer situation as on (001) in
Fig. 2.33a,b should be unreactive. Therefore, an island mechanism can be ex-
pected at best on that face.

The AFM analysis reveals a very flat initial (001) surface with molecular
steps (bilayers) and some peaks with heights of 2.3-3.3nm (Fig. 2.34a) that
persist in moist air. The surface hydration in wet air is the only process within
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Fig. 2.35. Shear-force AFM (a) (5pum, z-range: 400 nm) and apertureless SNOM
(b) (488nm) of phthalimide on (001) after 16 h in almost saturated water vapor

2 days. A uniform change at the 10nm ranges is obtained (Fig.2.34b). Nu-
merous bilayer steps and deeper ditches align along the long crystal axis [10]
and are most likely hydrated at least at the molecular steps and beyond. No
SNOM contrast was obtained at that stage. More extended exposure to mois-
ture (weeks) or exposure to nearly saturated water vapor for 16h produces
islands of considerable height (up to 180nm) while the direction of prefer-
ence is retained (the ditch is now ca. 10nm deep) as shown in Fig.2.34c. The
larger isolated islands are the result of a chemical reaction with long-range
molecular migration. Most likely is hydrolytic ring opening to give phthalic
acid monoamide only at the islands (?). In view of the minute quantities
of material, this conclusion is subject to SNOM scrutiny, which is given in
Fig. 2.35.

The simultaneous AFM and SNOM at a different site of the above sample
disclose a strong chemical contrast, which is dark in this case and very different
from the unreacted hydrated flat plane, in support of the localized chemical
reaction (Fig.2.35). The tip had to go over slopes that never reached 40°
except for one region near the top of the island feature. The reliability of the
measurement is demonstrated by the precise local correspondence with the
topologic image. The broad and very minor positive features do not seem to
be part of the chemical contrast in Fig. 2.35b. Similar dark chemical contrast
in a more advanced state of hydrolysis has been found with the SNOM using
633-nm light [8,60].

2.8 Physical-State SNOM Contrast

Different crystal modifications that might coexist will give different reflec-
tivity in the shear-force gap and optical contrast is expected. Also different



126 2 Scanning Near-Field Optical Microscopy

Fig. 2.36. Simultaneous shear-force AFM (a, b) and apertureless SNOM (c)
(488 nm) on a fresh 2-(p-dimethylaminobenzylidene)-3-ozo-2,3-dihydroindole surface
showing microcrystallites at different orientation and different types of physical state
contrast in the optical image

orientations of dichroic crystals will give a SNOM contrast due to different
absorbance and reflectivity. Pure dichroic crystals of the photostable merocya-
nine 2-(p-dimethylaminobenzylidene)-3-oz0-2,3-dihydroindole (diffuse reflec-
tion spectrum: Apmayx = 445, 480, 530 sh, 546, 580, 600 sh, 665 sh nm) exhibit
well-developed crystallites on their surfaces when crystallized from methanol
(Fig.2.36a,b). They are able to dissipate the heat formed upon radiationless
decay and give rise to the physical state contrast of Fig. 2.36¢ [52]. The crys-
tallites on the AFM surface have different orientation. Three types of optical
contrast are seen in the SNOM image: medium at the base and dark or bright
or medium at the sites of the crystallites. This is neither chemical contrast
and nor topologic artifact, as differently oriented crystallites behave differently
due to different molecular orientation.
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2.9 Technical Applications

Apertureless SNOM in the reflection back to the sharp tip on rough surfaces
is highly application based because it is particularly simple and economic.
It should now become state of the art after the basic physical facts and the
experimental understanding have been worked out even in advance of suc-
cessful theoretical modeling. Application possibilities are manifold and very
promising. First industrial applications have already succeeded. For example,
existing and new dental alloys have to be checked for their corrosion properties
in order to prevent harm to the patients. Electrochemical corrosion models
are analyzed by chemical analysis. Also submicroscopic analysis of the surface
after corrosion tests is very helpful. But SNOM provides a new approach by
pointing out local differences in the corrosion process by its chemical con-
trast. Submicroscopic analysis of the surface after corrosion tests will have
to be urgently executed. They are equally important with further implant
materials. Actually, a widely used and approved alloy was eliminated from
the market immediately after SNOM measurements indicated the formation
of galvanic elements, which give rise to pitting corrosion. Furthermore, better
alloys that do not exhibit the pitting could be identified as substitutes [61].
Further emerging fields of application are nanoparticles, varnishes, finishes,
glazes, dyes, semiconductors, catalysts, and composites, to name a few. Ap-
plications in biology and medicine are treated in Sect.2.10. SNOM on rough
surfaces complements confocal microscopy and digital optical 3D microscopy
(Sect. 2.13) in various ways due to higher resolution and chemical contrast.
Applications of local fluorescence and Raman are treated in Sect. 2.11.

2.9.1 SNOM on Dental Alloys

The study of SNOM on pristine and corroded dental alloys was part of a
government project in cooperation with Dr. Liefeith IBA, Heiligenstadt, Ger-
many. The results are published in the final report of the BMBF [61]. The
standardized electrochemical corrosion proceeded differently with various den-
tal alloys, ranging from smooth uniform leaching (favorable) to submicroscopic
pitting (unacceptable). This is easily detected by shear-force AFM and simul-
taneous apertureless SNOM. Submicroscopic pitting will occur upon creation
of local galvanic elements. Figure 2.37 shows the results of a cobalt-containing
abraded alloy in AFM and SNOM before and after high electrochemical load.
The degree of abrasion is typical for direct use at the dentist. The edges en-
force stripes artifacts in the SNOM image but there is no additional chemical
contrast in (b) and nor so in (d), even though the topology (c) has changed.
This appears to be a good result if chemical analysis of the leached metal ions
is also acceptable. Similarly favorable results were obtained with polished or
mold samples. Such judgment is not available by confocal microscopy or XPS,
and other techniques.
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Fig. 2.37. Simultaneous shear-force AFM (a) (10 um, z-range: 1um) and (c) (z-
range: 600 nm) and apertureless SNOM (b, d) of an abraded cobalt alloy; (a) and
(b) before, (c) and (d) after electrochemical load

Totally different is the behavior of a widely used nickel-containing alloy
that gave the results of Fig.2.38. The edges in the unused abraded alloy (a)
are sharp and give the corresponding stripes contrast with some small dark
points that are chemical contrast (b). After electrochemical treatment the
edges disappear and several craters are formed (c). Importantly, the SNOM
shows chemical contrast (d) indicating different metallic composition at the
different sites and that means local galvanic elements. Clearly, submicroscopic
pitting occurred and the unacceptable material was immediately withdrawn
from the market and is not used further as a dental alloy after these results.

Another example of a smoothly corroding copper-containing dental alloy
gives the results of Fig. 2.39. Again we have sharp edges (a) and an artificial
stripes contrast in the SNOM (b) at their sites. The additional high feature
in (a) is responsible for a strong chemical contrast in (b) that can be clearly
identified next to the artificial stripes. At low electrochemical load the addi-
tional topology and the corresponding chemical contrast disappear. Only the
stripes remain (not shown). Most importantly, after high electrochemical load
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(b)

(d)

Fig. 2.38. Simultaneous shear-force AFM (a) (10 pm, z-range: 300 nm) and (c) (z-
range: 1.6 um) and apertureless SNOM (b, d) of an abraded nickel alloy; (a) and
(b) before, (c) and (d) after electrochemical load

the topology (c) changes dramatically, but no contrast is discernable at all in
the SNOM image (d). This appears to be a very favorable dental alloy as far as
the corrosive behavior is concerned. Numerous further alloys have been simi-
larly studied under various conditions of corrosion [61] and classified. Hence,
a reliable nanoscopic standard technique is available now that it cannot be
neglected. A major feature of the reliable technique (with high enhancement
factors in the field of metals) is the possibility to distinguish artifacts from
impossible topology and genuine materials contrast in the same image.

The procedure found already due interest in the study of high-grade steel
[62]; however, the reported images show typical signs of an artifact.

2.9.2 SNOM on Glazed Paper

Paper has a very rough surface and paper glazing is an important indus-
trial task. Various finely divided minerals are applied in the glazing process.
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Fig. 2.39. Simultaneous shear-force AFM (a, ¢) (10 um, z-range: 400 nm) and aper-
tureless SNOM (b, d) of an abraded copper alloy; (a) and (b) before, (c) and (d)
after extended electrochemical load securing very uniform corrosion as judged by
SNOM

The success depends on various parameters. It is of high interest to study
the results by monitoring the submicroscopic roughness and the distribution
of the materials for optimizing and saving cost of materials. Two samples
of different roughness are suitable examples for demonstrating the success of
SNOM on rough surfaces for this technical application. It can be seen in the
surface plots and in the top views of Figs. 2.40 and 2.41 how different particles
with different near-field reflectivity combine to the total surface. The identifi-
cation of the particles at the various sites can be obtained from local Raman
SNOM (Sect.2.11.1). Any added fluorescent components can be located by
local fluorescence SNOM. Clearly, such knowledge helps the designer in the
optimization of the glazing procedure. The sample for Fig.2.40 was glossier
and felt smoother than the one of Fig.2.41.
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Fig. 2.40. Shear-force AFM (a, a’) and apertureless SNOM (b, b’) of a glazed paper
showing roughness and distribution of high, medium, and low optical contrast
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Fig. 2.41. Shear-force AFM (a, a’) and apertureless SNOM (b, b’) of a glazed paper
showing roughness and distribution of high, medium, and low optical contrast
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2.9.3 SNOM on Blood Bags

AFM measurements at flat parts of commercial highly textured fresh blood
bags indicate little change of the submicroscopic (100 nm range) surface after
treatment with physiological sodium chloride solution. After short- or long-
term storage of blood the surface changes considerably [61]. This fact is of
importance for the allowable storage time of blood and submicroscopic inves-
tigations are badly required for economical reasons. While standard nanoin-
dentation hardness and elasticity modulus of the bag (14 and 60 MPa) and
of the deposits (16 and 31 MPa) exhibit large differences, more detailed in-
formation yields chemical contrast by SNOM measurements with uncoated
tips at constant shear-force distance. A fresh blood bag at flat or purposely
rough surface does not exhibit SNOM contrast (Fig.2.42). This means that
any topology found in a blood bag giving SNOM contrast must be a deposit
out of the blood.

The measurements with the charged blood bags are shown here for the
flattest regions that could be found. Organic deposits give chemical contrast
at blood bags that had been filled with blood for less than one week, washed,
and dried (Fig. 2.43). It can be clearly seen that deposition is widespread with
a brighter optical contrast at the shallow depression. The chemical contrast
proves the deposition of blood components to the surface of the blood bags
that had not previously been detected because the hardened solid deposits do
not exceed 100 nm widths. It is still unclear if such deposition is helpful or
detrimental for the storage time of native blood. However, further studies are

(b)

Fig. 2.42. Shear-force AFM (a) (670 nm, z-range: 500 nm) and apertureless SNOM
(b) of a pristine blood bag surface purposely at an unusually rough site (in the
flat part) showing no optical contrast despite the topology due to homogeneous
composition
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essential because all chances for safe extension of blood storage times must
be followed.

More distinct and localized is the chemical contrast at expired blood bags
(Fig. 2.44). Again it appears that the brightest contrast is obtained at depres-
sion sites.

(b)

Fig. 2.43. Shear-force AFM (a) (800 nm, z-range: 200 nm) and apertureless SNOM
(b) of a shortly charged blood bag surface at a particularly flat site showing wide-
spread optical contrast

(a) (b)

Fig. 2.44. Shear-force AFM (a) (500 nm, z-range: 100 nm) and apertureless SNOM
(b) of an expired blood bag surface at a particularly flat site showing widespread
and pronounced localized optical contrast
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2.9.4 Quality Assessment of Metal Sol Particles for SERS
by SNOM

Suppliers of silver and gold sols for surface enhanced Raman spectroscopy
(SERS) must ensure that their preparations are pure and suitable for the de-
sired large enhancement. Apertureless shear-force SNOM with uncoated tips
is the proper analysis technique. Figure 2.45 shows silver particles of differ-
ent size in a common preparation after drying on a microscope slide without
further treatment. The topology cannot decide if the larger particles are ag-
gregates or impurities. However, SNOM does immediately prove impurity. It
further shows that the small particles are not uniform, some exhibiting bright,
others medium optical contrast. This is also a good example for proving the
SNOM image being free of topologic artifacts: different optical contrast at
positive topologies is featured. The chemical nature of the different particles
should be clarified by local Raman SNOM (Sect. 2.11).

The attainable enhancement of SERS experiments relies severely on the
quality of the colloidal particles. An actually inactive gold sol with nominal
50-nm particles is analyzed in Fig. 2.46. AFM and SNOM disclose large grains
with dark chemical contrast, which must be impurity. Furthermore, the higher
resolved image in an impurity free region exhibits 400-500 nm wide particles
of different height that are too large. Furthermore, only the higher and regular
spheres give the bright chemical contrast that is expected for gold. None of
the specifications is met in this preparation. Checking every charge of the
rather delicate gold soles prior to sale and purchase with apertureless shear-
force SNOM is easy, economic, and necessary. Also the SERS applicant will
want to control the stability of the sol prior to the experiment by our reliable
technique.

Fig. 2.45. Shear-force AFM (a) (10 pm, z-range: 200 nm) and apertureless SNOM
(b) of dried silver sol on a microscope slide
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(©)

Fig. 2.46. Shear-force 10um (a) and 5pm AFM (c) (z-range: 300 and 200 nm,
respectively) and apertureless SNOM (b, d) of dried inactive Au sol on a microscope
slide

Further industrial applications of SNOM in textile dyeing, including de-
termination of diffusion coefficients, are treated in Sect.2.11.4.

2.10 Applications of SNOM in Biology and Medicine

Biological and medicine-related surfaces, including microtomes, are generally
very rough. They should be studied without further treatment by AFM and
SNOM if the highest resolution is desired in order to gain nondestructive sub-
cellular information at the level of organelles. Apertureless shear-force SNOM
with enhanced reflection back to the sharp fiber is the only technique that
can achieve this goal. Confocal microscopy does not detect chemical contrast,
and it does not reach the possibilities of SNOM on rough surfaces even in the
4-w configuration. It is, however, useful for pre-evaluations and positioning.
The point-spread-function-engineering could reach comparably high resolu-
tion for flat surfaces, but the versatility of the STED-fluorescence microscope
is restricted. Molecular biological sample preparations can also be studied with
photon scanning tunneling microscopy (PSTM). Apertureless SNOM deals
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with advancement of biocompatibility, implantology, submicroscopic histol-
ogy, and pathology, including oncology, blood storage, prehistoric tissues, etc.
Of particular importance are also local fluorescence and Raman SNOM on
fresh and prepared soft and solid tissue, including life organisms under phys-
iological conditions.

2.10.1 Prehistoric Bacterium, Pyrite Formation upon Petrification

A finely polished dolomite stone (from Dr. T. Schéberl, Erich-Schmid Institut,
Leoben, Austria) contains fossil-petrified bacteria with diameters of 50 wm.
The AFM shows a sharp edge due to differences in the abrasive resistance.
The SNOM shows dark chemical contrast next to the edge contrast at the
steep interface and at the five steep protrusions in addition to some bright
spots that derive from embedded pyrite particles (Fig.2.47). The structure
in the fossil bacterium part is chemical contrast. Part of it is higher resolved
in Fig. 2.48. The pyrite geodes derive from petrification of the organic sulfur
content of ancient biological materials in the presence of iron ores. They are
identified in Figs. 2.8 and 2.66.

The higher resolved Fig.2.48 has been taken in the area of the petri-
fied bacterium. It clearly contains some still conserved structural details with
brighter contrast at the site of the higher more scratch resistant feature due to
some chemical difference. Further analysis will require local Raman SNOM.

(a)

Fig. 2.47. Shear-force AFM (a) (20 um, z-range: 2um) and apertureless SNOM
(b) of a part of a petrified bacterium (dark optical contrast) at a polished dolomite
sample with some pyrite geodes under the surface and dust particles on the surface

2.10.2 SNOM on a Human Tooth

A human tooth was cut with a microtome (sample obtained from R.P.
Franke, Universitat Ulm). It could be used for a study of the tubuli structure.
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(a)
Tl‘

Fig. 2.48. Structure details of a fossil bacterium in a polished dolomite sample;
(a) shear-force AFM (5 um, z-range: 300 nm); (b) simultaneous apertureless SNOM
image indicating the chemical difference at the bright contrast

1000.00 nm

um

Fig. 2.49. Shear-force AFM topology of a human tooth on a microtome cut orthog-
onal to the tubuli direction showing deep penetration of the tapered tip

Shear-force AFM with the sharp tapered tip was quite successful. The vertical
cylinder was deeply descended without tip breakage (Fig.2.49).

The simultancous AFM and SNOM images provide unexpected struc-
tural results of the tubulus, which are subject to histological interpretation
(Fig. 2.50). The rings at the impossible topology (open cylinder) are stripes
artifact (Sect.2.6.2). The nature of the strongly reflecting material around
the triangle and extending into the fissure in (b) must be the subject of fur-
ther interpretation. It should be noted that the topologic triangle in (a) is
probably a rupture result of the microtome cut, which may have changed the
stressed environment around the edges by putting pressure and redistributing
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(a) (b)

Fig. 2.50. Simultaneous shear-force AFM (a) (5um, z-range: 500 nm) and aper-
tureless SNOM (b); the SNOM image shows both artificial rings at the impossible
tube structure and an interesting chemical contrast close to the dark triangle

Fig. 2.51. Microtome ruptures at the enamel-dentin boundary as determined by
(a) shear-force AFM (10 um, z-range: 1 um) and (b) apertureless SNOM

collagen-free dentin from the inner walls of the tubulus. The constituents of
intertubulus dentin are hydroxylapatite, mucopolysaccharides, and collagens.

More pronounced microtome ruptures occur at the boundary of enamel
and dentin. This type of preparation artifact is more distinctly seen by SNOM
than by AFM, notwithstanding the additional steepness artifact.

Figure2.51 shows very extended ruptures in both parts (a) and (b). The
enamel (upper part) forms high rims and extends far into the dentin, and
there are also deep fissures into the enamel. The rims are due to the different
elasticity of the materials upon cutting with the microtome. Most prominent
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in the SNOM image is the edge artifact at the rim sites. It can however be
seen that enamel has a brighter contrast than dentin. The rupture is shown
by the dark contrast entering the enamel region. However, some of the inter-
penetration of the two materials could be natural. Therefore, similar SNOM
should be measured at the uncut surface of the tooth in order to clarify this
point. Topology that may occur at the natural interface will not be impeding
to that endeavor.

2.10.3 SNOM on Polymer Beads

Prior to the discussion of soft biological samples the validity of apertureless
shear-force SNOM shall be demonstrated with 430-nm polymer beads. The
aggregation of polymer beads has important parallels in the aggregation of
biological objects. The beads are fractionated copolymers of styrene and acry-
lamide with uneven distribution of the polar component and therefore polar
sides that are of importance in their aggregation from water suspension on
mica. Clearly, submonolayer beads have difficult topology due to overhangs
below the vertical. Such edge artifact gives rise to highly resolved (<20nm)
stripes, and this can be seen in Fig. 2.52b,c (see also Sect. 2.4). Figure 2.52a im-
ages small aggregates and it is clearly seen in the simultaneous SNOM image
that a bright contrast occurs at the site of contact of four or five beads that are
not elongated when isolated or in a closed monolayer image (Fig. 2.53). Clearly,
the more polar and thus more hydrated ends with considerably brighter op-
tical contrast search each other upon aggregation and form the polar center.
The contact is maximized by the elongation of the beads.

The arrangement and shape of the beads in closed monolayers is of course
different. Figure2.53b indicates that the optical contrast of some beads is
considerably brighter than the contrast of others due to different orientation
of their polar ends that accumulate water layers. The interpretations and
further use of these results have been detailed in [63,64].

2.10.4 SNOM on Cryo Microtome Cuts of Rabbit Heart [61]

The state-of-the-art cryo microtome cut of a rabbit heart, unstained but
stabilized with glutaraldehyde, was obtained from R.P. Franke, Universitat
Ulm. The shear-force AFM and apertureless SNOM easily resolves organelles
despite the remarkable roughness even in a 2 um scan. The images are in-
terpretable at this range. Shorter ranges are possible in view of the high-
resolution capacity but would require knowledge about the organelle that is
searched and hit. Clearly, the AFM surface plot (Fig.2.54a) shows convex
features. One of them is identified as a lysosome (in front) due to its size and
dark optical contrast in the SNOM image. The top views (Fig. 2.54b,c) distin-
guish the location of various organelles topologically (b) and by the chemical
contrast (c). At least three types of contrast (dark, medium, and bright) are
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Fig. 2.52. Shear-force AFM (a) and apertureless SNOM (b) of small aggregates of
430 nm styrene—acrylamide copolymer lattices on mica and cross section (¢) through
the optical contrast showing both stripes contrast and materials contrast

Fig. 2.53. Shear-force AFM (a) and apertureless SNOM (b) of a monolayer of
430 nm styrene—acrylamide copolymer lattices on mica showing different brightness
of the optical contrast due to different orientation
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Fig. 2.54. Surface plot (a) and top view shear-force AFM (b) of a cryo microtome
cut of a rabbit heart and simultaneous apertureless SNOM (c) showing a lysosome
(bottom, dark optical contrast), and mitochondria (bright optical contrast)

immediately distinguished. The bright contrast belongs to mitochondria. The
differences are obtained without staining. Staining would perhaps secure the
interpretation in additional apertureless SNOM measurements. Furthermore,
higher resolved SNOM would trace the fine structure of the organelles (cf.
Fig.2.60b), the interpretation of which will be subject to histological inter-
pretation that opens new fields in the recognition of biostructures and bio-
processes, but this is not outlined here due to the enormous complexity. The
histologist is offered the unadulterated organelle for detailed study with a
nondestructive technique. Such information cannot be obtained by aperture
SNOM or confocal microscopy. A major advantage of apertureless SNOM
in shear-force distance is the possibility for investigation without extensive
preparation. This includes measurements at 0°C of fresh cuts and scan areas
of organelle size.
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(@)

Fig. 2.55. Shear-force AFM (a,b) and apertureless SNOM (c) of a cryo microtome
cut of a rabbit heart showing lamella structures of mitochondria (bright optical
contrast), lamella structures with dark contrast (part of the Golgi apparatus) next to
two most brightly reflecting Golgi vesicles (upper part), and a central dark reflection
(lysosome)

A very different region in heart cells is shown in Fig.2.55b. It exhibits
the mitochondria with their characteristic lamella structure (a,b) and bright
reflection (c). The higher central vesicle with dark optical contrast points to
a lysosome. The upper high lamellae with dark optical contrast are part of
the Golgi apparatus with two distal secretionary Golgi vesicles to the right
that give the brightest optical contrast (c). Clearly, the SNOM image is in-
terpretable, as there is no topologic artifact.

A lysosome (right side with bright optical contrast of the membrane) is
distinctly seen in Fig.2.56b. The rich dark contrast below the center in (b)
and the structured bright optical contrast left to it indicate large chemical
variations in the respective organelles. The features might easily be more
highly resolved. The remarkable variations of the optical contrast will certainly
find more detailed histological interpretation.
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An interesting series of organelles with bright optical contrast is obtained
roughly along the ditch of Fig. 2.57a, which seems to occur along a cell mem-
brane. The dark optical contrast at the lower right edge of Fig.2.57b points
to a lysosome at that position. Many further details are subject to histological
interpretation.

(a)

Fig. 2.56. Shear-force AFM (a) (3.5 um, z-range: 100 nm) and apertureless SNOM
(b) of a cryo microtome cut of a rabbit heart showing lamella structures and a lyso-
some (bright membrane and dark interior optical contrast). The various organelles
show very diversely structured optical contrast in line with highly varied chemical
differences at the corresponding sites

(@) (b)

Fig. 2.57. Shear-force AFM (a) (3.5 um, z-range: 150 nm) and apertureless SNOM
(b) of a cryo microtome cut of a rabbit heart showing a series of high-reflecting and
low-reflecting organelles but not always following the topology
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2.10.5 SNOM on Stained and Unstained Shrimp Eye
Preparations [61]

Shrimp eye preparations (cryo microtome cuts stabilized with glutaraldehyde)
were supplied by P. Jaros, Universitat Oldenburg. The organelle scheme of
nuclei, reticula cell, rhabdoms, microvilli, tapetum cell, basal lamina is known
[65]. Again, the chemical contrast serves for the identification of the organelles.
That is even possible with rather old preparations. Cell organelles give the
same optical contrast with SNOM as in the case of the rabbit heart. Figure 2.58
shows the comparison of a microphoto of the stained sample with the higher
resolved shear-force AFM measurement at very high topology. The sides are
too steep for artifact-free SNOM. There is the risk of adulteration due to
extensive staining.

An unstained preparation of the shrimp eye cryo microtome cut with glu-
taraldehyde stabilization is measured in Fig.2.59 at much higher resolution
in a flat region. Numerous granulae (containing vision pigments) with dark
optical contrast and a lysosome (large ball with structured optical contrast)
are resolved and identified by their shape in the surface plot (a) or in the top
view (b), as well as by their optical contrast in the SNOM image (c). The
bright contrast in the optical image is attributed to the mitochondriae, which
are rich in highly reflecting materials. A complicated array of these and other
organelles is recognized. The power of apertureless SNOM in shear-force dis-
tance is even more clearly evidenced by the higher resolved 2.5 um scan of the
lysosome in Fig. 2.60, which images structure details despite the position
at a steep slope (Fig.2.59a). The membrane is bright and the interior shows
much more structural details. The resolution can be further improved in view

(a)

Fig. 2.58. Micro-photo (a) and shear-force AFM (b) of a stained (toluidine blue
and osmium tetroxide) shrimp eye in the peripheral region; the z-range in the AFM
is 4 um
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Fig. 2.59. Shear-force AFM (a, b) and apertureless SNOM (c¢) of an unstained cryo
microtome cut of a shrimp eye in the peripheral region resolving various organelles
by topology and chemical contrast in the optical image

(a)

Fig. 2.60. Higher resolved (pixel size 5nm) AFM (a) (2.5um) and SNOM image
(b) of the lysosome and adjacent organelles in an unstained cryo microtome cut of
a shrimp eye in the peripheral region
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of the high lateral resolution of this SNOM technique (Sect.2.4). Interest-
ingly, SNOM shows much more details than AFM. Further assignments are
the subject of cell biologists. They are offered a robust photophysical tool to
study the suborganelle structures with unadulterated preparations.

2.10.6 SNOM in Cancer Research [61]

Subcellular chemical contrast with high and very high local resolution en-
ables screening for distinctive marks of cancerous tumors in the organelles of
the pathological cells as compared to the healthy cells. Apertureless constant
shear-force SNOM is well suited, while other submicroscopic techniques are
unsuitable as there is very high roughness of delicate tissue. The high po-
tential for precancerous diagnosis by chemical contrast derives from Rayleigh
and Raman scattering, fluorescence emission, light absorption, and shear-force
efficiency by the site-specific mechanisms. Cancer prediagnosis is of eminent
medicinal importance. Bladder tissue and bladder cancer tissue was cooled
with water to —10°C, cut, and dried in air. The parallel cuts serve for selec-
tive staining to mark the cancerous regions. The samples were provided by
G. Miiller, LMTB, Berlin.

The staining of the samples wipes out all pertinent optical information
in apertureless SNOM measurements. This is shown in Fig. 2.61 with 25 and
10 pm scans.

No chemical contrast is recognizable after HE staining, whereas the ap-
pearance of the AFM topology remains largely unchanged. This is also evident
from Fig. 2.62, which compares typical surface topologies of unstained cuts of
cancerous and healthy bladder tissue.

The comparison of Fig.2.62 and Fig.2.61c reveals that different sites of
biological tissue cuts have different topology at the chosen resolution. How-
ever, both the unstained and the stained sample exhibit small sphere-type
features at this range that seem to be less frequent in the healthy unstained
tissue (Fig.2.62b). This latter difference in the AFM topology may not be a
reliable criterion for cancer diagnosis due to the high variability at different
sites. More distinct are the differences in the chemical contrast of SNOM.
Figure 2.63 shows the topologic variations at three sites for healthy unstained
tissue and also the simultaneously recorded SNOM contrast.

It is clearly seen in Fig.2.63 that the topologic variation is indeed very
strong even in the long-range scans. Furthermore, the chemical contrast ex-
hibits dark, medium, and bright spots that are spread over the surfaces and are
not very characteristic. Corresponding images of cancerous bladder tissue are
shown in Fig. 2.64. The topology of the cancerous tissue at the long range of
20 wm is not very different in character from the healthy tissue. However, there
are distinct differences in the chemical contrast of SNOM between Fig. 2.63
and Fig. 2.64, which are very useful for the differentiation. It is clearly seen in
Figs. 2.64a’—c’ that characteristically distinct chemical contrast occurs in the
form of bright extended plate-like zones that have frequently sharp edges and
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Fig. 2.61. Shear-force AFM (a, c) and apertureless SNOM (b, d) of stained micro-
tome cuts of cancerous bladder cells; (a), (b) 25um scan; (c), (d) 10 um scan; the
z-range is 2um in (a) and 1pm in (c); any useful SNOM contrast is wiped out by
the staining

Fig. 2.62. Shear-force AFM (10 um, z-range: 1 um) of unstained microtome cuts of
(a) cancerous bladder tissue and (b) healthy bladder tissue
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Fig. 2.63. Shear-force AFM topologies (25um, z-range: 1um) at three different
sites (a—c) and the corresponding optical contrast (a’~c’) of apertureless SNOM on
the rough surfaces of healthy bladder tissue

(a) (b)

TR

Fig. 2.64. Shear-force AFM topologies (20 um, z-range: 1um) at three different
sites (a—c) and the corresponding optical contrast (a’—c') of apertureless SNOM on
the rough surfaces of cancerous bladder cells showing characteristic bright plate-like
contrasts at all of the different sites
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that seem to fit with topologic features. Such correspondence is very important
and not artificial as the topologic features are both in sections of depressions
and hills in the same image. The latter correspondence points to cells that
are highly reflective in the shear-force gap. The brightness is assumed to be
due to accumulation of metal ions and mitochondria in the rapidly replicat-
ing cells. Such plate-like chemical contrast does not occur with healthy tissue
(Fig.2.63). This observation provides a clue for precancerous diagnosis when
the cells start to change their chemistry, and these new chances should not be
disregarded in oncology.

The SNOM investigations should be urgently extended to other types of
cancer. For example, the breast carcinoma is most easily diagnosed by the
microcalcification at a very late stage. Our SNOM should be able to easily
detect submicrocalcification in a very early stage, primarily for patients with
a genetic risk.

The proper SNOM on rough surfaces is versatile, robust, and economic.
The plate-like chemical contrast is not seen in confocal microscopy. The new
diagnostic possibilities profit from the fact that apertureless SNOM in con-
stant shear-force distance prefers minimal pretreatment of the samples, which
are unstained. The stained samples had lost the optical contrast though
(Fig.2.61).

2.11 Near-Field Spectroscopy

There is presently no alternative to Raman SNOM and fluorescence SNOM if
nanoscopic features with chemical contrast have to be locally identified with
respect to their chemical structure by vibrational or electronic analysis, as
IR SNOM is very complicated and local IR spectroscopy (Sect.2.11.3) is just
emerging with submicron resolution though not yet well established. It is pos-
sible to identify geodes, local impurities, or organelle constituents in biological
material, etc. by these techniques. The influence of partly aggregating silver
or gold colloidal particles for surface enhanced Raman spectroscopy (SERS) is
not yet clear, as apertureless SNOM at constant shear-force is itself a surface
enhanced technique. It may, however, occur that highly dispersed materials
cover the colloidal metal particles and that these are a helpful support induc-
ing further enhancement of the reflected Raman intensity. The detection of
Raman SNOM signals requires a highly sensitive optoacoustic spectrometer
with waveguide optics and single-electron counting capability. Also edge and
notch filters are essential. The spectrometer can also be used for fluorescence
SNOM. If spectroscopic analysis of the emitted light is not essential an edge
filter in front of the photodetector may block the primary light and pass only
fluorescence light.
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2.11.1 Direct Local Raman SNOM

The limitations of aperture Raman SNOM are severe, due to very hot and
blunt tips and long collection times. Some reports do not look very promis-
ing, especially for moderately rough surfaces [66,67]. Apertureless SNOM by
focusing laser light from below through the sample to a noble metal cantilever
tip in short distance to the surface was used for enhancing the scattered Ra-
man efficiency by factors up to 40 [68]. However, the Raman signals of Cg
were shifted to the red from bulk spectra by charge-transfer interaction with
the gold tip, while unaltered bands were weak. Plasmon-enhanced Raman
contrast in SNOM images with a scanning SERS active metal tip has been
put forward [69]. Scattering apertureless Raman SNOM can also be obtained
under shear-force control for rather flat surfaces by focusing a laser beam
from the side to the very end of a damped vibrating sharp metal tip. Edge
and notch filters eliminate primary light for the spectrometric analysis. Shear-
force controlled apertureless AFM/SNOM operates at about 5 nm distance to
the surface, and there is the enhancement of reflection back into the sharp
tapered fiber. It is very likely that the enhancement is also at work for the
near-field collection of Raman SNOM and fluorescence SNOM light in the
shear-force gap [39]. It was thus possible to detect the local Raman spec-
trum on the highly reflecting geode at or under the polished dolomite sample
in Fig.2.65 using the illumination (488 nm) through the uncoated sharp tip.
The received spectrum after collection of 145 scanlines in the region of the
vesicle is depicted in Fig. 2.66. The spectrum exhibits the known lines of pyrite
and is a resonant one.

Further direct Raman SNOM spectra of silicon (519.7 cm~!) and its freshly
grown (5nm) silica layer (500 cm™!) as well as of nonresonant gallium nitride

(a) (b)

Fig. 2.65. Shear-force AFM (a) (5pm, z-range: 100 nm) and chemical contrast by
SNOM (b) of a pyrite geode at the surface of polished dolomite that cannot be
traced in the 5pum AFM topology
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Fig. 2.66. Local resonant Raman SNOM spectrum of the pyrite geode (cf. Figs. 2.8
and 2.47) in dolomite; the spectrum is flattened and a baseline subtraction has been
executed

[E1(TO) and E; Raman modes at 560.8 and 570.4cm™~!] on alumina (sub-
traction of the Raman response of the fiber) with the shear-force apertureless

technique (using 488-nm light) at total collection times of 10 min have been
reported in [39].

2.11.2 SERS SNOM

Aperture tips have enormous difficulties with topology. Thus, dye-labeled
DNA on silver coated Teflon beads gave Raman spectra [70], but these were
not correlated with the sites of the beads and do not aim to analyze the DNA
structure. Surface enhanced Raman spectroscopy succeeds in the presence of
silver or gold colloidal particles [71]. An AFM tip has been coated with gold
in order to create a SERS probe with a laser beam directed on the tip or
15-25 um away for comparison [72]. The Raman signal was locally enhanced
underneath the tip. Also coating of an AFM tip with silver increased the
Raman signal of both rhodamine 6G and crystal violet (size of the metallic
tip <40nm) [73]. These techniques are not suitable for rough surfaces. A sharp
silver tip at a distance of 1 nm in shear-force feedback from the dichroic laser
beam focused on the sample gave local variations in the Raman spectrum
along a single-walled nanotube. The scattered light was collected with the
same objective, transmitted by the beam splitter, filtered by a long pass fil-
ter, and detected by a single-photon counting avalanche photodiode after a
narrow band pass filter. The Raman image was obtained by raster scanning
and continuous recording of the scattered Raman signal [74]. The height of
the nanotube was 1.6 nm, and the lateral resolution 25 nm.
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SERS can also be used in the comparatively uncomplicated apertureless
shear-force SNOM setup. If the standard compound adenine is studied in the
presence of silver particles (Fig.2.45) from dried solutions, it is possible to
obtain the characteristic Raman line at 735 cm™! from a 100 x 100 nm? area.
Suitable interference and notch filters are used for the elimination of source
irradiation light. Usually sodium chloride is used for the stabilization of the
metal colloid. However, under the near-field conditions sodium chloride was
avoided. 10l of aqueous solution containing 1073y of adenine was added to
the silver sol evaporating to a circle of 2 cm diameter in air. The 20-mW Ar-
laser at 488 nm was coupled to the tip (Fig.2.5), and the collection time was
10 min. The SERS SNOM spectrum obtained is depicted in Fig. 2.67. It was
not necessary to fix the dried components to the glass.

