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Abstract

To improve the measurement of nanoscal e friction, a new aternate method of lateral
calibration for the atomic force microscope was examined. This method, which offers the
advantage of reduced tip wear, was reviewed and analyzed, and fundamental flaws were
identified in its derivation. After modifying this approach, we attempted to confirm our
corrected model with acommonly accepted calibration method. The collected data displayed as
yet unexplained oscillatory behavior, which showed strong correlations between lateral, drive,

and error signals.
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1 Introduction

At the most basic level, physicsis built upon knowledge of the forces acting within any
given system across arange of scales. For cutting edge science on the nanoscale, thisis far from
atrivial problem, especially in mechanical systems such asin micro-electro-mechanical systems.
This project focuses upon the development of an improved system of calibration for the
measurement of lateral forces, such as friction, using an atomic force microscope (AFM).

Atomic force microscopy is a unique method of characterizing many of the properties of
asample. The term "microscopy" can be misleading, as an atomic force microscope (AFM) does
not use light to capture an image. Instead, it senses the surface in asimilar way as a blind man
might read braille text by running his finger across the surface features. An AFM usesa
nanometer-scale version of the man's finger, the cantilever, to move across the surface and
collect data. This cantilever, the crucial element of the AFM, istypically on the order of 200 pm
in length and 20 um in width, and is controlled by a piezo drive system within the scan head. A
laser is reflected off the end of the cantilever, and the reflected beam hits a photodetector (Figure
1). The position of the beam on the photodetector is registered, and the allowing the
displacement of the beam to be calculated. Since the reflected beam is displaced more than the

cantilever, the position of the cantilever can be known to a high degree of accuracy. [17]
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Figure 1. Reflection of laser off cantilever before hitting the photodetector.

This "nano-finger" can be used in a number of different modes to collect surface data; for
smooth surfaces, it can simply be slid across the surface, in what is known as contact-mode
imaging. For rough samples, intermittent-contact imaging may be used, where the "finger" taps
along to collect height data at regular intervals. If the surface has magnetic properties, non-
contact mode imaging may be used where the cantilever is kept a constant distance from the
surface and any deflection in the beam indicates the presence of an attractive or repulsive field.
The cantilever may also be used to measure lateral forces (most commonly friction on the
surface of the sample) by looking closely at the twist of the cantilever. In the specific case of
friction, the observed twist can be used to find the static friction before the tip begins to slide,
and also at the kinetic friction after the tip begins to slide across the surface (Figure 2). There are
many other ways in which an AFM can be used, including manipulating samples down to the
atomic scale, and measuring other physical properties of samples. One crucial piece of

information which must be known to perform these analyses is the cantilever force-constant: the



force required the cause the cantilever to bend by a certain amount, both normally and laterally.
Only with this knowledge can the actual values of the data obtain be found, and it isthe
calibration of this lateral force-constant that is the focus of our project.

Photodetector

Laser Beam

Direction of Motion

«——

Figure 2: AFM used to measure lateral forces, by observing the twisting due to the lateral forces
on thetip

Sample Surface

Our central goal was to analyze and critique a newly proposed method for lateral
calibration, which presents numerous advantages, primarily that it reduces tip wear on the AFM.
Upon investigation, numerous flaws were identified stemming from arange of assumptions,
which were then reviewed and a new model was presented. Our intention was then to produce
experimental data demonstrating the flaws in the proposed method while validating our newly
derived equations based upon a different set of assumptions.

Unfortunately, even after several problemsin the experimental design were overcome,
the collected data were substantially different from what was expected, such that they could not
be used for calibration. Asaresult, much of the later portion of the project was spent
investigating the unexpected oscillatory behavior found in our data. The time constraints on the

project regrettably prevented the development of a conclusive theory for this behavior; however,



significant progress was made towards such an explanation, and the groundwork was laid for
future research to compl ete the goals set forth at the beginning of this project.

In the following sections, a detailed account of the background for this project is given,
particularly the current status of lateral force calibration. Thisisfollowed by theinitialy
proposed methodology to obtain desired results, and a detailed account of this process, aswell as
the additional work done in an attempt to explain the results. Finaly, conclusions asto the
success of the project are given, followed by appendices enumerating the detailed steps needed

to reproduce our data, and the data itself.



