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Summary

This report consists of two parts. The first part discusses the interactions, forces and

Microscope). In the beginning the mechanisms as well as thie order of magnitude of
the interactions are mentioned. This already shows that the order of magnitude of the
contact forces, while measuring in air, will be larger than atomic forces. Then the
interaction forces are investigated by looking at force curves made on several different
samples (graphite, mica and gold). A force curve shows how the force is extended and
retracted from the surface of the sample and most important it shows the size of the
contact force while scanning. The ideal and real shape of force curves on these
samples are discussed. The measured force curves all show an unexpected waving and
slope in the extending and retracting stretch. In addition to the differences in shape
between the ideal and real shape the accuracy and order of magnitude of the contact
forces is discussed. It can be concluded that the accuracy is bad, because the stiffness
of the cantilever is not know accurate. It is only known that the stiffness will be
between the 0.09 and 0.51 N/m. There was no time to execute an experiment to
determine the stiffness of the cantilever more accurate. Due to the ‘unknown’
cantilever stiffness only the order of magnitude of the measured contact forces can be
discussed. It can be concluded that the order of magnitude of the contact forces (10"8)
is much larger than atomic forces (10™'"). Also the AFM re-engagement repeatability
and the force curve repeatability became point of discussion. The repeatability of
engagement is very satisfying, Ax = 10 nm and Ay = 30 nm, after taking in
consideration some restrictions. Also the force curve repeatability seems to be
satisfying, 2.8%10°° N.

The second part of this report starts with discussing the difficulties concerning image
interpretation. The points of interest discussed here are the vertical and lateral
resolution, and the different difficulties with interpreting large scale or atomic scale
images. After this theoretical introduction it is tried to find a relation between the -
image resolution and the contact force. Two experiments executed on graphite, mica
and diamond samples are discussed. First for an hour a sample is imaged without
changing the contact force, to see if imaging for a longer time already influences the
resolution of the image. This influence is not noticed in the measurements. During
executing the second experiment images are made while changing the contact force, to
investigate the relationship searched for. While changing the contact force there are
differences noticed in the images. For all the samples the lower limits of the contact
force for measuring under ambient conditions is found.
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Chapter 1

Introduction

1.1 Objective

In 1985 G. Binning, C. Gerber and C. Quate [5] invented the Atomic Force
Microscope (AFM). It was discovered that a flexible cantilever with a very low spring-
constant could be produced. With a cantilever that bent under smaller than interatomic
forces, the topography of the sample could be measured without displacing the atoms.
Several techniques for sensing the deflection of the cantilever have been investigated
and developed. Originally, the tunneling current between the cantilever and another
probe was used to sense the cantilever deflection, but eventually, interest focused on
optical techniques. Most AFM’s in use today rely on optical techniques to sense the
cantilever deflection. The AFM relies on the precise scanning of the probe over the
sample surface to reproduce the topography of the surface. The AFM can image
nonconducting and conducting samples, because it uses an optical technique to sense
the position of the tip relative to the sample.

One of the most common modes in which the AFM is used is the contact mode. The
AFM is then operating in the repulsive region. The cantilever is bent away from the
sample, since it is being repelled by repulsive forces. In this region the contact force,
which is strongly dependent on the distance between the tip and the surface of the
sample, is kept constant by a feedback loop (constant force mode). The size of the
force has influence on the image which is made of the sample. For example, a scan has
to be made with a force large enough to provide the image contrast, but at the other
hand this will introduce deformation of the sample (or the tip, depending on which
material is the softest). A force curve shows how the force is extended and retracted
from the surface of the sample and the size of the contact force while scanning.

Using series of measured force curves taken over the same areas on a variety of
samples a comparison between the different force curves is made. Additionally a
relationship between changes in a force curve of an image and the vertical and lateral
resolution of that image will be inferred.

Due to the twofold of the objective this report can generally be divided into two parts,
though some of the information collected in the first part of this project is used the
second part. The first part contains chapter 2 till chapter 4, chapter 5 and 6 together
form the second part.

First in chapter 2 the interactions between the tip and the sample during measurements
are analyzed. Then in chapter 3 the ideal shape and calibration of the force curve are
discussed, just as the method to subtract the magnitude of the contact force from the
force curve. In the last chapter of this part, chapter 4, the measurements of force
curves on three different samples are analyzed. The last paragraph of this chapter



contains the general conclusions and recommendations which follow out of the
comparison between the different force curves made on a variety of samples.

In chapter 5 the difficulties concerning image interpretation are described. Additionally
in chapter 6 the measurements concerning the relationship between images and force
curves are analyzed. The last paragraph of this chapter contains the general
conclusions and recommendations concerning a relationship between images and force
curves.

This report is based on measurements done with a Nanoscope II of Digital Instruments

1.2 The Nanoscope I1

The Nanoscope II relies on three main parts: the optical head, the scanner and the
base. Figure 1.1 shows a schematic picture of the optical head of the Nanoscope II,
and figure 1.2 shows a front view of the complete Nanoscope II.
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The Nanoscope II has a very sharp tip which protrudes from the underside of a small,
flexible cantilever. A laser beam, focused on the back of the cantilever, reflects off the
top side of the cantilever onto a split photodiode. Height variations on the sample
surface deflect the cantilever causing the position of the laser beam on the photodiode
to change. The differential voltage from the photodiode elements provides a sensitive
measure of the cantilever deflection (surface height of the sample).

The Nanoscope 1I scans the sample in a raster pattern while outputting the cantilever
deflection-error signal to the control station. The digital signal processor (DSP) in the
Workstation controls the Z-position of the piezo based on the cantilever-deflection
error signal. The Nanoscope II operates in either a “constant height” or a “constant
force” mode. The DSP always adjust the height of the sample under the tip based on
the cantilever -deflection error signal, but if the feedback gains are low, the piezo
remains at a nearly “constant height” and cantilever-deflection data is collected. With
the gains high, the piezo height changes to keep the cantilever deflection nearly



constant (therefore, the force is constant) and the change in piezo displacement is
collected by the system.
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Figure 1. 2

Due to the weight of the optical head, the sensing system cannot be mounted on the
piezo tube; therefore, the optical head and the probe are held stationary while the
sample is scanned under them.

The scanner consists of a cylindrical piezoelectric tube which is rigidly held at one end
with the sample mounted on the other end of the tube. The scanner also contains three
fine-pitched screws which form the mount for the optical head. The optical head rests
on the tip of the screws which are used to adjust the position of the head relative to the
sample.

The scanner fits into the scanner-support ring mounted on the base of the microscope.
Two of the screws on the scanner are operated manually while the third is controlled
with a stepper-motor built into the base switch on the upper surface of the base and
automatically by the computer during the tip-engage and tip-withdraw processes. The
base also houses electronic circuits which are essential to the alignment and operation
of the microscope. The LCD display of the digital voltmeter displays dlfferent signals
depending on the position of the digital voltmeter Function switch.



Chapter 2

Interaction between tip and sample

The interaction between the tip and the sample takes place by interaction forces and
sometimes deformation caused by the interaction forces.

2.1 The interaction forces

The interaction forces between the tip and the sample are:

» Van der Waals force. This force is caused by a fluctuation in the dipole moment of
one atom (or molecule) inducing a dipole moment in another atom which are
interacting with each other. The force can be either attractive or repulsive. The
latter happens for the interaction of different bodies immersed in a medium, when
the refractive index and dielectric constant of the medium have values lying
between the corresponding values of the bodies. The force works on distances that
extends from 2 A to more than 1000 A. The magnitude of this force is estimated to
be in the 1-20 nN range [10].

e capillary force. This is an attractive force arising because of the surface tension of
liquids. In atmospheric conditions there is usually a water layer on the sample that
pulls the tip to the sample surface. This force can be strong and erratic because of
strong dependence of surface energy and film thickness (ranging from 25 and 500
A). Under ambient conditions this force is in the 10-100 nN range [14].