The experiments indicate that Raman scattering can be collected by the
sharp tip in the shear-force gap and diffracted in an optical spectrometer.
Numerous applications can be envisioned, as sufficiently sensitive spectro-
meters are available also for local nonresonant Raman SNOM. Collection times
must be low for the local experiment, as thermal drift cannot be fully impeded.

The sodium chloride content of common SERS applications is trouble-
some in SERS SNOM not only because of the cubic crystals that form upon
evaporation but also because of increased aggregation of the silver particles
if the adenine (107%y) is added to two drops of silver sol. This can be seen
from shear-force AFM scans in Fig. 2.68 on evaporated samples at initial NaCl

0.1 735/cm SERS with adenine
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Fig. 2.67. Local SERS SNOM spectrum from a 100 x 100 nm? area of adenine in
the presence of Ag sol without NaCl in a dried drop on a microscope slide without
flattening or baseline subtraction
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Fig. 2.68. Shear-force AFM measurements (10 um) of evaporated silver sol on glass
with various concentrations of NaCl with (a’—c’) and without (a—c) addition of
1073y adenine

concentrations of 0 (a), 0.1 (b), and 0.5mol 17! (c) without (a—) and with
the addition of adenine a’—c’).

Even at sites where no NaCl crystals are discernible, the sol particles are
less uniform the higher the initial salt concentration is. Furthermore, the con-
sistent enlargement of the sol particles by addition of a minute quantity of
adenine in water and more so at the higher NaCl concentrations is puzzling. It
was also detected by microscopic inspection that the sodium chloride crystals
grow smaller in the samples with added adenine [61]. The experimental conclu-
sion is that sodium chloride can and should be avoided in local SERS SNOM.
It may be expected that Ag sol when evaporated over biological preparations
would facilitate the rapid collection of apertureless shear-force SERS SNOM
spectra.

2.11.3 Near-Field Infrared Spectroscopy and Scanning Near-Field
Dielectric Microscopy

It would be very profitable to have similarly versatile local IR spectroscopy
with its particularly high potential for compound identification. However,
such endeavor was only rarely pursued. Early developments of IR SNOM
(monochromatic) and local IR spectroscopy have been reviewed [75]. These
used apertured tips or metal-scattering tips but suffered from topologic er-
rors so that only flat surfaces could be studied. Also the heat of IR light
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absorption has been used with thermal probes (thermoelectrical signal) to ob-
tain local spectra similar to regular IR spectra (differences in the relative band
intensities and overall band shapes) and the combination with common FT-
IR spectrometers appears promising for vibrational and photothermal spec-
troscopy combined with near-field imaging at submicrometer resolution. More
recent improvements have used a broadly tunable IR laser light source pro-
ducing ultrafast pulses with an FWHM bandwidth of 150 cm~! and a single
mode fluoride glass fiber probe to map chemical functional groups by IR ab-
sorption (2,000-4,500 cm~1) with subwavelength spatial resolution [76]. Thin
metal and polymer films have been studied in transmission with apertured
tips. Mesoscale structures can be described. It is suggested that apertureless
probes would achieve a higher spatial resolution than 1/8 at 2,900 cm™? [77].
The technique requires broad tunability and bandwidth, parallel spectral de-
tection for high image acquisition rates, and IR-transparent aperture probes.
The analysis of the near-field IR spectra indicates that the image contrast in
the C—H stretching region is largely due to near-field coupling and/or scatter-
ing effects [78].

Furthermore, a scanning near-field microscope was presented operating at
microwave frequencies for the characterization of advanced dielectric mate-
rials. The key component of the microwave-evanescent-probe microscope is
a resonant-cavity/transmission line structure [79]. A broad development of
these techniques will be highly rewarding.

2.11.4 Fluorescence SNOM

Fluorescence SNOM is possible even under conditions of topologic artifacts,
as the longer wavelength light can be separated from the primary reflectance.
Again, aperture tips in constant height provide low local resolution. Scattering
apertureless SNOM can be studied with fluorescing test samples [31].

Two-photon near-field fluorescence microscopy has also been used [80].
Furthermore, second harmonics generation [81] at the metal tip as well as a
white continuum has been observed [82]. These techniques require pico- and
femtosecond laser pulses to the metal tip on the surface. Local fluorescence
SNOM is most easily differentiated from topology as the emitted light can
be diffracted and the emission spectrum measured. A possible drawback is
photobleaching. Virtually all SNOM modes tried fluorescence applications,
and some techniques have been used for the detection of single fluorescent
molecules at extreme dilution [10]. However, such single molecule detection
(but not resolution) is also possible with conventional microscopy. Important
fields of research include local information in the chloroplasts of the photo-
synthesis in green leaves, DNA analysis, organelle structure in biological cells,
fluorescing labeled biological samples, fluorescent probes in oncology, living
cells in wet environment, quantum wells, optoelectronic semiconductors, etc.
The highest optical resolution in macromolecules may be obtained in PSTM
experiments.
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For “real-world” samples that have strong irregular topologies the tech-
nique of choice is the apertureless back to the fiber emission in constant shear-
force distance. Again the collection of the emitted light by the illuminating
tapered tip in shear-force distance is best suited for technical or biological
applications that must avoid topologic artifacts [39]. Furthermore, this tech-
nique is by far less complicated and most economic. The technically applied
fluorescing disperse dyes 1-3 of the merocyanine type (Fig.2.69) were used
in a high-temperature exhaust or heat-transfer dyeing procedure for even or
ring coloration of polyester textile fibers. These were embedded into an appro-
priate resin (Technovit 7100, Heraeus Kuzer Ltd. or Agar 100, Lannet Ltd.),
cut with a microtome and subjected to shear-force apertureless SNOM while
eliminating the primary light by an edge filter (OG 515, transmitting from
506 nm onward, Schott) in front of the detector for removal of all primary
488-nm light.

Figure 2.70 shows the AFM and fluorescence SNOM of the microtome cut
with dye 1. It is clearly seen that the polyester fiber is several um down
due to different hardness and elasticity of the materials. Nevertheless, the
fluorescence is evenly strong over the whole area but only at the area of

Fig. 2.69. Structural formula of the dyes 1, 2, and 3

(a) (b)

Fig. 2.70. Simultaneous shear-force AFM (a) (50 um,200pum s~ ', z-range: 3 pm)
and fluorescence SNOM (b) of a microtome cut surface of an evenly dyed polyester
fiber (dye 1) in Technovit 7100 resin
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the polyester fiber and not at the slopes, which consist of uncolored resin.
Furthermore, the minor deficiencies of the very deep AFM are not reproduced
in the optical contrast (perspective images are in [39]).

The polyester fiber evenly colored with dye 2 and embedded in soft
Technovit 7100 resin shows again homogeneously distributed fluorescence
(Fig.2.71b) over the fiber cross section in a very skew microtome cut
(Fig.2.71a). The slight reduction in the deep hole (3 um wide, 800 nm deep)
and the upper right corner appear to relate with the unsuitable topology.

The light fastness of dye 2 has been studied by its fluorescence bleaching
in the SNOM experiment. Figure2.72 shows the effect of 10 min scanning

(b)

Fig. 2.71. Simultaneous shear-force AFM (a) (25 um, z-range: 5um) and fluores-
cence SNOM (b) of a microtome cut surface of an evenly dyed polyester fiber (dye
2) in Technovit 7100 resin

(@)

Fig. 2.72. Simultaneous shear-force AFM (a) (20 pm, z-range: 5pum) and fluores-
cence SNOM (b) of a microtome cut surface of an evenly dyed polyester fiber (dye
2) in Technovit 7100 resin after 10 min illuminated scanning in a 5 X 5 um? area of
the dyed fiber showing fluorescence bleaching
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in a 5 x 5um? area with the uncoated illuminated tip (1.6mW) giving a
6 x 6 um? area of photobleaching in the optical image that cannot be seen
in the topology. This is a clear technical application for the determination
of relative light fastness of dyes in the actual fabrics of interest by large-
scale SNOM that works despite very high topology within the scan. This
application of SNOM will help designers to improve their products based on
clear-cut data.

By using the resin Agar 100 the ring-dyed polyester fiber with dye 2 comes
up in the microtome cut as shown in Fig. 2.73a. The ring dyeing can be seen in
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Fig. 2.73. Simultaneous shear-force AFM (a) (50 um,200um s~ !, z-range: 1pum)
and fluorescence SNOM (b) of a microtome cut surface of a polyester fiber (dye 2)
embedded in Agar 100 resin, showing ring dyeing in the optical contrast and the
cross section (c) through the fluorescence intensity as indicated in (b)
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both orientations of the textile fiber. The very high topology of an impurity in
the center does not give an artifact in the optical image. The flat lying fiber is
flatly cut. The analysis of the near-field fluorescence curve (Fig. 2.73c) offers a
very easy and versatile new possibility for the determination of the industrially
important diffusion coefficient of the particular dye in the heat-transfer dyeing
process at the actual object rather than in tedious determinations at model
systems. The profiles of the near-field fluorescence intensity in Fig.2.73c are
fitted to Fick’s second law of diffusion, which is numerically solved by using
the tabulated values of the “error function” in the usual way. The resulting
D-values (diffusion coefficient) are found constant over the complete curve
starting at the maximum (right curve chosen). This indicates that the near-
field fluorescence intensity is proportional to the local dye concentration. The
absolute value of the diffusion coefficient at the dyeing temperature is calcu-
lated by using the dyeing time of 30 min and gives the result for the dye 2 of
Dyy50c = 4.7 x 1071 ¢cm?s~!. This value is consistent with similar values in
the literature [39].

A further ring dyeing with dye 3 gave closely related results. Figure 2.74
has the polyester fiber up in Agar 100 resin (a) and clearly indicates the ring
coloration gradient (b). The images (c) and (d) are added for showing that
the nonfluorescing topologic impurities do not affect the SNOM contrast in
shear-force apertureless SNOM.

The diffusion coefficient of dye 3 into the polyester fiber is determined with
the Technovit 7100 resin microtome, which has the fiber down (Fig. 2.75) for
demonstration of the versatility of the invaluable new application of artifact-
free SNOM in the presence of very high topology. The right profile is selected
for the determination applying Fick’s second law as above. The D-values are
again constant over the complete decay curve and the absolute value calcu-
lates to Diggoc = 2.4 x 1071 ecm2s~!. This value is consistent with similar
values in the literature [39]. The ease of experiment and setup guarantee wide-
spread industrial use of this unexpected application of SNOM. Heat-transfer
techniques in dyeing can be used to control the penetration depths of dyes into
the fibers if the diffusion coeflicients are known. Such technically important
applications of SNOM are only possible with the easy and economic shear-
force SNOM with apertureless (uncoated) sharp fiber tips but not with any
one of the other approaches that cannot handle (high) topology.

Following these apertureless SNOM measurements [39], confocal laser
scanning microscopy was tried to study penetration of fluorescing dyes into
human hair at 240 nm resolution [83]. However, no diffusion coefficients could
be determined. Even less details are obtained with shear-force aperture SNOM
(nominal width 50-100nm) on the same hair samples giving artificial trans-
mission images, whereas the application of a long-pass filter and a very slow
scan speed of 6s per line and 200 x 200 pixels (the temperature of the tip
in shear-force distance was not specified) gave a fluorescence image with a
claimed optical resolution of 130 nm [83]. A perfect correspondence with the
less resolved confocal fluorescence image is not shown. It would have been
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Fig. 2.74. Simultaneous shear-force AFM (a) (50 um, 200 um s~ ', z-range: 1um),
(c) (50 um, z-range: 560nm) and fluorescence SNOM (b, d) of a microtome cut
surface of a partly dyed polyester fiber (dye 3) embedded in Agar 100 resin, showing
the ring-dyeing in the optical contrast

easier to measure fluorescence SNOM at the much higher resolution capabili-
ties of 10-20 nm with a cold and sharp uncoated tip without topologic artifact
and enhanced light detection in the close near field of the shear-force gap. A
wealth of highly reliable and additional information would certainly arise by
this highly superior technique.

The present SNOM technique with its lateral resolution power better than
10nm is well suited for the investigation of nanoparticles such as technical
dye pigments that are embedded in resin or varnish. The color shade depends
strongly on their possible aggregation that can be determined by the compar-
ison of topology width and SNOM width even if the particles are covered by
the embedding material. Degree and type of aggregation can be studied at
the surface if part of the particles swim up in the hardening resin/varnish and
contribute to the surface roughness. For example, fluorescent technical dye
nanoparticles of 100-200 nm diameter in polyvidone resin of 1um thickness
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Fig. 2.75. Simultaneous shear-force AFM (a) (40pm,200pum s~', z-range: 2 um)
and fluorescence SNOM (b) of a microtome cut surface of a polyester fiber (dye 3)
embedded in Technovit 7100 resin, showing ring dyeing in the optical contrast (b)
and the cross section (c) through the fluorescence intensity as indicated in (b)

on glass can be subjected to fluorescence SNOM with uncoated sharp tips
in the shear-force gap at 488 nm using the edge filter OG 515 (transmitting
from 506 nm onward; Schott) in front of the detector [39]. Figure 2.76 shows
the topology (a) on the surface and the local fluorescence (b) at the sites of
the protrusions. The sizes of the protrusions indicate both single particles
and aggregated ones. The particles emerge over the surface by up to 69 nm
(Rms = 15.3nm). The single particles have widths of 110-210 nm in the AFM
and consistently 100-200 nm in the SNOM image, respectively. Only the op-
tical image gives the correct size of the particles. It is thus clear that the
polyvidone cover on the surface particles is about 5nm thick. This impor-
tant result underlines the high resolving power of the apertureless shear-force
SNOM. Due to the resin cover, the nanoscopic fluorescence areas are indeed
smaller than those of the topologic features.
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Fig. 2.76. Simultaneous shear-force AFM (a) (5um, z-range: 200nm) and aper-
tureless fluorescence SNOM (b) of 100200 nm nanoparticles in polyvidone resin
showing both the occurrence of single and aggregated particles

Furthermore, there are some remarkable differences between topological
and optical image in the larger features that correspond to aggregates. There
are three types of aggregation: linear, angular, and dense. In particular the
angular ones require scrutiny at higher magnification (Fig.2.77). It is clearly
seen in the fluorescence images (b, b’) that the aggregation is angular (and
there is also a single particle). As these nanoparticles form a loop, the resin
cover fills the void for closing the topologic object. Only SNOM differentiates
between the different chemical species. Such information is of major impor-
tance for the industrial application in varnish formulations (surface quality
and color shade). It can only be obtained with the most reliable apertureless
shear-force SNOM with sharp tips under the conditions of enhancement in
the shear-force gap [4-9,40].

Further results with shear-force apertureless fluorescence SNOM have been
reported on biological samples. Thus, the green fluorescent protein GFP in
intact Escherichia coli bacteria expressing GFT has been locally imaged [84].
A dichroic mirror achieved separation of the fluorescence light from the pri-
mary light. The location of the fluorescence in the topology of the bacterium
was seen. This was also possible for immunofluorescence, which gave fluores-
cence sites independent of the topology, which improves the understanding
of clustering processes in breast cancer tissue. However, a diagnostic value
was not claimed or recognized [85]. Unfortunately, the authors did not study
the non-fluorescent SNOM contrast and it is not known if it was enhanced
with respect to the far-field background (cf. [4-9,40]). Only that additional
information would have allowed assessment of the size of the fluorescing areas
(unknown optical resolution).
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(a) (b)

Fig. 2.77. Simultaneous shear-force AFM (a, a’) and apertureless fluorescence
SNOM (b, b’) of dye nanoparticles in polyvidone resin showing angular aggrega-
tion by the difference in shape of topologic and optical image both in the top-views
(a, b) and in the surface-views (a’, b’)

Chromosomes and various organelles in cells of biological or medicinal in-
terest have been labeled with fluorescent agents for fluorescence SNOM in the
apertureless shear-force mode using multiphoton absorption at considerable
topologies [86,87]. The fluorescence SNOM images are sharper and provide
more information than the topologies in extended scan areas. The smallest
resolved optical features had a width of 200nm (~1/6 of the wavelength).
Again the determination (or assessment) of the enhancement of reflected light
intensity in the shear-force gap [4-9,40] is missing. It would be helpful for the
assessment of the resolution. Fluorescence resonance energy transfer (FRET)
between excited donor and acceptor molecules occurs over a range of 1-10 nm.
FRET of different dye molecules embedded in polyvinyl alcohol films and
bound to cell surfaces could be detected by selective photobleaching of donor
and acceptor fluorophores using SNOM with sharp uncoated tips [88].
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2.12 Nanophotolithography

The possibilities of SNOM-based data storage have been analyzed [89]. It
would include SNOM-based writing and reading. The reading may require
4,000 photons per bit in order to achieve a readout speed of 10 MHz. This
requires high illumination intensities. Also photo- and thermostability of film
and SNOM head are important issues. High-speed AFM reading may be an-
other choice. Apertureless STAM in the patented version has been proposed
for CDROM reading at 400 bits pm~2 with pit sizes of 50 nm x 50 nm size and
25nm depths at data rates in the tens of MHz range [90]. Conversely, the pits
could not be read by an AFM tip at 10 nm constant height above the pattern.
Aperture SNOM photolithography was tried in [91], and a resolution of 30—
50 nm was claimed. Apertureless optical near-field fabrication of >100 nm lines
to a 110 nm thick positive photoresist by focusing a laser beam through the
sample to an AFM tip well below the threshold energy dose for polymeriza-
tion has been described [92]. The energy required for inducing polymerization
decreased at the metallic tip. Apertureless scattering SNOM at metallic tips
has been used to form topological nanodots by a photoisomerization [93]. A
similar technique was used for two-photon nanolithography under a metal tip
using polarized 120fs laser pulses producing features with 70nm resolution
for the polymerization in a photoresist [94]. This resolution is by a factor of
2 better than techniques based on far-field two-photon lithography. Aperture
tips suffer from the propagation cutoff so that only a very small fraction of the
light can be transmitted and are thus unsuitable. The scattering apertureless
techniques are only applicable to very flat surfaces.

Another approach uses the heat of aperture near-field probes. These can
be used for photolithography by taking advantage of their enormous local
heat if high melting metals (for example chromium) are applied for the coat-
ing instead of the more common lower melting aluminum. Thus, the heat
of sharp metal-coated tips has been used for the fabrication of pits on an-
thracene crystals at a lateral resolution of 70nm [14] or on polymers [95].
It proved difficult to write deep structures sharply into photoresists, and the
practical use of monolayer lithography is doubtful, except for the construction
of nanostructures [10].

The cold apertureless shear-force SNOM offers totally different possi-
bilities for thermal lithography, if thermal insulators cannot dissipate lo-
cally absorbed light energy. Local heat by radiationless deactivation will
accumulate in molecular crystals, if these are lacking hydrogen bond net-
works, and melt them locally. Unlike the pits formation under the action
of a hot metal coated aperture tip, there is protrusion formation under
these conditions of retarded local surface heating. The formation of isolated
cones by surface heating of a photostable merocyanine dye without hydro-
gen bonds [2-(p-dimethylaminobenzylidene)-3-o0z0-2,3-dihydrothionaphthene]
(S-merocyanine) and having an appropriate melting point (172-173°C) can
be demonstrated with surface heating. A medicinal ceramic source IR heater
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with a reflecting mirror is applied for a predetermined time (e.g., 10 min) from
a distance of 20 cm, while the crystal is in contact with a gold plate and pre-
heated to 112°C. The required time for reaching surface melting is detected
with a telescope. The heaters are immediately switched off after the first signs
of surface change and AFM measurement follows at room temperature. The
obtained cones of Fig. 2.78 exhibit heights up to 180 nm, half-widths of 280—
500nm, and base diameters of 450-980 nm. Their frequency is typically 40
cones per 100 um? [13]. The cone formation takes material from the ground
and profits from the decreased surface tension of the viscous melt, which crys-
tallizes rapidly upon cooling.

The successful cone formation of Fig.2.78b can be used for their precise
placement using the illuminated sharp tip either far-field apertured or un-
coated. The local heating by light absorption and radiationless deactivation
is slow enough to form the cones. The 400 nm far-field apertured tip (nom-
inal apex radius: 15nm) is obtained by melting off the Al coating during
adjustment of the light coupler for highest throughput at common laser set-
tings. The result is seen in Fig. 2.79.

It is not clear if the initial tip had an open aperture before illumination.
However, the confined light heated it up to more than the melting point of Al
(660°C) so that the apex lost its Al coating at a length of 1.2 um. Thereafter
the tip was stable upon further illumination (>3h). The light throughput
of this far-field apertured tip can be adjusted up to 100uW at 488 nm. Fig-
ure 2.80a shows a surface of the S-merocyanine dye with some landmarks. By
choosing a position of the far-field apertured tip under shear force control
with a proper offset device, illumination for 10s at 1 uW throughput gives
the cone in (b). It was lost by repeated AFM scans, but two more cones were
placed at a close distance by 10s spot illumination at shear-force distance [13].
The base of the cones (420-440nm) is slightly stretched due to the horizon-

10~ um

Fig. 2.78. Contact AFM topology of the main surface of the organic S-merocyanine
crystal without hydrogen bonds; (a) before and (b) after short partial melting at
its surface by sharply interrupted IR-heater application leading to random cones of
considerable height
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Fig. 2.79. Microimage (400 x microscopic enlargement) of (a) an Al-coated tip
with apex radius of 15nm and 200 nm coating, (b) the same tip from a different
side after losing the apical coating upon adjustment of the light coupler for maximum
throughput with common intensity settings for SNOM, and (c) a sketch of the final
end of the far-field apertured tip according to the photograph

tal tip vibration but corresponds closely to the far-field aperture at 1.2 um
distance. The height of the cones is 60 nm, the half-width 300 nm, and the
peak-to-peak distance of the clearly separated cones 600 nm in (c). These val-
ues could be easily improved, the organic material stabilized into molds by
suitable coatings.

The regular shape of the cones is an indication of a good tip taper. Apart
from data storage considerations the technique is a simple means for judging
the quality of particular SNOM tip specimens.

In support of the thermal insulation it was shown that no cones were
formed within 10s by the same far-field apertured tip at 0.5 uW light intensity;
however, after 45s the same cones with about the same size were observed as
in Fig. 2.80b, c. Furthermore, the analogous photostable NH-merocyanine dye
[2-(p-dimethylaminobenzylidene)-3-0zo-2,3-dihydroindole] with NH instead of
S, which can dissipate the heat of radiationless deactivation in its crystals
via the hydrogen bonds network, does not give similar cone formation upon
surface heating (starting temperature 176°C; melting point 236°C) or with
the far-field apertured tip at 488-nm illumination.

If the irradiation time and throughput energy were increased for the S-
merocyanine dye to 45s and 80 uW the resulting protrusion was much more
extended in Fig. 2.81. The double nature may have different causes due to the
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Fig. 2.80. Shear-force AFM on the most prominent face of the S-merocyanine
dye without hydrogen bridges; (a) fresh: (b) after 10s irradiation at a preselected
spot with the far-field apertured tip at 1uW; (c, d) after 10s irradiation at two
preselected spots 600 nm apart with 1 uW after loss of the feature in (b)

excessive irradiation in shear-force distance if the vibrating tip might have
immersed in the melt or if the recrystallization started from two different
points, or if there were minor imperfections of the tip, or if there was some
thermal drift. The cone structure is retained and the feature starts sharply
from the ground (1.2 um wide and 200 nm high). The sharpness of the cone
even at high overirradiation makes this system particularly versatile.

The SNOM image in Fig.2.81c does not exhibit any optical contrast in
accordance with a suitable tip (a blunt or broken tip would create topologic
artifacts). This confirms again that the features derive from local melting but
not from photochemistry [13]. Also the features in Figs. 2.78 and 2.80 gave no
SNOM contrast.

The versatility of the new technique of submicroscopic tip evaluation has
been demonstrated with further suitable systems. For example, 9-chloroanth-
racene (platelets) is known to give floe-like surface features when irradiated
on its main surface by dimerization upon low-intensity photolysis [96]. The 9-
chloroanthracene crystals absorb at 488 nm. A single crystal gave the features
in Fig. 2.82b with an apparently deficient apertureless tip from 10 nm distance
at a high local light intensity of 1.2mW.
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Fig. 2.81. Simultaneous shear-force AFM (a, b) and apertureless SNOM (c¢) on
the most prominent face of the S-merocyanine dye: (a) fresh; (b, c, d) after 45s
irradiation at a preselected spot with the far-field apertured tip at 80uW light
intensity

(a) (b)

Fig. 2.82. Photolithography with a deficient uncoated tip (nominal radius:
20nm) illuminated with 488-nm light from 10 nm distance to the main face of 9-
chloroanthracene at three different locations for 20 min each; (a, b) shear-force AFM
analysis (6 um, z-range: 500 nm); (c¢) with (b) simultaneous apertureless SNOM ex-
hibiting only minor artificial contrast; (a) before, (b) and (c) after the lithography

The features are up to 2.5um wide and of irregular shape but with sharp
limits (typical slopes 40°), indicating a non-conospheric shape of the applied
tip. The question arises if the features are the result of photodimerization [54]
or of local melting, which would prevent solid-state photodimerization. Again
SNOM gives a clear-cut answer in terms of melting (Fig.2.82c). The SNOM
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image with a good tip exhibits only very minor artificial contrast at the steep
slopes (50-65°) and considerable heights, which is not materials contrast.
The surface stays chemically uniform despite the topology. The features in
(b) are thus not the result of photodimerization but of melting under the
influence of the absorbed light. Radiationless decay produces the heat that
cannot be dissipated by the insulator (no hydrogen bonds are available). The
viscous melt piles up and crystallizes upon cooling forming also the depressions
next to them. The irregular shape of the islands in (b) reflects deficiencies of
the illuminating tip that may have been broken before the experiment, while
leaving a sharp apex. Every lithographic approach (the sequence is top right,
top left, bottom) was followed by an AFM measurement with the same tip,
and this did not alter the shapes of the islands that are firmly anchored in
the bulk due to deep light penetration into the crystal.

Also 2,5-dibenzylidenecyclopentanone crystals on (001) have been used for
such tip testing and the regular shape produced by a good uncoated tip can
be seen in [5].

2.13 Digital Microscopy for Rough Surfaces

While light microscopy cannot reach subwavelength resolution there is some
useful overlap with the SNOM capabilities. Digital microscopes with large
working distance lenses are now able to provide very high depth of focus. They
image 3D topologies of surfaces also on nontransparent samples. The optical
enlargement reaches the value of 1,000 and local colors are differentiated in
the VHX Digital Microscope of Keyence Inc. The depth of focus is achieved
by a collection of several images at various focal points and electronic buildup
of the sharp image either in 2D projection or as a 3D topography.

The power of the system may be demonstrated with particularly rough
cracked shells of a Macadamia ternifolia nut from Hawaii. The 30 x 20 um?
image of the fracture area in Fig.2.83 covers a remarkable height range of
20 um. All parts are sharp and well resolved. Clearly, SNOM imaging on rough
surfaces (it is also possible to add the optical information of SNOM to the 3D
topology of the simultaneous AFM) is nicely continued by new digital light
microscopy. Different colors are seen in the original image, which are very
useful for the botanical analysis.

The enormous power of 3D resolution of such digital microscopy can be
demonstrated with a fraction edge of the same Macadamia nutshell at 100
fold optical magnification (Fig.2.84). The topology composition out of 12
images at 50 um focal distances does not exhibit breaks in the vertical part
structures. The observed depth of focus of 600 um is quite remarkable for an
optical microscopy technique.

Still another approach tries to break the refraction limit in light microscopy
with materials of negative refraction index. Whether highest resolution light
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Fig. 2.83. Microscopic 3D plot at 1,000-fold optical enlargement of a region in the
fracture zone of a Macadamia nutshell; z = 30 um, y = 20 um and maximum height
20 pm, as composed from 20 images at 1 um focal distance [97]

microscopy with negative refraction index materials will be practically possible
is however a subject of intensive research (e.g. [98]).

2.14 Conclusions

Scanning near-field optical microscopy SNOM provides nanoscopic contrast or
spectroscopy (absorption, emission, Rayleigh, Raman) and a new light source
for direct local photochemistry (chemical reaction, radiationless deactivation).
Only apertureless shear-force SNOM with very sharp tapered tips is suitable
for (very) rough delicate surfaces and provides chemical (materials) contrast.
The strong enhancement of reflection in the shear-force gap is a new unex-
pected near-field effect that is absolutely essential for the success. It depends
on the preset damping and works only for very sharp illuminating and collect-
ing tips with end radii of <20 nm that must not break or abrade. A fast, light
based control circuit avoids tip breakage at fast scanning (up to 200 um s—1).
Such fast scanning is essential for minimizing thermal effects that occur if the
illuminating light is absorbed by the sample. The wavelength of the light may
be freely chosen from lasers with good beam quality. Multimode fibers with
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Fig. 2.84. Microscopic 3D plot at 100-fold optical enlargement of an outer fracture
edge of a Macadamia nutshell with a height range of 600 um as composed from 12
images in 50 um focal distance [97]

loss of polarization are the best choice. Local fluorescence and Raman SNOM
can be easily executed. Absorbed light may give rise to photobleaching and
local heat production with nanopit formation, the latter particularly elegant
with far-field apertured tips. The versatile technique is robust and economic
also due to the uncomplicated pulling of the very sharp probes at low cost.
High resolution at 10-20nm is routinely obtained even on corrugated sur-
faces. Topologic artifacts do not occur due to the new physical effect of very
strong enhancement of reflectivity in the shear-force gap of typically 5nm.
Assessment of such enhancement by an energy meter during every single mea-
surement is indispensable, as blunt tips produce artifacts. These have been
imaged and classified according to their varied appearance. They occur also
with unsuitable SNOM measurements in all of the other SNOM techniques
(there even on very flat surfaces). Realworld samples without further pre-
treatment are successfully and artifact-free measured for the first time under
ambient conditions if a useful shear-force mechanism exists such as a water
layer or dangling bonds. There seem to be no restrictions for the application of
shear-force apertureless SNOM to nonsticky surfaces (except for the rare lack
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of a useful shear-force mechanism), and virtually all types of materials have
been successfully studied. Scientific, (nano)technical, industrial, and medici-
nal applications, including cancer prediagnosis, are legion. The still not widely
known and used apertureless shear-force SNOM does not have the problems
of all other SNOM techniques with topology and also not the heat problems
of aperture SNOM in illumination mode. It will therefore enjoy a great future
for practical use.

While SNOM is yet the only practical method of breaking the refraction
limit of microscopy, it should be noted here that recently a new way of breaking
the refraction limit is sought by use of metamaterials with negative refraction
index. It is, however, still a subject of intensive research (e.g. [98]) and we
are looking forward to successful applications of metamaterials for optical
components.
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3

Nanoindentation

3.1 Introduction

Hardness and elasticity measurements of solid materials have a long history.
Macro- and microhardness have been of major importance for industrial pur-
poses. However, indentation hardness is of particular interest for nanotech-
nology and nanoscience as the materials damage is much more restricted.
Therefore, the underlying effects can be explored and numerous materials
properties are revealed and provide new unprecedented knowledge in various
branches of science including daily life. While the theory of microindenta-
tion appears well developed and the physics of the process seems to be suf-
ficiently described for isotropic materials [1] the reasons for the differences
between nano- and microindentation were not known and could therefore
not be treated in [1]. Furthermore, various effects in terms of chemical or
crystallographic phenomena, including anisotropy, are less understood not to
speak of the nanoscopic or molecular basis. As basic differences between nano-
and microindentation have not recently been acknowledged or included in the
physical treatment it is important to treat the topic in this book also on a
more empirical and quantitative basis. Therefore not only selected model sys-
tems but as much chemical diversity in the materials as possible are treated
in order to find more general relationships.

3.2 Equipment

The distinction between nano- and microindentation is made at a penetration
depth of about 200 nm. There are marked differences in these techniques, and
nanoindention instruments provide linear load facilities in the range of 20 uN
up to 10 mN (usually two regions of calibration), whereas the microindentation
instruments span the mN range up to about 4 N. Commercial load-controlled
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nanoindentation instruments are available with height resolution of less than
a tenth of a nm and force resolution of less than a nN. A detailed description
of useful specifications of nanoindentation instruments is given in [1]. Some
popular commercial brands include the Nano Test®), Tribolndenter®), Nano
Indenter®), Nano-Hardness Tester®), and UMIS®). Acoustic detectors may
be added for the detection of cracking, fissuring, phase transformation, and
slippage beneath the indenter. Depth control instruments at ultralow load for
atomistic investigations are not yet of commercial standard [2] (see Sect. 3.9).
Modern commercial nanoindenters such as for example the TriboScope®) with
TriboIndenter®) of Hysitron, Inc. apply a constant loading rate through a ca-
pacitive force and displacement transducer to a more or less sharp indenter
tip and avoid the so-called zero error by a preload procedure according to
ISO 14577. Preferably, the indented surface is firmly mounted on an AFM
stage (for example of a Nanoscope III), which allows for direct measurement
of the initial surface (roughness) and of the final impression obtained using the
same indenter tip (though with some tip sample convolution). Separate AFM
measurements with sharper AFM tips are bothersome, as it is hard to local-
ize nanoscopic features and as there is a high risk for filling the impressions
or ditches with dust from the indentations or scratches of brittle materials.
The first AFM after mechanical action is least affected, but repeated AFM
scanning may continuously decrease the depths. The problems of sagging are
only present for highly compliant samples (for example viscoelastic polymers)
and can be handled by an appropriate feedback algorithm [3]. The reason for
sagging is the composition of the applied force as the sum of contact force and
restoring spring force (of the spring supporting the indenter shaft), which de-
pends on the spring deflection. The spring constant can be kept small enough
so that the indentation of stiff samples results in nearly perfect contact force
control. Two-dimensional transducers are able to indent and move the inden-
ter horizontally at constant normal load and constant speed when scratching
the surface (Chap.4). The average tilt of the surface even if it may exhibit
roughness should be better than 1°. It can be detected by on-site AFM mea-
surements without using the plane-fit facility. A tilting device with rotation
facility has been constructed and is available for the TriboScope®). It allows
for leveling of the sample normal to the load and to rotate the sample if
anisotropic phenomena are to be explored. A force versus displacement curve
provides the data necessary to evaluate the plastic and elastic behavior in the
test region. Calibration details, analysis software, and full imaging capabili-
ties are provided by the instrument suppliers and exhaustively described in
appropriate manuals. This deals with tip radius, compliance, adjusting stan-
dard settings, scaling, drift correction, and linearity in open or closed loop
feedback control. Complete software for data acquisition and data treatment
for example with standard Microsoft EXCEL® and AFM imaging software
is required.
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3.3 Foundations of the Nanoindentation Technique

3.3.1 General Remarks

For micro- up to macroindentations the normal force — penetration depth re-
lation for the loading was described as an exponential function with varying
exponent [4]. On the other hand, a square relation has been theoretically de-
duced for conical or pyramidal indenters [5,6] and microindentations up to
several hundred mN or the range of several N forces seem to follow that pre-
diction. However these include rather drastic damage of the materials with a
number of effects that are not at work in nanoindentations where a 3/2 expo-
nential relation has been consistently found recently [7] so that differentiation
is essential. An improved understanding can only be expected from the latter
technique. The basic nanomechanical test tries to decrease mechanic damage
as much as possible by using low load in the uN-range up to some mN. The
higher loads are used in order to connect to the micro range. Solids are probed
mostly with sharp diamond indenters (Vickers or Berkovich according to ISO
14577, Knoop, Cube Corner, 60° three-sided pyramid, or sharp conical in-
denters; spheric indenters with very large end radii produce shallow indents
though with nm depth) while constantly increasing the force in the range of
20 uN up to 5 or 10 mN, depending on the hardness, elasticity, and the desired
depth. This induces plastic and elastic responses of the material, and upon
unloading there will be a residual impression usually accompanied by some
pile-up, sinking-in, pop-ins, cracks or fissures, creep, and in the case of highly
compliant samples sagging. In the case of time-dependent plasticity effects
repeated loading/unloading combined with waiting periods at maximal load
are necessary for more reliable hardness and elasticity parameters. Both com-
mercial and home-built nanoindenter instruments record continuous loading
and unloading curves with respect to the displacement. Instrument compli-
ance is eliminated by some calibration procedures, which help in obtaining
mechanical properties that are, however, not completely independent of the
instrumentation.