2 Sudies of Friction at the Nanoscale

Friction has been extensively studied on the macroscale, and its behavior is reasonably
well understood. Specifically, Amonton’s Law specifies that the force of friction is proportional
to the load force applied, and independent of the contact area[1]:

F; = uky
In the mid 20™ century, Bowden and Tabor proposed that the frictional force is actually
proportional to the true contact area between asperities of the surface (though not dependant
upon the overall contact area between surfaces)[2]. In turn, if one assumes that the contact area
is based upon plastic deformation, one finds that the true contact area (A) is proportional to the
load force (Fyn), and thus one obtains Amonton’s Law again[2]:
Ao Fy FiocA
andsoF; « Fy

A problem arises when one begins to consider that the contact area does not depend
solely on plastic deformation. Israelachvili verified that friction was indeed proportional to the
contact area, and not only that, but the relation held true even in the absence of wear[3]. This
implied that the contact area cannot be determined simply by plastic deformation. One can also

incorporate el astic deformation and use Hertzian mechanics, which resultsin arelation of
Ao . 14]

Thisis problematic, asit resultsin an unclear relation between contact area and load force.

Greenwood and Williamson found that for certain distributions of asperities (including

exponential and Gaussian), A« F,, which verifiesthat in Amonton’s Law holds for the

macroscale.[ 2]



However, at the nanoscale, there are additional problems. Modeling the interactions with
Hertzian mechanicsis reasonable in certain cases, (which gives the result Ao F2'*as considered

above), but it does not account for adhesion forces. Thisis of limited accuracy, however, since
at the nanoscale, the adhesion forces are non-trivial, and thus should not be ignored. Both JKR

and DMT models can be used, which each account for different types of adhesion. These

different results can be seen in the following figure:

Contact Areg
z(eyRR/K)2/3

Figure 3 [4]: Relationship between load and contact area for varying models of adhesion

As such, there are many different ways to model the frictional force as afunction of the
contact area, and the contact area as a function of the load, where the most accurate model
depends on the tip and sample being used. While some tip-sample interactions follow

substantially non-linear behavior, asin Figure 4, others follow alinear relationship (Figure 5),



which can be modeled by a modified version of Amonton’s Law, which has a vertical offset

based upon the adhesive force A[5]:

Fi=u(Fy +A)
Friction vs Applied Load (silicon AFM tip on a quartz substrate)
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Figure 4 [1]: Nonlinear relationship between normal load and contact area/frictional force



2.4
2.2- o
2.0 .

1.8-
1.6-
1.4-
1.2 e
1.0 —u

0.8-
0.6-
0.4-
0.2-

0.0 I ! I I T I I 1
-5 0 5 10 15 20 25 30 35

Applied Load/nN

Friction Force/nN
u

Figure5 [5]: Demonstrated linear behavior of normal force versus frictional force curve
Due to the wide discrepancies between results based upon different theories of contact
mechanics, it is necessary to take experimental data for the tip-sample interactions that are to be
used and experimentally determine which, if any, of the above relations is most accurate for any

given experiment.

2.1 Major Methodsin L ateral Calibration

In order to study friction at the nano-scale, it is necessary to take very accurate
measurements of extremely small forces. An atomic force microscope iswell suited to work on
this scale, and the development of lateral force microscopy has made these frictional

measurements possible.



2.1.1 Mate’s 1987 Initial I nvestigation of Nano-scale Friction

The study of lateral force calibration began in 1987, when Mate [6] published initial
findings of lateral friction using an atomic force microscope. By dragging atungsten wiretip
across a cleaved graphite surface, he observed slippage consistent with the atomic structure of
graphite. As heincreased the load upon the wire tip, the magnitude of the frictional force tended
toincrease. Thisforce was also periodic, correspondent to the surface features of the basal
graphite plane being scanned.

Asthisintroduced the study of frictional force measurement, calibration was limited to
the basic macroscopic model of friction. It was noted as a purely linear force, athough nonlinear
deviations were noted. Mate stated that there was agreat deal of research still to be doneto
understand the dynamics of this interaction.