» repulsive force. This force is the result of the overlap potential between sample and
tip atoms and change very strongly by change in distance. The magnitude can be as
large as some tens of nN, and it takes place while the distance between the tip and
the sample is less than 2A [12].

» resonance force or exchange force. This force is causes by the resonance of the
electron in the 1s state back and forth between two protons A and B. This force
only takes place while the tip and the sample are both of conducting material and
when the distance between tip and sample is between 2 and 84 and is in the order
of magnitude of nN [12].

o frictional force. This force opposes the motion of the tip relative to the sample.
This force is related to the external force E.. applied between two bodies by
W¥Fex= Frr. A recent study of Salmeron and co-workers [9] with a silicon nitride tip
on mica showed that frictional forces are proportional to the normal forces in the
moderate range (10-80 nN with a friction coefficient in the order of magnitude of
10, in agreement with the friction behavior of macroscopic systems.

¢ adhesion. This is the general name for the intermolecular forces which tend to
cause tip and sample to stick together. This can lead to a chemical bonding when
the surfaces are brought together under compression. For this force values up to
100 nN are common in air [19].



o electrostatic force. This can be either a repulsive or an attractive force due to the
build up of charge on tip and sample. This is rare since any excess charge will
generally bleed to ground.

¢ magnetic force. This force might interact, dependent on the material properties of
the tip and the sample.

2.2 Deformation

During operation to get atomic resolution, the contact area is theoretically just one
atom. During operation for nanometer-resolution, the diameter of the tip-sample
contact area is on the order of magnitude of nanometers. Because of this small contact
area (in both situations) and a relative large scanning force, the pressure on the surface
(force/contact area) of the sample is often too large and the sample (when it is the
softest material) starts to deform. In addition the AFM provides atomic-scale images of
the surfaces deformed by the tip force during scanning. Therefore, invaluable
information about the nanomechanical surface properties can be obtained by these
methods. How the sample surface is deformed under the tip force (when the tip is
harder than the sample) can be tentatively envisioned as follows. The region of the
sample in contact with the tip undergoes a macroscopic deformation as predicted by
the continuum theories (for example the Hertz theory) in which the sample is regarded
as a body of homogeneous density distribution. In most cases of chemical interest, the
surface of a sample consists of atoms with several different environments, so that the
local hardness of the surface varies from place to place. Therefore, the strong tip force
induces a surface deformation according to the local hardness variation. Such a
deformation, which can be on the nanometer or even atomic scale, is superposed on
the macroscopic one, as shown in figure 2.1 [14].

Figure 2.1



Chapter 3

The force curve

3.1 The shape of the force curve

To check the interaction between the cantilever and the sample surface a force curve is
used. While making a force curve the X and Y voltages applied to the piezo tube are
held at zero and a sawtooth voltage as depicted in Figure 3.1 is applied to the Z
electrodes of the piezo tube.

+ 2204

Z Voltage

-220+

Figure 3, 1

As a result of the applied voltage, the sample is moved up and down relative to the
stationary cantilever tip. The Z-scan start parameter sets the offset of the piezo travel
while the Z scan size parameter defines the total travel distance of the piezo.

As the piezo moves the sample up and down, the cantilever-deflection signal, which is
the difference in the voltages produced by the upper and lower photodiode elements in
the optical head, from the photodiode is monitored.

Figure 3.2 depicts a typical force curve showing the desired features of the curve
while Figure 3.3 shows the relative positions of the tip and the sample for the six points
labeled on the curve.
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The vertical axis of the graph represents the cantilever deflection signal. The voltage
applied to the Z electrodes of the piezo tube is plotted along the horizontal axis. The
left side of the graph is equal to the Z scan start, which is the maximum voltage that is
applied to the Z electrodes of the piezo or the maximum distance covered by the piezo
(depending on the units in which it is given) during the creating of a force curve. The
right side of the screen is equal to the quantity Z scan start-Z scan size, in which Z scan
size defines the amplitude of the triangular wave form applied to the Z piezo, as shown
“in figure 3.1. The force curve represents the deflection signal for one complete
extension/retraction cycle of the piezo.
At point 1 the tip is off the sample surface; the right side of the graph represents the
most retracted point in the position of the piezo. From point 1 to point 2 there is no
change in the deflection signal as the piezo extends, because the sample has not come
into contact with the tip. At point 2, the sample contacts the tip and the deflection
signal begins to increase. Often, there will be a slight dip in the deflection signal just as
the tip reaches the sample surface, because attractive forces between the tip and the
sample cause the tip to bend down to the sample surface. Then, the deflection signal
continues to increase as the piezo moves the sample up. The deflection signal reaches a
maximum at point 3, the maximum piezo extension; then, the piezo starts to retract.
The deflection signal decreases as the piezo and sample retract. Typically, the signal
continues to decrease after the flat, zero deflection point of the force curve, At point 4,
the cantilever is not deflected, but due to attractive forces between the tip and the
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sample, he tip sticks to the sample, and the cantilever is bent down as the piezo
continues to retract. Eventually, the spring force of the bent cantilever overcomes the
attractive forces, and the cantilever quickly returns to its non deflected, non contact
position. This is represented by points 5 and 6 on the example curve. At point 5, the
spring force of the cantilever equals the attractive forces between the tip and the
sample. At point 6, the cantilever has returned to its undeflected state. Then, the
cantilever deflection signal remains constant as the piezo continues tot retract to point
1.

For obtaining a force curve with the Nanoscope II the following parameters have to be

set:

e Z scan start - This parameter defines the maximum voltage applied to the Z
electrodes of the piezo during the force calibration operation, as shown in figure
3.1. The units of this item are Volts or nanometers, depending on the setting of the
Units parameter.

e Z-scan size - As shown in figure 3.1, this parameter defines the amplitude of the
triangular wave form applied to the Z piezo. the units of this item are Volts or
nanometers, depending on the setting of the Units parameter. Regardless of the size
of the scan, the entire scan is shown in the force curve,

e Graph range - This parameter defines the vertical scale of the cantilever deflection
signal versus Z voltage graph.

o Setpoint - This parameter defines the centerline of the vertical, “Cantilever
Deflection Voltage”, axis of the force curve. Changing the setpoint shifts the force
calibration curve on the graph.

o Sensitivity - This item relates the cantilever deflection signal to the Z travel of the
piezo. It equals the slope of the deflection versus Z Voltage line when the tip is in
contact with the sample. This parameter can be expressed in terms of the
photodiode voltage versus the distance traveled by the piezo, or the voltage applied
to the piezo, depending on the setting of the units parameter. The calibration of this
parameter will be explained in the next paragraph about the calibration of the force
curve.

e Units - To define the parameters on the horizontal axis this item select the units,
either metric lengths or volts.

e Z scan rate - this parameter defines the frequency, in Hz, of the Z piezo oscillations
during the force calibration procedure.

e Number of samples - This parameter defines the number of data points captured
during each extend and retract operation of the Z piezo during the force calibration
procedure.

3.2 The calibration of the force curve

Before accurate deflection data can be obtained the Sensitivity must be calibrated. The
Sensitivity is equal to the slope of the force curve while the cantilever is in contact with
the sample surface. To calculate the sensitivity the following steps have to be
completed:
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e Obtain a force curve on the display, which has a similar shape as the ideal force
curve and which shows a contact force in the order of magnitude that can be expected
according to the theory.

¢ Drag a best fitting line segment to the steeply-sloped portion of the curve.
Calculate the slope of the line segment and enter the calculated value as the sensitivity
in the menu.