3.3.2 Load—Displacement Curves

Figure 3.1 shows some typical force-displacement curves of standard materi-
als. Aluminum with a Berkovich indenter (having a total included angle of
142.3°) gives almost pure plastic response (very little elastic recovery). The
influence of the tip angle is shown with the 60°, 90° (Cube Corner), and 142.3°
(Berkovich) indenter in fused quartz. It is seen that the elastic part increases
considerably if the included total angle increases and that much more normal
force is required at the larger angles for obtaining the same depth, clearly a
consequence of increased pressure with the steeper tips. The loading and un-
loading curves are smooth, but there is a marked kink in the unloading curve
of the 60° tip. Only ideal results without the so-called “pop-ins” (crack/fissure
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Fig. 3.1. Typical indents of aluminum and fused quartz with various indenters
indicating variations in plastic and elastic response of (a) aluminum with Berkovich,
and (b)—(d) of fused quartz with 60°, 90°, and 142.3° three-sided pyramids as
indenters

formation leading to increase in depth while the load does not increase) were
selected for Fig. 3.1. Importantly, the occurrence of pop-ins is more frequently
observed with the steeper tip and in the higher load range. It should also be
stated that release of strain by pop-ins can be induced by minor shock or noise
from the environment. The shape of the unloading curve (and the quantities
calculated there from) does not seem to be severely influenced by pop-ins if
the curve comes more or less back to its regular continuation. Indentation
time is usually chosen in the range of 10-60s.

There may be time-dependent features such as creep under load. This
is determined by hold periods before unloading or preferably by repeated
unloading/reloading as in Fig. 3.2. The hardness (H) and reduced elasticity
modulus (E;) are usually determined from iterations of the elastic unloading
curves (see below). It is therefore essential that the influence of creep (further
penetration without increasing the load) be eliminated. The most secure way
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Fig. 3.2. Load and multiple unloads/reloads to/from 10% of the maximal load on
(a) fused quartz and (b) crystalline strontium titanate on its (110)-face

to achieve that requirement is the execution of multiple unloading/reloading
until full elasticity is reached. The values in Table 3.1 show the variations of the
data when approaching the final values and also some of the important iterated
parameters for the calculation of H and E; of fused quartz and strontium
titanate on (110) (the meaning of the parameters is defined in (3.1)—(3.6)).
The variations between the consecutive unloadings are remarkable.

The dependence of the various mechanical parameters that are iteratively
calculated by reference to “approved values” for fused quartz from the number
of reloads is demonstrated in Table 3.1. The variations are importantly high.

The situation is even worse in the case of soft viscoelastic materials such
as the polymers PMMA (polymethyl methacrylate), CR39 [polymer from

Table 3.1. Iterative analysis of the Berkovich multiple unloads/reloads of Fig. 3.2
according to ISO 14577

fused quartz SrTiOs

unload # 1 2 3 4 1 2 3 4

E (GPa) 67.1 66.0 65.9 66.5 254.5 263.0 251.4 242.0
H (GPa) 7.99 7.83 7.81 7.47 | 1036 9.99 10.02 9.37

S (N um 1) 84.4 83.8 83.8 86.5 281.4  296.0 282.7 281.3
A (um ) 1.242 1.267 1.270 1.329| 0.9595 0.9945 0.922 1.061
B (constant)® | 13.190 18.696 18.339 18.677| 0.794 1.060 5.861 10.114
he  (nm) 127.97 136.55 136.47 142.66| 119.14 126.03 135.76 145.59
m  (exponent)®| 1.314 1.255 1.258 1.261| 2.173 2.140 1.794 1.686

# The exponent m and the constant hy and B of (3.3) are iterated for the 20-95%

Fx range
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Fig. 3.3. Load and multiple unloads/reloads to/from 10% of the maximal load
on the linear (PMMA and PC) or cross-linked (CR39) glassy polymers in Fyx—h
diagrams; load and unload times are 10s, waiting time after second reload is 30s

diethyleneglycol bis(allylcarbonate)], and PC (polycarbonate). This is de-
picted in Fig. 3.3. Increased amounts of creep (comprehensive creep treatment
in [8]), sagging (decrease of nominal load upon holding), and adhesion (un-
loading curve goes under zero line) occur. The analysis of these unloading
curves with marked hysteresis is more troublesome, but the sagging may be
removed by an involved feedback system. The unloading and reloading curves
are dissimilar in PMMA, PC, and CR39. In PMMA some restoring of the
sagging upon a hold after (the first) unloading is observed. With PC creep is
less severe [9].

The unloading-reloading hysteresis (Fig.3.3a—c) derives from the well-
known production of macroradicals from main chain rupture by the mechan-
ical stress [10]. The radicals disproportionate (to give shortened chains) until
these are too short for further mechanical chain breaking, which leads to the
final loss of hysteresis.

Fortunately, the reliability of the loading curves is secured if several indents
at different load are compared as for example in Fig. 3.4. This technique will
automatically exclude any single experiment that does not fit to the rest. All
curves fall on the one with the highest load.

3.3.3 Anisotropy and Far-Reaching Response

Theoretical treatment and simulation techniques assume a circle of contact,
which shall include the plastic zone where “geometrically necessary disloca-
tions” occur as a consequence of the loaded indenter (conical or pyramidal).
The center of such circle is at the point where the indenter started penetration
and the radius is half of the projected contact area diameter [1]. While this
is a concept for isotropic materials it may be doubted if the material is only
changed in that “core area.” Material may be transported along cracks or fis-
sures, pileup may go far beyond the “core area,” and the far-reaching effects
are more easily shown with anisotropic crystals such as SrTiOj. Figure 3.5
depicts AFM images of some indents. The standard sample fused quartz pro-
vides symmetric indents that image the shape of the tip without considerable
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Fig. 3.4. A series of indentations at various final loads to the surface of SrTiOs on
its (100) face, indicating reliability of the data

pileup and apparently well-located depression (there is also a phase transition
involved, see Sect.3.7). Conversely, the cubic strontium titanate shows very
pronounced pileup and far-reaching oriented depressions that depend on the
crystallographic face and are modeled by the tip. There is much anisotropic
pileup on the (100) face but not at one of the edges and shallow depressions
form at 0° and 90°. These change direction if the crystal is rotated by 45° (the
tip orientation is fixed). The two identical crystal axes on (100) are at 90° to
each other. The orthogonal axes are nonidentical on (110) where the pileup is
less localized at the expense of long-range depressions primarily at the 90° di-
rection but also at the diagonal axes. On (111) a three-arm depression rosette
over very long distances occurs next to pile-up close to the impression. The di-
rections represent the trigonal axes on that face: the rosette depressions align
along the crystallographic axes and start preferably at the corners of the in-
dents. The angle mismatch on the (111) face is clearly seen as the heights of
the projected impression triangle are not in the 60° axes of the crystal and
the rotation of the crystal is 45°. Of course, the rosettes change their orien-
tations if the rotation of the crystal is continued [9]. A similar image on the
(111) face of Sr'TiO3 has been reported in [11] and “dislocation migration” was
claimed. It is, however, more likely that the known [7] pressure-induced phase
transformation aligns along the highly occupied lattice axes. These observa-
tions indicate that some scrutiny may be necessary toward the foundations of
theoretical deductions and simulations.

Cracks at the edges of the indenter that are typical in microindentation
and the detection of their length for the detection of the fracture toughness [1]
are not typical in nanoindentation. Figure 3.5 clearly shows that anisotropic
effects are more important at the much lower forces.
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(b) SrTiO3, (100), 0° (c) SrTiO3, (100), 45°

(a) fused quartz

v

(d) SrTiO3, (110), 0° (e) SITiOg, (111), 45° (f) SrTiOg, (111), 0°

b &
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Fig. 3.5. AFM images of cube corner indents of (a) fused quartz and (b)—(f) SrTiOs
on (100) at 0° and 45°, on (110) at 0°, and on (111) at 45° and 0° scratch direction
(edges orientation of square samples) with a cube corner at 5 mN load, respectively;
the z, y-scales are 5 pm

3.4 Elastic and Plastic Parameters

The mathematical definition of the important parameters as well as their
description is preceded to their experimental determination. Equations (3.1)—
(3.6) are the basis for all interrelations between the parameters and their
determination.

P
Hardness : H= 1 (N um~—?), (3.1)
reduced elastic modulus : E, = \/TE i (N um™—?), (3.2)
hec
. dpP 2
stiffness : S = (E . = %Er\/Ahc
=Bm(h—he)™ " (Npum™), (3.3)
1
compliance : =3 (um N71), (3.4)
projected area : Ape =7/(4 E2 C?), (3.5)
Pmax
contact depth : he=h—0.75——. (3.6)



3.4 Elastic and Plastic Parameters 185
3.4.1 Nanohardness

There are numerous definitions of hardness with very different meaning. The
qualitative Mohs scale with 10 standard minerals is a valuable approach for
minerals but it does not yield relative values. Rosiwal grinding hardness,
drilling hardness, or pendulum hardness that are determined according to
standard techniques and use very different materials responses obtain quan-
titative values. Sclerometers determine either scratch hardness at the critical
load or by the size of scratches, and indentation hardness with various tools
for specific tasks is determined at rather high load. The macroscopic Brinell
(N mm~?), Vickers (N mm™?), or Knoop hardness (N mm~?) uses loads (up
to 3,000 kp) to stiff balls with radii of up to 5mm or to four-sided pyra-
mids with equal or with different semi-angles, respectively. The penetration
resistance is determined as the relation of the force and the surface of the im-
pression, or in the Rockwell hardness (cone or balls) by the remaining depth of
impression, which is converted to a dimensionless figure in various clearly de-
fined “scales” (1 point of Rockwell hardness corresponds to 0.002 mm depth).
Anisotropy of the microhardness is detected with the Knoop indenter [12]. The
load can be a static weight, a ball may fall on the surface from a known height,
or the rebound height of a drop hammer may be detected with a scleroscope
in the Shore rebound hardness (dimensionless) which, however, is more of an
elasticity test. For elastomers, Shore-A or -C and -D hardness (dimensionless)
is detected as resistance toward the penetration of truncated cones or rounded
cone by pressing with a spring. Conversely, micro- and nanohardness H (GPa)
refer to the projected area of the impression with spherical, conical, or pyrami-
dal indenter tips, and they signify the resistance to permanent deformation. It
is not easy to relate these hardness values H with the macroscopic (including
additional more specialized techniques) hardness values even though the pro-
jected areas Ay of a Vickers and a three-sided Berkovich indenter are identical
and Knoop indenters are also used in microhardness determinations. Despite
almost equal Ay, values of Vickers or Berkovich indenters the H values of
micro- and nanohardness are different. Also, nanohardness values depend on
the indenter type, the load, and the data evaluation technique. They have been
extracted from the loading curve for Martens universal hardness or from the
unloading curve for the eight-parameter procedure of Oliver Pharr (adapted
by ISO14577), for the two-parameter procedure of Thurn and Cook, or by the
work of indentation procedure ((3.22), and (3.24)). All the different kinds of
macro-, micro- and nanohardness have to be specified according to type and
load or further experimental conditions. ISO standards exist for several of
these, but it would appear that the variation of nanohardness by variation of
the tip geometry is still a matter of concern in research and nanotechnology.

The nanohardness H is defined as the normal load Fy over the projected
contact area A (not over the impression surface under load) (3.1). It is cal-
culated in units of GPa and MPa and is a quantitative measure of defor-
mation resistance. Hardness values suffer from a sometimes very pronounced
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indentation size effect (ISE) [13], which limits their practical use. For exam-
ple, the H values of high-purity aluminum single crystals as measured with
a Berkovich or a Vickers indenter vary from 0.8 GPa at low contact height
(he = 30nm) to 0.2 GPa at large contact height (h. = 8 um) or the hardness of
gold (Berkovich) from 1.4 GPa (h, = 130nm) to 0.43 GPa (h, = 1.2 um) [14].
The reasons are not elucidated, yet, but the Meyer power law for the descrip-
tion of ISE in Vickers microindentations does not seem to have a physical
meaning but is a mere mathematical artifact to take into account the ISE ef-
fect in microhardness tests [15]. Additionally, hardness values depend on the
indenter types [16].

Furthermore, and not surprisingly, there is considerable scatter in the sin-
gle measurements of H, which does not guarantee a high precision even if a
multitude of measurements is averaged (typically 10 measurements averaged,
three of them with higher deviations discarded). Even worse, there may be
a risk of varying response of certain materials in single indents in the same
specimen under exactly the same experimental conditions so that the values
cluster in two different regions. These should then not be averaged but dis-
tinguished and studied more closely. An example is sapphire on (001) when
probed with a Vickers indenter of large radius (R = 400 nm) at 54 nm contact
depth. The H-values clustered at 54-60 and 32-38 GPa [14]. Such behavior
is to be expected if the ratio of elastic/plastic deformation varies by pop-in
events in the loading curve and as the definition of the contact depth does not
appear very reliable due to difficulties with the actual shape of the indent at
the periphery of indenter contact under load (h. = h — hg), where hg is the
surface profile height at the perimeter of contact due to sinking-in. There are
certain assumptions to the definition of that quantity and it is well known
that any creep (that is frequently occurring) and pile-up will produce errors
that cannot easily be accounted for. Still another correction factor € for hy is
necessary to account for the tip geometry [17]. The value of £, which influences
the hardness calculation, is a source of uncertainty. Usually € = 0.75 is used
for pyramidal indenters, but there is no sufficient foundation for that usage.

This type of hardness is also termed Meyer hardness. Different definitions
of hardness as derived from the work of indentation are discussed in Sect. 3.8.

3.4.2 Reduced Elastic Modulus

Equation (3.2) defines the reduced elastic modulus E, that is related to
Young’s modulus E from dilatation measurements by (3.7).

1B =(1~-v)/E+(1-1)/E. (3.7)

The measured quantity can be transformed to Young’s modulus by apply-
ing Poisson’s ratio v, which takes into account the elasticity parameters of
the indenter (usually diamond). The difference between E, and E/(1 — v?)
increases as the elastic modulus of the indented material approaches that of
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the indenter. Elastic moduli are frequently assumed not to experience strong
indentation size effects but to be nearly independent of the contact depth [1]
(cf., however, Fig. 3.26). They indicate the elastic materials properties.

3.4.3 Contact Area and Contact Height

The projected contact area A (3.5) is the basic quantity that must be deter-
mined for the calculation of hardness H and elastic modulus E,. The theoret-
ical contact area is Agpeor = 24.56 h2 for a Berkovich, 24.56 h? for a Vickers,
2.598 h? for a cube corner, 0.6495h? for a 60° pyramid, and ©* R h for a
spheroconical indenter. However, experimental values are far off those values.
An area function for A is required due to tip radius of curvature at the end.
For example a /A versus h. plot of a typical Berkovich indenter starts to
become linear at about 20 nm contact depth h.. Precise contact areas are not
easily obtained. The meaning of contact area and contact height is sketched in
Fig. 3.6, which also defines the various other height designations. The contact
area is located at the height h. = hmax — hs as the area of impression. After
unloading and removal of the tip the area of impression is to be searched
at the original surface height. Only the latter area can be directly measured
by SEM and only if the impressions are deep, but it is hard to find in the
case of nanoindents. AFM measurements would not be precise enough due
to tip sample convolution. The contact area A under load is therefore more
frequently calculated by an iteration procedure after calibration of the in-
strument with a standard of “known” H and E., usually fused quartz. It is
assumed that A remains constant upon unloading which, however, is an ap-
proximation. Unfortunately, other materials than the standards have different
indentation geometries, a fact that is not taken into account when comparison
to the standard is made. Rather all relevant quantities that are necessary for
the computation of H and F, are obtained by multiparameter iterations with
respect to the unrelated standard. This certainly detracts from the physical
meaning of such values obtained in accordance to ISO 14577.

Figure 3.6 depicts the usually assumed situation of sinking-in of the surface
outside the contact so that the contact height is hyax — hs. Such “sinking-in”
is assumed for the data analysis system and (3.6) for h. is deduced on that
basis. It is, however, well known that there may be also piling up reaching
actual he > hpax values, because the material is coming above the initial
surface (not depicted). Such behavior does not conform to the data treatment
and errors in the calculated contact area A and thus H and E, may be very
large because of that (sometimes >80%). A correction procedure has been
given that accounts for these effects based on the contact stiffness and SEM
pictures of the residual impression from large indentations [18]. Furthermore,
the ratio of h¢ and hyax was used for predicting the pile-up for a given strain-
hardening exponent. The power law exponents for the loading curve were
taken to be 2.0 for the loading and 1.35 (h¢/hmax > 0.4) for the unloading
curve in that procedure [19].
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Fig. 3.6. The definition of contact upon loading and unloading of the standard
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Fig. 3.7. Linearity between hmax and hc, h¢, and hs from the iterative analysis of
indents on fused quartz with (a) a Berkovich and (b) a cube corner indenter

The various heights are fitted during the same iteration procedure as for
Ape (3.9). They are then all linearly related to hmax as plotted in Fig. 3.7 for
two different indenter tips, but the slopes are different and depend strongly on
the indenter [9]. These linearities are taken as the basis for using the directly
measured hpyay instead of h¢ in the analysis of the loading curves below. Mul-
ticycling tests in fused silica had a kink in the h. — hApax plot. It was, however,
deduced that the ratio of h./hmax relates to H/E, and that “continuous”
hardness measurements with multicycling experiments (at known E,) can be
performed on that basis [11].
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3.4.4 Stiffness and Compliance

The unloading stiffness .S is the resistance to elastic deformation. It is related
to the square root of the projected contact area A at h. as in (3.3). It is
usually determined from the initial slope of the unloading curve, but it can
also be continuously measured by some modulation of the load. Its value is
required for the calculation of the contact area and thus hardness and elastic
modulus. The precision of that value is increased by an iteration procedure as
well. The inverse of stiffness is the compliance (3.4). It is needed for enabling
a correction of the instrument compliance by the separately determined load
frame compliance as part of the instrument calibration.

3.4.5 The Unloading Iteration Process

By measuring the initial unloading stiffness the elastic modulus can be ob-
tained if Aypc, the projected area of the elastic contact, is determined. Nu-
merous precautions have to be followed at its determination. These include
calculation of the contact height h. (smaller than the total displacement Amax;
(3.6) at peak load, minimizing the stiffness errors by consideration of the ex-
ponential fit of the unloading curve according to (3.8), where B, h¢, and m

Fy = B(h — he)™ (3.8)

are all determined by a least squares’ fitting procedure. The exponent m
was deduced to be 2 [20] or according to the model of the virtual sphere
indenters 1.5 (in that case h¢ was iterated) [17]. However, the exponent m
varies between 1.1 and 1.8 depending on the specimen and on the indenter tip
and is therefore termed as a “materials constant” and so is B. Furthermore,
the iterated exponent m varies in wide ranges depending on the range of the
unloading curve that is fitted. The recommendation of ISO14577 to choose the
range from 100% to 20% of the load cannot be applied in all cases. Rather the
form of the curves (and their deviation down to zero load) points frequently to
two or more exponential functions that are involved. Their form is frequently
influenced by phase transformations during unloading. For example, some
clear examples are recognized in Fig. 3.1 and 3.3, and phase transformations
under load occur probably much more frequently than previously envisaged
(Sect. 3.7). It is possible to choose the fitting range for all occurring unloading
curves starting at 95% (excluding initial noise) so far down that the exponent
1.5 is obtained with corresponding adjustments of h¢ and more seriously B.
This may be demonstrated with an example of similar elastic and plastic
response in Fig. 3.8 and Table 3.2.

The E. values in Table 3.2 vary by 30%, those of H by 12%, and those
of S by 34% due to the choice in the first column. While ISO14577 fixes
the iteration to be taken between 20% and 100% of the maximal load and is
cautious with unloadings that cannot be used “down to at least 50%,” there
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Fig. 3.8. Choosing different exponents m for the unloading curve of SrTiOs (100)
after load with a cube corner for the “correct” tangent at Fax in the unloading
stiffness determination [9]

Table 3.2. The variation of the parameters B, h¢, and m of (3.8) upon different
choices of the unloading range and their influence to the elastic and plastic properties
for SrTiOs (100) [9]

lower E. H S he A (nm2) B he m

end(%)*  (GPa) (GPa) (WNnm™') (nm) (nm)
5 327.0 12.9 102.4 45.0 76964.6 0.1 255 2.8
10 319.2 12.9 99.7 44.9 76569.4 0.3 274 2.5
15 305.4 13.1 94.9 44.6 75793.2 14 30.3 2.1
17 300.3 13.1 93.1 44.5 75468.5 2.3 314 2.0
20 293.6 13.2 90.8 44.3 75018.1 4.3 32.7 1.8
30 271.6 13.5 83.0 43.7 73251.8 228 36.5 14
40 283.4 13.3 87.2 44.1 74300.1 7.5 337 1.7
50 280.3 13.4 86.1 44.0 74036.3 109 34.7 1.6
52 279.4 13.4 85.8 44.0 739479 129 351 1.5
60 277.5 13.4 85.1 43.9 73759.1 184 36.1 14
70 285.4 13.3 87.9 44.1 744574 85 342 1.6
80 266.9 13.6 81.2 43.5 72646.9 709 40.0 1.0
90 230.8 14.6 67.9 41.9 679149 39.1 36.1 1.1

# Upper end: 95%, Fx = 989.3UN, Amax = 52.7nm

may be concern if that compromise obtained for favorable standard samples
is well founded. One may argue that the full curve should be iterated (in
Fig. 3.8 m = 2.8), that the same exponent as in the loading curve (m = 1.5;
(3.18)), or a theoretically deduced but in nanoindentations not experimentally
supported exponent (m = 2) should be fixed rather than the free iteration. Re-
markably, the 20/95 iterated exponent 1.26 for the standard fused quartz with
Berkovich indenter is very far away from 2. Figure 3.8 shows that the unload-
ing/reloading curves for the determination of reduced modulus and hardness
can be fitted to monoexponential functions but with adjusted exponents and
further adjusted parameters [21]. The free iteration leads to jumping of the
exponent as is evident from the last column in Table 3.2. Instead of the theo-
retically expected exponent 2 [22] exponents of 1.1-1.8 are actually obtained
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(depending on the substrate and the indenter tip) in the 20/95 iteration, or
from 1 to 3 if the iteration is extended to the full experimental curve. If un-
loading/reloading curve coincides with the pristine loading curve in the case
of fully elastic loading, an exponent of 1.5 is obtained in nanoindentation (an
example is depicted in Fig.3.12). The unloading/reloading curves have noth-
ing in common with the pristine loading curve if there is a residual impression.
The material has changed by breaking bonds or intermolecular bonds, phase
transitions, “indentation hardening,” far-reaching changes, etc. and the geom-
etry of the reloading process is totally different. It would be well possible to fix
an exponent of 3/2 for the initial part of the elastic unloading/reloading curve
as verified in Fig. 3.12, where the geometry of the process has not changed.
The result for the values of the stiffness, hardness, modulus would be slightly
different from the ones with exponents of 1.1-1.8 at the 20/95-iteration. How-
ever, the uncertainties with the unloading curves (and the contact geometry)
rather point to use the loading curves for the mechanical characterization of
materials (Sect. 3.6).

The next step in the process is the differentiation of the iterated expo-
nential function (3.8). The derivative at the peak load provides the stiffness
(the initial unloading slope) or compliance after corrections for the load frame
compliance and geometric indenter deficiencies (with respect to reference ma-
terials). The Aj. value is then obtained by iterating the area function of
the indenter with the exponential series (3.9) using h. and eight parameters
C1 — Cg, where () is the geometric factor for the ideal indenter, until conver-
gence

Ape = EEJQ (C = C) " = Cohi + Cihe + Cah/?
+Csh4 4+ Cghl/M (um?) (3.9)

is achieved. The procedure assumes that E, is constant, independent of the
load. Calibration standards are fused silica, aluminum (100), and/or tungsten
(100). The cut of the stiffness line at zero is h., which requires correction due
to indenter geometry. Therefore it is

hc = hmax — £ FN max/S (310)

usually calculated by (3.10), where Ay is taken from the iterated unloading
curve (or calculated as heg) and € is taken to be 0.75 instead of 0.7268 as was
theoretically deduced for conical and pyramidal indenters. The quantity of hg
is obtained from the cut of the calculated exponential unloading curve. This
technique of Oliver and Pharr [20] is most frequently used for the detection
of H and FE; from the unloading curves and adapted in ISO 14577.

It appears that there are difficulties with the assumptions made in the
determination of h. if samples other than the standards are chosen. These as-
sumptions are depicted in Fig. 3.6. Sinking-in and pile-up (current techniques
for analyzing make no provisions for extra contact area produced by pile-up)



192 3 Nanoindentation

cannot be foreseen and they influence the result. The fate of the material under
the loaded tip remains largely undetermined. It is termed “strain-hardening
of the material.” Upward flow is assumed but not always seen (Fig.3.5) and
not included in the basic assumptions for the contact area (Fig. 3.6). For em-
pirical treatments constraint factors (C) and strain-hardening exponents are
defined that take care of the stress (o) and strain (¢) under the indenter [1].
But these techniques are restricted to special types of materials and inden-
ter geometries and lack generality. For more detailed treatment far-reaching
effects and phase transitions would have to be additionally considered.

The fate of the displaced material (pile-up, sinking-in, creep (plastic flow),
phase transformation, “migration of dislocations,” etc.) is disregarded in such
mechanical testing and is deemed irrelevant as long as it does not influence
the contact area, which is certainly hard to judge. It appears difficult to be-
lieve that such omissions are indeed valid in the general case beyond the few
well-studied standard materials if all kinds of different materials are included.
These may be soft or brittle, anisotropic, inorganic, organic, and biological
materials. Anisotropic deformations are known in the case of inorganic and
polymer materials and have been interpreted as “plastic deformation,” “flow,”
“some kind of sliding,” “cracks along shearing/cleaving planes,” “local mor-
phological changes,” “migration of dislocations,” and the like [23-25], but real
materials balances were not provided.

An alternative determination of the contact area uses a two-parameter area
function. It was developed and used with equal success as (3.9) in the fitting
of unloading curves [26]. This approach uses parameters that correspond to
an “effective tip radius” and an “effective cone angle” of the pyramidal tip.
The projected area under load is then expressed as in (3.11):

A=mh?/cot?a+4 RT h.+4 R* 7w cot® a. (3.11)

This method does not rely on the constant modulus assumption, as does the
eight-parameter (3.9) (ISO 14577), which is more generally used in the soft-
ware of the instrument builders. Nevertheless, the difficulties with the area
function are severe indeed. There are further problems with creep (errors on
H and E, may be larger than 20% and 50%; approaches for remedy have been
discussed in detail [8]) and adhesion and there is the well-known “indentation
size effect” ISE for the hardness values, i.e., its change with the maximal load
applied. The reasons for ISE remained largely unexplored. It can, however, be
expected that such changes arise also from pressure-induced phase transitions
(Sect. 3.7). There is a possibility to extract hardness values from the loading
curves (3.12), however, usual Martens universal hardness (HMj) determina-
tions, using the slope n of the h — \/Fy curve preferably at 50-90% of FN max,
assume a load—height relation that is not valuable in nanoindentation and
should not be used there (see (3.18)). Furthermore, the HM; technique does
not correct for the actual geometry of Vickers or Berkovich indenter, neither
does it settle possible problems with the time dependent plasticity.
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HMs =n~2 Ay(h) h™? (3.12)
(As(h)/h? = 26.43 for Vickers, 26.44 for Berkovich).

There are (draft) standards available such as ISO14577-1 to 3 or ISO/CD
14577-4 (for coatings) and at the European level TC 184/WG5, WI 121-132
(by the committee CEN) for the measurement of hardness and Young’s mod-
ulus and materials parameters by nanoscopic depth sensing. An account for
progress in the determination of the area function of indenters for nanoin-
dentation has appeared [27]. The properties of test materials have been
discussed [16].

The special needs and particularities of coatings and films for hardness
and elasticity measurements have been thoroughly and exhaustively covered
by the European INDICOAT project [28]. Generally, no differences with bulk
materials are expected as long as the depth of the layers is at least 10 times the
indentation depth. But important results are also obtained if multilayers are
totally penetrated down into the support and there exist proper techniques
for ultra low penetration in nanoindentation. It should also be noted here that
pile-up errors might be very large if the coating is detached. For example, soft
Al films on glass have been judged to produce errors that reach 80% for A
and H and 35% for E,, as the extra contact area produced by the pile-up is
not accounted for by the unloading data [29]. Nanomechanical properties of
thin films and multilayers have also been discussed in [30].

The severe difficulties with the area function of the nanoindenters and
the uncertainties when going from standard materials to varied materials of
practical interest make it necessary to look for further analytical treatments
of the nanoindentation process and for further techniques. It should be again
stressed that the loading of a pristine surface is different in nature from the
unloading/reloading. In successive loadings there is no longer plastic deforma-
tion and the indenter experiences only the elastic response at the preformed
relaxed impression close to the shape of the indenter. The exponent m for the
exponential unloading/reversible reloading curves (iteration from 20% to 95%
FN max) varies from 1.1 to 1.8 and depends both on the specimen and on the
indenter. But a new experimentally secured universal power law for the initial
loading curve of nanoindentations with exponent 3/2 will be presented for the
nanoindentation to flat surfaces in Sect. 3.5 and 3.6. It indicates a profound
difference between nanoindentation and microindentation.

3.5 Improved Indentation Parameters

In view of the difficulties for obtaining reliable values of hardness and elas-
ticity modulus more reliable mechanical properties should be used. With the
assumption that the loading Fy versus h? plots should be linear the parameter
Fn h=2 (N um™2) was proposed [31,32]; however, the tangents to Fiy —h? plots
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do not hit at zero in nanoindentation [7,9], evidently, because the assumption
is not correct (experimentally disproved) for nanoindentations.

In another approach, combining (3.1) with (3.4) and (3.5) we obtain (3.13)
with a constant parameter Fy - S~2(um? N~1) that may be useful for both
nano- and microindentation as long as H and F, are constants.

S? Ft=4nt (B2 H! (3.13)
Recent experiments used this constant parameter S2 - Y ! in microindenta-
tions (loads up to 700 mN) as a new materials characteristic by performing
continuous stiffness measurements along the loading curve that is indepen-
dent of tip shape (presumably with a Berkovich indenter) [33]. It means that
hardness values can be obtained without any knowledge of the detailed inden-
ter shape if E, is known. Twelve inorganic materials (H: 1.03-39.24 GPa; E:
70-450 GPa) gave the linear relation between Fy and S? with a Berkovich in-
denter in microindentations up to large forces (up to 500 mN; e.g., 160 mN in
the case of fused quartz). However, there is a dependence of H on the indenter
tip, which does not show up in (3.13), and the indenter tip should therefore be
indicated [9]. Furthermore, it has been shown [9] that similar plots of S$? (from
the initial slope of the unloading curves) versus Fy for fused quartz at nanoin-
dentation (Fx up to 1, 4, and 5mN) are also linear, as expected. This has been
tested with the 60°, 90°, and 142.3° three-sided pyramids. These plots showed
a dependence of the elasticity parameters on the indenter tip whatever the
reason may be even if their contact areas are not involved (Fig. 3.9). Interest-
ingly, the micro-scale value obtained using continuous stiffness measurement
(up to 160 mN load) on fused quartz (Fy - S~2 = 1.020 um? N—1) [31] did not
agree with the nanoscale plot (1-5mN load) based on the extrapolated slopes
of the unloading curves giving values on fused quartz of Fy - S~2 = 1.361 for
the Berkovich indenter, 0.901 for the cube corner, and 1.622 [um?N~1] for
the 60° pyramid [9]. It may reflect the uncertainties in the determination of
S and/or the principal differences between nano- and microindentation tech-
niques. No area function whatsoever has been used, and the indentation size
effect on the hardness of fused quartz is known to be not very pronounced.
But the fused quartz system is complicated due to the kink in the nanoinden-
tation Fiy —h3/? plot ((3.8) and phase transition in Sect. 3.7), which is totally
obscured in microindents at very high load (e.g., 160 mN). Figure 3.9 shows
the marked influence of the indenter shape. The slope change was drastically
demonstrated with a blunt (R = 250 nm) cube corner, which gave a vastly dif-
ferent parameter of 1.622 (um?N~1). The missing correlation of the Fy - S~2
values with the totally included angle of the tip is certainly due to an interplay
of phase transition and effective cone angle as well as tip radius or other tip
deficiencies.
A different approach is the more detailed analysis of the loading curves,
but these are at variance. Hertzian theory of elasticity [1] deduces the
load—displacement relationships for different punches as exponential functions
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Fig. 3.9. Nanoscopic Fiv—S? plots for indents on fused silica with (a) cube corner,
(a’) blunt cube corner, (b) Berkovich, (c) 60° pyramidal indenter tip; 95-20% of
the unloading curves were iterated

(3.14) with m = 1 for flat cylinders, m = 1.5 for spheres at small displace-
ments, m = 1.5 for paraboloids, and m = 2 for cones.