Many of theintricacies that are the focus of more modern research were introduced by
Mate. He noted the relationship between contact area and deformation, along with the inclusion
of asperitiesin thetip. Nonlinearities in the measurement of frictional force were attributed to
unexpected interactions of asperities. By studying mica, he also noted an atomic-level “dip-
stick” pattern to the force measurements. This dlip-stick pattern is of great interest, between the

static and dynamic modes of surface friction.
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Figure 6 [6]: Relationship of frictional force and wire beam deflection over varying normal
loads on a graphite sample

2.1.2 Ruan and Bhushan’s 1994 Calibration M ethod

Throughout the next decade, lateral forcesin the AFM became a popular subject. In
1994, Ju-Ai Ruan and Bharat Bhushan worked to develop a calibration procedure for commercial
AFM systems capable of measuring lateral forces[7]. They proposed two methods of calibration
which use complimentary techniques to calcul ate the frictional force applied to the cantilever and

the coefficient of friction on the surface.
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Their first method is a very straightforward technique. By taking standard topography
images forward and backward while scanning parallel to the cantilever beam, the force applied to
the base of cantilever to maintain a constant flexure is directly related to the frictional force
applied to the tip. Asfrictional force acts opposite the motion of the scan, reversing the direction
allows thisfrictional contribution to be quantified. If the absolute value of the normal force
applied to the cantilever isrecorded at every point on ascanline, this can be combined with the
length and tilt of the cantilever to produce a value of the coefficient of friction.

There are many sources of error within this method. Adhesive and/or interatomic forces
at the surface affect this simple approach to the total forces on thetip. Often, these are small
enough to be ignored, but this assumption can lead to large uncertainties. This method aso relies
heavily on the assumption that the friction force is independent of the scanning direction.
Experimentally, scanner hysteresis can add uncertainty to the final measurement, making this
method a poor choice for an in-depth study, but useful as a check for other lateral calibration
methods.

Ruan and Bhushan offer a second, more accurate method in their paper based on the
lateral bending of the cantilever during perpendicular scans. Asthe cantilever twists during
these scans, the shift in the lateral position of the laser beam on the photodetector shifts
measurably. Friction isnot the only factor contributing to the flexure of the cantilever, but this
can be accounted for. When the cantilever isin contact with the surface but not scanning, there
are no lateral forces being applied to the tip. Thus, any latera signal from the photodetector
while thetip is stationary can be ruled out from dynamic measurements. By once again scanning
in forward and backward directions, the averaged value produces a much more reliable value for

the coefficient of friction than their first method.

11
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Figure 7 [7]: Diagram of laser displacement on photodiode for parallel and perpendicular scan
directions

It isworth noting that both of these methods require a firm knowledge of the normal
force applied to the surface. To do this, a separate calibration is needed to determine the spring
constant of the cantilever. This subject is much better understood today than it wasin 1994
when Ruan and Bhushan authored their paper. Classic geometrical approximations can be highly
erroneous, partially due to large variances in the materials used for cantilevers. The equations
for this geometric approach used by Ruan and Bhushan depend strongly on the thickness of the
cantilever, following the cube of the thickness. As this measurement is quite difficult, errors are
easily introduced. Sader has since introduced a widely accepted method of calibrating the
normal spring constant [8] which requires no modifications to the cantilever or tip, nor does it
depend on measurements of the beam. This method is considered very accurate and is used
commercialy to calibrate the spring constant of many manufactured cantilevers. An alternative
approach is through thermal measurements of the resonance of a given cantilever, proven to be

accurateto 10% [9].
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2.1.3 Ogletree, Carpick and Salmeron’s 1996 Calibration Method

In 1996, D.F. Ogletree, R.W.Carpick and M. Salmeron [10] published a method of lateral
calibration based on repeated scans of angled surfaces. Thisis awell accepted experimental
method which builds off the second method introduced by Ruan and Bhushan. In practice, there
are many sources of error which can affect the lateral twist of the cantilever and the resulting
signal from the photodetector. Alignment is crucial to the accuracy of the Ruan method:
alignment of the laser on the cantilever, aignment of the reflected light onto the photodetector,
and the verticality of the photodetector relative to the system. Ogletree et a. propose scanning
across sloped surfaces to eliminate the cross-talk errors caused by these misalignments within the
system.