3.3 The contact force

The force curve clearly shows the relationship between the Setpoint and the deflection
signal maintained by the feedback loop. If the spring-constant, k, of the cantilever is
known, the force curve can be used to calculate the contact force of the tip on the
sample. the contact force is defined by the equation:

F =kAz
where Az is the z distance from the control point to the pull-off point in nanometers.
Figure 3.4 shows an imaginary force curve;
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Figure 3. 4
The calculation of the contact force is as follows:
F=kAz
where:
k=0.6 N/m

Z piezo sensitivity = 2 nm/V
Az =275 div * 10.0 V/div * 2 nm/V = 55 nm

F=0.6 Nm* 55nm
=33 nN
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Chapter 4

Measuring force curves

4.1 Experiments and Results

Force curves were made on several different samples, chosen from the available
samples in the lab. The samples were of mica (muscovite), graphite(Highly Ordered
Pyrolytic Graphite (HOPG)) and gold. Before using the graphite sample it was cleaned
by pressing some sticky tape to the surface and pulling off a layer of material. On the
mica and gold sample, force curves were made before and after cleaning the samples
with methanol. With the cleaning of the samples, the waterlayer, which covers the
surface of the sample in ambient conditions, is removed. Six or seven measurements on
a sample were made. Between these measurements the tip is only withdrawn and
immediately engaged again (on a scan rate of 31.25 Hz). After five good engagements
(which takes about 10 minutes) the sample is cleaned again. The force curves are made
while looking at images of 10x10 nm, which made it impossible to see whether the
new engagement was on the same spot as the last one or not. (For explanation see
appendix A.)

In figure 4.1 the typical shape of a measured force curve is shown.

N 1000.00 mV/div
input:  vertical
4 horizonial

116.18 nm/div

S scan 2323.54 nm
 Setpoint 27078 V

Figured. 1

The analyzing of this shape will be discussed in paragraph 4.2

In table 4.1 the magnitudes of the measured contact forces for the different samples are
listed.
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sample Faverage | Fmin Fmax | range absolute
[10® N] [10°N] | [10°N] | [10°N]
mica 4.1 3.7 4.2 0.5
mica cleaned | 1.6 1.4 1.9 0.5
graphite 1.0 0.7 1.1 0.4
gold 0.7 0.6 0.8 0.2
gold cleaned | 1.2 0.8 1.5 0.7
Table 4. 1

The analysis of these forces will be discussed in paragraph 4.3.

4.2 Shape force curve

When we compare the shape of the force curves of our measurements with the shape
of the ideal force curve we see two remarkable differences. While extending the tip to
the sample the curves showed a positive slope and while retracting the tip from the
sample the curves showed a negative slope, instead of a horizontal line in both
situations. This line also shows a waving.

When the signal received by the photodiode is optimized it means that the (A+B)-
signal is maximized and the (A-B)/(A+B)-signal is made 0. Two examples of optimized
laserbeams are given in figure 4.2.

N @
&/ ./

Theoretically it is possible to influence the place of the beam in the horizontal
direction. This horizontal deviation depends on the possible torsion of the tip and the
angle made by the mirror in the horizontal direction. This last angle can be influenced,
but because it only has to change a really small angle and the mirror can only be

aligned roughly it is practically impossible to place the laserbeam exactly in the middle
of the diode.

To engage the tip on the sample the (A-B)/(A+B)-signal is made negative, so that after
engagement the signal is in the middle of the photodiode. This is shown in figure 4.3.

14



before engagement after engagement

Figure 4. 3

Often this is not the case, the beam is still under the middle. This can be seen in the
force curve, where the horizontal line on which doesn’t have any deflection starts on a
(A-B)/(A+B)-signal less than 0.

The intensity of the laserbeam has a gaussian distribution. The center of this beam is
reflected on the cantilever. The rest of the beam is reflected from the sample. Because
the center of the beam will be reflected on the cantilever, there will be much more light
reflected from the cantilever than from the sample. The reflected beams both are
assumed to be gaussian. Though the intensity of the beam reflected from the sample
will be much lower than the intensity of the beam reflected on the cantilever. The two
reflected lightbeams will interfere with each other which causes an interference pattern
on the photodiode. This interference pattern will be an alternation of maxima and
minima, as showed in figure 4.4. In which the dashed lines are maxima and the dotted
lines are minima.

According to the interference theory of light [8] the distance between two alternative
maxima, Ay, can be calculated by
A

Ay 5
In which A stands for the wavelength of laserlight (670*10” m). Looking back in figure
4.1 it is seen that the distance between two maxima in the waving is 3 divisions. Every
division represents 116.18 nm in horizontal direction, so the distance between two
maxima is 348.5 nm. Using the relation above a wavelength of 697 nm is found. This
shows that the waving in the force curve is caused by the interference of the laserlight
reflecting from cantilever and sample.

4.3 Contact forces

In this paragraph the attention is focused on two matters, the accuracy and the
magnitude of the measured forces.
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4.3.1 accuracy contact forces

In paragraph 3.3 is already shown how the contact force is calculated by using the
force curve, F = k*Az. This means that the accuracy of the force is dependent on the
accuracy of k and Az.

Accuracy can be expressed by looking at the relative error of the measurements. This

error is defined as — , where Aa and a are respectively the maximum absolute error
a

and the assumed value.

Distance Az can be measured properly to 0.2 divisions of the horizontal axis of the
force curve. During measurements the scale is adjusted to the seize of the force which
is measured in that way that Az always covers at least 1 division. So the relative error,
in the worst case, is 0.2.

The accuracy of springconstant k is determent by the requirements of the cantilever,
which are given in the productcatalogue of Park Scientific Instruments. This says;
k = 0.32 N/m when the thickness of the cantilever is 0.6um. Though the cantilever
thickness can actually vary from 0.4um to 0.7um.
To calculate the change in stiffness the equation for the cantilever stiffness in normal
direction presented by J. M. Neumeister and W.A. Ducker [16] is used. This equation
shows that thickness is cubed in the springconstant calculation. This makes that the
springconstant is ranging from 0.09 N/m (for t=0.4um) to 0.51 N/m (for t=0.7pm).
For all the force calculations in this report k=0.32 N/m is used. This gives a maximum
relative error of 0.7.

The accuracy of the contact force is calculated by,
F = Az*k
SF = 8(Az)*k + 8k*(Az)
OF/F = 8(Az)/(Az)+dk/k = 0.2+0.7=0.9
This extreme large relative error is mostly due to the changes in stiffness between the
different tips.

This error can be reduced a lot if the springconstant of the used cantilever is
determined with an nondestructive method. One method is described by Torii et al
[18], by using a calibrated large-scale cantilever and measuring the deflections of both
cantilevers simultaneously using heterodyne interferometry. Another method is
described by Smith and Howard [17], by using a novel precision force balance
measuring the distortion of the cantilever while varying the added force. A third non
destructive method is described by Cleveland et al [6], by measuring the resonant
frequencies of the cantilevers before and after adding small end masses. They did
measurements on four 120-um-long, 22-pum-wide V-shaped silicon nitride cantilevers
(supplied by Digital Instruments, Santa Barbara), three from different locations in a
single wafer and one from a second wafer. The three had similar measured spring
constants, 0.10+0.01 N/m, while the fourth had a measured spring constant of 0.36
N/m. Carefully, we can conclude that the tips from one wafer have almost the same
stiffness. During the experiments executed for this report the used cantilevers were all

16



taken from the same wafers so the stiffness of the tip will not change a lot from tip to
tip. This makes it allowable compare the forces measured on different samples to each
other.

But due to the “unknown” stiffness of the cantilever for a quantitative analysis only the
order of magnitudes of the measured forces can lead to conclusions.

4.3.2 order of magnitude contact forces

The measured curves showed forces of the magnitude 10 N, for the mica and graphite
samples. With the interaction forces mentioned in paragraph 2.1 in mind we can
conclude that this is just as expected. Though for these samples there is also another
reason why the forces measured are bigger than the order of magnitude of 10° N,
which are forces on atomic scale. The explanation is found in the structure of the
material. These materials have a layered structure. During scanning the tip is in
mechanical contact with the surface of the sample. There is a repulsive force between
the tip and the sample, this force generates a compression of the surface of the
sample.(For graphite this compression can be as large as a few angstroms) because of
this compression, the change in gap width is much smaller than the observed z
displacement of the Z piezo. so, the Z piezo has to displace more than without
compression. Because the contact force is calculated as Az*k this force appears greater
than it actually is. Because of this effect, forces as large as a few hundreds of nN can
be measured. So the measured force curves of graphite and mica are as could be
expected.