Fx = const ™. (3.14)

For the loading curves the flat cylinder model (m = 1) was generalized for
covering all indenter geometries [22]. However, the loading curves are far from
being straight lines. Another approach by Loubet et al. [34] and Hainsworth et
al. [31,32] claims linear relationships between load and displacement squared.
For a general conical indenter of half-angle # and pyramidal indenters, which
are attributed “effective cone angles” o, a complicated Fx ~ h? relationship
has been formulated [1] (3.15), but the assumptions for its deduction use data
from the unrelated unloading curve

Fx = h? B, [VE:/vVH (3y/3tan®0)Y/? + (n — 2)\/H//nyE:] 72 (3.15)

Refs. [17,33] put forward the square relation. However, the tangents to the
curves of such plots do not hit at the origin in nanoindentations [7,9]. Further
expressions for the constant in (3.15) have been deduced for various situations
of elasticity and plasticity [35]. However, the square relation is only verified for
microindentations (above about 10 mN load) and deviations of the square re-
lation for nanoindentation at lower load have been located. More specifically,
it was claimed that H and E, determinations should be performed by going
beyond a transition region “roughly at 30 mN load,” where the basic physical
derivations become valid with the recommendation to measure H and E, in
the microindentation region (e.g., at 40 or 50 mN load) by reasoning that
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“initial contact” and/or the imperfectness of indenter tip may be responsible
for the transition region [35]. Nanoindentation experiments clearly show that
there is no experimental verification of (3.15) by experimental loading curves
in the load region below 10 mN where a new universal 3/2 exponent holds
(cf. (3.18)) [7,9]. Clearly, there are basic differences between nano- and mi-
croindentation, and the present physical treatment is only valid for micro- and
presumably macro-indentations [7,9]. Furthermore, the well-known “indenta-
tion size effect” was invoked for explaining deviations from the exponent 2 in
the case of ceramics [36], but such claim does not provide reason. It should
be kept in mind that the generally assumed square dependence of the loading
curve (which is not valid for nanoindentation) was used to establish a for-
mula for the relation of elastic/plastic parameters E/oy (o, = yield stress),
ht/hmax, or loading slope/elastic stiffness S1/S, (3.16), or for the prediction

S1/Sy = 1.48 - (1 — ht/hmax), for he/hmax > 0.4. (3.16)

of constraint factor (H/o; o = flow stress at 10% strain), or for the definition
of a “true hardness” (considerably larger than the generally used projected
area hardness from the slope of Fyx—h? plots, E, and geometric factors) [37]
(a further definition of “true hardness” or “work of indentation hardness” is
described in Sect. 3.8, (3.22)), or for judging the pileup during indentation in
bulk materials if the work-hardening characteristics of a material are known
[38].

Another description of the loading curve did not acknowledge the dif-
ferences of nano- and microindentation but used two parameters and two
different exponents for the load [39] (3.17):

h=CFY? 4+ CoFY? (3.17)

Such attempt to separate plastic and elastic penetration can better approach
the shape of the loading curve even at lower load than the quadratic fit. But
the author soon returned to the quadratic hypothesis for the loading curve
using a model of “the virtual sphere indenter” [17].

In that situation an experimental study aimed at finding a reliable and
general relation for the loading curve of nanoindentations in metals, salts,
oxides, silicon, polymers, and organic crystals was performed. It was consis-
tently found that the exponent 3/2 holds in the Fy versus h relation (for a
60° triangular pyramid [9], cube corner [7,9], Berkovich [7,9], and spherical [7]
indenter). The experimental relation is given in (3.18).

Fx =k h*? or F2/® = k*/3h. (3.18)

Fx — h3/2 plots reveal straight lines that hit the origin (in the absence of surface
layers), unlike the linear or the square approach. In other words, the new gen-
eral power law for the nanoscopic loading curve suggests that the indentation
depth h is proportional to Ffl/ % but not proportional to Fy and +/Fx, irre-
spective of the chosen indenter tip, elastic/plastic ratio, and chemical bonds
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in the materials. Therefore, the differences of nano- and microindentation are
secured, and nanoindentation provides new effects and new insights over mi-
croindentation. For example, the pressures of loaded indenters are high enough
to induce phase transitions that are obscured in microindentation curves but
can be located as kinks in the nanoscopic loading curve (Sect. 3.7).

It appears that the new nanoindentation parameter, i.e., the slope k of
the Fx—h%/2 plot with the dimension pN nm~>/? is a more direct and more
reliable new parameter than the Fy - S~2 parameter, as the former is avail-
able without any assumptions or iterations at low loads [7,9]. The latter
is charged with additional problems of adhesion at various classes of solids
and increased cracking/fissuring probability if load oscillation is applied. Im-
portantly, if Fy —h3/2 plots reveal kinks this is diagnostic for surface lay-
ers or phase transitions under pressure (such kinks cannot be detected in
false square plots!). The 3/2 power relation holds for almost purely elas-
tic, almost purely plastic, and elastic—plastic materials, and probably for
all indenter types (though with different slopes, of course) except the flat
punch as long as pop-ins or macroscopic cracks and fissures are avoided.
Such analysis differentiates between loading to a flat surface and reloading to
an impression.

Unloading and reloading curves depend on the specimen and indenter
geometry (Figs. 3.1-3.3). Various power laws have been proposed varying from
Fx o~ (h—he)? [37] to Fx ~ (b — he)'35 (he/hmax > 0.4) [19]. However, the
iteration of such exponential relation in the determination of unload stiffness
(20-95% range) adjusts varying exponents ranging from 1.1 to 1.8, and severe
further variations depend on the range of the unloading curve according to
such iteration as is demonstrated in Table 3.2.

A more elaborate treatment of microindentation used the limiting cases
that are completely elastic with Fix ~ (h — h¢)? and completely plastic with
Fx ~ (h—h¢). In between a linear combination bounded by the elastic solution
and the plastic solution was assumed, the weight being governed by the strain
hardening parameter [35]. Evidently this differs from the result of nanoun-
loading where the fully elastic extreme obeys the relation Fy ~ (h — hf)3/ 2
(Fig.3.12) and the fully plastic extreme approaches a vertical line (nearly so
with Al in Fig.3.1). In between a very large portion of the unloading curves
follows the 3/2 exponential relation (e.g., in Figs.3.12, and 3.13), which is
also characteristic for fully elastic unloading ending with a flat surface. The
lower part of the nanounloading curves may represent the reversal of phase
transitions in some cases. The kink in Fig.3.1 (SiO3, 60° pyramid) may be
interpreted that way. In the interpretation of the power laws, the different
starting points of loading (to flat surface) and reloading (to impressed sur-
face) should be reminded. The pressure distribution is different, except in the
case of totally elastic pristine indentation, where no impression remains upon
unloading. It has, however, been theoretically concluded that for spherical
indenters the load is proportional to h®/? both in the loading and unload-
ing/reloading curves. This conclusion was analogously applied to extend the
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hypothesis of a square relation (h?) for loading also for the reloading with
the (pseudo)conical indenter [22]. However, it cannot be experimentally ver-
ified for nanoindentations in both cases. The new experimental findings are
described now in more detail in Sect. 3.6.

3.6 Linear Plots for the Loading Curves — the New
Universal Exponent 3/2

In nanoindentations the experimental analysis of loading curves provides lin-
ear plots with a general Fiy ~ h3/? relation (3.18). This result has been ob-
tained with a wide variety of material types and indenters (from fully elastic to
almost fully plastic behavior) that revealed the generality. Nanoindents with
60° triangular pyramid, 90° cube corner, 142.3° Berkovich or cono-spherical
indenter (R = 1pum) indicate the power law of (normal force) — (normal
displacement)®/2 up to considerable forces in the nanoindentation range (3.18)
and with all the various appearance of the indents (Fig.3.5), which may ex-
hibit sinking-in, pileup, long-range depressions, and even molecular migrations
(Sect.3.10). The experimental parameter k with dimension (Num~=3/2) is a
new indentation parameter that is more directly available than elastic mod-
ulus and depth depending hardness from unloading curves. These k-values
depend also on the indenter tip that must be specified.

Equation (3.18) differs from the varying Meyer exponents (n = 1.65-1.9)
reported for microindents at forces higher by two to three magnitudes under
Vickers indenters [4]. Phase transitions under pressure may change the slope
of the Fix —h3/2 plot, which will exhibit kinks in those cases. Similar kinks will
occur at very low loads if surface layers (e.g., surface hydrates or oxides with
water layers) are present, as these are different material. These experimental
observations provide new insights into the mechanical properties of a material
that cannot be obtained by microindentation unloading curves, which monitor
the phase transformed state in such cases and the parameters are, of course,
measured for that state. The 3/2 exponential relationship in nanoindentations
is valid for amorphous (fused quartz or organic polymers) and crystalline ma-
terials such as aluminum, silica, strontium titanate, or crystalline a-quartz,
polycrystals such as gold, and organic crystals of various types. The validity
of the experimental 3/2-power law is most easily demonstrated by compar-
ison with plots of the previously claimed linear and quadratic relationships.
The most prominent standard (fused quartz) is used even though there is
a complication due to its amorphous-amorphous phase transition (Fig. 3.10).
The slopes of the Fy —h3/2 plots are the new indentation parameters k with
dimension (UNnm~%?). The physical meaning of the slope k (UNnm~>/2)
reveals from a dimensional analysis: it is the geometric mean of the work per
contact area formed (UNnmnm™?2) or (uWNnm™') and the contact pressure
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Fig. 3.10. Nanoindents of fused quartz (SiO2) under various conditions of ex-
perimentation and analysis: (a—d) sharp cube corner, (e) sharp 60° pyramid, (f)
conosphere (R = 1um); the minor axial intercept in (b) and (e) reflects the hy-
drated surface water layer; the intercepts of the second slope lines in (d) and (e)
(the first points excluded from the regression) are caused by the pressure-induced
phase transitions, further deviations at very low load are due to the surface rough-
ness; images (a) and (c) are shown in order to exclude validity of such types of
plot

imposed (UNnm™?). Figure 3.10 shows a series of linear plots for fused quartz
indentations under various conditions.

The usual shape of the normal force versus normal displacement plots
(every point is an average from various indents at the respective load) is non-
linear. An initial part of the fused quartz indent (cube corner) is shown in
Fig. 3.10a. Neither a linear (Fig. 3.10a) nor a quadratic (Fig.3.10c) force law
holds, as the trial regressions miss the origin. However, the plot of (normal
force) versus (normal displacement)3/ 2 gives a straight line through the origin
(Fig. 3.10b,f). The slight deviations at the beginning and a very minor devia-
tion from zero of the cut at the Fy -axis are caused by the hydration layer on
SiO5 in ambient atmosphere. Figure 3.10d depicts a larger force range with
the cube corner, and it is seen that a kink is present in the 3/2 exponential
plot. Its first linear part is extended in Fig. 3.10b, and the second linear part
with a slope that is decreased by 25% with respect to the initial part (re-
gression without the points of the first part) has a finite cut at the Fy-axis.
This behavior points to the well-known amorphous to amorphous transition
from the “floppy” to the “rigid” region of fused quartz under pressure [40],
which explains the change in response. Such kink is not present in the straight
Fx —h3/2 plot that is obtained by indentation with a conospherical indenter
(R = 1pm), which exerts less local pressure on the sample at the same load
(Fig. 3.10f). However, the very sharp triangular diamond pyramid with effec-
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Fig. 3.11. Analysis of load displacement data of a microindentation on fused quartz
[20] by trial plotting. The Fi —h? plot (b) is linear, whereas the Fx —h*? plot (a)
fails above 10 or 20mN load; the hardly seen deviation at the beginning of the
squared plot points to the different law of nanoindentation where (3.18) is obeyed

tive cone angle of 24.45° has its kink at 170 uN load and 98 nm penetration
depth as compared to the cube corner with the values 1,000 uN and 77 nm
(Fig. 3.10e). The projected area of the 60° pyramid is four-fold lower at the
same penetration.

Interestingly, the new nanoindentation parameters (k (UN nm~%/2)) are
very sensitive to the indenter shape. Thus, a monotonic increase is found on
fused quartz (after the kink) if the pyramidal tip becomes wider and penetrates
less deeply at the same load (60° pyramid: k& = 0.2378; 90° pyramid: k =
0.6104; 142.3° pyramid (Fig. 3.12): k = 1.6317 uN nm?/?).

This is the place to compare the new results from nanoindentation with
those of previous microindentations on fused quartz. For microindentations
the Hertzian theory deduced an Fiy —h? relation that seems to be obeyed. This
may be exemplified in Fig. 3.11 for a Berkovich tip that had been loaded up to
160 mN [20]. The plot of Fy against h? is linear (with hardly seen deviations
at the very beginning), but not the one against h3/2, which is curved. For
Fig.3.11 only the data up to 120 mN load of [20] were used, the higher values
were omitted. It is clearly seen that the left plot (exponent 3/2) exhibits a
curvature, while the right-hand plot (exponent 2) gives a straight line. The
details of the nanoindentations (up to 10 mN) and the question of the cut at
the Fy axis are effectively obscured at that scale. Therefore, the theoretically
deduced square relation appears to hold only in microindentations. This view
is further supported by the analogous treatment of the microindentation to
crystalline SiO5 (001) and sapphire [20], which give similarly good plots with
the square relation for the same load range (not depicted).

The reason for the switch of the exponent from 3/2 to 2 when going from
nanoindentation to microindentation must be sought in finite tip radii or flat
truncated ends, which become only negligible if the indentation depth exceeds
about ten times the radius or diameter. This is hardly reached in nanoindenta-
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tions. If we try on the basis of Hertzian theory (3.14) must be consulted in this
respect: the sphere would expect m = 1.5, or the flat punch with m = 1 may
be thought averaged with the effective cone with m = 2 for the nanoindenta-
tion region. There is a preference of the latter possibility for pyramidal tips
due to the very strong influence of the effective cone angle (Fig.3.1). When
the more likely flat truncation (usually termed radius of curvature) becomes
negligible at deep microindentation the cone feature with m = 2 prevails.
However, the exponent 3/2 may have a deeper physical meaning if Hertzian
theory is not applicable to nanoindentation.

Interestingly, there are opposing claims of varying Meyer exponents (n =
1.65-1.9) for microindentations with Vickers indenters [4], and there may be
ambiguities with the microindents of hard metal (Vickers, up to 2.5 N) [17],
which provide the Fy—h3/2 trial plots better than the Fx—h? trial plots in
particular in the high range of the load. Also microindents with Al (Berkovich,
up to 120 mN) [20] and W (Berkovich, up to 120 mN) [20] provide ambiguity.
Both types of plot exhibit kinks, and an experimental assessment which plot
should be preferred does not appear possible. The exponent 3/2 would “see”
kinks at 40 and 20 mN, respectively (low load part less steep), the exponent
2 at 35 and 30 mN, respectively (low load part steeper). But these kinks cannot
indicate phase transitions. These occur already in the nanoindentation range
(Sect. 3.7). Rather an intermediate exponent would give reasonable straight
lines. It is certainly hard to judge if additional effects may come to the fore
at the very high loads of micro- and macroindentation. We return now to
nanoindentations that give more direct unambiguous information.

A crucial test for the new Fx ~ h%/2 law in nanoindentations are highly
elastic and fully elastic load/unloads on fused quartz with Berkovich and
spherical indenter. The former exhibits the kink due to phase transition under
pressure at about 105 nm penetration and the square plot is curved. Interest-
ingly, the fully elastic loading and unloading curves with the conospherical
indenter (R = 1 wm, several cycles) on fused quartz are also linear in the very
first part of the Fy—h3/2 plot (Fig. 3.12). This depth region corresponds to
the probing of the hydration layer (cf. Fig.3.10b). In both cases the square
trial plots fail as they are markedly curved.

The Fy ~ h?/? law is also valid for nanoindentations on metals. Only
Fx—h3/2 plots (but not Fx —h or Fy—h? plots) give straight lines that cut
close to the origin with aluminum if the Berkovich {k = 0.2565 (uN/nm3/2),
Fig. 3.13} or the conospherical indenter (Fig.3.14) is applied. The very minor
positive cuts at the Fy-axis reflect the oxide layer on the surface at ambient
atmosphere (Figs.3.13, and 3.14). The linear plots for the indentations on
aluminum (Figs. 3.13, 3.14, and Fig.1 in [7]) do not exhibit kinks up to the
high tested load in the nanoregion. There are almost pure plastic responses
of the soft material and no phase transitions.

The Fx ~ h?/2 proportionality is also obtained with a conosphere indenter
(R = 1um) on aluminum (H = 0.35GPa, E, = 66 GPa) (Fig.3.14). Never-
theless, at very low load up to 50 uN a larger slope of the 1.5 exponential plot
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Fig. 3.12. Linecar Fx —h%/? plots and Fx —h? trial plots of highly elastic and fully
elastic loading and unloading curves on fused quartz; (a), (b) with Berkovich and
(c), (d) with conosphere (R = 1 um) indenters indicating the validity of the exponent
3/2 and excluding the exponent 2
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Fig. 3.13. Loading/unloading curves on aluminum with a Berkovich indenter; (a)
Fn—h3/? plot with the slope that represents the nanoindentation parameter, the de-
viation at the beginning derives from the hydrated alumina layer that is unavoidable
on aluminum in air; (b) Fx —h? invalid curved trial plot
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Fig. 3.14. Nanoindentation loading curves on aluminum with conosphere indenter
(R = 1um); (a) Fx —h*? plot with the slope (k) that represents the nanoindentation
parameter; (b) invalid Fi —h? trial plot with curved shape

(1.042uN nm™'5; not depicted) was obtained with the conospherical indenter,
which is followed by pop-ins after about 80 uN load and must be attributed
to the unavoidable alumina layer on the Al surface in air.

Gold (polycrystalline) (H = 3.3; E; = 105 GPa) is harder than aluminum
and has a higher elastic modulus. The marked differences are also reflected in
the different total works of the indentation (cf. Sect. 3.8) (the total work of in-
dentation for Al up to 1,000 uN load of the conosphere is 3.74 times larger than
that for Au). Also the nanoindentation coefficients (slopes, k-values) are much
higher for gold. Contrary to aluminum, gold gives a clearly kinked Fy —h?%/?
plot when the load of the conosphere (R = 1 um) nanoindentation is followed
up to 10,000 uN (Fig.3.15). The low force indentation plot up to 200 uN has
a considerably higher slope (k-value) than at the higher forces. This points to
a pressure-induced phase transition of gold (for example, face-centered cubic
into hexagonal close-packed or body-centered cubic phase) [41] (Sect. 3.7 and
3.8). It appears extremely valuable that the simple analysis of the loading
Fn—h3/2 plots of nanoindentations allows for tracing of these events. Such
behavior is completely obscured in microindentations. The Fy —h? trial plots
are again curved, which excludes their validity.

The linear plot for the 3/2 power of the penetration depth was also found
with silicon [7]. Clearly, the 1.5 exponential relationship (normal force) ~
(normal displacement)3/?seems to be universal irrespective of the material.
This is also shown in Sect. 3.10 and 3.11 for anisotropic organic and polymeric
materials. Furthermore, it is very important to extend the study of loading
curves to anisotropic crystalline oxides such as a-quartz and salt crystals such
as strontium titanate. It was termed favorable that the Mohs standards “did
not exhibit significant anisotropies” [42]. However, the slope of Fy ~h3/2 plot
in anisotropic crystals must depend on the crystal face. This is dealt with in
Sect. 3.8 after a more detailed discussion of the phase transitions in Sect. 3.7.
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Fig. 3.15. Loading curves on polycrystalline gold of conosphere tip nanoindenta-
tions; (a,c) Fn—h%/2 plots at high and low load range with very different slopes
(representing the nanoindentation parameters) due to a phase transition; (b,d)
curved invalid Fx —h? trial plots

3.7 Phase Transitions

It has been argued that the average pressure under a “geometrical similar”
tip such as cone or pyramid does not depend on the load or penetration [43].
However, in nanoindentations the tips are not geometrically similar as they
have significant radii usually in the 100 nm range, which cannot be neglected.
According to elastic theory [1] the mean pressure p,, under a sphere is de-
scribed by (3.19) where “a” is the radius of the projected area and R the
radius of the sphere.

Dav = (4E;/3m)(a/R). (3.19)

This means that the average pressure increases initially and that enormous
mean pressures are reached very soon in the early nanoindentation range. For
example, they reach values of 0.368 F if h. is at half of the radius R. It is only
at microindentations where the mean pressure for a (pseudo) conical indenter
is almost correctly described by (3.20) [43] or similar equations that take into
account corrections for the hyax/he- ratio [11].

Pav = Er/2tgal (3.20)
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It should be noted that long-range pressure relief would decrease the calculated
pressure values. Such long-range pressure relief may be phase transitions along
highly occupied lattice axes of crystals. Any pressure-induced phase transi-
tion is expected to exhibit in precisely analyzed load-displacement curves of
nanoindents as a kink because the phase-transformed material behaves differ-
ently. Furthermore, if nanoindents actually start with a more or less spherical
or truncated pyramidal (mean of flat and effective conical punch) geometry
the linear Fy —h%/2 plots (but not Fy —h?; cf. Sect. 3.6) would be explained on
the basis of Hertzian theory. The correct linear plot (3.18) can only trace the
kink when the pressure increased sufficiently to induce the phase transition
in the core zone.

The load does not appear in (3.19). Rather the modulus and the radii
determine which pressures will be reached. The “effective cone angle” of the
pyramidal tip plays its role if the influence of the tip radius or of the flat
end diameter can be neglected at depths larger than about 10 R or 10 d.
Very large average pressures occur at high values of the elastic modulus. In
many cases such average pressures exceed the pressures required for transi-
tions from low- to high-pressure crystal or glass modifications. For example,
the average pressure at h. = R/2 calculates to 46 GPa for trigonal o-quartz on
(0001) (H = 10.3, E = 124 GPa, v = 0.077) and to 27 GPa for fused quartz
(H =9.5, E = 73GPa, v = 0.17) according to (3.19). These average pressure
values are well above the phase transition pressures of o-quartz (>2.2 GPa
into monoclinic coesite and >8.2 GPa into tetragonal stishovite) [44] or
fused quartz (amorphous—amorphous transition at ca. 3 and 5GPa) [40].
The average pressure of corundum, sapphire, or ruby (a-AloOs on (001),
H = 30-35GPa, E = 441 GPa, v = 0.234) under the same conditions calcu-
lates to 162 GPa according to (3.19). The phase transition (into the RhoOs-
structure) requires 79 GPa [45]. Interestingly, the reference indentation data
of sapphire [21] exhibit a kink (at about 230 uN load and 30 nm depth) when
plotted according to (3.18). Furthermore, the fully elastic indentation that
has been reported for tungsten [20] (H = 6.0 GPa, E = 410 GPa, v = 0.280)
provides a kink at about 120uN load and 30nm penetration when plotted
according to (3.18), and there are the well-known interchangeable o-W and
B3-W modifications that are close in energy content.

Kinks are to be expected in the nanoindentation loading curves because
the different modifications are different materials with different mechanical
properties. The high-pressure form governs therefore the first part of the un-
loading curves in common nanoindentation experiments. It is hard to predict
if the high-pressure forms are rapidly reversible or not. As the theory of plas-
tic deformation and “indentation hardening” is not well developed it is not
yet possible to predict at which load the kink will appear. It is therefore very
important to realize that such kinks are only expected if the correct expo-
nent 3/2 is used to h, as this is now the reliable description of the loading
curve for nanoindentations. Such kinks are obscured when using a faulty ex-
ponent (for example of 2), or by curve fitting, or in microindentations. The
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rather low pressure values for the phase transitions of quartz are the reason
for early kinks in the Fy—h3/2 plots. This is unfortunate, as fused quartz
is the most frequently used calibration standard. Its curve fitting hampered
the quantitative analytical description of the nanoindentation loading curves.
Phase transitions in indentations are not unusual and can be studied further
by Raman spectroscopy [46]. However, these are indirect if the permanent
impressions are investigated and the high-pressure phase does not survive the
unloading. The rather troublesome example of multiple silicon phases is dis-
cussed in connection with the more distinct detection of phase transitions by
nanoscratching in Sect. 4.5.3 (Chap. 4). The practical use for finding pressure-
induced phase transitions from the nanoindentation loading plot with most
easy experimentation must be stressed. Such knowledge is widely unavailable
for organic molecular crystals, in particular drugs (Sect. 3.10), and may be of
high importance in organic polymer properties (Sect.3.11).

3.8 The Work of Indentation and its Anisotropy

The integral under the loading curve gives the total work Wiyt necessary for
creating the impression up to the final load Fy (3.21).

WNtot = fFNdh (MN nm) (321)

The quantity Witot can be planimetrically obtained or by use of an integrator.
The unloading curve separates the elastic and plastic part of the area, which
allows for separation of W, (the permanent plastic work) and W, (the elastic
work). These quantities have found some interest for the characterization of
materials, but most applications are still focused on the values of H and E;. It
has been found that W), is linearly related with Flf}/ ? for macroscopic loads to
aluminum (1 —50N), and the so-called “true hardness” (see Sect. 3.5) was de-
termined from linear W, —FSI/ 2 plots [47]. Such linear plots for Wiy and W,
were also reported for ceramics [36]. The specific work of permanent indenta-
tion was defined by dividing W}, through the volume of the indent. This gives
the energy required to create a unit residual volume of indentation. However,
the formal deduction used an Fy ~ h? relation [36], which is not valid for
nanoindentation and the volume of the impression is not precisely obtainable
from the contact area Ay, and h. for a nonideal pyramid or cone. “Work-of-
indentation hardness” values can be graphically determined. These values are
different from Meyer hardness H but their detection does not require estima-
tion of penetration depth, contact areas, or contact volumes, which can be
inaccurate [48]. Thus hardness H can also be defined according to (3.22) from
the plastic work and the residual volume.

Hirve = Frmax/Ape = Wy /Vp, = 24.56 F{/9 W7 (for a Berkovich). (3.22)

This technique reduces the errors of the standard procedure due to pile-up.
The method breaks down at very low loads and small penetration depths.
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This was attributed to deviations from the ideal tip geometry. However, these
deviations may also derive from the special effects that occur under these
circumstances as detectable by the kinks in the Fy —h3/2 plots.

A plot of the “elasticity index” (H/E,) values against (1 —W,/Wxot) has
been found to be approximately linear for metals and ceramics (3.23) [49]

H/Er = COHSt(WNtOt — Wp)/WNt0t~ (323)

Equation (3.23) relates plastic and elastic properties with a common dimen-
sionless constant, which is valid for a given indenter angle. The value H/FE,
can therefore be easily obtained by the work measurements. Interestingly, this
empiric relation allows for a new determination of H and F, when using Fnmax
and the initial slope of the unloading curve but without requirement of the
projected area as expressed in (3.24) and (3.25).

H = const? T (Witor — Wp)2(AFN/dh)?/Wiioid Frmax,  (3.24)
E, = const T (Wyiot — Wp)(dFx/dh)? /Wiitotd Fmax- (3.25)

However, the problems with the uncertainty of the slope determination (see
Fig. 3.8; Table 3.2) remain. The indentation ductility W, /Wytot may be lin-
early plotted against hyes/hmax [50]. This improves the assessment of the
hres/hmax Tatio, however, it has two regions of linearity (kink at Ayes/Pmax =~
0.4). It would therefore appear more useful to use the nanoindentation parame-
ter k as defined in (3.18) for the characterization of materials. Corresponding
formulas for the determination of H and E, with the W, /Wit ratio using
spherical indenters have been deduced [51,52]. These are equally indepen-
dent of sinking-in or pile-up. Clearly, what has been found and deduced for
Wy [36,47] must also be valid for W, and Wiyos, the total work of indent.
It should be particularly noted that Wyyot does not depend on assumptions
about the contact area (see Fig.3.6) or any iterations. Therefore, comparison
of the work of indentation of different materials at the same load Fy is possi-
ble. For example, 1,000 uUN conosphere (R = 1um) indents require the Wyot
of 5,950 (UN pm) for Al and 1,590 (UN pm) for gold, which is a highly useful
characterization of practical importance.

If different conical or pyramidal indenters are used, these can also be com-
pared if Wyyottg is used as a new parameter, where o is the effective cone
angle (3.26).

Witot 20l = const Fi>/2. (3.26)

The dimension of the empirical constant for extrapolations to different loads is
(um uN~—1/2). Equation (3.26) has been applied for fused quartz with various
indenter tips (Table 3.3) [9].

The performance of (3.26) is reasonably good if it is considered that no cor-
rections for the tip radii and other deficiencies of the tips have been made and
that a material has been under investigation that exhibits a pressure-induced
phase transition. But there are the uncovered influences of the indenter shape
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Table 3.3. Comparison of indentations on fused quartz at 700 uN load with pyra-
midal indenter tips

indenter H (GPa)* FE.(GPa)® o tg0  Amax  Whntot  WhNtottgO
(nm)  (UNpm)

60° pyramid 10.5 70.4 24.45° 0.4547 213 57.95 26.4

cube corner 10.2 69.9 42.28° 0.9093 143 37.79 34.4

Berkovich 9.1 69.8 70.30° 2.7928 66 17.34 48.4

*H and E, values refer to 1,000 uN load at nanoindentations

on the work of nanoindentation that may be less important in microindenta-
tions. The variations in hyax, Pav, and Wiiot are very large, but the parameter
Whiitot tgt is reasonably constant and the latter may be used for extrapolations
to other tip geometries using additional empiric correction factors. The results
suggest comparisons of different compounds at the same load if the same in-
denter tip is used. Furthermore, (3.26) allows for the calculation of Wiot at
different loads.

Whitot may be experimentally subdivided into the plastic part W, and the
elastic part W, by separate integration of the area between the loading and
unloading curves as well as the area under the unloading curve, respectively,
but the creep problem will decrease the reliability. This may nevertheless be
useful for characterizing the anisotropy of different crystallographic faces of
a crystalline material. High-grade natural low temperature- or a-quartz and
strontium titanate have been indented on various faces and the anisotropies
of H, E,, k, W,/We, and Wyiottga are listed in Table 3.4.

Table 3.4. Various plastic and elastic parameters of a-quartz from 30/10/30 s
cube corner nanoindentations up to 5,000 uN load on five main faces of crystalline
o—quartz (P3221) and 30/10/30 s Berkovich nanoindentations on strontium titanate
(Pm3m) up to 3,000 uN load

compd. face hAmax H®* E* k1 ko Wy /We Whiitot g0l

(nm) (GPa) (GPa) (N nm—*/2) (uN nm~*2) (kN pm)
SiO2 (10-10) 201 15.3 109.0 1.956 1.590 1.07 420.8
SiOo (01-10) 191 16.2 119.7 2.145 1.728 1.09 378.3
SiO, (01-11) 179 17.4 133.6 2.730 1.844 1.26 379.1
SiO2 (10-11) 193 16.5 105.0 2.256 1.668 1.17 404.7
SiO, (1-100) 193 16.6 109.4 2.303 1.656 1.05 395.6
SrTiO3 (100) 102 11.7 236 2.754 3.536 1.53 329.7
SrTiO3 (110) 103 12.0 254 2.462 3.390 2.04 331.1
SrTiO3 (111) 102 11.1 246 2.317 3.096 2.08 355.7

#The generally recommended 20-95% fit to the unloading curve was used

The data for crystalline SiO5 show little variation in H and E, except on
the (01-11) face. But the total work of indentation is considerably different
on the different faces. A correlation with the other quantities, including the
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Fig. 3.16. Fx —h%/? plots on (100) of (a) crystalline quartz (cube corner) and on
(b) (110) of crystalline strontium titanate (Berkovich)

“plasticity index” W,/We, cannot be seen. The latter changes but not in
line with the total work. The k-values are characteristic for the observed
anisotropy, which reflects different atom densities on the different faces.

The data for crystalline Sr'TiO3 show even less variation in the more com-
mon mechanic parameters. However, the indentation coefficients k£ and the
Wy, /W values vary more pronouncedly than the total work of indentation and
provide the better means for the characterization of the anisotropy. Overall,
the anisotropy found by indentation is relatively minor. This contrasts the
appearance of the very different AFM images in Fig.3.5. The discussion of
the crystal packing that gives rise to the differences is executed in connec-
tion with the nanoscratching results, which disclose the anisotropy more dis-
tinctly (Chap.4). The value of the k parameter from nanoindentations for the
detection of pressure-induced phase transitions is again demonstrated with
Fx —h3/2 plots in Fig. 3.16, where there are kinks at low penetration. It should
be noted that pop-ins [11], which can be initiated by some mechanical distur-
bance or noise from the environment, must be avoided. Different materials and
different faces have different sensitivities toward noise. Most sensitive is the
(111)-face of SrTiO3 that usually requires several repeated cautious measure-
ments for obtaining traces free of pop-ins. Only these were used in Table 3.4.
Additionally observed steep slopes at very low penetration (<15nm) of the
linear plots must be attributed to surface hydrates of the oxide and of the salt.
The initial slope (before the kink) may be smaller or larger than the second
slope, depending on the material (Fig. 3.16).

It is well known that trigonal a-quartz experiences phase transformations
at high pressure and also strontium titanate exists at low temperature in a
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different modification:

trigonal o-quartz cubic SrTiOz(Pm3m);
— monoclinic coesite(> 2.2 GPa) tetragonal (I4/mem)?
— tetragonal stishovite(> 8.2 GPa)

3.9 Recent Approaches to Nanoindentation at Highest
Resolution

The ultimate description of nanoindents is, of course, atomistic. Actually,
atomistic [53-55] and final element simulations [56] are being performed. How-
ever, there is a difficulty, which seems to be accounted for only recently. The
usual load-controlled nanoindents force the tip constantly down, so that the
nanoscopic events cannot be resolved and any discontinuities are smeared out
in the loading curve. This is totally different if displacement-controlled indents
are measured at ultralow loads. In these experiments the normal displacement
is increased at constant rate and the normal force monitored. For example if
the soft aluminum crystal (100) was indented by this technique with a sharp
tip down to 100nm depth 24 sudden load drops and recoveries, 12 of them
down to zero force were detected (final load was 90 uN) [3]. Most importantly,
at least five discernible load drops were observed in the first 10 uN of loading
within a 113 nm displacement region. Thus, discontinuous yielding can result
in sudden full stress relaxation even at ultralow loads. Sudden load drops have
also been reported for gold single crystals under displacement control [57-59].
Other intriguing aspects are occasional load drops that start from a load lower
than the starting load of the previous load drop and of load drops during dis-
placement hold periods. These are basic data for the theoretical treatment of
the indentation process. They indicate with highest resolution (also in the time
domain) transient material behavior and a time lag (kinetic factor) in burst
events so that the indenter loses contact to the surface and thereafter reloads
(predominantly) elastically. The presence and the formation of intermediate
lower load states (that are not resolved under load control) is certainly the
basis for atomistic or finite element treatments of what is termed “nucleation
of dislocation propagation” or of “dislocation-like discontinuities” (but there
may be different mechanisms with other classes of materials, and there is also
the possibility of anisotropic phase transformations; Sect.3.7) in order to de-
duce the empirically found power law of the loading curve in nanoindentations
with the new indentation parameters irrespective of the plastic/elastic ratio
or the various types of solid materials. Therefore, a general theory may be
envisaged that might replace Hertzian theory.
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3.10 Nanoindentations with Highly Anisotropic
Organic Crystals

Ouly few organic crystals have yet been studied by nanoindentation [60]. They
behave differently from inorganic materials because they exhibit only weak
intermolecular van-der-Waals and/or eventually hydrogen bridge bonds be-
tween the isolated molecules. This feature leads to a higher risk of bursts and
cracks or fissures in the loading curve of nanoindents. Furthermore, due to
the anisotropic shape of most organic molecules their crystals exhibit highly
pronounced anisotropies. Only very few ball-shaped organic molecules are
known. However, nanoindentation can, of course, be applied to organic crys-
tals. Anisotropic deformations upon mechanical stress by (nano) indentation
of organic crystals have only lately been reported [60]. The shapes of the in-
dents on organic crystals may be very diverse. Examples are given in Figs. 3.17
and 3.18 for the molecular crystals of the compounds 1, 2, and 3 on the indi-
cated faces. 1 (P2;/n) has a 3D-interlocked lattice, 2 (P2;/c) exhibits double
layers on (001) and 3 (P2;/c) has skew cleavage planes under (110). Further
highly anisotropic indenter imprints to o-cinnamic acid on (010) with verti-
cal cleavage planes are shown in Fig.4.43 in connection with nanoscratching
results. Clearly, we have very different conditions and the indents are indeed
very different.

o H
OH o ,\Il
( f “Ph I [ \I\: S
NH, N>=
1 2 LA
(a) (b) ‘ (c)

0 6 umo0 6umo0 6 um
Zrange 3,000 nm Zrange 1,000 nm Zrange 400 nm

Fig. 3.17. AFM topologies of deep cube corner indents on crystals of (a) 1 (010),
(b) 2 (001), and (c) 3 (110)
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Fig. 3.18. Series of force—displacement curves for the nanoindents on (a) (010) of
2-benzylidene-cyclopentanone (1), (b) (001) of o-aminophenol (2), and (c) (110) of
thiohydantoin (3)

The cube corner impression of 2-benzylidene-cyclopentanone (1) on the
(010)-face is rather symmetric and only minor pileup can be traced by the
AFM (Fig. 3.17a). However, the load displacement cycle curve (Fig.3.18a)
indicates creep and adhesion by the depression of Fxmax and with the negative
values in the unloading branch. Indents may not reproduce the shape of the
cube corner indenter tip as in the case of 2-aminophenol (2) (Fig.3.17b) even
though the load displacement cycle looks quite normal, except for some minor
pop-ins (Fig.3.18b). It appears that elastic recovery is more pronounced in
the vertical y-direction. A most interesting case is obtained with the cube
corner impression in thiohydantoin (3): the shape of the indenter is hardly
recognized in Fig. 3.17c. Fissures are seen on the left side but extended regular
pile-up occurs to the right at the given crystal/tip orientation. The force
displacement curves (Fig. 3.18¢) show several steps (crack/fissure formation).
The unloading branch does end above the zero line. H and FE, values as
obtained by the standard iteration routine (Sect.3.4) without taking care
of apparent deviations from the assumptions of Fig. 3.6 with respect to the
shape of the contact are therefore not precise [60]. The need for less ambiguous
materials parameters is particularly important here. There are anisotropies,
cracks, fissures, pileup, creep, adhesion, and unusual long-range effects.