To obtain accurate, known slopes suitable for scanning, a SrTiOz (305) sample was used.
Thisisunique asit readily forms compact +14.0 ° and -12.5 ° facets, allowing single scans to
bridge multiple angles. By using a sample of known slopes, calibration of the motion of the Z
piezo is simplified, asit can be adjusted until scans produce the correct angle between two

slopes.

Figure 8[10]: SITiO3(305) surface, manufactured by Ogletree, Carpick and Salmeron to
provide known angles of +14.0 ° and -12.5 ° on the nano-scale

13



On aknown slope, the force equations become greatly simplified to the normal force
from the tip, the horizontal driving force of the cantilever, and the frictional force. With these
relationships at hand, datais collected by repeating a single scan line across multiple slopes
while varying the normal force applied to the cantilever. This variation produces the data

necessary to calibrate the lateral force signal.

2.1.4Varenberg, Etsion and Halperin’s 2003 Wedge M ethod M odifaications

While the method proposed by Ogletree et al. iswidely accepted and cited, it relies on the
obscure SrTiO3(305) surface shown in Figure 8. The dimensions on this sample prevent the use
of many wider tips or colloidal spheretips. The SrTiO3;(305) surface is aso unavailable to
many, as there are no commercial manufacturers. Nearly adecade later, M. Varenberg, I. Etsion
and G. Halperin worked through this method to adapt it for use on more readily available
commercia calibration grating [11]. On the grating used by Ogletree et a. there was no flat
surface on which to obtain amedian lateral signal. Varenburg suggests the use of asilicon
grating with (100) and (111) faces, which produced sections of 0° and +54.44 °. The addition of
the flat portions greatly simplifies the interpretation of the torsional signal while still producing
values for the coefficient of friction which agree with published values. Thisis advantageous, as
this Si (100) grating is commercially available, allowing many more labs to explore lateral force

microscopy.
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Figure 9 [11]: Commercially available 54.44° calibration grating used by Varenberg et al. for
lateral calibration

2.1.5 Tocha, Schonherr and Vansco’s 2006 Wedge Method M odifications

E. Tocha, H. Schonherr, and G. Vancso a so build upon the method presented by
Ogletree et al., but offer auniversal specimen appropriate to awider range of cantilever tips[12].
They note that the Si (100) specimen used by Varenberg et al. is appropriate for very sharp tips
with long profiles, but the +£54.44° sides are steeper than many cantilever tips. Thiswould lead
to the side of thetip sliding up or down the side, nullifying any frictional data collected. Instead,
they propose a sample of Si(100) fabricated using focused ion beam milling to produce angles of
20°, 25°, 30° and 35° relative to the surface. These were produced in asimilar pattern to the
wedge used by Varenberg et a., with flat notches of width 30-50pum and crests and sides with the
specified angle. Thissampleisalso durable, such that is may be cleaned with standard wafer
cleaning techniques. With this, awider variety of cantilever tips may be calibrated.

Aside from their contribution to the wedge calibration method, Tochaet a. present an
exhaustive review of publications on the topic of friction at the nano-scale. Thisisavaluable

resource as it points to many works related to specific issues within the field. They also include
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athorough review of factors that may affect wedge calibration accuracy, regardless of which

wedge sampleisin use.

2.3 Recent Advancementsin L ateral Force Microscopy

As research in nano-scal e friction continues, accepted methods of calibration are consistently
reviewed, resulting in published papers confirming the methodology and offering small
improvements. However, many researchers choose to develop new methodsin lateral
calibration, which often employ unigue approaches to gain new insight into the problems of

lateral force microscopy.