The difference between the forces measured on the cleaned and the uncleaned mica
sample is because the cleaning removed the eventual contamination layer and/or the
capillary force. After the cleaning even the range of the measured forces is reduced,
this can be due to the fact that the waterlayer which causes the capillary force is not
very homogeneous. The effect of the layered material is more homogeneous.

The magnitude of the force measured on the gold sample is also in the order of 10°® N.
For this large force there are two different explanations. First it could be due to an
existence of a contamination layer. But at the other hand it also could be because of a
big difference between the dielectric constant and the refractive index of the gold and
the tip material which is Si3Ny4. According to Lifshitz theory (13), the Van der Waals
forces are considered as dispersion forces associated with the electromagnetic
fluctuations. This theory shows that the forces between bodies interacting through a
medium depend on the dielectric properties of the bodies and the medium. The larger
the difference the larger the van der Waals force. The larger the van der Waals force,
the bigger the snap of the tip in the material. The tip will snap into the surface of the
sample from a larger distance and with a bigger force. The surface of the sample will
deform more. The dielectric constant of SizNy is 6.34 and the refractive index is 1.986.
For gold the refractive index is between 0.24 and 1.86, unfortunately I still haven’t
been able to find out the dielectric constant.

After cleaning the gold sample, the force curves showed a contact force twice as big as
before cleaning the sample. Both explanations mentioned above can be combined to
explain this difference. It could be possible that this is because of the removing of the
contamination layer, and a bigger difference between the constants just mentioned
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between the tip material and the gold than between the tip material and the
contamination layer.

The large range of the measurements of the forces on the gold sample can be explained
as follows. When we look on the gold sample using a microscope we see all kinds off
scratches, they can be responsible for a strong inhomogeniety of the surface of the gold
sample. A scratch is due to a plastic deformation of the gold in an area which is much
larger than the scratch itself. Because there are so many scratches it is not possible to
make an image on an area which is not close to a scratch. Plastic deforming causes a
different local hardness of the material. The hardness of the material is one of the
parameters which influences the magnitude of the contact force. The contamination
layer can cover this differences in hardness. This can be the reason that the large range
of the measurements of the forces does not exist in the measurements of the uncleaned
sample.

From these observations it can be concluded that while investigating the relation
between the force curve and the image of a sample, the structure of the material and
the difference between the dielectric constant and the refractive index of the tip and the
sample should be taken into account.

4.4 Repeatability of measurements

In general the repeatability of the force curves is limited because of three reasons:

e The condition of the tip is important for the repeatability of the measurements.
During a series of measurements the condition of the tip is changing. Before getting a
force curve, the tip always vibrates, which attacks the good condition of the tip. This is
due to the fact that the control unit of the AFM, when changing to the Force mode,
automatically start with a large z-scan-size and z-scan start value, often much larger
than necessary, to show a force curve. The only thing that can be done by the user to
reduce this vibration, is reducing these values to small values as quick as possible.
From that (new) start situation the parameters are raised slowly.

e Deformation of the surface due to the contact force, has impact on the surface
quality. The surface quality is of influence on the measured force. On some samples it
is obvious that there will be deformation. On graphite for example, forces in the order
of magnitude of 10" N were measured. The tip radius, of the tips used for these
measurements, is between 20 and 60 nm. This means that there is a contact area with a
radius of several nanometers. If a contact radius of 20 nm is assumed, then there is a
contact area of 1.3*10""” m?. This leads to a pressure on the sample of 10%/1.3*10™" =
7.7*10° Pa. Comparing this pressure with the compressive strength of graphite,
5.7%10” Pa shows that there will be deformation.

e The re-engaging on the same place on the surface is important for the repeatability
of a force curve. The magnitude of the force is very dependent on the surface which is
measured. Small changes in the surface quality cause already a significant change in the
force. This is made clear with the following experiment, in which all the force curves
are made on different crystals of diamond. The measured forces are listed in table 4.2.
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This results show is that, though the force measured on crystal 2 and 3 is almost equal,
there is a big spread between the forces measured on the crystals.

4.4.1 AFM-re-engagement repeatability

It is shown that force curves made on different crystals differ a lot. So for investigating
the repeatability of force curves we need to be sure that we are making the force
curves on the same place on the sample. Therefore before investigating the force curve
repeatability is investigated first the re-engagement repeatability of the nanoscope I is
investigated.

The AFM does not re-engage on the same spot on the surface. In order to get
information about the accuracy of re-engagement an experiment using a sample of a
0.3 um diamondfilm grown on (100) silicon was done. When different images of
graphite or mica on atomic scale are made we cannot notice features on atomic-scale
(see appendix A page 36). Larger features are most of the time so big that they disturb
the whole image. On a sample like graphite it is difficult to detect whether we are on
the same spot or not.

A sample of diamond on silicon gives a clear image on a scan size of 4000 nm with
features which are easy to recognize. The mica, graphite and gold give only clear
pictures with a much smaller scan size on which it hardly can be seen if the engagement
is on the same spot or not.

On the diamond sample several images where made between which the tip is only
withdrawn and re-engaged without changing anything else. The place of withdrawing
was chosen random, and the scan rate was all the time 31.25 Hz. The results are
included in Appendix B on page 37. Taking the lower left corner of the image as a
reference point, the distance from that point in x and y direction to a certain crystal
was measured. The differences between the measured value for x and y for two
alternative taken images is called Ax and Ay:
AXaversge = 203 nm AXpax = 271 nm AXpin = 68 nm
AYaverage = 834 nm AYmax = 1153 nm AYpmin =272 nm
This large differences in y-direction could have been caused by a few different reasons:
e The different places of withdrawing. Perhaps the tip will have a different x and
y offset at different places..
e Vibration of the cantilever. While withdrawing at a high scan rate the cantilever
vibrates in the x and y direction because the friction force is suddenly reduced to
zero. After this vibration the cantilever may have a little plastic deformation left.
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o The deflection of the cantilever before engagement. Before engagement the
cantilever has a certain deflection which corresponds with a certain voltage of the
(A-B)/(A+B) signal. After making an image and withdrawing, the voltage often
differs from the voltage before making the image, this means that the deflection of
the cantilever is not the same as before imaging. This happens because the
cantilever is withdrawn with steps in distance between 1 and 2 pm. The force, and
thus the cantilever deflection, has a strong relation with the distance, so an extra
withdraw step can change the deflection of the cantilever more than necessary to
get the deflection from before imaging. This is shown by the (A-B)/(A+B) signal,
this signal should be the same before engagement and after withdrawing.
To check the influences a few experiments were done. During the first series of
measurements the voltage of (A-B)/(A+B) before engagement was always the same.
The scan rate before withdrawing the tip was reduced to 4.34 Hz. The tip was always
withdrawn at the bottom of the image. This restriction improved the accuracy of
engagement in y-direction. Also was noticed that if the voltagesignal (A-B)/(A+B)
after withdrawing is close to the one before engaging the next engagement is much
closer to the last one than when this voltages change a lot. When the voltage becomes
positive after withdrawing the accuracy of the next engagement is even worse
comparing to the same amount of change in voltage but in the negative direction. The
results of this experiment are shown in table 4.3,
During the second series of measurements, the withdrawing of the tip was again always
at the bottom of the image. But now we reduced the scan rate before withdrawing to
0.18 Hz. The results of this experiment showed a good repeatability again. This time it
was again noticed that the value of the (A-B)/(A+B) voltage, which shows the
deflection of the cantilever, is important. For the best results the voltage before and
after have only a spread of +/- 0.1 Volt. These results are also showed in table 4.3.
During the last experiment the same restriction as in the second experiment were
followed, only the place of withdrawing the tip was chosen random. Table 4.3 shows al
the results:

€xp.nr, Axavmge AXmax Axmin AYaverage AYmax AYmm
{nm] [nm] [nm] [nm] [nm] [nm]
1 203 271 136 380 1085 0
2 23 34 0 57 102 0
3 135 203 68 113 203 34
Table 4. 3

Because the results of experiment 3 are worse than the results of experiment 2 it seems
that the place of withdrawing is of influence. But the voltages after withdrawing during
the second experiment were much more equal to the voltages before engaging than
during the third experiment. The worse results are due to this difference.