The deep nanoindent on 3 (Fig.3.17c) piles up the displaced material on
one side of the calibrated cube corner indenter. The migrated material cannot
be debris as it has the same standard hardness and elasticity as the original
crystal. The piled-up volume (0.298 um?) is measured larger than the volume
of the depression (0.170 um?), a fact that certainly relates to the cracking step
formation (vertical to the long crystal edge) and to tip/sample convolution,
which underestimates the volume of the sharp impression. But these values
clearly indicate that no material is lost by abrasion. The unusual anisotropy
is apparently caused by molecular migrations under the (110)-surface coming
above its level, which occur only in one direction. The piled-up hill has a plane
of symmetry with an ascend angle at its steep side of <28° and extending over
more than 3 um with a uniform slope of 1.5-2° [60]. An angle of 45° is reached
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at the right-hand slope of the depression in Fig. 3.17c, while the slope at the
left side (up to 29°) is smaller, because the molecules could not exit there.
The crystal packing of 3(P21/c) [61,62] on the (110)-face indicates parallel
monolayer sheets that lie in the (10-2)-plane and are 66° skew under the (110)-
face. Two types of hydrogen bonds form the infinite sheets. However, there
are no hydrogen bonds between the sheets. Thus, the crystal may be cleaved
parallel to these sheets and thiohydantoin crystals (3) exhibit clear-cut pack-
ing anisotropies. Hence, molecules or small hydrogen-bridged aggregates of
molecules migrated upward along the skew cleavage planes. These anisotropic
molecular migrations are even more distinctly revealed by nanoscratching ex-
periments (Chap. 4, Figs. 4.30, 4.31). The detection of pressure-induced mole-
cular migrations within crystals is of considerable practical importance for
the foundation of new environmentally benign solid-state chemical syntheses,
which require such molecular migrations within reacting crystals in order to
release local pressure [63,64]. All experimental evidence points to molecular
(or small hydrogen-bridged molecular aggregates) migrations along the cleav-
age planes that are inclined to the right and thus open to the right-hand side
in the given orientation of the crystal (Fig.3.17c). The response to the pres-
sure imposed by the indenter under increasing load is molecular migrations
in this case. These molecular migrations are observed over more than 3pm
at the present crystal orientation and load only to the right side. Ditches are
only at the left side. Clearly, anisotropic materials transport with potential for
surface modeling can be obtained by mechanical pressure on the (110)-face of
3 [60]. These and further molecular migrations are more thoroughly treated
in Chap. 4, Sect. 4.5.7, as nanoscratching provides much more detailed results.

When molecular crystals are mechanically deformed the molecules are not
destroyed but only intermolecular interactions are broken and reformed (only
solid organic polymers and explosives suffer from mechanical bond cleavages).
The marked anisotropies, pronounced adhesion effects, creep, and the molec-
ular migrations along cleavage planes are not bothersome for the analysis of
loading curves of molecular crystals, though in the absence of severe pop-ins
by crack/fissure formation. It is highly gratifying that the new power law for
nanoindentations proves also valid for organic molecular crystals. Despite the
weak intermolecular bonds the Fx ~ h*/? relation (3.18) holds again [7,9].
This has been shown for anthracene (4, planar, no H-bonds) in Fig. 3.19, for
tetraphenylethene (5, 3-dimensional, crowded, no H-bonds) in Fig. 3.20, for
thiohydantoin (3, essentially planar with H-bonds) in Fig. 3.21, and for nin-
hydrin (6, 3-dimensional with H-bonds) in Fig. 3.22.

The slope of the linear plot for the 1.5th power of the penetration depth,
i.e., the indentation parameter k with dimension (uUN nm~—3/2) (3.18) repre-
sents the geometric mean of the work done by contact area and the contact
pressure imposed by the indenter tip for the nanoindentation range. That
range is of particular interest for submicrotreatment of surfaces and for wear
applications.
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Fig. 3.19. Fx—h%/? plot of the loading and unloading curve of a cube corner nanoin-
dentation on (001) of anthracene (4) with the slopes of the straight lines that rep-
resent the nanoindentation parameters

Anthracene (4) is a planar aromatic hydrocarbon with a layered crystal
structure. It provides a pretty rough loading curve, which has an initial high
slope followed by a lower slope in the Fi —h3/2 plot on its (001) face (Fig. 3.19).
The unloading curve starts with a negative slope (in the absence of a hold
period) indicating creep. It would be difficult to obtain reliable stiffness con-
tact area results for H and E, determinations. Therefore, the nanoindentation
parameters ky and ko or the total work of indentation Wiot (Sect. 3.8, (3.21),
(3.26)) are more useful for the characterization of the mechanical properties
on that face. The kink points to phase transformation, and indeed it is known
that anthracene experiences pressure-induced phase transitions at 2.4 and
above 3 GPa pressure [65].

The hydrocarbon tetraphenylethene (5) is a bulky unsaturated molecule.
The phenyl groups are out of a common molecular plane due to internal steric
hindrance. A rough loading curve ensues on its natural (10-1)-face, which
has a kink in the Fy —h3/2 plot, indicating pressure-induced phase transition
(Fig. 3.20). The slopes k1 and ko and the total work of the indentation Wiiot
are found as indicated. Again the unloading curve starts with a negative slope
(in the absence of a hold period) indicating creep.

The almost planar heterocycle thiohydantoin (3) with its skewed layered
structure on the natural (110) face, which experiences anisotropic molecu-
lar migration (Fig.3.17), appears to be another candidate for a system with
pressure-induced phase transition. The slopes k1 and ks and the Wy value
are given in Fig. 3.21. The unloading curve is more regular, but the roughness
of the loading curve does not indicate a well-defined contact depth for the
determination of S, H, and E,. Nevertheless, iterated values from the 20% to
95% range of the unloading curve were of some value for the comparison of
essentially equal hardness and elasticity of pristine material and long-range
“pile-up” by far reaching molecular migration (Fig.3.17) [60].
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Fig. 3.20. Fx - h3/2 plot of the loading and unloading curve of a cube corner nanoin-
dentation on (10-1) of a tetraphenylethene crystal (5) with the slopes of the straight
lines that represent the nanoindentation parameters

200
Thiohydantoin Cufe corer: "
—~ 160 k, =0.167 uN/nm
Z& k, = 0.0698 pN/nm?3?
§ 120 Wy ot 1900 = 6.37 Npm (120 pN)
]
—
T 80 E
s 40
N\
‘ 3 H

Q 500 1000 1500 2000

(norm. displ.)"s (nm}1'5

Fig. 3.21. Fx—h®/? plot of the loading and unloading curve of a cube corner nanoin-
dentation on (110) of thiohydantoin (3) with the slopes of the straight lines that
represent the nanoindentation parameters

The well-known reagent ninhydrin (6) is a 3D molecule exhibiting multiple
hydrogen bonds. The indentation on its (110) face tends to produce steps.
There are two different linear regions in the Fy—h3/2 plot (Fig. 3.22), which
again suggests a pressure-induced phase transition. The unloading curve has
a negative slope at the beginning, which indicates creep, and the parameters
k1 and ko as well as the Wy value are most appropriate for the mechanical
characterization.

If the k parameters (UN nm 3/ %) (which represent the geometric mean of
work per contact area and contact pressure) and the Wyyot values (UN pm)
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Fig. 3.22. Fx— h3/2 plot of the loading and unloading curve of a cube corner nanoin-
dentation on ninhydrin (6) on (110) with the slopes of the straight lines that repre-
sent the nanoindentation parameters

Table 3.5. Comparison of cube corner indentation on various organic molecular
crystals 1-6 at the chosen final load

Compd. Fn H? E? h Whitot WhiNtot tg(l k1 ko
(face) (uN) (GPa) (GPa) (nm)(uNpwm) (uNpum) (uN nm~*/2) (uN nm=%/2)
4 (001) 120 0.21 10.9 236 12.40 11.27 0.058 0.0188
4 (110) 120 0.22 9.2 247 14.10 12.82 0.061 0.0224
5(10-1) 120 0.48 119 132 7.70 7.00 0.108 0.0683
1(010) 120 n.m. n.m. 311 20.6 18.7 0.028
1 (010) 2000 0.11 49 2440 1931 1756 0.0141 0.0171
3 (110) 120 0.57 125 112 7.00 6.37 0.167 0.0698
3 (110) 2000 0.55 13.7 1360 1116 1014 n. m. n. m.
2 (001) 2000 0.31 12.4 1225 1102 1002 0.0380 0.0460
6 (110) 120 0.73 179 145 4.78 4.35 0.169 0.0805

#at 200 uN load; obtained from the ISO 14577 standard data treatment

(which relate the total work of indentation to the load) of the different
organic crystals or their faces are compared, mechanical orders are obtained
that should be more reliable than the unloading H and FE, values obtainable
from the standard data treatment (assuming comparable behavior with re-
spect to the standard materials). Table 3.5 compares the organic compounds
1-6 at the chosen normal loads Fy.

The data of Table 3.5 reveal that little can be derived from the small
standard H (molecular crystals, intermolecular forces) and standard E, val-
ues (mostly plastic behavior). However, there is clear-cut correlation of the
k-values and the total work of indentation with the bonding properties of the
molecular crystals. Furthermore, the two linear regions in the Fy—h?/2 plots
point to pressure-induced phase transformations that may be of interest for
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further high-pressure studies. Such easy detection of pressure-induced phase
transformations may be of particular use for pharmaceutical industries, which
will need to know about all existing polymorphs of their drugs (even more pre-
cise detection in nanoscratching: Chap.4).

Anthracene (4) has the molecules stand in layers on their short axis in two
different directions on the (001) face. Conversely, on (110) of 4 the molecules
stand and lie on their long axis in rows separated by skew cleavage planes
[63,64]. These packing differences influence the mechanical properties. Thus,
the k-values are smaller on (001), the penetration is smaller than on (110),
even though the H and F, values cannot predict that sequence. The total
work of indentation is smaller on (001) because the flat layers can be easily
shifted laterally while the tip penetrates.

Tetraphenylethene (5) is a bulky molecule with considerably interlocking
layers on the vertical (010) cleavage plane under (10-1) [66]. Therefore, the
k-values are larger than in 1 (lower penetration) because the shifting of mole-
cules upon indentation is more difficult. Wyt is much smaller due to lower
penetration.

Benzylidene-cyclopentanone (1) is a considerably bent 3D molecule with
the possibility for partial internal rotations. The molecules are packed in an
interlocking lattice that exhibits channels along [100] under (40-1). As there
are only van der Waals’ interactions in the molecular crystal 1 it is rather
soft and yielding (low packing density; d = 1.185g cm~3) [64]. Therefore, the
k-values are low and the total work is relatively high.

Thiohydantoin (3) has an almost planar ring but the methylene-H devi-
ates from the plane. Furthermore, its crystal exhibits hydrogen bonds within
molecular monolayers [64] that have to be broken and rearranged if molecules
are to be displaced. This increases the k-values on the natural (110) face with
steep layers under it. The penetration is relatively low and so is the total
work.

2-Aminophenol (2) is essentially planar and the crystal exhibits hydrogen
bonds solely in zigzag double layers that are flat on the natural (001) face.
Due to the easy shifting aside of flat layers the k-values are small, and the
total work is lower than in the case of 1 despite the hydrogen bonds in 2.

Ninhydrin (6) is a 3D molecule and it exhibits hydrogen bonds, which
connect the molecular layers on (100) to double layers [64] that may thus
be shifted but less easily because of higher thickness and as there is some
interlocking between these double layers. It gives therefore k-values that are
similar to those of 3, but the total work is less due to the double layers as
compared to monolayers in 3.

The new parameters k& (UN nm~*/2) (3.18) and Wiortgo (UN pm) (3.26)
at a specified load with reference to the indenter type (here cube corner)
are well suited for the mechanical characterization of organic crystals. They
appear more important as there are severe doubts concerning the precision
of the iterated values for H and FE, in these molecular crystals. Various
types of organic materials have been compared using the same indenter, and
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the anisotropies on different faces of the crystals 4 have been exemplified.
However, directional anisotropies on particular crystal faces (that could be
less distinctly revealed using Knoop indenter) require the 2D facilities of the
nanoscratching (Chap. 4).

3.11 Nanoindentations with Organic Polymers

Organic polymers are soft and experience much creep, sagging, and even
plastic flow. This is evident from Fig.3.3 that shows a sequence of un-
loading/reloading curves. Clearly, the hysteresis loops are an indication of
the viscosity properties and rapid phase transformations due to mechanical
breaking of very long main chains to give macroradicals that disproportion-
ate (to give end alkane and end alkene chains) until these are too short for
further mechanical chain breaking. H and E, determinations are therefore
very difficult to assess with the standard ISO 14577 technique [20]. How-
ever, the generally applicable Fx —h3/2 plots of the loading curves in nanoin-
dentations are also successful in polymers, giving straight lines in smooth
loading curves of nanoindentations. This is shown and compared to invalid
Fx —h? trial plots in Figs. 3.23-3.25 for injection-molded polycarbonate (PC;
polycarbonate Macrolon® for optical lenses), injection molded polymethyl-
methacrylate (PMMA), and molded cross-linked CR39 [from diethyleneglycol
bis(allylcarbonate)], respectively.

PC is a polymer with benzene rings, isopropyl- and carbonic ester groups.
A well-developed kink indicating the plastic—viscoelastic transition under pres-
sure is obtained at rather high (about 550 uN) load in its Fi —h%/? plot
(Fig. 3.23). Clearly, the square plot is again invalid in the nanoindentation
and it would totally obscure the plastic—viscoelastic transition feature. There
is creep and a straight line for the unloading as well. The k-values (slopes of
the loading plot) are 0.441 and 0.295 uN nm /2. High values of k indicate a
low depth of penetration and a low total work of the indentation (Table 3.6).
The rather high load required for the phase transition of PC due to breaking
of linear chains is remarkable.

Table 3.6. Comparison of cube corner mechanical parameters of nanoindentations
on glassy polymers

Polymer Fx H* E? h Witot Witot k1 (HN ks (].,LN
(uN) (GPa) (GPa) (nm) (UNum) tgo nm~%?)  nm™%/?)
PC 900 3.11 17.9 178 71.02 64.57 0.441 0.295
PC 400 3.16 21.9 93 15.28 13.89
PMMA 400 034 525 395 71.69  65.19 0.0714 0.0536
CR39 400 0285 2.3 500 87.71 79.75 0.0489 0.0339

# Obtained by the ISO 14577 standard data treatment
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Fig. 3.23. Loading and unloading plots of a cube corner nanoindentation on PC;
(a) Fx —h3/? plot showing two straight lines and a kink in the loading curve that is
not seen in the invalid Fx —h? trial plot (b)
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Fig. 3.24. Loading and unloading plots of a cube corner nanoindentation on PMMA;
(a) Fx —h3/? plot showing two straight lines and a kink in the loading curve that is
not seen in the invalid Fx —h? trial plot (b)

PMMA is an aliphatic chain polymer with methoxycarbonyl side groups.
Its nanoindentation (Fig.3.24) gives the pronounced kink for the plastic vis-
coelastic transition in the Fiy—h3/? plot at about 130 uN load, which would
be totally obscured in the Fiy —h? trial plot. There is creep and sagging. The
slopes (k1 = 0.0714; ko = 0.0536) are about 6 times lower than in the case
of injection-molded PC, and the total work is much higher. As discussed for
Fig. 3.3, the reason for the phase transition derives from mechanical break-
ing of very long main chains of the polymer. Evidence for radical production
under various kinds of mechanical destruction of PMMA is available from
spectroscopic [67] and chemical analyses [68].

The cross-linked CR39 is a purely aliphatic polymer with a high percent-
age of carbonic ester and ether groups. The kink again indicating the plastic-
viscoelastic transition under mechanical stress is clearly detected at about
70 uN load already (Fig.3.25). Again the Fy —h%/? proportionality is nicely
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Fig. 3.25. Loading and unloading plots of a cube corner nanoindentation on CR39;
(a) Fx —h3? plot showing two straight lines and a kink in the loading curve that is
not seen in the invalid Fx —h? trial plot (b)
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Fig. 3.26. Dependence of the elasticity modulus FE, of injection molded PC
(Macrolon®) from the load Fi in cube corner indentations

shown by the straight lines but not in the invalid Fiy—h? trial plot. The
k-values (k1 = 0.0489; k2 = 0.0339) are smaller and the total work is higher
than in PC and PMMA. There is creep and sagging and a strongly curved
unloading curve. Importantly, polymer bonds are broken and after dispro-
portionation of thus formed macroradicals the cross-linking decreases. The
polymer data are compared in Table 3.6.

The variations in Table 3.6 reflect the mechanical properties of the poly-
mers in the injection molded (PC, PMMA) or molded (CR39) state. It is
also seen that the standard H and E, values for PC (Macrolon®) are con-
siderably higher than the ones of PMMA and CR39. However, H and E,
as obtained by the standard procedure may be very dependent on the load
in glassy polymers. Interestingly, the E,-values of PC (as determined by the
iterative standard technique) decrease according to a power function when in-
creasing the load (Fig. 3.26) whereas the H-values decrease linearly from 3.18
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(200 uN) to 2.88 GPa (4000 uN). Such relations may be of theoretical interest
and can serve to eliminate single deviating measurements from consideration.
An exponential behavior was not found with PMMA and CR39 where both
standard H and E, decrease linearly from 200 to 1250 uN load: H = 0.346—
0.328, E, 5.28 —5.24 for PMMA and H = 0.286 —0.284, E, = 2.5 - 2.1 GPa for
CR39. The assumption of independence of E, from the load for the detection
of S, H, E, (3.9, standard procedure) is far from being obeyed, particularly
with injection-molded PC.

Major differences of the polymers may be the brittleness of the cross-
linked example and the type of curling of the chains in PC and PMMA. In all
cases the shifting of material requires breaking of C—C or C-O or C-N bonds
if applicable and this must be the major reason for the plastic—viscoelastic
transitions.

The nanoindentation analysis using the generally applicable Fy ~ h3/2
proportionality opens up new possibilities of polymer characterization by trac-
ing of pressure-induced plastic—viscoelastic transitions just by using the cor-
rect relation (3.18). This was clearly not possible with the previous assumption
of a square relationship that is definitely not applicable for nanoindentations.
Various sources of errors in the standard determination of H and F, (and
their dependence on the depth) for viscoelastic polymers have been exhaus-
tively described by Briscoe et al. [69].The difficulties with the measurement of
H and E, make the k-parameter and the total work of the indentation more
valuable even though they rely on the rate of indentation with the viscoelastic
materials and the correct shape of the indenter. The viscoelasticity of these
polymers is also indicated in the hysteresis loops of the unloading/reloading
curves as depicted in Fig. 3.3.

It should be noted that H and E; determinations according to the standard
technique can nevertheless be of practical importance for the local distinction
of different materials in polymer blends or in organic materials if the absolute
values are of less importance and cannot be assessed, as these are presently
in widespread use. A striking medicinal application was reported with submi-
croscopic deposits in used blood bags that were identified with H and F, and
then located with SNOM [70] (Chap. 2, Sect. 2.9.3).

3.12 Concluding Remarks

The power laws of the loading curves differentiate nanoindentation and mi-
croindentation. The new Fx ~ h?/3 relation for nanoindentations (as opposed
to the theoretically supported Fiy ~ h? relation for microindentations) is
valid independent of the type of the chemical bonds that must be broken
upon plastic deformation. These are covalent, ionic, metallic, intermolecular
(organic molecular crystals), and mixed (for example polymers). It is highly
rewarding that the Fy —h3/2 plots of the loading curves are linear despite the
many odd effects that do not agree with the assumptions made in the depth-
sensing theory for isotropic materials. The latter make the determination of
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hardness H and elastic modulus E, bothersome. The major reason for the
difference of nanoindentation and microindentation is the final end-radius R
of all diamond indenter tips in the 100 nm ranges, which may be also a flat
truncation of comparable diameter. Both cannot be neglected up to penetra-
tion depths of 10 R or 10 d. In view of the strong influence of the effective
cone angle (Fig.3.1) the flat truncation is preferred over the sphere proposal.
The standard procedure (ISO 14577) tries to handle all difficulties by three-
parameter iteration of the stiffness S and by eight-parameter iteration of the
contact area Ay, the physical meaning of which does not sound very con-
vincing. It does not use the benefits of the correct loading curve analyses in
nanoindentations.

It appears very important that the same Fy ~ h?/3 relationship is obtained
irrespective of the chosen indenters and irrespective of elastic, or elastic—
plastic, or plastic response. The proportionality factor (slope) of the linear
plot of loading curves of nanoindentations is to be termed as indentation
parameter and has the dimension uN nm /2. It depends on the indenter tip,
but it is a characteristic materials property for specified indenter tips that is
most easily and assumptionless obtained. This indentation parameter should
be tabulated with respect to the experimental conditions.

It is unlikely that the exponent 3/2 is related to the variable Meyer pa-
rameter (exponent n) that ranged between 1.65 and 1.9 with the Vickers
indenter on glass and could only be determined at very high forces (100-
1,000 mN) from doubly logarithmic normal force versus displacement curves
that were obtained for various loading regimes [4]. In microindentations (load:
10-2,000 mN) the fine details of nanoindentation are not recognizable. Nei-
ther are the possible phase transitions recognizable from the microindentation
loading curves and unrelated phenomena may occur. It should be particularly
stressed that nanoindentation loading curves follow the Fy — h3/2 relation both
in the purely elastic and in the almost purely plastic case and in between.
Therefore attempts to subdivide the loading curve in a fully elastic initial
part up to a critical load Fn. and thereafter a purely plastic part or to the-
oretically treat loading curves as purely plastic does not seem to make much
sense in attempts for simulations (e.g., [1]). The coincidence with experimental
results is deficient for both loading and unloading curves in nanoindentations,
and if a simulation gives a reasonable loading curve it may be that the actual
kink due to phase transition has been overlooked.

The now-proposed nanoindentation parameters k (UN nm %/ 2) and Wiiot
(UN um) are obtained without assumptions as to the contact geometry
(Fig. 3.6) and without the multiparameter iterations that are typical for the
determination of H and E,. They are also related to the indenter shape,
but there are means to characterize the tips. Only nanoindentation but not
microindentation is able to trace pressure-induced phase transitions by kinks
in the linear plots of the loading curve.

The organic crystals and polymers deserve special concern due to unusual
effects that are not taken care of in the data evaluation for inorganic stan-
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dard materials. Highly anisotropic organic crystals of various types give cracks,
fissures, rough loading curves, creep, adhesion, considerable pile-up, and mole-
cular migrations. This detracts from validity of the assumptions made for the
contact geometry for H and E, determinations. Therefore such values cannot
be easily assessed, and their quantitative significance may be doubtful. Fur-
thermore, organic polymers are often very soft and experience much creep,
sagging, and even plastic flow. It is therefore particularly important to use
the now-proposed parameters k (UN nm~>/2) and Wiy (WN pm) for the
mechanical characterization. A consistent treatment of organic solids is pos-
sible on that basis.

Nevertheless, too many questions are open with the indentation technique
and a better test procedure is required as both the elastic and plastic defor-
mations are in principle anisotropic and as more precise information about
pressure-induced molecular migrations and phase transitions are desirable.
Nanoscratching is more precise, more rewarding, and more straightforward
not only in this respect, but also for the question: where does the plastically
displaced material go?

Another technique for obtaining hardness and modulus values is ultrasonic
atomic force microscopy [71-73]. It is not described and compared here, as the
theory of the dynamic AFM processes (including piezo-mode AFM) is far from
being fully understood and there is still no broad application, but this may
change in the future.
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4

Nanoscratching

4.1 Introduction

Scratch tests are of enormous practical importance. They used to be ap-
plied on a macroscopic, microscopic, and nanoscopic scale, the latter with the
atomic force microscope (AFM). The most recently emerging development is
nanoscratching, using nanoindenters equipped with a two-dimensional (2D)
or three-dimensional (3D) transducer. Scratching of surfaces is closely related
to the field of tribology, but greasing is to be avoided for original materials
characterization. Scratching experiments lead to abrasive wear in the majority
of cases.

Applications were primarily in macroscratching with foundations in micro-
scratching. The industrial importance of macro- and microscratching has been
widespread and various different approaches exist for the definition of scratch
hardness in the various fields. Thus, the Mohs hardness is a nonlinear scratch
hardness still in extended use (DIN EN 101 and DIN EN ISO 1518) and scle-
rometers provide relative macroscopic scratch hardness values (DIN EN 438).
Architects use grated scratch devices for probing the quality of cement floor-
ing. The macroscopic applications compare either the depth of a scratch at a
predefined load on varied scratching tools or the limiting load that is needed
for a scratch to emerge. But there are also sound emission analyses (upon fail-
ure after linear increase of the normal load or during plowing with constant
load) in scratch tests. More recently two different definitions of scratch hard-
ness Hg have been put forward: Hy = F,/Ax [1] and Hy = Fx /AL [2] where Ax
and Ap, are the projected normal and lateral areas, respectively. The scratch
resistance Erichsen, which is used to judge long-term stability, is prescribed
in DIN 53799/10. Instrumentation for the study of microscratching wear of
metallic materials at high temperatures (room temperature to 1,000° C) has
also been developed [3]. Several mechanisms have been distinguished primar-
ily on the basis of microscratching. Thus, grooving wear is subdivided into
various factors that depend both on the materials properties and on the in-
denter tip geometry (attack angle). The term plowing has been coined for
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largely plastic formation of a permanent ditch with abrasion, pileup to both
sides and eventually slip lines away from the scratch direction. The volume of
pileup does normally not correspond with the ditch volume as microchipping
or brittle removal of dust loses material and these processes may strongly
prevail. Additionally, adhesional loss of material (removal of scales from the
surface) may be discussed as well as microfatigue upon repeated plowing and
cross plowing. The mechanism may change at phase boundaries. In composites
with different hardness of the components the softer partner might be abraded
while the harder partner may crack out and produce fissures due to pressure
enhancement that builds up around it. Also fissuring or microcracking with
detachment of larger particles can be very important. These distinctions are
well developed and of high importance in metalworking with work hardening
where also the influence of excessive speed in turning and drilling may be
prevailing. For example, it is well known that higher speed favors chipping
over plowing by increasing the brittleness. A review on microscratching has
been published [4]. Abrasion and wear were the major issues.

Macro- or microscratching only rarely revealed that anisotropic materials
give anisotropic scratch responses. It was recognized that microscratching on
KCl, copper, and austenic single crystals in different directions gave differ-
ent cross sections (@) of the permanent ditches and different Fy,/Q values
under constant normal load (Fy) [3]. However, these results did not find
widespread use and concern. There exist less than 50 reports on micro-
scratching of inorganic crystals since 1967. They covered the salts NaCl,
LIF7 CaFg; the oxides MgO, SiOQ, AlgOg, ZI‘027 AIQSiO5, Lll\IbOz;7 L12B407,
Bi-germanate; the chalcogenides CdS, InS, PbS, SbsSs, TbhSbSes, CdTe,
ZnCdTe; nitrides/phosphides/arsenides TiN, InP, GaAs; carbides SiC, WC;
the elements graphite, diamond, Si; the metals Cu, Al, Pb, W, Cr, Mg; some
alloys such as steel, CuAl, MnZn, NiAl, AlICuCoSi; ceramics, ferrites; and the
Mohs hardness standards.

Industrial applications of scratch tests on coatings largely prefer micro-
scratching devices (tip radii of 20 or 200 um) and evaluate diverse properties
such as mechanical performance, adhesion, delamination, abrasion, mar re-
sistance, critical load, etc. Of course, special problems are encountered when
scratching coatings and thin films on supports. The major problems here are
the separation of the film, the support properties from a composite indenta-
tion response, and the requirement of ultrasmall-depth indents well below film
thickness. The basics are still being explored [5,6]. Adhesion strength mea-
surements with coatings are performed with linearly increasing normal load
while the indenter moves over the surface (or the surface under the indenter).
Acoustic detection is practical here as cracking or fissuring at the critical load
emits acoustic signals. The critical load for detachment is characteristic for
the adhesive strength and such techniques are therefore in wide industrial use.

These data are basic for the judgment of abrasive wear properties. But it
will be necessary to use nanoscratching for the evaluation of submicrotools
or for better characterizing long-term stability of coated surfaces that are in
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long-term sliding use as the applied loads are much smaller than in micro-
scratching. However, the basic features of nanoscratching are just being ex-
plored. It is to be expected that its application will be helpful and also provide
a deeper insight in the macroscopic industrial applications. The increased pre-
cision allows for quantitative treatments and the evaluation of basic laws.

While the applied forces in nanoscratching are much lower than in micro-
scratching the various mechanisms may be similar but not identical. Sharper
indentation tips with larger attack angles can be used and more detailed
information is obtained. Obvious practical applications of nanoscratching
are to be expected in the field of minerals, construction (pipelines, floor
coverings, ceramics, etc.), coatings (heavy duty tools, varnishes, lacquers,
etc.), nanoparticle composites (scratch resistant finish for cars and flooring,
UV protection in sunscreens, UV stabilization in plastics and clothes, self-
cleaning facades, etc.), thin films (scratch-resistant eyeglasses, polymers,
microtools, self-assembled monolayers, etc.), and ultra-thin films of nano-
particles. Ultrathin coatings with a wealth of industrial applications (e.g.,
nanoparticles, lubricants, antistiction layers, adhesion layers, molecular glues,
coupling agents, etc.) require submicron or nanotechniques for their analy-
ses. Self-assembled monolayers may be superlubricants: they decrease wear
by withstanding higher normal load than the plain support during sliding of
an AFM tip (nominal “curvature”radius 100 nm, cantilever stiffness 30 Nm™1,
load range 20-60 uN) (pp. 853-856 in [5]).

There are some further reports of nanoscratching with cantilevered AFM
tips at increased load. However, regular AFM tips at 1072 to 1076 N force are
not able to achieve controlled scratching of surfaces or to provoke long-range
molecular migrations with formation of surface features. Efficient abrasion of
material at about 10nN force may only be obtained with off-axis cantilever
“scratchy” tips (Chap.1, Fig.1.14) on organic crystals and only if these ex-
hibit 3D interlocking, which immobilizes the molecules [7], [8]. Standardiza-
tion of such nanoscratching would be virtually impossible with micromachined
cantilever tips. In the AFM scratching experiments the applied force is not
normal to the surface. But reliable mechanical nanotesting requires normal
force and thus the setup of a nanoindenter with 2D transducer providing lin-
early variable forces. Very little is known about 3D nanoscratching, which
would also detect the forces in the y-direction at right angle to the lateral
scratch direction. The new type of nanoscratching has a big advantage over
nanoindentations (Chap. 3), because mechanical properties and anisotropies
are more easily and distinctly studied. For example, the indentation hardness
(H) depends on the depth by the so-called “indentation size effect” [9] and on
numerous inconsistencies in its determination (Chap. 3), which makes it diffi-
cult to assess them. Furthermore, asymmetries in the remaining tip impression
are hard to interpret. Also the fate of the displaced material has been of little
concern in “plastic” indentations. Hence establishing a materials balance was
not usually tried, but many studies in metalworking deal with the ratio of
chipping and plowing under various conditions. Anisotropy was seen [10] by
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using the two axes of the Knoop indenter with long and short diagonal length
ratios of @ : b =7 : 1. These can be applied at orthogonal orientations and the
lengths of the remaining diagonals of the impression are measured in order
to calculate and compare Knoop hardness and Young’s modulus. However,
the amount of information is limited. Nanoscratching is able to determine
anisotropies much more distinctly. Its increased sensitivity is also helpful for
much more detailed studies of face anisotropies than previously and angle
anisotropies can be tackled for the first time.

Surprisingly, it was not particularly acknowledged in the previous studies
that bonds must be broken in all infinite covalent crystals and materials if
they are indented or scratched. With cross-linked organic polymers there is
also bond breaking (Sect.3.11) and the electron spin resonance spectra of
the free radicals formed as the result of chain disruption found much interest
(Sect. 4.6). The new nanoscratching adds abrasive phenomena to plasticity
or elasticity, and it adds molecular migrations within molecular crystals as
pressure is at work in front and to the sides of the translating tip [11]. Also
phase transformations under pressure are easily and distinctly detected in
nanoscratching (Sect. 4.5.3).

Clearly, nanoscratching using a nanoindenter with a 2D transducer is a
versatile technique for advanced mechanic testing of solid surfaces in addition
to nanoindentation (Chap.3). The basics are still not exhaustively worked
out, but residual scratch resistance measurements [12] and very pronounced
anisotropies of the nanoscratches in nonisotropic materials [11,13] are highly
promising.

4.2 Foundations of the Nanoscratching Technique

Few theoretical analyses of nanoscratching are known. A rather detailed re-
port [14] described the “friction coeflicient” (ratio of lateral force over normal
force) in microscratching “as the resistance to abrasion over the whole period
of the scratching process” and derived equations for the highly complicated
changes of that ratio in different load regimes for ramp experiments with
Si, Al, float glass, and fused silica. Unfortunately the “friction coefficient”
was not constant and double logarithmic plots were required for obtaining
linear plots for such “friction coefficient” versus normal force in microscratch-
ing up to 300mN force but only in some of the investigated cases [14]. A
Vickers microscratching study on various metal alloys and hard phases used
the same definition for the “scratch coefficient” at constant load for various
temperatures as basis for “grooving wear rates” [1]. Conversely, the simple 1.5
exponential relationship of the nanoindentation process at low-to-moderate
forces for nanoindents with all types of materials (Sect.3.6) and the now-
available nanoscratching experiments reveal useful quantitative relations [13]
(Sect.4.5.1). The lateral force (F1,) is defined here as the force necessary for
pushing the indented tip horizontally forward at a constant rate while the
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normal force (Fy) is held at a constant value. Some authors use the term
tangential force (Frr) for that motion and define “lateral force” orthogonal to
it, but not consistently [15,16]. Lateral force (Fy,) in constant-load—constant-
rate nanoscratching for very diverse solid materials does not linearly relate
with the normal force (Fx). The general quantitative relation is described

by F1, ~ Fg/ 2 [13]. The materials studied include isotropic glasses, semicon-
ductors, crystalline oxides, salts, and various types of molecular crystals. The
quantitative relation allows obtainment of characteristic materials constants
describing mechanic properties, but the so-called “friction coefficient” can-
not be constant in nanoscratching and remains a doubtful construct. In ramp
scratching (Fy is constantly increased while the indenter moves horizontally
at constant rate) there occurs sliding followed by plowing. We have tried to
define friction coefficients for both parts and sum them up to a total friction
coefficient in ramp experiments [16], but the plowing part does not conform
to the 1.5 exponential relation both in edge- or face-in-front constant force
scratching [13].