2.3.1 Reinstadtler’s 2003 Torsional Resonance Calibration

With specialized equipment, tools such as a specific calibration grating may not
be necessary. Reinstadtler et al. proposed a very different approach to lateral force calibration by
driving the stage with a generated wave to induce torsional resonance in the cantilever [13]. The
stageis fitted with a shear wave transducer, alowing the signal generator to adjust the frequency
and magnitude of the induced waves. The cantilever beam behaves like a standard linear
damped oscillator until higher amplitudes are reached by the driving system, when it appears that

gliding friction occurs between the tip and the aluminum surface.
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Figure 10 [13]: Experimental setup used by Reinstadtler et al. to induce vibrationsin the
cantilever, allowing calibration without surface scanning

2.3.2 Bilas’ 2004 Piezotube Calibration

In certain situations, idiosyncrasies within a certain system might even be desirable to
quantify lateral forcesin asystem. P. Bilaset a. introduce a method specific to atomic force
microscopes which use a piezotube trandlator to drive the cantilever [14]. In these systems, as
the piezotube extends to its maximum range, some bending occurs. Thisisamplified by the
design of the system, where the cantilever extends off of the piezotube, leaving the tip offset
from the axis of motion. This characteristic distortion is typically removed during image
processing, but it can also be used as an advantage to couple the X-Y response to the Z response
of the piezo. Using this and standard accepted calibrations for cantilever spring constants,
guantitative frictional data can be obtained. While accurate, thisisimpractical when available

equipment is not equipped with piezotube drivers for use with offset cantilevers.
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{a)

k)

Figure 11 [14]: Piezotube deflection and its effect on laser position on photodiode as basis for
the conclusions of Bilas et al.

2.4 Asay and Kim’s 2006 For ce Balance Calibr ation

A new method for finding the lateral calibration factor has been proposed by Asay and
Kim [15]. Thisnew ‘force-balance method’ relies on lateral force-distance curves taken on a
calibration grating with known slopes (as shown in Figure 12). By finding the lateral deflection
as afunction of the load force and the angle of incline of the surface, one can calculate the |ateral
calibration factor for the cantilever being used, by writing equilibrium force equations, asin

Figure 13.
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Figure 12 [15]: Path traced by the laser on the photodiode during lateral force curves on surfaces
(1), (2), and (3)

Laser beam 'r-fzq» Typically
T 1 ®<0.5°

————
T ——

F Load

Fy = F} 4 c03(0)

FL
§=-54.7°

F, .. cos(0)sin(0)

ateral ~—

Figure 13 [15]: Force balance system used to derive Asay and Kim’s expression for lateral force
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Since the angle of incline is known and remains constant, one needs to smply take
measurements of the normal force and the voltage from the lateral force, and substitute them into
the equation

_ FLateral

SLa.teral - V

Lateral
where Foa = Floq COS(6)SIN(O)
To get the measurements of the normal force and corresponding lateral force, one takes lateral

force-distance curves for the three regionsin Figure 12 with the resulting data displayed as in

Figure 14:
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Figure 14(a) and (b) [15]: Comparison of latera force curves collected on surfaces (1), (2), and
(3). Figure (a) shows the symmetry present for an aligned photodetector, Figure (b) diagrams the
effect of photodector misalignment.

If the photodetector on the AFM is not correctly aligned, there may be some cross-talk
between the |lateral signal and the vertical signal, in which case one averages the slopes of the
lateral f-d curve on the sloped surfaces, asin Figure 14 (a), though the equations remain
essentially unchanged.

If the AFM tip is placed off-center on the cantilever, then the equations must be adapted

to account for the additional torque, asin Figure 15:
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Figure 15 [15]: Modification to the force-baance system to account for torque due to an off-
centered tip on the cantilever

In this case, one will obtain alateral f-d curve asin Figure 14 (b). Theslopesonall 3

surfaces (flat, and sloping each way) must be taken, and plugged into the equations

(AD + AL,)S 4oa = Kk,[cO(0)SIN(O — )]
(AD + AL,)S 0a =K, [-SiN(a)]
(AD + AL,)S iera = k,[cOS(—0)SIN(-6 — )]
AD isthe detector offset
a isthe angle between the tip and the center of the cantilever
k isthe normal spring constant of the cantilever

Clearly if the tip is off-centered, the equations become significantly more complicated,
but in any of the three cases, one can take the necessary data to solve for the lateral calibration

factor. The key advantage of this method over othersisthat it obtains the calibration factor

without requiring taking repeated scans (as in the method published by Ogletree et a.), and thus

minimizes the wear on both the tip and the calibration grating.
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As outlined in this section, there are anumber of accepted methods for lateral calibration.
Asay and Kim’s recently proposed method has notabl e advantages over some of its predecessors,
but no method is without its downsides. There are a number of flaws made in the development of
the method, leading to final equations which misrepresent the system. Theinitial focus of this
project was the identification of these flaws and the necessary corrections to the method, as

outlined in the following section.
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3 Methodology

While the general idea behind the direct force-bal ance approach proposed by Asay and
Kim (2006) seems valid, there are several problems with theway it isapplied. Specificaly, the

equilibrium equations used to derive the final result of F .., = F .4 C0S(6)sin(0) are incorrect.