What also is important in interpreting the results is the facts that the way of measuring
the differences of engagement had an accuracy of +/- 40 nm. So the accuracy is small
compared to the measured values. The accuracy is that bad, because of two reasons.
The first is that with the mouse a large cross is clicked in the points between which we
want to know the distances. Because the cross is that large it is difficult to see if exact
the same place as before is clicked. The other reason is that the resolution of the
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images (4000*4000 nm) on which the distances are measured is not so good that it is
clear if the same place on the crystal is touched.

To get the best repeatability of engagements two things are important:

1. The (A-B)/(A+B) voltage after withdrawing from image 1 has to be the same
(within a spread of +/- 0.1 V) as before the engagement for image 1, to get a good
re-engagement for image 2.

2. Before withdrawing the scan rate has to be reduced (till around 0.2 Hz)

To check these conclusions a control experiment was executed. The results are listed
in table 4.4. In this table the voltage corresponds with the voltage after withdrawing
from the tip and which is at the same time the voltage before the engagement for the
next image. The Ax and Ay corresponds with the difference in place of engagement in
the x- respectively the y-direction comparing to the engagement before.

engage- | voltage | Ax Ay
ment nr. | [V] [nm] [nm]
1 -2.13 - -

2 -2.27 20 320
3 -2.30 0 70
4 -2.36 20 40
5 -2.35 10 10
6 -2.39 0 0

Table 4. 4

In one view it is seen that the voltage between the first and second engagement differ

remarkably more than between the other engagements. This shows also up in the Ay

value at the second engagement. Removing this measurement gives us the next results:
Ax=7.5nm Ay =30 nm

The range in which we can repeat the engagements makes it possible to look, with the
use of the x and y offset, at the same image after several engagements.

4.4.2 Force curve repeatability

To determine the repeatability for force curves made on the same diamond crystal 5
force curves were made by imaging the same crystal at a 100*100 nm scan size. It is
sure that the force curve is made on the same crystal, but not if it is made on exactly
the place on the crystal.

The measured forces are listed in table 4.5:
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At first it is noticed that the first measured force is remarkably lower than the others.
this can be due to the cleaning with methanol. A drop of methanol is put on the sample.
After a few seconds the methanol is removed with a laboratory wiper by just putting it
on the sample and removing it again. The methanol which is left after that will
evaporate quickly. After this process, the sample is a little colder than it’s environment
so a small waterlayer is formed quickly again. When the first measurement was made
the sample didn’t have the waterlayer already, or it was only starting to form itself.
When the rest of the measurements are taken the waterlayer was already on the
sample. The magnitudes of the forces agree with this explanation. The capillary force
has a magnitude estimated between 10 and 100 nN (see paragraph 2.1). The difference
between the first and the average of the four other measurements is 6.7%10* N.

The range of the forces is acceptable because we are measuring in air and without a
cover for the AFM, so the measuring conditions are not very constant.

4.5 Conclusions and Recommendations

All the information presented in this chapter leads to a few general conclusions and

recommendations.

e  The shape of the force curves measured with the Nanoscope II used for this report
is different from the shape of the ideal force curve. The measured force curve
shows a slope and a waving in the part of the curve representing the extending and
retracting movement of the tip to or from the sample. (§4.2)

e  While interpreting the results of the experiments, only the order of magnitude of
the contact forces can be discussed. This is because the stiffness of the used
cantilever is not known precise enough, it is only known that it is between 0.09
N/m and 0.51 N/m. The results will have a lot more impact when the stiffness is
known much more accurate. In paragraph 4.3.1 three ways to determine the
stiffness of the cantilever are presented. Unfortunately, the time for executing
measurements according to one of these methods was not available.(§4.3.1)

e  Though only the order of magnitude can be discussed, it is clear that the
interaction forces (10°%), while measuring with an AFM in ambient conditions, are
much larger than atomic forces (10™""). Using an AFM under ambient conditions,
one really needs to be aware of these measuring forces. This is because they
introduce deformation, make images showing hardness representations of the
examined material instead of structure and so on. The forces can be reduced by
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measuring under ultra high vacuum (taking away the capillary force) or under
liquid (reducing the Van der Waals force and taking away the capillary
force).(§4.3.2)
For the repeatability of force curves it is important to re-engage on the same spot
on the sample. The get the best results two things are important:
1.The (A-B)/A+B)-voltage after withdrawing from image 1 has to be the same
(within a spread of £0.1V) as before engagement for image 1, to get a good re-
engagement for image 2.
2 Before withdrawing the scan rate has to be reduced (till around 0.2 Hz) (§4.4.1)
For the repeatability of the force curves it is also important to have the same
environmental conditions. The measurements used in this chapter are all done
without a cover for the AFM. For sure the range would be less when the
measurements were executed with a cover, therefore it would be useful to look for
a cover for the AFM, to reduce distortions by noise, air movements and so on.
Unfortunately the cover was available after finishing all the measurements for this
part of the report. Time was not available to repeat measurements to have an
indication of the impact on the measurements of the cover.
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Chapter 5

Image interpretation

5.1 The vertical resolution

The vertical resolution of the AFM is depending on the system which is used to
measure the cantilever deflection. As mentioned in paragraph 1.1, the Nanoscope II is
using the optical deflection method. The theoretical sensitivity of the microscope can
be calculated using Gaussian beam optics (as already explained in paragraph 4.2) and
assuming shot noise. The minimum detectable cantilever displacement, ) z, is given by

[15]:
2D F

where (S/N) is the signal-to-noise ratio, A is the laser wavelength, Af is the detection
bandwidth, e is the electric charge, ) is the spectral responsivity, P is the total power
incident on the photodiode, and V (= 2w/l) is the ratio between the Gaussian beam
diameter 2m, and the cantilever length 1. The prefactor 2/3 comes from the fact that the
cantilever is not rigid: its slope at the free end is given by (3/2)(Az/l). In the above
equation, we assume that the photodiode is located in the far-field region of the beam,
an assumption which is borne out in practice. Realistic values for the parameters, while
using the Nanoscope II are, S/N= 10, A= 670 nm, n= 0.4, Af= 1 kHz, P=1 mW and
V=1, this gives ) z~ 0.01 nm.

So the vertical resolution of the Nanoscope II is in the sub angstrom range.

5.2 The lateral resolution

The lateral resolution of the AFM is determined by two factors, the stepsize of the
image and the tip-sample contact area.

Concerning the first factor, the stepsize of the image, figure 5.1 shows the scanning
motion during data acquisition.
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The images, used for this report, are
fiish  made with a sample size of 400, what

means that in the fast-scan direction

every line has 400 sample points and in
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Figure 5. 1 resolution, however depends upon
how resolution is defined.

In microscopy community, two asperities (peaks) are considered resolved if the image
satisfies Rayleigh’s criterion [1]. This criterion requires that the height of the image dip
is at least 19% between the asperities as illustrated in figure 5.2.

The minimum separation between resolved
asperities determines the best lateral resolution of
the system.

Theoretically the lateral resolution with this
criterion can be calculated easily.

minimum separation The shape of the used tip is as in figure 5.3

Jor resolved usperities

Figure 5. 2

~

<P
=2

R
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In which r stands for the tipradius, h stands for the height of the image dip and R is the
distance which is necessary between the asperities to be able to have an image dip of
19%, so is actually the resolution corresponding with a certain image dip.

For the resolution it is easy to derive, with the use of pythagoras, a relation which
shows the dependence on the tip radius and the image dip.
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In the experiments tips with a radius between 20 and 60 nm are used.

To give an idea of the size of the lateral resolution determined by the tip in table 5.1
for the two extreme tip radii and several different z-ranges, the lateral resolution is

calculated in nanometers.

z-range [nm] Rz  [nm] R0 [nm]
1 6.2 10.9
10 17.3 33.2
20 40 447
60 40 (=max.) 120
Table 5. 1

When the asperities which are measured are as long as or longer than the tipradius, the
maximum resolution is reached. For a tipradius of 20 nm that will be 40 nm and for a
tipradius of 60 nm that will be 120 nm.