Previous interest in nanoscratch experiments derived from the study of
residual scratch resistance (scratch work over excavated volume) that was tried
to relate with hardness. However, it is very hard to obtain reliable measure-
ments of the volume for various technical reasons (Sect.4.5.6). Thus, better
and unambiguous parameters are specific scratch work, full scratch resistance,
phase transitions, facial and angular anisotropy, and anisotropic molecular
migrations in molecular crystals [13]. These practical features have not been
addressed at all in very detailed theoretical considerations [18,19].

The constant-load scratching may be performed with a pyramidal edge
in front or with a pyramidal plane in front. But horizontal ditches are not
always formed (Fig.4.1a). The reasons for the building of upward (Fig.4.1b)
or downward ditches (Fig.4.1c) have not been exhaustively elucidated. They
may be sought in different types of abrasion mechanism as sketched in Fig. 4.1.
The actual behavior depends on the brittleness or adhesion of the materials
scratched. All depth values are averaged in the central 67% range, as there
are clear distortions at the beginning and at the end of the scratch. This helps
also in eliminating roughness of the depth line due to fissures and cracks that
should be kept to a minimum by proper choice of the experimental conditions

in any particular case.

Fig. 4.1. Sketch of various types of abrasive nanoscratch appearance: (a) horizontal
at smooth abrasion with a cloud of fine dust, (b) upward in the adheswe case, (c)
downward if blocks of material are ejected
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Fig. 4.2. Normal displacement (h) curves upon constant load cube corner scratch-
ing; (a) on fused quartz (side in front, 3um, 1,484 uN normal load) and (b) on
strontium titanate (111) (edge in front, 3um, 993 uN normal load); the scratch
time is 60s

The occurrence of downward and upward scratching is instrumentally mon-
itored and an average value for the normal displacement for the range of in-
terest has to be taken if it is not neutral. Figure 4.2 shows examples for two
of the possibilities in Fig. 4.1. The ranges of analysis can be chosen freely but
should cover the inner 67% if possible.

In ideal scratch plowing, e.g., on polymers with Berkovich indenter at
the beginning of the microscratching range, the material is pushed upward
to both sides and there may be higher elastic recovery than in indentations
(Chap. 3). A rapid elastic recovery at the rear of the indenter during scratch-
ing is assumed. Abrasion is enhanced at cross double scratching under these
conditions and very flat scratch profiles have been reported over as much as
300 um length in a polymer at about 1.5 um depth [20].

4.3 Equipment

Nanoscratching on solid surfaces is a rather new technique in the mechan-
ical testing. The capacitive 2D-transducer is commercially available for the
Triboscope®) or Triboindenter®) of Hysitron, Inc. since 1998. Different tech-
niques use Nano Test® from Micro Materials, Nanoindenter XP® of MTS
Systems Corporation, Nanoscratch Tester®) of CSEM Instruments, or UMIS®)
of CSIRO and others. Acoustic detectors may be added. Most commercial
instruments work at normal force control, which is suitable for uniform ma-
terials. However, the capability for depth control is important for composite
materials such as hard metals and the like in order to achieve a constant cross
section of the ditch and monitor the site-specific variations of the normal force
Fyx [21]. All suitable nanoindenters (Chap. 3) require a double-axis transducer
with two additional force-displacement sensors in order to monitor and control
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the position in the z-direction. The Triboscope® system controls and mea-
sures the displacements capacitively. The lateral force transducer performs
both indentation (load control) and scratch testing (displacement control).
The operator specifies length and duration of the scratch. The transducer is
firmly connected to any SPM stage by its mounting in place of the AFM
head in order to enable SPM measurements before (surface roughness) and
directly after the scratch with the same indenter tip under 3D-piezo control.
Calibration and analysis software is usually provided by the supplier or may
be adapted from commercial software packets such as ELASTICA of ASMEC.
The AFM part may be the NanoScope III or one of many other brands. The
necessary equipment must not be very complicated (Fig. 4.3).

In the ramp experiment, the indenter scratches at constant rate for a prede-
termined distance while the normal load is linearly increased [14]. Conversely,
the constant load experiment runs at constant rate for a predetermined dis-
tance without changing the normal force. The lateral force that ensues is
recorded by the additional sensors of the 2D transducer and provides also

Fig. 4.3. A basic nanoscratching workplace by combination of a Triboscope® with
a Nanoscope III® showing suspension mount on rubber bands, the transducer on
top of the AFM piezo, leveling device and turn ring (detailed in inset), a light
source, a telescope, a transparent cover for noise protection, with three screens (of
two computers), and control box (under the right screen); the AFM measurements
are controlled and visualized with the left and central screens
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Fig. 4.4. Scratching on fused quartz with a Berkovich indenter at 2 mN load and
3um length at various scratch durations

the scratch work. The scratching process is normally not very sensible to the
scratching rate. Figure 4.4 gives an example for 3 um Berkovich scratching on
fused quartz. It can be seen that Fy, does not change if Fy is kept constant
when the scratch time is varied from 10 to 900s. Usually 30 or 60s are chosen
for 3-10um scratches [22].

The volume of the excavated ditch can be measured by AFM and the
scratch resistance calculated from these values [12]. There is, however, some
tip—sample convolution if elastic recovery is low and successive filling of the
ditch with abraded dust upon repeated AFM traces. Such dust may also oc-
cur as loose debris piled up in part at the rims of the scratch. This drawback
is not removed by replacing the AFM tip with a sharp one and sometimes
tedious search of the impression, but there are also instances where no dust
debris occur, for example in the case of molecular migrations at the complete
expense of abrasion (Sect.4.5.7). For precise measurements of angular depen-
dences of scratches a goniometer device is required that allows for adjusting
sample tilt and adjustment of the rotation axis of a sliding bearing for trans-
ducer rotation. Such an addition has been constructed and is available for the
Triboscope®). After instrument calibration the sensors of the 2D transducer
record the values of normal force and lateral force. In all constant load exper-
iments the lateral force is averaged over the central regions of the scratches
(about 67%) in order to eliminate distortions at the start of the scratch and
at the unloading end. Steps, peaks, or depressions that may have arisen due
to single fissures or cracks (that can be minimized by slower scratching if nec-
essary) are neglected. Typical scratch rates are 30 or 60s for a 3 um scratch

length. But usually there is no rate dependence on the Fy, and Fli/ ? ratio from
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3 to >900s per 3 or 5um scratch length except for viscoelastic samples such
as organic polymers. Pyramidal indenters may be oriented using the shape
of their triangular indents. The nanoscratches can be performed edge-in-front
or side-in-front and this has to be stated as well as the type of the tip. The
quantitative data depend on geometry.

4.4 The Appearance of Nanoscratches

The appearance of symmetric nanoscratches with different materials may be
very different. This points to different mechanisms of the abrasion as sketched
in Fig.4.1. Some examples are shown in Fig.4.5 for ramp and constant load
nanoscratches. Abrasion of material may be complete, or there may be pileup
in front or at the sides. As pressure is not only exerted laterally in scratch
direction but also laterally sidewise there may be elastic recovery and plas-
tic deformations at the sidewalls and it is usually not possible to assess the
amount of material abraded. Furthermore, it is not surprising that nano-
scratches tend to exhibit rough borders due to side fissures and cracks, which
have to be minimized by proper choice of conditions. Depending on the crystal
structure it is even possible to produce asymmetric scratches with anisotropic

(d)

0 75 15 um 0 2 4 um 0 25 5um
Zrange 600 nm Zrange 50 nm Zrange 50 nm

Fig. 4.5. Various appearance of abrasive ramp (a, b, ¢) and constant load nano-
scratches (d, e) with and without pileup; the scratching was on single crystals of
thiohydantoin (10-2) (a, b), 2-benzylidene-cyclopentanone (c), fused quartz (d),
and strontium titanate (100) (e)
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molecular migrations particularly with organic molecular crystals (Sect. 4.5.7).
Importantly, AFM measurements of the steep ditches with the same indenter
tip are charged with tip—sample convolution errors that may be quite high.
However, looking for the tiny nanoscratches with regularly sharp AFM tips
is very time consuming or impossible and bears the risk of partly filling the
ditch with abraded dust. Generally, the first ditch volume measurement pro-
vides the largest reading but this decreases in consecutive AFM scans when
also some of the pileup material has shifted. Nevertheless the imaging of the
nanoscratches gives important information, even if it appears advisable to de-
velop scratch resistance parameters that do not require the uncertain volume
measurement. Microscopic or electron microscopic techniques are not able to
improve the assessment with respect to the ditch volume. Importantly, abra-
sive nanoscratches are less sensitive to greasing impurities that may be present
undetectably on the surface than in sliding friction measurements. Therefore
natural surfaces with moderate roughness can be safely studied but the tip
should be normal to the surface in narrow limits (better than 1° or less) in
order to avoid severe shear force effects.

Most of the lateral force is in the scratch direction, which is measured by
the 2D transducer, but there is also normal lateral force (to the sidewalls of the
ditches), which can be measured by emerging 3D transducers. While Fig. 4.5
does not allow to directly “see” the effects of the sidewise lateral force this
will be evident in anisotropic scratching of molecular crystals with molecular
migrations in Sect. 4.5.7.

4.5 Quantitative Treatment of Nanoscratching

4.5.1 The Relation of Lateral and Normal Force

There is a widespread use of the so-called “friction coefficient” (W = Fy,/Fx)
in sliding and abrasive scratching [16]. However, such “friction coefficient”
would indicate a direct proportionality of lateral force and normal force. Such
direct proportionality has never been demonstrated experimentally and has
apparently never been deduced theoretically. Rather “size effects” have been
assumed. However, knowledge of the dependence of the lateral force Fy, (in
direction of the scratching) from the normal force Fy is most important for
all quantitative treatment of nanoscratching. It determines the depth of the
ditch under load for the material under investigation. It is therefore highly
gratifying that an apparently general exponential relation between Fi, and
Fls}/ % was experimentally found and secured for virtually all types of solid
materials in constant load nanoscratching at constant rate (4.1) [13,17].

F,=KFY? (4.1)

The constant K of dimension [1/4/ force] has to be termed as “scratching
coefficient”, which is characteristic for the material on particular faces in
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particular directions and depends also on the indenter geometry. This ex-
perimental result may be derived on the basis of the standard formulas of
the indentation process (Chap. 3), but the uncertainties of these (assumptions
and iterative relation to a standard with totally different behavior) do not
lead to useful formulas for the extraction of hardness from K (4.9) at the
present state of theory. However, the values of K (uUN~'/2) are useful on an
experimental basis for the quantitative description of nanoscratching. Their
constancies (unlike the so-called “friction coefficients”) should also be helpful
for advanced descriptions of ramp scratching.

The experimental evidence for (4.1) has been demonstrated for oxides,
elements, metals, salts, organics [13,17], and polymers (Sect. 4.6). For example,
fused quartz is an isotropic glass with SiO,4 tetrahedrons randomly connected
by strong O—Si—O bonds. Many of these covalent Si—O bonds have to be broken
when excavating ditches. Scratches at different constant normal force values
are plotted versus different powers of the lateral force required (Fig.4.6). It is
found that only a plot of lateral force versus (normal force)?/? is both linear
and cuts at the origin as is necessary (Fig.4.6b). Conversely, the trial plots for
direct proportionality (exponent 1) and square relationship (exponent 2) fail
as they miss the origin (Figs. 4.6a,c). Only the 1.5 exponential relation is valid.
The slope of the line in Fig.4.6b (K) is to be termed as scratch parameter
for the used tip geometry. The very good linearity is found up to 1,500 uN
normal load in the 1.5 exponential plot.

The failure of a direct proportionality (Fig.4.6a) is remarkable in view of
the common approach for the description of the tribological behavior by a
“friction coefficient,” which is defined by the ratio of lateral force over nor-
mal force [13]. Therefore, the generality of the new result has to be demon-
strated under various conditions and with different materials. In fact, the
3/2 exponential relation (4.1) has been secured for virtually all different
kinds of materials on various faces and directions as well as with various
indenters [13,17]. Strontium titanate (Pm3m) is a typical example for salts
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Fig. 4.6. Fused quartz: plots of the lateral force vs. normal force upon scratching
with a cube corner indenter (edge-in-front) showing a linear plot through the origin
only at the 1.5 exponent (b) but not in the trial plots with the exponents 1 (a) or
2 (c)
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Fig. 4.7. SrTiO3 on (100): plots of the lateral force vs. normal force upon edge-
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(b) trial plot with exponent 2 clearly missing the origin
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Fig. 4.8. Silicon on (100) (SiO; layer 10nm): plots of the lateral force vs. normal
force upon cube corner edge-in-front scratching parallel to the cleavage direction;
(a) curved trial plot with exponent 1; (b) linear plot with exponent 1.5 (it does not
perfectly cut at zero due to the hydrated SiO» layer)

(Fig. 4.7). The cut of the straight line in Fig. 4.7a misses the origin but slightly,
probably because of the water layer on its surface. However, the trial square
plot of Fig.4.7b is far off and thus invalid.

A similar problem with surface layer is encountered with silicon, which has
a hydrated layer of silica on it in ambient air. But the experimental evidence in
terms of (4.1) (Fig. 4.8b) is again convincing. The straight line in Fig. 4.8b cuts
reasonably close to the origin, whereas the trial plot in Fig. 4.8a with exponent
1 is strongly curved. A further feature with the F1,—Fy plot of silicon is a kink
that occurs at higher normal force. It is discussed in Sect. 4.5.3 (Fig. 4.18).

Importantly, even organic molecular crystals of various kinds and polymers
(Sect. 4.6) obey (4.1). For example, thiohydantoin (1) and ninhydrin (2) have
different arrays of hydrogen bonds, whereas tetraphenylethene molecules (3)
(Fig. 4.9) experience only van der Waals’ forces in their crystals. All of these



4.5 Quantitative Treatment of Nanoscratching

v ok 3

Fig. 4.9. Molecular formulas of thiohydantoin (1), ninhydrin (
phenylethene (3)

), and tetra-

(a) (b) (©
1201~ =0.6964x -24.059 120 ﬂ=0.0402x+3.14247»‘— 120y =0.0025X+16-61574~
z Z = Z -
3 80 3 80 g 80 7
g / £ e g
S S0 pd S pd
8 # k] L 8 A
0 0 il 0
0 100 200 0 1000 2000 3000 0 20,000 40,000
normal force (uN) (normal force)'s (uN)*® (normal force)? (uN)?

Fig. 4.10. Thiohydantoin (1) on (110) at the 180° orientation: plots of the lateral
force vs. normal force upon edge-in-front scratching with the cube corner; the trial
plots (a) with exponent 1 and (c¢) with exponents 2 do not cut at the origin; only
plot (b) with exponent 1.5 is valid
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Fig. 4.11. Thiohydantoin (1) on (110) at the 270° orientation (migration to the
left): comparison of (a) edge-in-front and (b) side-in-front scratching with the cube

corner securing the 1.5 exponential relationship in both cases (a, b) but with slightly
different slopes

obey (4.1) upon scratching on different faces in different directions and both
in pyramidal edge- or face-in-front orientation, as evidenced in Figs. 4.10-4.12.

Thiohydantoin (1) is a flat molecule with a layered crystal structure that
has all hydrogen bonds within the double layers. It was scratched edge-in-front
on a (110) surface at the 180° orientation giving abrasion (0° with respect to
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Fig. 4.12. Thiohydantoin (1) on (10-2) parallel to the long crystal edge upon cube
corner side-in-front scratching: plots of the lateral force vs. normal force with the
exponents 1 (a), 1.5 (b) and 2 (c)

the long crystal axes gives molecular migrations to both sides; Sect.4.5.7).
All three plots of Fig.4.10 with the exponents 1, 1.5, and 2 seem to be close
to linear; however, only the 1.5 exponential relationship has its intercept at
the origin and is thus valid (Fig.4.10b). The straight lines in the trial plots
(Figs. 4.10a,c) are to be qualified as tangents. The slope of 0.0402 uN=%% (K-
value) is characteristic to this material at this face and scratch direction,
representing the response to the mechanical abrasive plowing with the cube
corner indenter.

As the anisotropy is very pronounced with thiohydantoin (1) it is of in-
terest to explore the validity of the 1.5 exponential relationship also for the
molecular migration case (Sect.4.5.7). Figure4.11 shows the results at the
270° orientation (when molecules migrate only to the left side). Again the 1.5
exponential plots (a,b) hit at the origin. It does not matter for the linearity if
the edge (a) or the side of the cube corner (b) is in front; however the scratch
coefficient (slope) is considerably different. The constant K of 0.0382uN—%2
from the edge-in-front scratching (a) (Fig.4.11a) is smaller (by 5%) than in
the abrasion case of Fig. 4.10b. This is significant and may indicate differences
in the scratch mechanism at the different angles.

The results with the very different indenter orientations indicate again
that the indenter geometry is not the reason for the exponential law of (4.1).
Clearly, the 1.5 exponential relationships are also retained if the side of the
indenter is in front. This finding is of highest importance, as it demonstrates
only a low sensitivity of the scratch coefficient K with respect to the tip shape.
The difference of the K-values in Fig.4.11 is 16%.

The validity of the 1.5 exponential relationships at side-in-front scratching
was also secured with thiohydantoin (1) on its (10-2) cleavage plane where
the molecules are arranged flatly in infinite hydrogen bridged layers (the
nanoscratching on that face results in exclusive abrasion; Sect. 4.5.7, [11,13]).
Ounly the 1.5 exponential plot (b) in Fig.4.12 represents the valid relation-
ship, because it hits the origin unlike the trial plots (a) or (c). The slope of
Fig.4.12b has to be compared with the side-in-front value of Fig.4.11b, of
course. The value of 0.0358 on a (10-2) surface is considerably (22%) smaller
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than the value of 0.0457 on a (110) surface at the 270° scratch direction.
This indicates a lower resistance for the abrasion on the (10-2) surface of
thiohydantoin.

It is important to secure the 1.5 exponential relationship of lateral force
and normal force with further compounds. Ninhydrin (2) is a dipolar bi-
cyclic compound with a three-dimensional structure and forming infinitely
hydrogen-bridged double layers [23]. Figure 4.13 shows, that upon scratching
only the 1.5 exponential plots (b) and (e) hit the origin, unlike the (a) or (d)
and (c) or (f) plots that are based on the exponents 1 and 2, respectively.
Again it does not matter if edge-in-front or side-in-front scratching is per-
formed with the cube corner. The only variation is in the scratch coefficient.
The difference in slope is again comparably small (17%). However, scratch
coefficients are recommended for edge-in-front scratches, as these should be
less sensitive for tip changes, if a 60° pyramid, a Berkovich, a Vickers, or a
conosphere indenter should be compared with the cube corner.

Tetraphenylethene (3) is a bulky unpolar hydrocarbon that does not ex-
hibit hydrogen bridges. It is of interest to note if the 1.5 exponential relation-
ship still applies in the case of exclusive van der Waals’ crystal forces. The
results in Fig. 4.14 show that this is indeed the case. Only the 1.5 exponential
plot (b) intercepts at the origin unlike the trial plots with the exponents 1
(a) and 2 (c). The slope reaching the value of 0.0598 uN~%% is larger in this
case when compared to the hydrogen-bridged crystals of 1 and 2. The higher
energetic effort derives from the interlocking of the bulky molecules (Fig. 4.44).
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Fig. 4.13. Edge-in-front (a—c) or side-in-front (d—f) cube corner scratching of nin-
hydrin (2) on an (1-10) surface along the c-axis: plot of the lateral force vs. (normal
force)™ with the exponents 1 (a,d), 1.5 (b,e) and 2 (c,f), showing the 1.5 exponential
power law obeyed in both scratch modes
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Fig. 4.14. Tetraphenylethene (3) on (10-1): plots of the lateral force vs. normal
force in the side-in-front cube corner scratching along the longest of the crystal
edges; (b) with the exponent 1.5; (a) with 1, and (c) with 2; the trial plots (a) or
(c) with the exponents 1 or 2, respectively, do not hit the origin

Nanoscratching on diverse materials (oxides, salts, covalent semimetals,
molecular crystals, polymers) consistently reveals proportionality of (lateral
force) ~ (normal force)3/2. This relationship is valid for amorphous (fused
quartz) and crystalline materials such as silicon, silica, strontium titanate,
and the polar molecular crystals of thiohydantoin and ninhydrin (2) with
hydrogen bonds, or pure van der Waals’ crystals of tetraphenylethene (3). Tt
is of highest interest that the 3/2 exponential relationship does not change
with the bonding situation.

4.5.2 Scratch Work Considerations and Mathematical Justification
of the Fi, ~ Fli/z Relation

Per definition, the scratch work is given by the lateral force (F1,) and scratch
length (1)

Wee = Fr, - L (4.2)
By substitution in (4.1) it follows the obvious proportionality of scratch work
and (normal force)®/? (4.3):

Wee = K -1-F/2, (4.3)
The slopes of nanoscratch work (lateral force - scratch length) vs. (normal
force)!:5 are linear and cut at the origin, as expected. This may be exemplified

with the plots in Fig.4.15b. The slope value (K - 1) has the dimension (um -
uUN~03), Clearly, the trial plot (a) with the exponent 1 fails. It appears that
(4.3) is practical for extrapolation purposes.

Furthermore, for the comparison of different materials and for the qual-
ification of face and angle anisotropies of a material (Sect.4.5.6/4.5.7) it is
necessary to define the specific nanoscratching work (spec W) under speci-
fied load. For practical reasons this should be defined for 1 um nanoscratching
length. Therefore, the specific nanoscratch work is the lateral force (at uni-
form rate) times 1um as in (4.4), which contains the factor 1 um for correct
dimension.
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Fig. 4.15. Plots of the scratch work Wy, vs. force upon edge-in-front scratching on
a (110) surface of thiohydantoin (1) at the 180° orientation (abrasion, Sect.4.5.7);
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spec Wye = Fi, -1 =K - FY/* . 1 (N pm). (4.4)

Such specific nanoscratch work or the nanoscratch coefficient K (UN~%-%) (also
4.1) should be used instead of the dimensionless “friction coefficient,” which
was previously defined as lateral force over normal force, a ratio that cannot
be constant in view of (4.1) and (4.4).

The comparison of work of nanoindentation (Sect. 3.8) and the nanoscratch
work may serve as a theoretical rationalization of the Fi, ~ Flf}/ % relation on
the basis of previous theories for micromechanics if these are assumed to be
applicable to the nanotechniques. The indentation work Wy and the scratch
work Wy, at the same penetration depth h are expressed and compared. Wy
can be written as the product of mean pressure p,, and volume V = A h/3
(pyramids and cones), where A is the projected area. Wy, as the product of
lateral force (F1,) and scratch length (1) is taken at the same constant normal
penetration depth (k). For a conical or pyramidal indenter with effective half-
cone angle o (Berkovich: 70.2996°; cube corner: 42.28°; 60° pyramid: 24.45°),
the average pressure may be taken from the formula of Stilwell and Tabor as
Pm = Ey cota/2, where E, is the reduced elasticity modulus [24]. This and
the definition of hardness H = F/A leads to (4.5) for the work of indentation

WN = pmV = (Eycoto/2) - (Ah/3) = (E, coto/6) - (Fxh/H). (4.5)

The standard formula for E, (Sect.3.4) is given in (4.6), where dFx/dh is
usually taken as the unloading stiffness of the indent:

E, = (VnyH/2/Fy) - dFx/dh. (4.6)

Integration for Fy from 0 to Fi leads to an expression for h as in (4.7)

h= (VayH/2E,) [ FS?dPy = (Vry/H/E,) - /F. (4.7)
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If h is substituted in (4.5) one obtains (4.8)
Wy = (cot o /n/6y/H) - F3/>. (4.8)

Division of Wy (4.8) through W, (4.2) (both at the penetration depth h)
gives the proportionality of F1, and Fg/ % in the form of:

(Wnl) - F, = (Wy cot an/n/6y/H) - F2/2. (4.9)

Thus, the F1, ~ Fﬁ/ ? relation is inherent in the standard formula. The analyt-
ical precision of (4.8) and (4.9) is certainly poor in view of the many assump-
tions in the basic expressions used and the unfortunate iterations of terms
with respect to the standard fused quartz (Sect. 3.4). Furthermore, the present
deduction includes the assumption that no phase transformation occurs be-
cause this would produce different responses in indentation and scratching. As
pressure-induced phase transitions seem to be more frequent than previously
expected (Sect. 4.5.3), (4.8) and (4.9) are not generally usable for the absolute
determination of the nanoindentation hardness (H) from nanoscratching ex-
periments. However, their mathematical deduction shows that the empirical
F, ~ Fﬁ}/ ? relation is not contradictory to common theories and that more
advanced approaches to the mean pressure and the contact area would give
similar equations with more reliable parameters that would allow for absolute
determinations of the nanoindentation hardness H and elasticity modulus
E, (without dependence on multiparameter iterations) from measurements of
nanoscratching forces and works. Until then, only the indentation parameter
k (uN/nm3/2) (3.18) and the total work of the indentation Wy tor (WN pm)
(3.26) provide a quantitative description of the nanoindentation experiment
(Sect. 3).

4.5.3 Phase Transitions

The medium scratching pressure that builds up (psc) is given by the lateral
force (F1,) divided by the cross-section (Q)

Psc = FL/Q (410)

Such pressure spreads in forward directions depending on the crystal struc-
ture and anisotropy. Slide or shear bands, or work hardening or phase tran-
sition ensue under the influence of very high pressure and are followed by
failure. Usually, the pressures reach values in the multi GPa range and are
more guided in the straight direction at face-in-front rather than edge-in-front
scratching. Also the attack angle influences the actual pressure as the abrasion
is more impeded if the tip face is more inclined. Therefore, phase transfor-
mations may easily occur, and wearing of the diamond tip by hard materials
may also occur. Notwithstanding, the Fy, ~ Fls}/ ? relation proved valid for all
kinds of materials in nanoscratching irrespective of the very different events
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and mechanisms (Sect.4.5.1). But if a phase transition occurs under load (see
also Chap. 3.7) there must be a response in the value of the scratch coefficient
K because the phase-transformed material is different from the original. For
example fused quartz undergoes an amorphous-to-amorphous phase transi-
tion [25]. It is not seen in Fig.4.6b at relatively low Fy values, but a kink
occurs above that loads and a second linear region with different slope starts
(also for the cube corner, not shown) due to phase transition. This effect can
only be seen in nanoscratching but not in microscratching. Such kinks are
depicted for nanoscratches with the 60° pyramid in Fig.4.16b and with the
Berkovich tip in Fig.4.16¢. A simple 1 by 1 proportionality is again excluded,
as the plot in Fig.4.16a (60° tip, similarly for the Berkovich) is curved and
does not hit at the origin. The evident dependencies of the various K-values
(slopes) on the phase and on the indenter geometry are clearly seen.

Cubic strontium titanate (Pm3m) on polished (100) is a good representa-
tive for a crystalline salt, which undergoes a pressure-induced phase transition
(perhaps into the tetragonal low-temperature modification). This is most eas-
ily seen in Fig. 4.17b with a very pronounced kink and very different character-
istic scratch coefficients (slopes) K. The intercept of the first part in Fig. 4.17b
is close to zero unlike the curves with exponent 1 (Fig.4.17a) or 2 (not shown).
The slight deviation from zero may derive from surface hydration of the salt.
This deviation was found larger (but still small) in independent experiments
that were undertaken with the same sample about one year later and may
reflect the influence of ambient humidity. As there was no visible cracking up
to 1,500 uN load, the kink secures the phase transition, which changes the re-
sponse against the nanoplowing by virtue of a different slope. Actually, further
crystal modifications are known for strontium titanate [26,27]. The measured
slope A (lateral force) / A {(normal force)3/2}(uN~9?) is the constant of the
material phase for the cube corner indenter with the edge-in-front, when the
scratch is parallel to the edge for the crystal packing on the (100) surface.
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Fig. 4.16. Nanoscratches on fused quartz: (a) invalid trial Fi, — Fx plot (60° tip;
similarly with Berkovich tip) as it does not hit at the origin; (b, ¢) Ff, — Fg® plots
exhibiting kinks by intersection of two linear ranges (different slope values K'), which
are due to the amorphous-to-amorphous phase transformation with 60° tip (b), and
Berkovich tip (c), although the early kink in (b) might point to a different process
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Fig. 4.18. Silicon wafer (100) (with 10 nm silica cover) upon scratching with a cube
corner indenter (edge-in-front) parallel to the cleavage direction: (a) plot of Fi, — F°
indicating the phase transition by the kink, while the positive cut at the y-axis is
due to the silica cover; (b) square invalid trial plot that would not indicate the phase
transition

Other directions and other faces of the same material or other indenters give
different values.

Silicon forms an infinite covalent lattice. It assumes a silica layer in ambient
atmosphere that will cause slight deviations at the beginning of the correct
nanoscratching plot. Again, linear or square (Fig. 4.18b) relationships between
lateral and normal force do not hold. Figure 4.18a indicates two straight lines
intersecting at a kink in the correct Fj, — Fy5 plot. Once more a marked
phase transformation is disclosed by nanoscratching (probably diamond cubic
Si into metallic superconducting tetragonal B-tin Si or to the even denser
packed phases of Si).

Pressure-induced phase transitions of silicon found much interest and are
long known. At 12 GPa hydrostatic pressure it forms the tetragonal B-tin poly-
morph, at 13-16 GPa a simple hexagonal phase, at 36 GPa a hexagonal closest
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packed phase, at 78 GPa a face centered cubic face that does not change up
to 248 GPa; after pressure relief the body-centered cubic metastable phase is
obtained [28]. Several intermediate phases have also been described [29]. Re-
cently, the transition to the B-tin Si has been indirectly claimed by TEM and
micro Raman spectroscopy from nanoindentation impressions after unloading.
Instead of the B-tin Si the occurrence of metastable phases (rhombohedral Si,
body-centered cubic Si, and amorphous Si) were deduced from Raman lines
and it was concluded that these formed by transformations of intermediate
B-tin Si (Chap.22.3.5 in [5]), [30]. The difficulties in the construction of a
microindentation device for in situ Raman microspectroscopy both for trans-
parent and non-transparent materials are well known [31]. Clearly, the only
possibility of focusing light to the nontransparent squeezed out silicon could
not detect the high-pressure B-tin Si (or more dense metallic Si) phase, be-
cause the pressure is already released there even if it is ductile.

In situ measurements would be important. Clearly, nanoscratching alone
does only detect the occurrence of phase transformations and it locates the
phase-transformed material in front of the tip for possible in situ or (easier)
ex situ investigation with a well-oriented pressure gradient. The most promis-
ing way to explore the actual phases at different distances from the tip will be
scanning diffractometry with microfocus synchrotron radiation [32,33]. Beam
sizes have now reached the submicron scale reaching routinely the 100-nm
width. Such measurements are being pursued and they promise to identify
different phases along the pressure gradient with high resolution [34].

Ductile metals can be nanoscratched without chipping. The best and re-
producible results are obtained if a blunt cube corner (“curvature” radius:
200nm) is used, as the effective cone angle is most favorable and the pene-
tration depth is suitable in the nanoscratching range. This is clearly demon-
strated in Fig.4.19 by smooth scratches (3um in 60s) of gold, silver, and
copper at 250 uN normal load [22]. The appearance of all three results is very
similar. There are no irregularities by cracks or ruptures and the volumes of
the pileups are found larger than the ditch in all three cases. This seems to
exclude loss of material by chipping. Surface roughness is not critical.

Gold, silver, and copper crystallize in cubic face-centered lattices (Fm3m),
and phase transformations are frequent for such packing. In fact the quantita-
tive treatment gives similar results for the three ductile metals. In none of the
three cases are the straight lines in the F1, - Fnx plots valid, because they do
not cut at the origin (Figs.4.20a, 4.21a, 4.22a). Neither are square relations
valid between F1, and FI%, as there is strong curvature in Figs. 4.20c, 4.21c,
4.22c. Again the 3/2 exponential relations are valid and the corresponding
plots disclose the phase transitions by very pronounced kinks.

Yellow gold of high purity has the sharp kink at 740 uN normal load in
the 1.5 exponential plot, when nanoscratched with the blunt cube corner
(Fig.4.20b) [22]. This points to the known face-centered cubic into hexago-
nal close-packed or body-centered cubic phase transformation [35] much more
distinctly than by nanoindentation (cf. Sect. 3.7).
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Fig. 4.19. AFM topologies (5um, z-scale: 400 nm) of nanoscratches with a blunt
cube corner at 250 uN normal load on (a) gold with 60 nm depth, (b) silver with
80nm depth, and (c) copper with 70 nm depth
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Fig. 4.20. Gold: cube corner edge-in-front nanoscratching; (a) trial F1,- Fx plot
that is invalid as it does not cut at the origin; (b) valid Fi- Fg® plot, the kink is
the result of the phase transition under pressure, the scratch coefficients (slopes) are
indicated; (c) Fy,- Fig trial plot that is strongly curved

Silver exhibits the kink of an analogous phase transition with the blunt
cube corner in the 1.5 exponential plot at 620 uUN normal load (Fig.4.21b)
[22], but the scratch coefficients are very similar to the values of gold. A hexa-
gonal densely packed silver polymorph has been described in a mineral from
northeastern USSR [36], and this is certainly a good candidate for the high-
pressure form. Furthermore, a phase transition of cubic silver at 19 GPa has
been described [37].

Copper has its kink of an analogous phase transition upon nanoscratching
with the blunt cube corner indenter at 740 uN normal load (Fig.4.22b) [22].
The scratch coefficients are slightly larger than with gold and silver. The
pressure influence to copper in the range of 0-30 GPa has been described in
[38]. Furthermore, phase transformation of copper and silver through shearing
is known from [39].

The occurrence of phase transitions is most easily detected by quantitative
nanoscratching, but only when using the experimentally secured Fy, ~ F{-° re-
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Fig. 4.21. Silver: cube corner edge-in-front nanoscratching; (a) trial F1, — Fn plot
that is invalid as it does not cut at the origin; (b) valid Ft, - F&% plot, the kink is
the result of the phase transition under pressure, the scratch coefficients (slopes) are
indicated; (c) FL,- Fi2 trial plot that is strongly curved
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Fig. 4.22. Copper: cube corner edge-in-front nanoscratching; (a) trial F1, — Fx plot
that is invalid as it does not cut at the origin; (b) valid Fi, — Fy® plot, the kink
is the result of the phase transition under pressure, the scratch coefficients (slopes)
are indicated; (c) Fy,- F@ trial plot that is strongly curved

lation and the corresponding plots. The new quantitative law (4.1) is therefore
also valid for metals.

A practical application of the results concerns nanoscratching with the
blunt cube corner on a One Eurocent coin that was previously finely polished.
It was interesting to see if the coin has better mechanical properties than
copper. The results are given in Fig. 4.23 [22]. Again, only the 1.5 exponential
plot is valid. The kink in Fig. 4.23b occurs at 710 uN normal load. It is clearly
seen that the scratch coefficients correspond closely with pure copper, so there
is no improvement with respect to bulk copper. The penetration depth of the
scratch was 60 nm at 250 uN and 200 nm at 1.5 mN normal load. The deeper
lying alloy does not show up in the results, probably because it is less ductile
than the copper coating.