By looking at Figure 16, it is clear that there must be a problem, since there are three forces
which clearly cannot sum to zero (despite the fact that they must sum to zero for equilibrium to
hold). The source of this problem isthat the F__xera fOrceis placed incorrectly. The authors’
intent seemsto be that F_xera represents the lateral component of the overall forces, whichis
negated by the lateral force applied by the cantilever (henceforth termed Fy), whose magnitudeis
that required to balance the net lateral force (and we can seethat F oog iS completely vertical, so
only Fy has alateral component). However, this change is not sufficient to completely fix the
eguations.

Even by replacing Fiaera With Fx (which points in the opposite direction), the forces will
not properly balance. Thisis seen by considering the vertical forces. By simple geometry, we
see that the normal force has a vertical component of Fycos(0), and for the vertical forcesto
balance, this would have to be set equal to F o4, asit isthe only other force with a vertical
component. This gives us the equation Fncos(0)= Foa. HOwever, we can aso use the fact that
the normal force arises from the load force, giving us the equation F_4,qCc0s(0)= Fy. Since these
two equations relating F oo and Fy are equivalent only for 6= 0 (aflat surface), the free-body
diagram is necessarily flawed. This can be fixed with the addition of two forces: static friction

and adhesion (See Figure 17).
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Figure 16 [15]: Asay and Kim’s original free-body diagram
The primary force which ismissing is the force of friction. We know that friction must
play arole, since the method assumes that the force of friction is sufficient so as to prevent
dipping, and thusit isimportant to model it. In addition, since we are dealing with atip-sample
interaction at the nanoscal e, the force of adhesion may be substantial enough to requireits
addition. Thuswe shall modify the free body diagram in Figure 16 to that displayed in Figure
17. We make the assumption that the twist of the beam, ¢, isvery small and can be disregarded

(and isomitted in Figure 17).
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Figure 17: System of forces between the tip and the sloped surface, such that 6 is always defined
as the positive angle between the sloped surface and the horizontal plane

The equilibrium equations for this modified free body diagram are:
D F = Flos — (Fy —A)cosf - F, sing =0
D F =F,—(Fy—A)sind+F cosf =0
This new system of equationsis problematic since we are left with 3 unknown variables
(F, A, and Fy) in addition to the variable for which we are attempting to solve (F). However, if
we assume that alinear relation between friction and the normal force holds at the nanoscale for
the tip-sampl e interaction being considered, we can add the equation F, = u(F, + A)as discussed
in the Literature Review. If we measure the coefficient of friction and the adhesion force ahead

of time, or if they are known from other sources, we can solve this system of equations for the

lateral force (Fx) in terms of known quantities (See Appendix A) giving the following result:
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Floa (SINO — 11COSO) — 2 A
cosé + usind

F =

X

This equation uses Fx to represent the lateral forces acting on the cantilever, as expressed
at the top of the beam, since Fx must equal the lateral forces acting on the tip for the principles of
equilibriumto hold. Clearly, this expression differs quite substantially from Asay and Kim’s
result of F . = FLeg €0S(6)SIN(0) . In addition to having the additional termsinvolving p and
A, the general form is different even if we consider the case where u=0 (and thus ignore friction
and A, as Asay and Kim did). Inthis case, we have the result

3 Flog SING
cosd

F

X

Thisis clearly asignificant difference from Asay and Kim’s result, since we divide by cosd
instead of multiplying by it. Thisdifference givesriseto substantially different behavior, as seen
in Figure 18. There are several regions of particular interest in the adapted equation. First,
consider theregion as 0—0. Inthisregion, the lateral force actually becomes negative, implying
the force is actually in the opposite direction. However, it isimportant to recognize that this

equation uses the assumption that F, = u(F, + A), wheninredlity F, < u(F, + A) sincewe are

only considering static friction. Assuch, if we use the inequality and assume that as 6—0, F—0,
then the lateral force will never be negative, and will, indeed, approach zero as well.