In practice, contact-mode AFM operation with forces in the order of magnitude of
hundred nanonewton, leads to well-resolved atomic-scale images for many inorganic
layered materials. This finding is explained by the effective sharpening of the tip. The
surface of the tip is not completely smooth. The shape of the tip will be similar to the
shape in figure 5.4

Figure 5. 4

The most protruding irregularity is used for scanning the surface. Still under a high
applied force, the tip-surface contact area would be relatively large, but not all atoms
of the tip in the contact area contribute equally to the total repulsive force between the
tip and the sample. Since the repulsive force curve is very steep for small atom-atom
distances, the total repulsive force may be dominated by the contributions of the few
outermost atoms of the tip apex. This sharpening effect might lead to the detection of
atomic-size defects.

This will only work on smooth surfaces, on rough surfaces the tip radius will be the
determining factor for the minimum resolution.

5.3 Imaging

While imaging, it is important to understand that the operating force should be
minimized to obtain reliable and high-resolution images and avoid an irreversible
surface damage. In contrast it is also shown that the employment of strong applied
forces (of the magnitude of hundreds of nN) are necessary to enhance the image
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contrast. The induced surface deformation contributes strongly to the image contrast.
This makes it possible to detect the presence of the different structural building blocks
comprising their surface [4].

While imaging, it is also important to minimize the effect of the thermal drift on the
geometrical parameters of the images. it is necessary to carry out imaging after thermal
equilibrium has been reached between the sample and microscope stage, and to
conduct measurement with a high scanning speed.

Images should be collected in the “up” and “down” scanning directions and at different
rotation angles of the fast-scanning direction. Finally, the geometrical parameters of
these measurements should be averaged. This procedure gives rise to more reliable
surface parameters from the images.

5.3.1 large scale imaging

The interpretation of large-scale AFM images can be complicated when chemically or
structurally different domains are present on the surface, because they might modify
the local hardness and friction of the surface. This leads to more complicated image
patterns than those expected from the surface topography. To confirm the surface-
hardness contribution to the images, it is necessary to conduct force-dependent
measurements by varying the set-point force level, since the image contrast between
the hard and soft regions of the surface increases with increasing load. The softer
region of a surface is expected to be more depressed by the tip force, which increases
the tip-sample area.

In principle, it should be possible to distinguish different surface domains by utilizing
the response of the AFM probe to the hardness, friction and different surface forces of
a sample surface. In most cases, however, interpretation of the associated image
contrast is not straightforward, because the surface hardness and friction are affected
both by chemical structures and by their packing arrangements. To deconvolute the
different factors contributing to the images, it would be useful to employ various
chemically modified tips to emphasize, and thus identify, specific types of tip-sample
interactions.

Another problem is often observed for a hard surface with steep corrugations. if a
sample surface has structural features sharper than the tip apex, the imaging roles of
the tip and the surface are reversed so that the tip shape appears in the image. The
AFM is definitely limited in studying those surfaces.

For flat surfaces, with large scale and atomic scale imaging , image imperfections might
occur due to a multiple tip effect. The image features associated with double-tip
imaging are characterized by “ghost” patterns, in which the surface features are
repeated.

Many image artifacts are not self-evident, so one should carry out repeated
measurements to characterize properly the sample under examination. For large-scale
measurements of corrugated surfaces, sharp tips are desirable; it is therefore useful tot
test the tip shape with standard samples of known profiles. However this does not
totally eliminate image artifacts, because a selected tip can be modified during
scanning. Therefore, in the absence of reliable control of the tip apex geometry, it is
common to employ several different tips for examination of a given surface and to
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choose the most reproducible images as the genuine representations of the sample
under consideration.

5.3.2 Atomic scale imaging

For atomic-scale patterns it is common to observe variations of the image details on
the experimental conditions. Image variation may occur spontaneously due to the
instability of the tip and the surface, even when the scanning is carried out without
changing the experimental conditions. Alternatively, image variation may reflect a
change in the tip-sample distance and applied force, so it can help to characterize the
sample surface.

To understand the dependence of the image features on the applied force, it is
necessary to carry out force-dependent measurements. For example, results of force
dependent AFM experiments for layered telluride NbGesTe, shows for a low-force
AFM a hexagonal pattern which is to be expected from the atomic arrangement of the
Te-atom surface layer (14). In a high-force image however, periodic rows of depressed
surface atoms appear; upon reducing the applied force, this feature disappears. These
reversible image changes show the occurrence of reversible, atomic-scale surface
relaxation. The high-force image reveals the variation of the surface local hardness.
This will be discussed further in Chapter 6, for a graphite, mica, silicon and diamond
sample.
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Chapter 6

Measuring and analyzing images and their
relationship with contact forces

6.1 Description of experiments

To look at the relationship between the resolution of an image and the used contact

force, two experiments were done:

* During the first experiment the tip is engaged once and imaged for a long time,
about an hour, the same place. Every ten minutes a force curve was made and an
image was captured. Of course the force curve was made on a flat part of the
sample. The force with which this imaging was done is the force just after
engagement, which is depending on the snap into contact. After the force is set for
the first measurement of the experiment in the middle of the graph nothing is
changed during the rest of the experiment.

e during the second experiment the tip is engaged once and different images were
made by different values of the contact force.

The contact force can be influenced by changing the setpoint. The contact force is
defined by F=kAz, in which Az is the distance between the control point and the
pull-off point as mentioned in paragraph 3.3. By lowering the setpoint the control
point is moved closer to the pull-off point, so the contact force is decreasing. The
opposite happens when increasing the setpoint.

The maximum change of the contact force is limited because the setpoint of the
used AFM can only be changed from -10 to 10 V. An other obvious limitation is
that the setpoint can only be lowered as long as the contact force is still bigger than
0.

During the first experiment, especially for softer materials, it is expected to see a
certain relaxation and deformation of the surface. A force is brought onto the surface
and the surface is expected to respond to this force in a way which is noticeable in the
image.

With the second experiment the relation between the resolution of the images and the
contact force is investigated directly. It is expected that the changes in resolution will
be bigger for soft samples than for hard samples.

The samples chosen for these experiments are graphite (HOPG), mica (muscovite) and
the 0.3 um diamond film on (100) Silicon (further mentioned as the diamond sample).
Compared to the samples used for measuring contact forces described in Chapter 4,
the gold sample is replaced by the diamond sample. The reason for this change is that
for this experiment the hardness of the surface of the sample is expected to be of
influence in the relationship between resolution and contact force. To look at this
influence it is preferred to look at samples with different hardnesses. According to the
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CRC handbook of materials the hardness on the Moh’s scale of the available samples
(and tip) is:

graphite 0.5
mica 2.5-3
gold 2.5-3

siliconnitrate 9

diamond 10
Mica and gold have the same hardness, taking into account that on mica it is easier to
get a clear image (depending on sample quality and material structure) the mica sample
is chosen to take part into this experiment.

Due to the unavoidable use of large measuring forces the graphite and mica sample will
deform while measuring. This will be made clear with the next calculation.. To get
atomic resolution the contact area is in the order of magnitude of atoms (a contact
radius in the order of magnitude of Angstoms), so a contact area of 10%° m*. Using a
contact force in the order of magnitude of 10® N, the pressure on the sample will be
10" Pa. Taking into account that the compressive strength of graphite 5.9%10° Pa is, it
can be concluded that the graphite will deform while it is measured. For mica it was
not possible to find the compressive strength, but because it has a layered structure just
as graphite and it’s hardness on Moh's scale relatively close to graphite it will not differ
from the compressive strength of graphite more than a few orders of magnitude. So the
mica sample won’t resist and will deform while measuring. For Siliconnitrate the
compressive strength is 1.5*10" Pa, so it will resist against deformation. The
compressive strength of diamond is 2.2*10" Pa, so diamond will also resist the
pressure caused by the measuring force.