An interesting field of research will stay the investigation of phase tran-
sitions of alloys and many other solid materials with nanoscratching. For ex-
ample, a trigonal silver—zinc alloy can be transformed into the cubic CsCl
structure at approximately 3 GPa with a finite volume discontinuity [40]. This
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Fig. 4.23. Polished One Eurocent coin: cube corner edge-in-front nanoscratching;
(a) trial Fy, - Fi plot that is invalid as it does not cut at the origin; (b) valid Fy, - Fii®
plot, the kink is the result of the phase transition under pressure, the scratch coef-
ficients (slopes) are indicated; (c) Fi.- Fig trial plot that is strongly curved

phase transition should easily show up by nanoscratching as well. These ap-
plications appear very promising and are most easily performed.

4.5.4 The Relation of Lateral Force and Normal Displacement:
Consistency of the New 3/2 Exponential Relationships in
Nanoscratching and Nanoindentation

The quantitative relationship of (normal force) ~ (normal displacement)?3/?
in nanoindentations has been treated in Chap. 3, Sect. 3.6. This new law can
be combined with the quantitative relationship of (lateral force) ~ (nor-
mal force)?/? in nanoscratching. Hence the relation (lateral force) ~ (normal
displacement)g/ 4 is obtained by substitution. Therefore, a simple test can se-
cure both laws and the quality of the experimental data. Figure4.24 shows
indeed that the exponent 2.25 at normal displacement leads to the expected
straight lines, which intercept at the origin within experimental accuracy. All
the different nanoscratched materials of this Chap. 4 withstand the test. Fig-
ure 4.24 shows it for fused quartz, strontium titanate, silicon, and the organic
crystals 1-3. The test is also positive for the side-in-front scratches. This in-
dicates again that the new empirical laws are valid for all materials and it
stresses the reliability of the data. Furthermore, it becomes apparent from
these linear plots if a suspicious single result in the series requires a control
measurement (for example the fourth point in Fig. 4.24d).

4.5.5 Scratch Resistance

Scratch resistance was initially defined with respect to a critical load in ramp
experiments (continuous increase of the load during constant rate lateral
translation of the indenter) above which a permanent surface change such as
plowing abrasion of material or detachment of coatings according to various
failure mechanisms occurs. However, scratch resistance should also be defined
for the abrasive process itself. A first approach in that directions aimed to
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Fig. 4.24. Lateral force vs. (normal displacement)®/* relationship in the edge-in-
front scratches of (a) fused quartz, (b) SrTiOs, (c) silicon, (d) thiohydantoin (1),
(e) ninhydrin (2) and (f) tetraphenylethene (3), providing proof for consistency of
the found relationships of nanoindentation and nanoscratching and reliability of the
experimental data

improve the understanding of frictional abrasive wear because Mohs hardness
and other types of hardness are not fully adequate for judging macroscopic
wear. Actually, no universal relations of hardness with the observed wear
and its anisotropy exist. That the Mohs standards did “not exhibit signifi-
cant anisotropies” was termed favorable and it was therefore tried to apply
the new technique of nanoscratching to them though without taking care of
anisotropies [12]. This approach defined residual scratch resistance (Rsc res)
as the scratch work (lateral work times scratch length) over the residual ex-
cavated volume (Vies) by the nanoscratching (4.11).

Rsc res — FLl/V;es- (411)

A much better relation to the wear was demonstrated than with the Mohs
scale [12]. The Mohs-scale materials revealed that the Rs. ros values differed
significantly even at comparable nanoindentation hardness H. Unfortunately,
the values tabulated for the scratch resistance depended on the load. The drop
of Ry res With increasing load was interpreted as a “size effect.” Furthermore,
a decrease of “friction forces” as the scratches become deeper was invoked as a
special effect [12]. However, such “size effects” are the result of a nonlinearity
between Fy and F1, as described in Sect.4.5.1. A further disadvantage of
Rgc res is the necessity to assess the precise volume excavated, which is difficult
to obtain. AFM measurements with the scratching tip are highly useful but
they cannot trace all of the excavated volume due to tip—sample convolution.
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Fig. 4.25. Linear plot of (a) lateral force vs. R, s, and (b) normal force vs. RZ
from cube corner nanoscratching on fused quartz

Also the tedious search for the ditch immediately after the plowing with a
sharper AFM tip does not help as dust particles are produced by the abrasive
scratching that will be filled in by the scanning.

The measurement of the volume is avoided if the full scratch resistance
under load (Rscfan) is defined as a new parameter. It is highly rewarding that
such endeavor leads to further useful relations, including the extrapolation to
different loads what may give further insights to the effects responsible for
wear as well. The abrasive part Rgc res (residual volume) is larger than the
full scratch resistance Rgc 1. The latter is defined by

Rse tann = FL1/Viun = F1./Q (4.12)

The full scratch volume is equal to the indenter tip cross section (@) below
the surface times the scratch length 1. In the case of a cube corner the cross
section calculates equal to the basic plane (A) over /3 and (4.13) derives by
substitution if the definition of the indentation hardness (H; (3.1)) is also
introduced:

Ry tun = V3FL/A = /3HFL/Fx. (4.13)

A correction considering the tip end can be neglected. By substitution with
the well-founded (4.1) one obtains (4.14) and (4.15) when all the well-known
constant factors are combined into one constant each:

Fi, = const R ;) (4.14)
Fx = const’ RZ, ;1 (4.15)

That means, the proposed plots of F}, — R3_ ;,, and/or Fyy— R, are linear.
These relations are experimentally verified in Figs.4.25 and 4.26 with very
different materials such as fused quartz and the organic material ninhydrin
(2) by cube corner nanoscratching.

The points on the best lines in the Figs.4.25 and 4.26 are iterated, be-
cause of the high power. They indicate the number of measurements. Nev-

ertheless, the extrapolative power of (4.14) and (4.15) is clearly evidenced.
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Fig. 4.26. Linear plot of (a) lateral force vs. R3, s, and (b) normal force vs. R
from cube corner nanoscratching on ninhydrin (2)

Similar square and cubic dependencies of Fy and Fy,, respectively, with the
full scratch resistance are obtained with other materials and further indenters.
The cross sections of indenters are easily obtained and the full scratch resis-
tance (Rgcfun) is therefore highly reliable. It can be used for the qualification
of face and angle anisotropies in addition to the specific nanoscratch work
(spec W) according to (4.4).

4.5.6 Anisotropy in Nanoscratches

The high sensitivity of nanoscratching enables to detect and quantify aniso-
tropies of scratch resistance (Rgcran) (4.12) and scratch work (spec Wy.) (4.4)
on materials. The detection of anisotropic scratching with the new parameters
is very important for the evaluation of the reasons for frictionally wear. It is
much more precise to use Rsctun and spec Wy, rather than any trials with
previous residual scratch resistance (Rsyes) (4.11). The latter depends too
strongly on the precision of the volume measurement after the scratching,
which cannot be assessed (Sect.4.5.5). Therefore the safe parameters that
avoid volume measurements should be largely preferred.

Strontium titanate (SrTiO3) single crystals (Pm3m) have an infinite three-
dimensional ionic lattice in which the titanium atoms are surrounded by six
oxygen atoms in the form of octahedrons. The (100), (110), and (111) faces of
SrTiOs have been studied for the demonstration of face and angle anisotropy.
The projections of the crystal packing on these faces are quite different and
so is the density of the ions Sr** and TiO3~ in various directions. It turns
out that the measured specific scratch work (spec W), and therefore also
the proportional full scratch resistance (Rgscfunn), is very sensitively different
on the different faces and in different scratch directions. Figure 4.27 depicts
projections of the crystal packing and the measured values of the specific
scratch work at three different angles on these three faces.

Under the slightly rotated (100) projection the cube structure with the
strontium ion in the center can be imagined (between the titanium atoms is an
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oxygen atom, each). The nanoscratch work and thus also the full nanoscratch
resistance values along the cube edges (at 0° and 90°) are different from the
nanoscratching across the cubes at the 45° direction.

The projection on the (110) face exhibits remarkable packing differences in
the 0°, 90°, and 45° directions of the nanoscratching. Therefore, nanoscratch
work and thus also the full nanoscratch resistance values are found different in
all chosen directions. At 0° and 90° most of the Ti—O bonds are in the scratch
direction and vertical unlike the 45° direction and the lattice separation is
smaller at 0° than at 90°.

In the projection on the (111) face the strontium ions are hidden behind
the titanium. The nanoscratch work and thus also the full scratch resistance
is considerably higher when scratching along the parallel —Ti-O—Ti—O- lines
that are interconnected by the double number of oxygen bridges (0°, also 60°
and 120°). The 45° and 90° scratches are off-axes.

Similar to SrTiO3 there are changes of scratch resistance in crystalline o-
quartz (SiO2) as exemplified for its (1-100) face at 0°, 45°, and 90°. The crystal
packing of this infinitely covalent bond crystal (P3(1)21) is more complicated
but clearly anisotropic (Fig.4.28). It consists of a 3D network of Si-centered
tetrahedrons. All of these are linked together via their corners.

The variations in spec Wy (UN pm) are not very pronounced. It is, how-
ever, seen that the c-direction (90°) requires the least nanoscratch work. The
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Fig. 4.27. Facial and angular anisotropy of the specific scratch work on (a) (100),
(b) (110), and (¢) (111) of strontium titanate at various scratch angles; Sr large
unfilled circles; Ti dark circles; O small gray circles; the projection (a) is rotated
by 5° around z and y; scratch parameters are given
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Fig. 4.28. Angular dependence of specific scratch work (FN = 1482 uN) on (1-100)
of a-quartz upon cube corner edge-in-front scratching and the crystal packing

crystal packing in Fig.4.28 exhibits alternating rows with very large Si—Si
distances of 0.5405nm in that direction and also the skew (10-11) cleavage
plane is cutting in c-direction, which decreases the required work. On the
other hand, the further directions have the atoms separated less distant on
that projected face.

These fine angular anisotropies also on the four other natural main faces of
o-quartz (cf. Table 3.4 in Chap. 3) [22] are not obtainable with macroscratch-
ing (Vickers, 10-100g load) even if the critical load for microfractures was
orientation dependent and marked anisotropies in the shape of the chips was
observed and interpreted in terms of microfractures propagating preferentially
along slip planes [41].

4.5.7 Molecular Migrations in Anisotropic Molecular Crystals

The mechanic properties of molecular crystals are just being studied [11,42].
They behave differently from infinite covalent, ionic, or metallic crystals, as
their covalent bonds cannot be broken. Only weak intermolecular bonds, in-
cluding hydrogen bonds, are mechanically breakable for energetic reasons.
Furthermore, organic molecules are usually far from ball shaped and crystal-
lize in highly anisotropic crystal lattices. The possibility of long-range molec-
ular migrations should be envisaged within molecular crystals, and these are
required and occur also in their chemical reactions [43,44]. Such molecular
migrations within crystals have been unambiguously detected by atomic force
and near-field optical microscopies (AFM and SNOM) [43,44] (Chaps.1 and
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Fig. 4.29. Stereoscopic representation of the crystal packing of thiohydantoin (1)
(P21 /c) under the (110)-face in front, showing skew monolayers with cleavage planes
between them; all hydrogen bonds are within the layers as shown by interrupted lines

2) and by grazing incidence X-ray diffraction (GID) [45]. These experimental
results had to be additionally secured due to the generally accepted textbook
denial of molecular movements within crystals for more than three decades
following Schmidt’s topochemistry hypothesis (strangely claiming “minimal
atomic and molecular movements” in solid-state chemical reactions).

There is already clear evidence for mechanically induced molecular mi-
grations within crystals from indentation experiments (Sect.3.10). Further-
more, by using modern nanoscratching equipment [42] much more detailed
further information is obtained. Most organic molecular crystals are highly
anisotropic. Their crystal energies are small, as there are only intermolecular
forces between the distinctly shaped molecules. Thiohydantoin (1) is an al-
most planar heterocyclic compound. It contains many heteroatoms and is thus
dipolar and it forms hydrogen bonds. Furthermore, it crystallizes in monolayer
sheets that lie in the (10-2) plane (Fig.4.29). The monolayers are 66° skew
under the natural (110) face with cleavage planes between them; all hydrogen
bonds are within the layers but not connecting them [11,42]. Such structural
anisotropy must cause anisotropic nanoscratching.

The remarkable anisotropy upon nanoscratching on a (110) surface of thio-
hydantoin (1) is shown in Figs. 4.30 (ramp nanoscratching) and 4.31 (constant
load nanoscratching). It is important to show that both modes lead to similar
results. Every angle has its own characteristics. At 0° (along the long crystal
edge) there is molecular migration to both sides and in front; the horizon-
tal fissures indicate the direction of the cleavage planes. The constant force
nanoscratching (edge in front) provides deeper scratches in the direction of
the cleavage planes, as it is started after preindentation with 250 uN normal
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Fig. 4.30. Ramp nanoscratching (Fx up to 1mN) of thiohydantoin on a (110)
surface at 0°, 90°, 180°, 270° (by turning the crystal), showing the anisotropy of
molecular migrations and exclusive abrasion in the 180° scratch [11]

(a) 0°

Fig. 4.31. AFM topologies (10 um, Z-range: 200 nm) of 5um constant load nano-
scratches in 60s on the (110) face of thiohydantoin with a cube corner at 250 uN
(for a,b, and d), or 200 uN (for c) at various directions (by turning the crystal) [42]

(b) 90° () 180° (d) 270°

force. At 90° molecules migrate only to the right-hand side. Only abrasion
occurs at 180°. At 270° molecules migrate only to the left-hand side. The mi-
grated materials have about the hardness and elasticity of the initial crystal
and are thus clearly distinguished by common loose pileup.

A detailed explanation of the anisotropic behavior in Figs. 4.30 and 4.31 is
given in Fig.4.32 [11,13,42]. The skew cleavage plane must cause the unusual
piling-up of material to both sides or only at one side of the scratch. The
geometric arrangement in such experiments is sketched in Fig. 4.32. Clearly,
both sides and the front are open if the tip moves at 0° and it is easily
comprehended that it leads to migration to both sides and in front. Con-
versely, the 180° direction against the skew monolayers must give abrasion.
Furthermore, the left-side or right-side gaps between the sheets are blocked,
as the indenter tip moves in the 90° and 270° directions, respectively [11].

As there are multiple hydrogen bonds between the thiohydantoin molecules
(1) within the layers it cannot be claimed that only single molecules migrate.
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Fig. 4.32. Geometric model for the understanding of the marked anisotropies upon
scratching over skew cleavage planes in four orthogonal directions of the crystal in
the orientations (a) and (b)

Fig. 4.33. Microscopic image of cleavages of thiohydantoin along (10-2) that are
skewed under the (110) face (66°) and cut the long edge at an angle of 106° at high
(microscope 100 x) and lower magnification (32 x) of an unusually large crystal
(long edge 4.5 mm); the right-hand image has the (110) face in front [42]

Rather it appears likely that small molecular aggregates, such as almost planar
hexamers that are present in the crystal structure as cyclic entities (Fig. 4.29),
may be small enough for the migration. It is important to note that the
different scratching mechanisms at the different angles did all obey the general
(lateral force) ~ (normal force)?/? relation and so does thiohydantoin (1) on
its (10-2) cleavage plane (Sect.4.5.1). The presence of cleavage planes, their
orientation, and the ease of cleavage can also be shown with an unusually
large crystal of 1, which exhibits some cleavages (Fig.4.33).

The crystal packing on (10-2) of thiohydantoin (1) is totally different from
Fig.4.29 and it is depicted in Fig.4.34. There is no possibility for molecular
migrations upon scratching in any direction on that surface but only abrasion
and some shifting of fragments of the anisotropic monolayers in front of the
tip that may depend on the direction.
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Fig. 4.34. Stereoscopic representation of the crystal packing of thiohydantoin (1)
(P21/c) under the (10-2) face in front, showing the infinitely hydrogen-bonded flat
monolayers with the flat cleavage planes between them

Fig. 4.35. Stereoscopic view of the crystal packing of anthracene (4) along [—110]
with (110) on top, showing the skew cleavage plane direction under the surface

The expectations from Fig. 4.34 have been experimentally verified. This is
shown in Figs. 4.5a,b above. The ramp scratches (0-1,000 uN) were at right
angles (a) or along the long crystal edge (b) on the (10-2) cleavage face of thio-
hydantoin (1). The slight frontal pileup in Fig. 4.5a is loose debris as detected
by indentation, which does not provide significant hardness values [11].

The importance of these unprecedented molecular migrations within the
crystals just by application of mechanical stress requires verification also
with further examples. Various principally different cases can be differenti-
ated. Anisotropic molecular migrations are most frequently encountered with
organic molecular crystals if these contain cleavage planes. Anthracene (4)
is a planar hydrocarbon. It exhibits a skew cleavage plane direction under
its (110) face, which is prominent in its prism-type crystals (Fig.4.35). It is
therefore expected that it behaves in a similar way as thiohydantoin (1). This
is indeed the case now in the absence of hydrogen bonds, as shown in Fig. 4.36
at the depicted crystal orientations.

The volumes of migrated molecules pileup (Fig.4.36a, ¢, d) and ditch, as
measured with AFM, correspond closely, as do hardness and elasticity values
of migrated material with that of the original (110) surface (H 0.30 GPa,
E, 11.3 GPa at 250 uN; standard technique). Conversely, the debris in front
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Fig. 4.36. Nanoscratching on (110) of anthracene (4) showing anisotropic molecular
migrations (a,c,d) and abrasion with some debris in front (b), depending on the
direction due to skew cleavage planes [42]

(a) (b)

Fig. 4.37. Crystal packing of anthracene (4) with (001) on top: (a) along [010], (b)
along [100]; both images are turned around y by 1° for better showing the inclined
monolayers that are parallel under the surface

of the nanoscratch in (b) are loosely piled up. Thus, a similar analysis as
in Fig.4.32 holds true. The single organic molecules 4 experience only van
der Waals interactions and are therefore not efficiently aggregated while they
migrate.

In the more common scales of anthracene crystals (4) the (001) face is very
prominent. The molecules are inclined under that face but form monolayers
that are separated by the parallel cleavage planes. Figure. 4.37 depicts views
from two different directions. The skew arrangement of the single molecules
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(b)

2.50

Zrange 200 nm um Zrange 300 nm  um

Fig. 4.38. Ramp nanoscratching (0-150 uN) on the cleavage plane of anthracene
(4) (001) that separates monolayers, showing complete abrasion and loose pileup at
the end of the scratch both in the scratch directions (a) and (b)

within the layer array does not alter the nanoscratching characteristics on
these layers. Molecular migrations are impossible under that face. Therefore
only abrasion and some apparent shift of layers in front of the indenter occur
in any direction as shown for two in Fig. 4.38. The looseness of the debris in
front was secured by indentation, which did not give reasonable hardness or
elasticity values, while these values on the (001) face are measured as H =
0.35 GPa and E, = 14.8 GPa(150 uN) according to the standard technique.
Thiourea crystals (5) on (100) offer the possibility to study planar
hydrogen-bonded molecules with vertical cleavage plane arrangement. The
crystal packing in Fig. 4.39 shows slightly zigzagged monolayer sheets. Most
interesting are scratches along or across the direction of the sheets.

Fig. 4.39. Crystal packing of thiourea (5) on (100) (image rotated by 10° around
z and y for a better view) showing vertical monolayer sheets separated by cleavage
planes under (100) and (001) [42]



264 4 Nanoscratching

(a)

0 5um 0 7um
Zrange 200 nm Zrange 200 nm

Fig. 4.40. AFM topologies on (100) of thiourea (5) after 4 um cube corner scratch-
ing; (a) along [010], (b) along [001] at 0-150 UN showing in (a) molecular migrations
to both sides and in front, and in (b) materials shift in front of the indenter [42]

Figure 4.40a shows molecular migrations to both sides and in front if the
scratching is performed in the b-direction, that is crossing the layers similar
to the 0° situation in Fig. 4.32. Conversely, scratching along the sheets in c-
direction in Fig.4.40b shifts the vertical layers in front of the tip. This is an
excellent example for a slip mechanism in nanoscratching.

The unpolar cleavage plane (10-1) of o-~cinnamic acid (6) between mono-
layers of hydrogen bound molecules is vertical under the most prominent (010)
face along the long crystal edges (Fig.4.41). The (010) face is another cleavage
plane under (001), but the latter face is not well developed in the crystals and
was therefore not investigated.

The scratching on (010) of 6 parallel to the long crystal edge (along the
vertical cleavage plane direction) with the broad side of the indenter tip in
front induces molecular migration in front as predicted (Fig. 4.42). Only slight
effects are seen at the sides. Additionally, lots of material appear to be abraded
into dust [22].

The nanoscratching information helps the interpretation of anisotropic in-
dentation with triangular cube corner tip into a-cinnamic acid (6) [22] that is
directly compared here. Figure 4.43 shows remarkable anisotropies evidently
due to molecular migrations along the cleavage planes. These are crossed at
+60° in (a) by the two side faces of the tip while its third face is parallel
orientated. Therefore, migration is to both sides. The crystal orientation an-
gles in (b, ¢, d) are chosen in such a way that one of the pyramidal faces
cuts the cleavage planes at right angle. Therefore, the upper side experiences
more migration than the lower side in (b). Similarly, the skew migrations in
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Fig. 4.41. Crystal packing of a-cinnamic acid (6) on (010) (image rotated by 10°
around z and y for a better view) showing vertical monolayer sheets separated by
cleavage planes under (100) and (001)

0
5.00 um

Fig. 4.42. AFM topology on (010) of a-cinnamic acid (6) after 4 um cube corner
ramp nanoscratching with the broad side in front; along [101] at 0~100 uN load show-
ing molecular migrations in front of the indenter and little change to the sides [22]

(c) at 240° and (d) at 330° are more prominent to the down right and to
the down left sides, respectively. The tip shape is hardly recognized and the
deformations of the impression are the result of different elasticity along and
across the cleavage planes (cf. Fig. 3.17).
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Fig. 4.43. Anisotropic molecular migrations on (010) of o-cinnamic acid (6) upon
200 uN load cube corner nanoindentation at different angles with respect to the
triangular pyramid of the cube corner: (a) 0°, (b) 90°, (c) 240°, (d) 330° all with
respect to the normal of the long crystal axis, showing the migrated material always
in direction of the cleavage planes; it also shows more migration at those sides of
the tip that are normal to the cleavage plane direction [22]

A very different situation is encountered if a crystal exhibits vertical mono-
layers of bulky 3D molecules without hydrogen bonds such as in the case
of tetraphenylethene (3) (P21). The most prominent face is (10-1) and the
plane of the layers is (010) extended along the large crystal axes. The vertical
cleavage planes separating the monolayers are rather poor for migrations of
molecules as there is apparent interlocking (Fig. 4.44).

Due to the considerable interlocking it is not possible to shift material
in front of the tip when scratching along the layer direction (0°, Fig. 4.45a).
Also the 90° scratching at right angles to planes direction does not push the
molecules in one of the cleavage plane directions for upward migration and
only abrasion is observed (Fig. 4.45b). However, if the crystal is turned under
the scratch direction as in Figs. 4.45¢, d molecular migrations only to the right
or only to the left side are observed with considerable amounts in addition to
some abrasion. Clearly, the molecules must get both a push from their sides
to leave the layer and then also a push in the direction of the open cleavage
plane for the anisotropic upward migration as observed. The efficiency of
these pushes in competition to the abrasion is only partly successful and the
anisotropic molecular migrations occur only in the ranges of 30°-80° (right),
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Fig. 4.44. Stereoscopic representation of the crystal packing of the hydrocarbon
tetraphenylethene (3) on the natural (10-1) face showing poor cleavage planes be-
tween monolayers; these extend on (010) despite the bulky molecular form (hydro-

gens omitted for clarity [42])
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Fig. 4.45. Nanoscratches on (10-1) of tetraphenylethene (3) (P2;) in various di-
rections showing complete abrasion in (a) and (b) and molecular migration to the
right in (c¢) or to the left in (d), due to vertical cleavage plane and bulkiness of the

molecules [42]
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Fig. 4.46. Stereoscopic space filling crystal face model of ninhydrin (2) with (110)
in front, (1-10) on top and (001) to the left showing the polar character of the (110)
face in the vertical direction; oxygen atoms are highlighted

100°-150° (left), 210°-260° (right) and 280°-330° (left). The asymmetry in
the ranges means that the push to the molecule from the side (out of the
layer) is more important than the push for guiding along the cleavage plane
direction and that there are wide ranges without migration [42].

Still another situation is found with polar-axes crystals. For example, the
occurrence of a polar axis in the crystals of ninhydrin (2) (P2;) must lead
to different nanoscratching responses in forward and back direction [42]. Fig-
ure4.46 clearly shows the differences in the up and down directions. The
marked differences in Figs.4.47a, ¢ and b, d derive from the polarity. Tip
shape effects have been excluded by exploring both edge and side in front
nanoscratching with the cube corner for both directions. It appears that
the scratching from top to bottom (in the orientation of Fig.4.46) makes
the flatter-lying molecules penetrate between the steeper ones that are thus
pushed aside (Figs. 4.47b,d) in competition with abrasion. On the other hand,
scratching in upward direction finds the flatter-lying molecules connected by
hydrogen bonding with the steeper ones in the next row and they have to
go with the OH groups in front. This process would appear very unfavorable
and indeed complete abrasion is observed (Figs.4.47a,c). Thus very detailed
analyses are possible with the powerful nanoscratching tool.

4.6 Scratching of Organic Polymers

Nanoscratching on organic polymers is of high practical importance as these
are exposed to various abrasive wear situations in constructions (optical
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(a) (b)

S

—»

(d)

Fig. 4.47. Cube corner nanoscratching on (110) of ninhydrin (2) along the polar
axis: (a), (b) edge in front forward and reverse after a turn of the crystal; (c), (d)
side in front forward and reverse after the proper turns of the crystal as indicated [42]

glasses, pipes, lacquers, varnishes, automotive clearcoat marring, coatings,
roofs, facades, etc., to name a few). Therefore macro- and microscratching
have been performed on them. Macroscratching on PMMA provided transi-
tions from viscoplastic scratching to viscoelastic grooving and at higher speed
quasi-elastic sliding. The tip speed varied from 0.001 to 0.71 mm s~! [46]. In
Microscratching the scratch hardness is judged from the load under specified
conditions of an indenter tip at which plastic yield is observed. Correspond-
ingly, the fracture toughness is related to the load at which fracture starts
to occur. The best techniques for these determinations are ramp experiments
with linearly increasing load at constant rate lateral progression and deter-
mination of the start of the permanent scratch by microscopic inspection.
But scratch hardness has also been defined in analogy to the indentation
hardness as Hg = 8Fx/nd? where d is the scratch width [2]. The mechanic
responses cover also surface deformation, fracture toughness, ductility, brit-
tleness, and various transitions of the polymer. Unfortunately, the origin of
ductile/brittle transitions is still unknown, and there is a lack of proper inves-
tigation of crystallinity. Conclusions as to the bulk mechanical properties are
established. It has, however, been reported that biaxially drawn PET exhibits
less wear in multipass scratches (sphere with R = 25 um) than the uniaxially
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drawn PET sample [47]. Polymers exhibit elastic, plastic, viscoelastic, vis-
coplastic, brittle properties depending on their composition and intrinsic me-
chanical properties. If there is a time dependence of scratching (strain rate =
scratch velocity /scratch width) it relates to the viscous features. These qual-
ities have been studied at various cone angles of the tip and normal loads
up to 20N and documented in deformation maps for polymethylmethacrylate
(PMMA) and polycarbonate (PC) [2]. However, an understanding at the mole-
cular level has not been advanced. Scratch resistance at various temperatures
on PMMA has been measured by microscratching with a conosphere [48];
however, the scratch width by profilometry with the scratching tip was used
without scrutiny with regard to its precision. No quantitative evaluation of
the fate of the material was tried, but pileup heights were correlated. But
there may also be self-protective mechanisms upon plastic plowing (10 mN
load) with “strain-hardened” pileup and high elasto-viscoplastic recovery [20].
Furthermore, attack angles are important in abrasion via chip formation by
machining [20].

Viscosity effects are also widespread in polymer nanoscratching. It should
be stated here that mechanical interactions of various types (abrasive wear,
mechanical destruction, tension, disrupting, cutting, milling, shock waves) to
long chain or cross-linked polymers by necessity lead to bond cleavages into
radicals that disproportionate to give shorter end alkane and end alkene chains
or decrease of cross-linking. This feature has usually not been acknowledged in
polymer scratching. Upon continued mechanical interaction the chains become
too short or the crosslinked regions too small for enabling further mechanically
induced bond cleavages. This may be easily observed in repeated unloading
reloading indentations (Fig.3.3 in Chap. 3) that finally (after several cycles)
lead to “stable” viscoelastic behavior. It is only with polymers, which contain
C=C double bonds (e.g., rubber), that initial radical formation by mechan-
ically induced chain ruptures leads to an initial increase of cross-linking by
addition of the radicals to the double bonds but only until further mechanical
degradation reaches the limiting molecular weight of the polymer that does
not allow further mechanically induced bond breaking. Basic proof for the
radical formations has been amply provided by electron spin resonance spec-
troscopy [49-52] and chemical analyses of the degradation products [53-56].

In view of these complicated mechanochemical reactions that are responsi-
ble for the plastic—viscoelastic transition in the studied Fy-range (Sect.3.11)

it is of highest interest that the Fy, ~ Fg/ 2 relationship holds for linear (PC
and PMMA) and cross-linked amorphous polymers [CR39 = polymer of di-
ethyleneglycol bis(allylcarbonate)]. Interestingly, the best compromise for ob-
taining good scratch images with PC, PMMA, and CR39 (here lower cracking)
is achieved with a blunt cube corner (“curvature” radius: 200 nm), which has
a favorable effective cone angle and does not penetrate too deeply [22].

PC (injection-molded optical lens) gives smooth indents (Fig.4.48) with-
out materials transport to the surface up to at least 500 uUN load at a depth
of the scratch of 45 nm. Sidewise pileup starts below 750 uN at 75 nm depth



4.6 Scratching of Organic Polymers 271

Fig. 4.48. AFM topologies of PC upon nanoscratching with a blunt cube corner
(5um, z-scale: 200nm): (a) depth 45 nm at 500 uN, (b) depth 75nm at 750 uN, (c)
depth 100 nm at 1,000 uN normal force [22]
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Fig. 4.49. Edge-in-front nanoscratching with a blunt cube corner on PC: (a) trial
Fi, - Fv plot that is invalid as it is strongly curved; (b) valid Fy, - Fi® plot, the kink is
the result of the phase transition under pressure, the scratch coefficients K (slopes)
are indicated; (c) invalid Fy, - F% trial plot that is strongly curved

and is prominent at 1,000 uN and 100nm depth. This seems to be related
to the possibility of density increase by phase transformation or to possible
availability of free space in the amorphous polymer. The images in Fig. 4.48
do not indicate abrasion, as the end of the scratches reflects the tip geometry.

The quantitative treatment of the nanoscratching with PC secures again
the F1, ~ FL5 relation. The trial plots with exponent 1 or 2 are strongly
curved (Fig.4.49). The kink in Fig. 4.49b at 2.3 mN occurs very late and is not
very pronounced, but it indicates a phase transformation probably including
breakage of polymer chains.

PMMA behaves totally different from PC [22]. Pileup occurs at low load
already and is much more prominent at higher load (Fig.4.50). This obser-
vation points to less free space in the amorphous polymer and thus chain
breakages with phase transformation at lower load. Consequently, the kink
in the linear F}, ~ F\'5 plot occurs at the lower value of 560 uN (Fig. 4.51).
Again, the trial plots with exponent 1 or 2 are curved and therefore invalid.

AFM images of nanoscratched CR39 are not smooth with sharp 60° pyra-
midal or cube corner tip. A blunt cube corner improves the situation but not
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Fig. 4.50. AFM topologies of PMMA upon nanoscratching with a blunt cube corner:
(a) 100 uN load, 5 um, z-scale: 300 nm, depth 55 nm; (b) 500 uN load, 6 um, z-scale:
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700 nm, depth 260-280 nm [22]
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Fig. 4.51. Edge-in-front nanoscratching with a blunt cube corner on PMMA: (a)
trial Fy, - Fiy plot that is invalid as it is strongly curved; (b) valid Fy, - Fiy® plot, the
kink is the result of the phase transition under pressure, the scratch coefficients K
(slopes) are indicated; (c) invalid Fi, - FZ trial plot that is strongly curved

completely. A Berkovich tip nanoscratching starts with sliding, followed by
shallow grove and deep end with some pileup. Surface roughness plays an
important role. The quantitative scratching with a blunt cube corner gives a
much more pronounced kink in the nanoscratching of the cross-linked CR39
as compared to PMMA and PC (Fig. 4.52 ) [22]. It occurs earlier than in the
linear polymers at 310 nm load, because the chain breaking is a necessary re-
sult if the tip goes down beyond the elastic response. Not unexpectedly, there
is chipping in nanoscratching with some pileup in front and irregular crack-
ing along the ditch, which becomes deeper the longer it takes (cf. Fig.4.2a).
The initial scratch coefficients K of PMMA and CR39 are not very different
(0.0337 and 0.0315 uN~%°  respectively) but they cannot be safely compared,
as the former polymer does not experience chipping and cracking under these
nanoscratch conditions.

The nanoscratching coefficients K are useful parameters for the judg-
ments of wear behavior of the injection-molded and molded polymers that
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Fig. 4.52. Edge-in-front nanoscratching with a blunt cube corner on CR39: (a)
valid Fr,~F%® plot, the kink is the result of the phase transition under pressure,
the scratch coefficients K (slopes) are indicated; (b) invalid Fi,—F2 trial plot that
is strongly curved

are in widest practical use (for example, CDs, contact lenses, optical lenses,
glass plates/forms, pipes, bowls, etc.) or extruded PC (transparent roofs for
constructions and greenhouses, etc) due to their high transparency and fa-
vorable properties. These K-values (4.1) and the nanoindentation coefficients
(k-values, (3.18)) are valuable extrapolation tools and they are therefore more
characteristic and useful than other mechanical parameters such as hardness
and elasticity modulus (see also Table 3.6 in Sect. 3.11).

4.7 Conclusions

Nanoscratching experiments are quantitatively treated by the new general law
of (lateral force) ~ (normal force)®/? that applies for virtually all kinds of solid
materials, such as amorphous glasses, inorganic oxides, semiconductors, met-
als, salts, molecular crystals, and polymers. Polarities and special structural
features or the bonding of the material or the shape of the (pseudo) conical
indenter tips do not alter the validity. The nanoscratching coefficient K with
dimension uN—%® (4.1) is a useful constant that describes the response to
the mechanical destruction or change under specified conditions. While the
new law still lacks deduction from first principles, it is apparently inherent in
the present formalism used for description of microindentation on the basis
of previous theories for micromechanics. However, nanoindentation deviates
from microindentation (Sect.3.5/6) with the new quantitative relation (nor-
mal force) ~ (normal displacement)®/? so that uncertainty remains about the
meaning of the constant parameters. As nanoscratching experiments are al-
ways connected to a nanoindentation part both new laws can be combined and
lead to the relation (lateral force) ~ (normal displacement)®/4, which is also a
useful correlation. New unambiguous definitions of specific nanoscratch work
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(spec Wy.) and full scratch resistance (R fun) lead to useful relations with lat-
eral force (Fi, ~ R3 ;) and normal force (Fx ~ R2 ;) in the nanoscratching
process. They are easily and precisely determined and are particularly useful in
the characterization of anisotropy effects in nanoscratching. This includes the
description of various types of anisotropic molecular migrations within mole-
cular crystals upon applying pressure by nanoscratching.These relate strictly
and sensibly to the crystal packing that vary considerably. Another application
of linear FLfFlf’I/ 2 plots is the most reliable detection of phase transformations
under the pressure of the translating tip.