The other region of interest is that when considering large angles, the modified equation
presented does not go to zero as Asay and Kim’s does. However, it isimportant to remember
that the modified equation only holds true for angled surfaces, not vertical ones (i.e. for 6+£90").
However, for slopes leading up to the vertical the equation will hold, and implies that the lateral

force needed to prevent slipping will increase as the slope increases.
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Figure 18: Functional difference between Asay and Kim’s original equation and the modified
equation for p =.4 and A=.02

Fortunately, the fundamental difference between these equations for the magnitude of the
lateral force provides us with an approach to verify which equation correctly models the
interaction. Specifically, we can see in Figure 18 the difference between the two equations: that
they give different results for larger angles. As such, by performing the force-balance method on
samples with widely varying angles, we can compare the results obtained from Asay and Kim’s
equation, and our modified equation. Since the lateral calibration factor is an inherent property
of the cantilever being used, it should remain constant no matter what angle of incline the sample
surfaceis. Because of the functional difference between the two equations, only one of them can

correctly satisfy this requirement, and thus we can verify which (if either) equation is correct.
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As our modifications on Asay and Kim’s method depend directly upon the value of the
friction coefficient u, we must be careful to test whether alinear relationship exists between the
silicon tip and the surface. While we assume that Coulomb-Amonton’s Law holds true in our
derivation, it isonly necessary that a single surface be found with alinear friction relationship in
order to calibrate the cantilever. To do this, lateral force scans were taken over silicon, graphite
and mica samples while varying the normal force applied to the surface. Although the lateral
dataare uncalibrated, it gives us arelationship between the force on the surface and lateral signa
to the photodetector. Figure 19 gives an idea of the possibilities for the frictional relationship,

including the effects of adhesion and possible non-linear tip-surface relationships.

Frictional
Force

Monlinear, offset due
ta Adhesion {A)

Linear, offset due
to Adhesion (A)

Monlinear

Linear

Mormal Force
Figure 19: The different approximations for the relation between friction and normal force
It is also necessary to accurately measure the normal force applied to the surface by the
cantilever. In Asay and Kim’s paper, they use cantilevers that have been pre-calibrated by the
manufacturer using the Sader method. In our experiment, we calibrate each cantilever using the

wearless thermal method published by Burnham et al [9,16]. Thisallows usto accurately
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measure the spring constant of the each cantilever to 10 % accuracy instead of limiting ourselves
to high-cost pre-calibrated cantilevers or to the highly inaccurate spring constants supplied by the
manufacturer for most cantilevers.

To thoroughly investigate the accuracies of these methods, it is necessary to compare
them to an accepted method of calibration. As Asay and Kim’s method attempts to reproduce
calibration factors of high accuracy without the wear on thetip, it is crucial to compare these
results with amethod of known accuracy, such as Ogletree and Carpick slope-scanning method
[10]. To complement the comparison of angular dependence of our modified method to Asay
and Kim, we will compare the lateral calibration factors produced by each method with the
Ogletree and Carpick method.

This step was overlooked in the paper published by Asay and Kim. In their testing and
validation, they calculated avalue for p on their silicon sample, and argued that it fell within the
accepted range for the coefficient of friction on silicon. While they were correct, the accepted
range varies from as little as u =0.02 to as high as p=0.77 (MEM Snet.com, verify/cite specific
studies). This makes measurements of p avery poor yardstick for the validation of methods of
calibration.

As al three methods require a sloped surface, asingle calibration grating of known
slopes may be used, provided it produces alinear frictional relationship and that pu has been
measured. All three methods are reproduced on the Autoprobe M5 AFM systems using the X-Y
trace mode. Thetip is placed on a slope of interest, be it upwards, downwards, or aflat plateau,
prior to engaging the X-Y Trace mode. To take lateral force curves, as prescribed in Asay and
Kim’s method as well as in our modified version, the X-Y trace mode is used to show the

response in the lateral force signal proportional to the Z Detector motion. When thetipisin
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contact with the surface, thisrelationship islinear. When out of contact, thereis no lateral force
component, and hence the graph isflat. Data are collected at a set normal force across multiple
slopes.