6.2 Results and analysis

Before going into detail for the specific samples in separate sub paragraphs, first a
general effect for all the samples will be described.

The results of the first experiment for all the samples showed that the force curve as a
whole was moving down in the graph. This means that the (A-B)/(A+B)-signal is
increasing while time passes. This signal is increasing when the light of the laserbeam is
falling in on the photodiode on a lower part. This can be caused by a thermal effect,
which we will discuss roughly.

Figure 6.1 shows a model of the upperhalf of the nanoscope II.

‘ ( ————optical head

-+ scanner-base

50 mm

piezo-tube

Figure 6. 1
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The head of the Nanoscope II is made of invar and the housing of the scanner is made
of steel. According to the polytechnisch zakboekje the linear coefficient of expansion
of steel is 10*10° 1/°C, and the one of invar is 1*10° 1/°C. This difference in
coefficient of expansion makes that invar is assumed temperature invariant. The
temperature of the room in which all the experiments are executed is kept stable on 20°
C+1° C. While executing an experiment there is a light pointed on the head and the
base, so they will be heated . Assuming an ideal roomtemperature control, the
temperature of the base can rise with one degree, which means that the head with
cantilever is moved up 50*¥10” * 10*10°® = 500*10 m = 500 nm relatively to the
sample. While the cantilever is moved up due to this expansion it has to bent down to
the sample more to stay in contact. This causes an increasing of the (A-B)/(A+B)-
signal during the whole force curve, so the curve is moving down in it’s graph as
mentioned above.

6.2.1 Graphite

The images made during the first experiment (prints of two of the measurements are
included in Appendix C page 44 and 45) and the second experiment (prints of three
measurements are included in Appendix C page 46,47 and 48) show roughly the same
pattern.

This pattern can be recognized as the three-for-hexagon pattern. Figure 6.2.a is
showing the complete structure of graphite, the three-for-hexagon structure shown in
the AFM-images can be understood by taking the geometry relaxation of the graphite
surface into account.

Adjacent layers of highly ordered pyrolytic graphite (HOPG) are arranged in such a
way that there occur two types of carbon atoms (A and B) on the surface layer, as
shown in figure 6.2.b. The A-site carbon atoms lie directly above the carbon atoms of
the underlying layer, and the B-site carbon atoms are located above the centers of the
carbon hexagons of the underlying layer.

(b)

Figure 6. 2

Due to the interlayer interactions occurring through the A-site carbon atoms, the -
electron band levels of HOPG in the vicinity of er are more concentrated on the p, -
orbitals of the B-site carbon atoms than on those of the A-site carbon atoms (chapter 5
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,14). Therefore, the total density plots (p(es, 79)) for HOPG have a higher density on
the B-site carbon atoms. STM and AFM images of HOPG obtained from simultaneous
STM/AFM measurements have a three-for-hexagon pattern with an identical peak
registry (Magonov). Consequently, the bright spots of the AFM images, which
represent the regions of stronger tip-sample repulsive forces, coincide with those of the
STM images.(the B-sites). This indicates that the tip force depresses the B-site atoms
less than the A-site atoms. For an unrelaxed graphite surface monolayer, all carbon
atoms should be seen with equal brightness in the AFM image. So, the atomic scale
surface relaxation of HOPG induced by the tip force will be analyzed.

The local hardness of the A- and B-site in HOPG can be estimated using the atom-
atom potential [20]:

E =-Ar~* + Bexp(-Cr)
for a nonbonded C-C contact of distance r, where A=2377 A® kJ/mol, B=349.90
kJ/mol and C=3.60 A™. This potential reproduces the interlayer distance of 3.35 A in
bulk HOPG. For simplicity, the local hardness of the A- and B-sites in the surface
graphite monolayer is estimated on the basis of a graphite bilayer, because what
matters eventually for STM and AFM imaging is the atomic-scale topography change
in the surface layer. Here the main concern is the microscopic relaxation of the surface
monolayer, whether or not the B-site carbons are depressed less than the A-site
carbons. Therefore, the geometry of the bottom sheet of the graphite bilayer can be
assumed to be frozen.

Interesting quantities to calculate are the energies AE4 and AEg, needed to depress
the surface carbon atoms at the A- and B-sites, respectively, by Az, toward the
underlying layer while keeping all remaining carbon atom positions fixed (14). These
values calculated as a function of Az, are summarized in table 6.1, and reveal that for a
given amount of energy supplied, the B-site carbon can be depressed more than the A-
site carbon.

Azy | AEap AEg,
(&) | (k¥/mol) | (kJ/mol)

0.1 {0.54 0.37
0.2 | 167 1.21
0.3 |3.64 2.72
04 16.74 5.15

0.5 |11.59 8.91

Table 6. 1

To achieve the same extent of depression, the A-site requires more energy, and is
therefore harder, than the B-site. Given the fact that the A-site atoms have interlayer
C-C interactions while the B-site atoms do not, this finding is reasonable but
contradicts the conclusion from the simultaneous STM/AFM study. This problem
stems from the implicit assumption of the analysis, the treatment of the tip as a
mathematical point tip.

In a graphite sheet all carbon atoms are linked by the C-C bond network, and the
stretching of the C-C bond raises its energy. Thus, depression of one carbon atom
(directly under the tip atom) by Az, will induce that of its three first-nearest-neighbor
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(FNN) carbon atoms by Az, that of its six-second-nearest neighbor (SNN) carbon
atoms by Az,, and so on. Eventually this leads to a circular depression under the tip
atom. The C-C bond length of the graphite layer is not large compared with the atomic
radii of the tipatoms. Therefore, even for the most ideal case when the tip apex is given
by a single atom, the depression effect of the tip force must be strongly felt by the four
adjacent carbon atoms, namely the carbon atom lying directly under the tip atom plus
the three FNN carbon atoms (Az, .Az,>Az;>...). On the basis of a graphite bilayer, one
can calculate the energy AE,; needed to depress an A-site atom of the surface
monolayer by Az, and its three FNN B-site atoms by Az;, with the positions of all other
atoms frozen, for several values of the ratio Az;/Az,. Likewise, one can calculate AEg
needed to depress a B-site atom of the surface monolayer by Az, and its three FNN A-
site atoms by Az,. Figure 6.3 plots the relative energy AAE, = AEg; - AE,; calculated
as a function of Az;/Az, for Az, =0.3 A.

2.092

) I

(kJ/imol)
()

-
ool
%‘ 0.418
05 07 0.9
Azz/ AZZ
Figure 6. 3

Because the C-C bond length and the tip-atom radius are comparable, the ratio Az,/Az,
should be close to unity. Therefore, the plot of figure 6.3 shows that the B-site is more
difficult to depress than the A-site (AAE, >0). So, this explains the three-for-hexagon
pattern of the AFM image.

The distances between the centers of two atoms in the measured images is between 2.5
and 3.3 A These measurements are in agreement with theory, because the bondlength
between two carbon atoms is about 3 A.

1: During the first experiment, several times the graphite sample was imaged for
about one hour. The contact forces corresponding to the images are listed next to the
images included in Appendix C, page 44 and 45. The contact force is ranging from
40.05 nN to 46.92 nN and from 77.3 nN to 94.9 nN, which can be considered as a
stable contact force, taking into account all the disturbing influences from the
environment. The magnitude of the forces are depending on the snap into contact. The
images all seem to have the same resolution.

2: This experiment was also executed for several times. During the here reported
ones, the setpoint was changed from 0 to -5 V. This was the maximum range in which
it still was possible to calculate the contact force from the force curve. The contact
forces corresponding with the images are listed next to these images included in
appendix C, page 46, 47 and 48.
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Over all the different series of measurements, the force is varied from 84.6 nN to 9.6
nN. Comparing all the measurements with each other, it can only be concluded that a
contact force smaller than 30 nN gives images in which it is not possible to distinguish
separate carbon atoms. So the imaging force has to be bigger than 30 nN to get a clear
image from the surface in ambient conditions. The rest of the images all have about the
same resolution, though these images are made with forces ranging from 30 nN to 85
nN. It is obvious that imaging taken with a contact force of 35 nN will show a less
deformed surface with less contrast between the hard and the softer parts, than an
image taken with a contact force of 85 nN; but this difference can not be seen
comparing the measurements of this experiment. The problem is that the range in
which the force can be changed on the Nanoscope II is too small to notice these
differences.