The specific nanoscratch work and the nanoscratch coefficient K [uN~%-?]
should be used for mechanical characterizations instead of the previously de-
fined dimensionless “friction coefficient” (ratio of lateral force over normal
force), which is no constant as the lateral force and normal force are definitely
not linearly related in nanoscratching. The applications of the quantitative
treatments are immediately obvious. They allow for useful extrapolations on
the basis of the new parameters for all quantities that relate to the lateral
force. The nanoscratching results have to be distinguished from the friction
force microscopic experiences in the literature. There exist marked differences.
Dry wearless elastic friction is described by (friction force) ~ (normal force)?/3
and (friction force) ~ (contact area) in most microscopic cases but not by the
macroscopic proportionality of (friction force) ~ (normal force). These mi-
croscopic relationships are secured by molecular dynamics simulations [57]
and deviate enormously from the nanoscratching law with its 3/2 exponent.
Clearly, wearless friction force and lateral force in nanoscratching with their
different power laws are unrelated. While the wearless friction experiments are
very sensitive to impurities (which change the 2/3 exponent), nanoscratching
does not meet with similar difficulties, the 3/2 exponent being stable in am-
bient environment. As nanoscratching is quite versatile, the new relationships
may stimulate further approaches toward a unified description of friction,
plowing, and wear.
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Abbe diffraction limit of microscopic
resolution, 87

abraded dust, 236

abrasion, 230

abrasion mechanism, 233

abrasion of material, 237

abrasive nanoscratch appearance, 233

abrasive phenomena, 232

abrasive process, 252

abrasive wear, 229

abrasive wear properties, 230

acoustic detection, 230

acoustic detectors, 234

active probes, 88

adenine, 152

adhesion, 17, 182, 192, 212, 230, 233

AFM, 235

AFM images, 184

AFM measurements, 178

AFM on (very) rough surfaces, 62

AFM response, 112

AFM tips and mount, 7

Agar 100 resin, 158

aggregation of polymer beads, 139

(ALS) as electrodynamic positioners, 8

aluminum, 105, 180, 186, 202, 203, 210

Alzheimer disease, 63

ambient humidity, 105

ambient sharp tips, 91

ambient surface modifications, 27

o-aminophenol, 212

2-aminophenol, 217

amorphous to amorphous phase
transition, 198, 199, 247

amyloid aggregation, 63

ancient history, 63

angle anisotropies, 232

angular aggregation, 162, 257

angular anisotropy, 233, 257

angular dependence, 257

anisotropic crystal lattices, 257

anisotropic deformations, 192

anisotropic effects, 183

anisotropic indentation, 265

anisotropic molecular migrations, 122,
213, 214, 233, 238, 262, 266

anisotropic nanoscratching, 258

anisotropic organic crystals, 211, 223

anisotropic scratch responses, 230

anisotropic scratching, 255

anisotropy, 31, 177, 182, 185, 206, 208,
209, 212, 231, 242, 246, 260

anisotropy of the microhardness, 185

anthracene, 25, 105, 119, 123, 163, 213,
214, 217, 261, 262

anthraquinone, 120

antithrombogenic polymers, 65

aperture radius, 88

aperture Raman SNOM, 150

aperture SNOM, 88

aperture SNOM equipment, 95

aperture SNOM photolithography, 163

apertureless back to the fiber
emission in constant shear-force
distance, 155
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apertureless back-to-the-fiber SNOM,
101

apertureless fluorescence SNOM, 161

apertureless reflection-back-to-the-fiber
SNOM, 96

apertureless scattering SNOM, 163

apertureless shear-force SNOM, 98, 152,
163

apertureless shear-force SNOM with
enhanced reflection back to the
sharp fiber, 135

apertureless shear-force SNOM with
uncoated tips, 134

apertureless STAM, 163

apertureless SNOM, 87, 90

apertureless SNOM at constant
shear-force, 149

appearance of nanoscratches, 237

applications of SNOM in biology and
medicine, 135

approach curves, 103

approach of a sharp illuminated
multimode tapered quartz glass
tip, 93

aquatic transport mechanisms, 67

aqueous habitats on Mars, 67

area function, 187, 191

area of impression, 187

artifact-free SNOM, 91, 158

artifacts, 106

artificial optical stripes contrast, 111

artificial stripes contrast, 108, 109

as-sharp-as-possible pulling, 58

astrophysics, 66

asymmetric scratches, 238

asymmetric tips scrape, 18

atomic force microscope, 1, 3, 229

attack angle, 246

audio loudspeakers, 8

automotive polymers, 65

average pressure, 204, 205, 245

basic assumptions, 192

beads, 16, 60

beam-deposited diamond-like tip, 6
benzimidazole, 34
2-benzylidene-cyclopentanone, 212, 237
benzylidene-cyclopentanone, 217
Berkovich indenter, 179

best scan direction, 10

biogenic carbonate minerals, 67
biology and medicine, 63
biomineralization process, 67
bladder cancer tissue, 146
bladder tissue, 146

blunt tips, 93, 109

blunt, abraded, or broken tips, 59
bond breaking, 232

bond cleavages, 270, 271
bonding properties, 216

bone structures, 64
bone-bonding ability, 66
brick-like features, 54

brick-like structures, 52

bright plate-like contrasts, 148
brittle properties, 270

brittle removal, 230

brittleness, 221, 233, 270
broken tip, 93

broken tip with protrusion, 108

calibrating double gratings, 15

calibration standard, 191, 206

cancer prediagnosis, 63

cancerous bladder cells, 147

cancerous bladder tissue, 147

canine kidney, 63

cantilever, 4

cantilever sliding, 9, 13

cantilever tips, 6

catalysis, 69

catalyst, 127

ceramic membranes for ultrafiltration,
66

ceramics, 63, 65

chain disruption, 232

channels, 43, 217

characterization of catalyst surfaces, 70

charge transfer sandwich complex, 120

chemical (materials) contrast, 94

chemical contrast, 96, 106, 120, 122,
123, 125, 128, 138, 146

chemical contrast in the form of bright
extended plate-like zones, 147

chemical contrast indicating different
metallic composition, 128

chemical contrast at expired blood bags,
133



chemical contrast at the sites of the
islands, 119

chemical contrast proves the deposition
of blood components, 132

chemical reaction with long-range
molecular migration, 125

chipping in nanoscratching, 273

chromosomes, 162

a-cinnamic acid, 32, 52, 61, 122, 265,
266

circular fringes, 108, 109

circular island formation, 38

cleavage plane direction, 36

cleavage planes, 260, 261

close approach, 92

coarse approach, 92

coatings, 193, 230, 231

coesite, 205, 210

collagen fibrils, 64

collection of several images at various
focal points, 168

collection times, 153

colloidal particles, 151

color shade, 159, 161

coloration of polyester textile fibers, 155

compliance, 184, 189

composites, 127, 230

confocal laser scanning microscopy, 158

conical indenter, 179, 187, 195, 198,
204, 274

conical tip, 7

conical or pyramidal indenters, 179

consecutive chemical reactions, 123

constant far-field part, 93

constant height techniques, 88

constant height, constant force, 5

constant load experiment, 235

constant-load-constant-rate nano-
scratching, 233

constraint factor, 196

construction, 231, 270

contact AFM, 1, 2, 3

contact area, 187, 192, 199

contact depth, 184, 187

contact pressure, 199

contact stiffness, 187

continuous stiffness measurement, 194

contrast at the correct sites, 114

contrast inversion, 112
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control, 97

copper, 250, 251

core area, 182

core diameters, 58

correction factor, 186

corrections, 205

corrosion, 63, 68

corrosion of steel, 69

corrosion properties, 127

corrosion resistance, 68

corrosion, catalysis, forensics, ancient
history, 63

CR39, 182, 218, 219, 271-273

crater down in concentric steps, 41

craters, 38

craters with flat rims, 41

creep, 179, 180, 182, 186, 192, 208,
212-215, 218-220, 223

crevice-type craters, 39

critical load, 230

cross section through the fluorescence
intensity, 158

crystal axes, 183

crystal packing, 18, 55, 119, 122, 124,
209, 213, 258, 261, 262, 264, 265,
267

crystal structure, 31, 246

crystal-guided removal of molecules, 45

crystallographic face, 183, 208

crystals protect themselves, 30

cytological and histological
investigations, 63

damping, 58, 169

damping control, 92

dangling bonds, 58, 101

debris in front of the nanoscratch, 261

deep and narrow trenches, 14

deep descent, 62

defective tips, 59

deficient uncoated tip, 167

delamination, 230

delicate organic or biological surfaces,
91

demodulation procedure, 90

dental alloys, 127

dentin tubules, 64

depolarization SNOM, 91
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depth control, 234

depth of focus, 168

depth of the resin cover, 97

descent artifact, 28

destruction of bacteria, 63

detachment of larger particles, 230

diagnostic satellite, 113

diamond-like carbon coatings, 65

differences between nano- and
microindentation, 179, 194, 196

differences between nano- and
microindentation techniques, 194

differences in the scratch mechanism at
the different angles, 242

differences of nano- and microindenta-
tion, 196, 197

different crystal modifications, 125

different nanoscratching responses, 268

different near-field reflectivity, 130

different orientations of dichroic
crystals, 126

diffusion coeflicient, 157, 159

digital microscopy for rough surfaces,
168

diode laser, 4

direct local Raman SNOM, 150

displaced optical contrast, 113

displacement of topologic and optical
features, 114

displacement-controlled indents, 210

distal secretionary Golgi vesicles, 142

distance, 87

distribution of the materials, 130

DNA analysis, 70

dolomite, 105

dolomite with embedded pyrite geodes,
99

dosimetry, 70

double grating of gold on an insulating
polymer, 116

double layers, 119, 217

drug characteristics, 64

drug delivery, 64

dual-trace mode, 6

ductility, 270

ductile metals, 249

ductile-to-brittle transitions, 65, 270

dyes, 127

dynamic techniques, 73

dynamic-mode AFM, 1
dynamics simulations, 274

edge artifact, 139

edge filter, 149, 160, 161

edge in front, 234, 246

edge resolution, 99

effective cone angle, 192, 205, 207, 222

efficiency of the shear-force damping,
102

egg trays, 40

eight-parameter iteration, 222

elastic parameters, 184

elastic contact, 189

elastic loading, 191

elastic modulus, 205, 222

elastic recovery, 234

elastic work, 206

elastic, plastic properties, 270

elasticity, 177

elasticity artifacts, 17

elasticity index, 207

elasticity modulus, 220

elasto-viscoplastic recovery, 270

electrochemical atomic force microscopy,
69

electrochemical corrosion, 69

electromagnetic actuators, 71

electromagnetic AFM, 71

electron spin resonance spectroscopy,
273

electron-beam deposit, 7

enamel-dentin boundary, 138

end radii of curvature, 58

end-radius, 222

energy meter control, 97

enhanced reflection in the shear-force
gap, 97

enhanced reflectivity, 92

enhancement factor, 94

enhancement factor F, 103

enhancement of reflectivity into sharp
dielectric tips in the shear-force
gap, 91

enhancement of SERS experiments, 134

enlargement of the sol particles by
addition of a minute quantity of
adenine, 153

erratic scratching, 18



etched silicon tips, 6, 7

etched tips, 94

evanescent light, 88

exit of molecules at the molecular steps,
25

experimental 3/2-power law, 200

exponent m, 189, 190

1.5 exponential plot, 239, 242-246, 251

1.5 exponential power law, 243

1.5 exponential relation, 233, 239, 244

1.5 exponential relationship, 232,
241-244

3/2 exponential relation, 181, 249

3/2 exponential relationship, 252

extended verticals, 16

extrapolation, 207, 208, 244, 254, 273,
274

extreme topology, 115

Fi, ~ F3%® relation, 253

Fi, - FY° plot, 247-252, 272, 273

Fi, - FY® relation, 250

Fi ~ F2/?, 233, 244-246, 276

F, - FY?, 238, 274

Y, ~ R3 .0, 254, 274

Fx ~ F)% 252, 274

Fx ~ h? relation, 200

Fx ~ h*/?relation, 196, 198, 201, 213,
221

Fx - k%2 plot, 196-198, 201-203, 207,
209, 214-216, 218-221

Fx - R% a1, 254, 274

Fx - S? plot, 195

face anisotropies, 232

face-in-front, 246

facial and angular anisotropy, 233, 256

far-field apertured SNOM tips, 88

far-field apertured tip, 164, 165

far-field artifacts, 93

far-reaching effects, 192

far-reaching response, 182

fatigue phenomena, 69

feedback algorithm, 178

feedback control, 14

fence-like islands, 36

fence-like structures, 38

Fick’s second law of diffusion, 158

films, 193

final element simulations, 210
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finishes 127

finite tip radii, 200

fissures, 50

flat cover formation, 31

flat cylinder model, 195

flat diked islands, 36

flat truncated ends, 201

flat truncation, 222

flattening, 5

flexing of tips, 16

flexural stiffness characteristics, 58

fluid in the nanoscopic range, 21

fluorescence areas, 160

fluorescence bleaching in the SNOM
experiment, 156

fluorescence resonance energy transfer
(FRET), 162

fluorescence SNOM, 149, 154

fluorescent probes in oncology, 154

fluorescing disperse dyes, 155

fluorescing labeled biological samples,
154

fluorescing nanoparticle, 97, 113

fluoroapatite glass, 66

force modulation microscopy, 17

force settings, 17

force-distance measurements, 17

force-displacement curves, 179

forensics, 63, 70

formation of galvanic elements, 127

fossil bacterium, 137

four-segmented piezoelectric tube, 57

fracture toughness, 183, 270

free oscillation amplitude, 58

friction coefficient, 232, 238, 274

friction force microscopy, 17

frictional lateral forces, 58

full scratch resistance, 233, 254, 255,
274

full scratch volume, 254

funnel-type craters, 39

funnels, 13

further fields of practical application, 62

fused quartz, 180, 181, 184, 187, 194,
199, 202, 206, 208, 234, 236, 237,
239, 247, 253

geology, 63, 66
geometric model of anisotropies, 260
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glassy polymers, 220

glazes, 127

gold, 104, 105, 186, 203, 204, 210, 250
gold sol, 134

gold surfaces, 103

Golgi apparatus, 142, 143

Golgi vesicles, 142

grain boundaries, 67

granulae, 146

gratings, 15

green fluorescent protein GFP, 161
grooving wear rates, 232

gunshot residues, 70

hardness, 177, 184, 185-194, 222, 245

healthy bladder tissue, 148

heat of sharp metal-coated tips, 163

heat on metal-coated tips, 88

heat production, 88

heights and valleys type, 48

heparin-like polymers, 65

Hertzian theory, 200, 201, 205

heterogeneous catalysts, 69

hiding of the functional groups, 33

high aspect ratio, 7

high feedback gains, 6

high resolution at 10-20 nm, 170

high-quality laser, 96

highly reflecting materials, 95

historic antiques, 70

historical objects, 70

horizontally vibrating tip, 96

hot metal-coated tips, 91

huge surface changes, 49

huge uniform prism features, 47

human hair, 70

human sperm, 63

human tooth, 137

hydration layer, 199

hydrodynamic damping, 58

hydrogen bonds, 119, 217

hydrogen-bridged strings of molecules,
121

hysteresis, 182, 218, 221

illuminated spot, 92
image inversion, 9
imaging software, 5
immunofluorescence, 161

impossible topological sites, 117

impossible topology, 137

improved indentation parameters, 193

indentation coefficients, 209

indentation ductility, 207

indentation hardness, 185

indentation parameter, 198, 213, 222,
246

indentation size effect, 186, 192

indenter tips, 185

independence of E from the load, 221

industrial applications, 127, 230, 231

industrial applications of SNOM in
textile dyeing, 135

influence on the macroscopic scale, 31

influence of surface layers, 95

influence of the tip angle, 179

input filters, 6

interfacial force microscopy, 17

interference, 152

interference errors, 88

interference filters, 152

interference fringes, 107, 110

interferometric method for shear-force
controlled AFM, 56

interlocking lattice, 217

interlocking layers, 217

internal rock structure, 66

inverted contrast, 112

inverted derivative of diffuse AFM, 112

inverted derivative of the distorted
topology, 110

IR SNOM, 149, 153

irradiation, 52

irregular cracking, 273

island formation, 30, 32

island mechanism, 124

island structure, 35

islands, 24

ISO 14577, 181, 185, 187, 189, 191, 222

ISO 14577-1, 193

iterated unloading curve, 191

iteration, 190, 197

iterations, 197, 246

iterative analysis, 181

kinks in the nanoscopic loading curve,
197



laser deflection-type instrument, 3

laser puller, 95

lateral force, 232, 233

lateral force in nanoscratching, 275

lateral force transducer, 235

lateral force vs. R3.;1, 254, 255

lateral force vs. (normal
displacement)®/*, 253

lateral resolution, 59

latex beads, 16

lattice-directed transport phenomena,
31

layer-by-layer growth, 25

layered crystal structures, 22

layers are accessible from the sides, 122

leveling device, 235

light fastness, 156

light-controlled constant damping
control, 96

limiting molecular weight, 271

line crossings in documents, 70

linear parts in the optimal damping
regions, 104

liquids on surfaces, 21

living cells as a whole, 62

living cells in wet environment, 154

living endothelial cells of bovine aorta,
63

load displacement cycle, 212

load-displacement curves, 179

load-controlled nanoindents, 210

loading curves, 182, 188, 191

local chemistry of corrosion, 69

local differences in the corrosion process
by its chemical contrast, 127

local far-field light concentration, 115

local fluorescence SNOM, 154

local heat by radiationless deactivation,
163

local heating by light absorption and
radiationless deactivation, 164

local IR spectroscopy, 149, 153

local melting, 166

local nonresonant Raman SNOM, 152

local Raman spectrum, 150

local resonant Raman SNOM spectrum
of the pyrite geode, 151

local SERS SNOM, 153

local SERS SNOM spectrum, 152
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local surface melting, 88

locally absorbed light energy, 163
long-range effects, 212

long-range molecular migrations, 257
long-range pressure relief, 205
low-pass filter, 5

lysosome, 141-145

Macadamia nutshell, 169

macroradicals, 182, 218, 220

macroscopic scratch hardness, 229

mar resistance, 230

Martens universal hardness, 185, 192

Martian meteorite, 66

materials of negative refraction index,
168

materials transport, 29

maximal resolution of apertureless
SNOM, 97

mean pressure, 204

measurements in liquid cells, 3

mechanical bond cleavages, 213

mechanical chain breaking, 218

mechanical characterization of organic
crystals, 217

mechanical performance, 230

mechanical properties, 231

mechanical resonance frequency, 58

mechanical stability, 7

mechanistic questions, 118

medicinal applications of ceramics, 66

medicinal ceramic source IR heater, 163

medium scratching pressure, 246

2-mercaptobenzothiazole, 119

merging concept, 105

merging of the water layers in
shear-force distance, 105

merocyanine, 164, 165

merocyanine dye, 164, 165

metal-coated tips, 87, 88

metallurgy, 63, 68

metamaterials for optical components,
171

metamaterials with negative refraction
index, 171

Meyer hardness, 186

Meyer power law, 186

microchipping, 230

microfabricated silicon cones, 6
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microfatigue, 230

microfocus synchrotron radiation, 249

microindentation, 177, 200, 222

micropipette puller, 58

microporous membrane, 13

microscopic 3D plot, 169, 170

microscopic pitting, 69

microscratching, 229

microstructure of palygorskite, 67

microthermal analysis, 64

microtome cut surface, 155

microtome cuts of tissues, 62

microwave evanescent probe microscope,
154

migrated material, 212

migration of dislocations, 192

milliscope, 8, 62

mineralogy, 63, 66

minerals, 231

minimize tip-sample convolution, 17

mitochondria, 141-143

mitochondriae, 144

modes of aperture SNOM, 88

Mohs standards, 253

molecular crystals, 211, 216, 240

molecular migration, 212, 231, 236, 242,
257, 264, 265, 267

molecular migrations within crystals, 44

molecular step heights, 26

molecular steps, 22, 23, 34

monolayer lithography, 163

monolayer sheets, 213

monolayers, 24, 217, 260

multicycling experiments, 188

multimode fibers with loss of
polarization, 169

multiparameter iterations, 187

multiphase systems, 68

multiphoton absorption, 162

nano-recrystallization, 21

nanofossils, 67

nanohardness, 185

nanoindentation, 177, 211

nanoindentation at highest resolution,
210

nanoindentation instruments, 178

nanoindentation parameter, 197, 203,
207, 214, 216, 222

nanoindentation technique, 179

nanoindenters, 234

nanoliquid, 21

nanoparticle composites, 231

nanoparticles, 59, 97, 108, 110, 112,
127, 159-162

nanophotolithography, 163

nanopit formation, 170

nanoplowing, 247

nanoscopic nucleation, 69

nanoscratch coefficient, 245

nanoscratching, 231

nanoscratching coefficient, 273, 274

nanoscratching on organic polymers,
270

nanoscratching technique, 232

nanounloading curves, 197

nanowear topologic studies, 65

2-naphthol, 37, 53

near-field collection of Raman SNOM
and fluorescence SNOM light in
the shear-force gap, 150

near-field effect in shear-force, 87

near-field enhanced reflection back to
the sharp fiber, 91

near-field fluorescence curve, 158

near-field infrared spectroscopy and
scanning near-field dielectric
microscopy, 153

near-field resolution, 93

near-field scattering, 90

near-field spectroscopy, 149

negative slope, 214

new technique of preparing samples for
edge resolution, 99

ninhydrin, 213, 215-217, 241, 243, 244,
253, 255, 268, 269

nitrogen dioxide, 36

noise protection, 235

noncoincidence of topologic and optical
image, 115

nonresonant gallium nitride, 150

normal force control, 234

normal force vs. R2.¢.y1, 254, 255

notch filters, 149, 150, 152

NSOM, 87

nucleation sites, 34



off-axis cantilever, 231

one eurocent coin, 252

optical 3D microscopy, 127

optical fibers were coaxial, 58

optical image, 96

optical microscopy, 168-170

optical resolution, 93, 97

optical resolution at a geode site, 101

optical stripes artifact, 108

optical technique for shear-force
controlled AFM, 57

optimal damping sets for SNOM, 104

optoacoustic spectrometer with
waveguide optics, 149

optoelectronic semiconductors, 154

organelles, 144, 145

organic polymers, 218

packing diagram, 121

packing differences, 217

particle size distribution, 66

PC, 218-220, 271, 272

peak-to-peak distance, 165

peak-to-peak distance of the optical
contrast, 97

penetration depths, 61

perfect imaging of large and frequent
cones, 9

permanent ditch, 230

permanent plastic work, 206

permeability estimation, 66

PET fibers, 110

petrified bacterium, 136

pharmaceutical vials, 64

phase imaging, 65

phase rebuilding, 44, 55

phase transformation, 44, 55, 183, 189,
192, 210, 214, 216-218, 232, 272

phase transformations during unloading,
189

phase transition, 65, 197, 198, 203-205,
209, 214, 215, 218, 219, 222, 223,
233, 246-252, 272, 273

phenomenological definition of a solid,
21

photobleaching, 154

photon tunneling (PSTM), 90

phthalimide, 30, 105, 123, 124

physical-state SNOM contrast, 125
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physiological conditions, 63

piezo, 4

piezo calibration, 5

piezo hysteresis, 5

pile-up, 183, 186, 187, 193, 207, 212,
230, 237

pileup in front, 273

pitting corrosion, 127

planefit filtering, 5

plasmon-enhanced Raman contrast in
SNOM, 150

plastic flow, 218

plastic parameters, 184

plastic properties, 270

plastic zone, 182

plastic-viscoelastic transition, 219, 221,
271

plasticity effects, 179

plasticity index, 209

plate-like chemical contrast, 149

plate-like zones, 146

plots of S2, 194

plowing, 229

plowing, liquids on the surface, 17

PMMA, 65, 182, 218, 219221, 271-273

polar axis, 269

polar-axes crystals, 268

polished dolomite, 103, 104, 136, 151

polished fossil minerals, 99

polished marble surface, 101

polished sample of marble, 99

polishing on ceramic surfaces, 65

polymer dialysis membranes, 65

polymers, 65

polymers, ceramics, mineralogy, 63

polystyrene-co-acrylamide bead, 60

polyvidone resin, 159, 160

pool basin type features, 44

poor cleavage planes, 267

pop-in, 180, 186, 209

pore size distributions, 70

pores of membrane, 13

porous silicon, 60-62, 97

precancerous diagnosis, 149

precancerous diagnosis by chemical

contrast, 146

precise site or topology correlation of
chemical contrast or fluorescence
contrast, 117
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prehistoric fossils, 70

preparation artifact, 138

preset damping efficiency, 92

pressure gradient, 249

primary XYZ-data, 17

prismatic floes, 44

pristine loading curve, 191

profiles of the near-field fluorescence
intensity, 158

projected area, 184

proof for consistency, 253

protecting coatings, 65

protective covers, 68

protective hydrate cover, 30

pseudofossils, 70

PSTM, 87

pulled tips, 7, 95

purposeful plowing, 19

pyramidal indenter, 179, 185, 186, 195,
207, 208, 237

pyramidal tip, 9, 13, 14, 45, 60, 114,
192, 200, 201, 205, 264, 265

pyrite formation upon petrification, 136

pyrite geodes, 136

Q-factor, 58

quality assessment of metal sol particles
for SERS by SNOM, 134

quality of particular SNOM tip
specimens, 165

quantitative description of
nanoscratching, 239

quantitative nanoscratching, 250

quantitative treatments, 274

quantum wells, 154

a-quartz, 198, 203, 205, 208, 209, 210

quasi-elastic sliding, 270

rabbit heart, 141

radiation exposure history, 70
radical, 219

radicals, 182, 232, 270, 271
radioactive waste disposal, 66
radius of curvature, 187, 201
Raman SNOM, 149

Raman SNOM spectra of silicon, 150
Raman spectroscopy, 206, 248
ramp experiment, 235

ramp scratching, 233

range of damping, 103

reacting front, 27

reaction front, 26

real-world samples, 2, 72, 73, 91, 155,
170

real-world surfaces, 71, 87, 89, 94, 97,
102

red blood cells, 63

reduced elastic modulus, 184, 186

reflectance enhancement and damping,
103

reflection back to the very sharp
uncoated tapered fiber in
shear-force distance, 91

reflection-back-to-the-fiber mode, 114

reflection-back-to-the-fiber SNOM, 116

relation of lateral and normal force, 238

relation of lateral force and normal
displacement, 252

relationship, 253, 271

reliable nanoscopic standard technique,
129

remodeling of the surface, 20

residual scratch resistance, 233, 253

resistance to elastic deformation, 189

resistance to permanent deformation,
185

3D resolution of digital microscope, 169

resolution of molecular steps on
corrugated surfaces, 59

resolution properties of a particular tip,
100

resolved organelles, 141

response rate, 57

retarded local surface heating, 163

rim-type flat crater, 40

rim-type flat craters, 48

ring coloration gradient, 158

ring dyeing, 158

ring dyeing in the optical contrast, 157

rosette, 183

rotation axis, 236

rough real-world surfaces, 94

52 Fl\?l parameter, 194

S? linear plots, 194, 195

sagging, 178, 179, 182, 218-220, 223
sample tilt, 236

sapphire, 186, 205



scan direction, 15

scan ranges, 5

scan rates, 6

scan speeds, 96

scan tracks, 9

scan-derived asymmetries, 9

scanning diffractometry, 249

scanning force microscopy, 1

scanning near-field dielectric
microscopy, 154

scanning near-field optical microscopy,
87

scattering apertureless Raman SNOM,
150

scattering apertureless SNOM, 90

scraping efficiency, 18

scraping experiments, 19

scratch coefficient, 239, 242, 243, 247,
248, 251, 252, 273

scratch directions, 263

scratch hardness, 229, 270

scratch parameters, 256

scratch profiles, 234

scratch resistance, 252

scratch resistance Erichsen, 229

scratch resistance parameters, 238

scratch tests, 229

scratch work, 236, 244

scratching coefficient, 239

scratching rate, 236

second harmonics generation, 154

selective photobleaching, 162

self-assembled high surface feature
generation, 72

self-assembled molecular layers, 2

self-assembled monolayers, 101, 231

self-assembled sulfide monolayer, 103

self-assembling, 55

self-assembling far above the molecular
level, 31

self-detecting and active capabilities, 5

self-organized solid-state chemical
reactions, 55

self-protected single crystal, 35

self-protected surface, 34, 37

self-protection against autoxidation, 119

self-protective mechanisms, 270

semiconductors, 127

SERS active metal tip, 150
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SERS SNOM, 151

shadowing of a laser light source, 57

sharp apex, 6

sharp silver tip, 151

sharp-edged bricks, 53

sharpness requirements, 93

shear bands, 246

shear force control, 92

shear force effects, 238

shear-force AFM, 2, 16, 56

shear-force AFM microscopes, 1

shear-force efficiency, 95

shear-force gap, 58

shear-force gap reflection-back-to-the-
fiber SNOM, 94

shear-force mode, 61

shear-force reflection back to the fiber
technique, 95

showing anisotropic molecular
migrations, 262

shrimp eye, 144

shrinking, 42

SIAM (scanning interferometric
apertureless microscopy), 90

SIAM absorption contrasts, 114

side in front, 234

signal enhancement, 93

silica wave-guides, 57

silicon, 105, 203, 206, 240, 248, 249, 253

silicon nitride four-sided pyramids, 6

silicon nitride tip, 7

silver, 250, 251

silver particles, 134

silver sol, 152

simulation, 222

simulations of the near-field, 91

simultaneous topologic image, 96

single-walled carbon nanotubes, 6

sinking-in, 186, 187, 191, 192, 198, 207

site or topology correspondence of the
optical contrast, 114

size effect, 178, 179, 184, 186, 187, 192,
195-196, 230, 246, 253

skew monolayers, 259

sliding of the cantilever, 14

sliding of the cantilever leg, 12

slip lines, 230

smaller than topologic features, 160

SNOM, 87, 141
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SNOM for real-world sample, 91

SNOM in cancer research, 146

SNOM in solid-state chemistry, 118

SNOM on a human tooth, 136

SNOM on blood bags, 132

SNOM on dental alloys, 127

SNOM on glazed paper, 129

SNOM on polymer beads, 139

SNOM on rough surfaces, 87

SNOM on stained and unstained shrimp
eye preparations, 144

SNOM-based data storage, 163

sodium chloride cubes, 100

sodium chloride crystals, 102

solid-state cascade reactions, 48

solid-state chemistry, 52

solid-state reaction mechanisms, 44

solid-state reactions, 31, 44

sound emission, 229

specific nanoscratch work, 274

specific nanoscratching work, 244, 245

specific scratch work, 233, 255, 257

specific work of the indentation, 221

spheres, 15

spikes of statistical noise, 5

spreading of material by the tip, 20

spring constants, 6

SrTiOs, 181-184, 190, 208-210, 240,
248

staining of the samples, 146

standalone microscope, 5

standard samples, 190

steepness, 105

steepness artifact, 100

step height, 22, 25

step index coating, 58

step structure, 26

stiffness, 184, 189

stishovite, 205, 210

straight stripes, 108

strain rate, 270

strain-hardening, 192

stress-sensing, 5

stressed metal probe, 7, 62

stressed probes, 8

stripes artifact, 127, 137

strong enhancement of reflectivity in
the shear-force gap, 170

strontium titanate, 181, 183, 198, 203,
208, 234, 237, 247, 255

subcellular chemical contrast, 146

submicroscopic pitting, 128

submicroscopic tip evaluation, 166

submicrotools, 230

sunscreens, 231

surface deformation, fracture toughness,
ductility, brittleness, 270

surface enhanced Raman spectroscopy
(SERS), 149, 151

surface hydration, 22, 27, 124

surface layer, 27

surface modeling, 31, 72, 213

surface modeling techniques in
mineralogy, 68

surface passivation, 31

surf ace plots, 61

surface roughness, 66

surface scratching, 17

suspension mount, 235

sustainable gas-solid and solid-solid
reactions, 121

tangential force, 233

tapered quartz glass waveguides with
end radii of 10-20 nm, 95

tapered region, 88

tapping-mode AFM, 2

TC 184/WG5 WI 121-132, 193

technical applications, 127

technical dye pigments, 159

technical polymers, 3

technique of Oliver and Pharr, 190

Technovit 7100 resin, 156

terrace-like steps, 25

tetrahedral tips, 7, 88

tetraphenylethene, 213-215, 217, 241,
243, 244, 253, 267, 268

texture and dissolution of minerals, 66

theoretical modeling, 91

thermal insulation, 166

thermal probes, 154

thin films, 231

thiohydantoin, 212-215, 217, 237,
241-245, 253, 258-261

thiourea, 264

three-dimension capabilities of AFM, 1

three-dimensional imaging, 17



three-dimensional resolution, 168
three-dimensional surface plots, 9
three-parameter iteration, 222

tilted cantilever, 61

tilting device, 178

tip angles, 14

tip arrays, 5

tip breakage during scanning, 106

tip gradient, 13

tip imaging, 9, 11, 59, 61, 109, 110, 113
tip pulling, 60

tip radii, 208

tip radius, 7

tip shape effects, 268

tip testing, 168

tip-sample convolution, 9, 11, 212, 236,

253
tip-symmetry, 19
tips, 7

titanium implants, 66

tooth restoration, 64

tooth-biomaterial interfaces, 64

top-view projections, 9

topologic artifacts, 11, 17, 88, 115

topologic characterization, 66

topologic features, 161

topology composition, 168

total work of indentation, 209, 214217

total work of the indentation, 218, 246

2D transducer, 231, 234

3D transducers, 238

transition region, 195

transport of molecular material, 32

true hardness, 196

tubuli, 137

tunable IR laser, 154

tungsten, 205

tuning fork, 57

tuning fork distance control, 88

turn ring, 235

two-parameter area function, 192

two-photon nanolithography, 163

two-photon near-field fluorescence
microscopy, 154

type of curling, 221

types of aggregation, 161

types of apertured tips, 88

typical shapes of topologic features, 31
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ultra-thin films, 231

ultralow loads, 210

ultrasonic atomic force microscopy, 223

uncertainties, 191

uncoated tapered tip, 92

undisturbed natural surface, 3

unequal cantilever legs, 18

uniform topology does not give an
optical contrast, 117

universal 3/2 exponent, 196

universal exponent 3/2, 198

unloading curve, 180, 189, 190

unloading iteration process, 189

unloading range, 190

unloading stiffness, 190

unloading/reloading, 181

unsuitable conditions, 94

validity checks, 9

Van der Waals’ attraction, 58

variation of the parameters, 190

various principle techniques of SNOM,
89

varnishes, 127

varnish formulations, 161

varying response, 186

vertical edge, 102

vertical resolution, 2

verticals and overhangs, 14

very deep and narrow structures, 8

very high and steep surface features, 72

very high aspect ratio, 58, 60

very high topographic capability, 71

very sharp probe tips, 59

very sharp tips, 6

vibrating silica fiber tip, 61

Vickers microscratching study on

various metal alloys and hard phases,
232

virtual sphere indenter, 196

viscid, 20

viscoelastic grooving, 270

viscoelastic materials, 181

viscoplastic properties, 270

viscoelastic properties, 270

viscoplastic scratching, 270

viscosity effects, 270

viscous surface, 20

volcano islands, 36
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volcano or cone type, 31 wearless friction force, 275

volcano-type features, 29 weathering of sediments and rocks, 68
width of the shear-force gap, 104

waiting position, 92 work hardening, 230, 246

waste-free chemistry, 121 work of indentation, 206

waste-free quantitative syntheses, 31 work of nanoindentation, 245

waste-free reactions, 123 work-of-indentation hardness, 206

water layer, 21, 58, 101, 105

water layer on the silica tip, 58 Young’s modulus, 186

wear applications, 213
wear behavior, 273 zero error, 178
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