6.2.2 Mica

The images made during the first experiment (prints of two of the measurements are
included in Appendix D page 49 and 50) and the second experiment (prints of three
measurements are included in Appendix D page 51, 52 and 53) show the same pattern.
This pattern shows the mica structure.

Mica is a layered material consisting of negatively charged 2:1 layers that are
compensated and bonded together by large, positively charged, interlayer cations. A
2:1 layer contains two tetrahedral sheets and one octahedral sheet. Each tetrahedral
sheet is of composition T»Os (T=tetrahedral cation), and within each sheet tetrahedra
are linked with neighboring tetrahedra by sharing three corners each (the basal
oxygens) to form an hexagonal mesh pattern of the sort illustrated in figure 6.4.a. The
fourth tetrahedral corner (the apical oxygen) points in a direction normal to the sheet
and at the same time forms part of an immediatly adjacent octahedral sheet in which
individual octahedra are linked laterally by sharing octahedral edges as shown in figure
6.4.b. In a 2:1 layer the upper and lower planes of anions that comprise an octahedral
sheet are also the common planes of junction with two oppositely directed tetrahedral
sheets, as in figure 6.4.c.

Tat. Shaet
Oct. Shast
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® » Tetrahadral cation (o]
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* Oxygen
© » Oxygen e Hydroayt (in projection}
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These planes of junction consist of the shared apical oxygens plus unshared OH groups
that lie at the center of each tetrahedral six-fold ring at the same z-level as the apical
oxygens. Fluorine may substitute for OH.

The mica sample used for this report is muscovite, KAlL(SizAl)Oo(OH,F),. In this mica
the tetrahedral cations are Si, the interlayer cations are K and the octahedral cations
are Al.

On forehand it is expected to see the structure as shown above in figure 6.4.a. In the
images, though a regular pattern is shown, the expected six-fold ring can not easily be
recognized. In some images , for example images 3 and 5 in the first serie, it seems that
3 white ‘balls’ are connected together, and form a honeycomb, so you can recognize a
honeycomb-pattern. The honeycomb then has a size of approximately 6.5 A, which is
close to the theoretical 5.2 A when it is taken into account that because of the big
measuring force the mica is deformed, which probably can mean stretched out.

The biggest problem with this explanation is, why only three pronounced white ‘balls’,
and not six, which could mean that they represent the tetrahedra.

l; During the first experiment, several times the mica sample was imaged for
about one hour. The contact forces corresponding to the images are listed next to the
images included in Appendix D, page 49 and 50. The corresponding contact forces are
listed next to the images. The force is ranging from 71.71 nN to 82.69 nN and from
17.88 nN to 30.43 nN. For the first serie the force can be considered constant. The
images of this serie all look very similar. The sample surface doesn’t seem to change
after imaging for an hour. For the second serie absolutely the forces are not varying
much more than during the first serie, but relatively it is noticed that within the serie
the force is redoubled, so we can’t consider the force constant during the whole serie
of measurements. This is also seen in the change of clearness of the images, compared
to the first serie these changes are quiet big. That these changes are not due to the long
imaging time can be concluded because the last image, made with a force 27.23 nN is
again as clear as the first image.

2: This experiment was also executed for several times. During the here reported
ones, the setpoint was changed from 0 to -5 V. This was the maximum range in which
it still was possible to calculate the contact force from the force curve. The results are
included in Appendix D, page 51, 52 and 53. The contact forces corresponding with
the images are listed next to these images.

Analyzing these results it is noticed that the images differ from brightness and
clearness. In the last serie (p.53) the image made with a force of 36.65 nN starts to
become vague, in the first serie (p.51) the image made with a force of 38.41 nN is still
clear. So in ambient conditions clear images can be generated with a measuring force
above approximately 36 nN. The upper limit is not found because the range in which
the force can be varied is too small. That the force has to be this big is due to the
waterlayer on the sample. When the force is in the order of 10* N the tip is able to go
through the waterlayer and make an image of the surface, when the force is smaller the
tip is not able to go through the waterlayer and therfore not reaching the surface.
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6.2.3 Diamond

The analysis of the diamond results can not be as detailed as the ones about graphite
and mica. On the diamond sample images of 2000x2000 nm, showing the diamond
crystals, are made.

The diamond crystals looked at show no sharp endings in the image so probably not
the diamond sample but the shape of the tip is imaged. To make this sure it is necessary
to know more about the shape of the tip. Therefor the tip should have been examined
under for example an electron microscope.

1: During the first reported serie of measurements, though it is tried to keep the
measuring force constant it is changing a lot (from 30.54 nN to 61.08 nN) probably
due to changes in environment. This can be seen in appendix E, page 54 and 55. There
are not significant changes in clearness. During the second serie the force is varying
from 55.26 nN to 67.55 nN, which is considered as being constant. Here also there are
not remarkable changes in clearness.

2: With the diamond sample it was almost impossible to execute the second
experiment. Results are shown in appendix E, page 56, 57 and 58. Changing the
measurement force is almost impossible. When trying to lower the force under a
magnitude of 40 nN their was no image at all, the screen became all black as if the tip
was not making any contact with the sample

6.3 conclusions and recommendations

All the information presented in this chapter leads to a few general conclusions and

recommendations.

¢ Due to the unavoidable use of large measuring forces the graphite and mica sample
deform while measuring. The diamond sample and the tip of Siliconnitrate are able
to resist the pressure on the surface during measuring.(§6.1)

e Due to thermal expansion of the housing of the piezo-tube on which the head is
mounted, in time the measured force curves move down on the graphs.(§6.2)

¢ In general measuring a long time (an hour) does not have noticeable impact on the
images made of a graphite, mica or diamond sample with the same force.(§6.2)

e The structure showed in images made on graphite are quite obvious in agreement
with the theory about the graphite structure. Concerning the structures shown in
the images made on mica there are difficulties to bring them in agreement with the
theoretical known structure of mica. The diamond crystals looked at show no sharp
endings in the image so probably not the diamond sample but the shape of the tip is
imaged. To make this sure it would be helpful to know more about the shape of the
tip. This can be done by examining the tip of the cantilever before using under an
electron microscope. Then more can be said about the resolution of the images, as
far as the resolution is determined by the shape of the tip. It can also be useful to
look at the tip after imaging to see if the shape, and if so how, is changed during
scanning. (§6.2)

« To examine the relation between resolution and contact force better it is necessary
to be able to vary the contact force in a larger range. This can be done by varying
the setpoint over a larger range. (§6.2)
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Appendix A

An AFM image shows atomic-scale features with accurate lattice spacing and symmetry

but this is not the garantee of atomic resolution.

While making an AFM image several atoms on the tip interact simultaneously with
several atoms on the sample. Each atom of the tip that participates in imaging ‘sees’ the
sample as a periodic lattice. But because the atoms of the tip are in different lateral
positions, the lattice that each atom sees is shifted from the lattice seen by it’s neighbors.
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Each atom in the tip is also at a
different height with respect to the
sample. When the contributions from
all of the participating atoms in the
tip are combined at each snapshot in
time, and the result is summed over
time as the is scanned across in
periodic surface, the final image is
periodic with the correct symmetry
and spacing.

However, if one atom were missing,
the hole left behind would not be
detected because the image
represents a superposition of many
images. For true atomic resolution, a
single missing atom must be
detectable.

Thus, generating an atomic-scale
image of a periodic lattice, which is
possible using contact AFM does not
imply that true atomic resolution has
been achieved. (1)



Appendix B

Diamond re-engagement experiment
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Appendix D

Mica, constant force 1
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Mica, constant force 2
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