The use of Ogletree, Carpick and Salmeron’s method [10] to compare latera calibration
values requires aslightly different experimental approach. Thetipisstill placed on the slope of
interest, but care must be taken, as this method requires scanning across a portion of the surface.
The X-Y Trace mode is then engaged to show the relationship between lateral motion of the scan
head (X-Drive) and the |lateral force signal. These data must also be collected for differing
slopes, but it must also vary in the normal force applied to the surface. Thisrange of data can
then be used to characterize the frictional response in the system.

By critically reviewing the force-bal ance approach presented by Asay and Kim, we have
found a number of inaccuracies. This led to a closer ook and to areworked system of equations
to represent the system, which in the end devel oped into an independent method for obtaining
lateral calibration values. This provides us with the tools necessary to rigorously anayze the
validity of the original method proposed by Asay and Kim, both experimentally and

mathematically.
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4 Experimental Approach

In the process of collecting data to support our modified force-balance method, it was
necessary to establish the values of a number of constants and rel ationships within the system
prior to data collection. These alowed usto look at the more complete picture and eliminate any

doubt as to assumptions made in our model.

4.1. Linearity of Friction

In order to test our proposed calibration method, it was necessary to establish the validity
of the assumptionsincorporated in our model. The first of these wasto ook at the linearity of

friction in our experimental system, asthe assumption that F, = u(F, + A) wasintegra to the

construction of our force balance equations. This was done using the image analysis of signal
images.

Asour origina samples had mica surfaces, our investigation of the linearity of friction
was done on aflat, freshly cleaved micasample. The specifics of the cantilever used were not
important in this case, as we only needed to establish linearity, not a specific functional
relationship. In this case, we used one of the unmarked previously used cantilevers, so
specifications were unknown. In order to test for linearity, we took avery direct approach. Itis
simple to adjust the normal force applied by the cantilever to the surface by increasing or
decreasing the set point voltage applied to the drive piezo. We then collected the lateral force
data, or the amplified C-D signa off the photodetector, across a 5um scan of the mica surface.
Thislatera signal isuncalibrated and it is recorded as voltage from the detector, but thisis
equally useful in our measurements. Asthe lateral calibration isalinear function, it would not

affect the linearity of our data.
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Scans were taken at six different set point values, ranging from -1 to -6 volts. The
topographic representation of the datawas primarily flat, but for anumber of scans there was a
sizable bump-type artifact that also appeared in the topographic signal. To obtain an average
value for the kinetic frictional force observed with a given normal force applied by the
cantilever, we used data analysis software to find the average height within the image, excluding
the location of the bump-artifact on the surface. This average was then plotted as the dependent

variable against the set point voltage used to examine the linearity of the relationship.
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Figure 20: Analysis of the linearity of frictional force on mica for nano-scale measurements
As seen in Figure 20, we observed a highly linear relationship, with a correlation factor
of R*=0.9978. The value of p cannot be determined from this plot, as the frictional forceisin
arbitrary units, but it is known that as the slope of this plot is constant, that © must also be

constant. This allows us to safely make use to the assumption that F, = u(F, + A) inour

rederivation of the force balance equations.
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4.2. Calibration of Cantilever Nor mal Response

All models used in lateral force calibration require precise knowledge of the normal force
within the system. On mass-produced AFM cantilevers, the normal force constant is often
reported to +/-50% accuracy. Asthisisfar from precise, anumber of methods were employed to
check the response of a given cantilever against the reported factory value, and also to determine

the actual normal force applied more precisely.

4.2.1 Resonance Calibration M ethod

In our initial labwork, we had not determined the precise model of cantilever necessary
for our force-balance measurements, so we used an assortment of previously used cantilevers.
However, these cantilevers were unlabeled, so it was not possible to reference the manufacturer's
guoted values for normal response.

To obtain arough estimate of the normal spring constant of the cantilever, we employed a
resonance relationship. This method, an improvement over the basic methods which rely only on
the dimensions of cantilever, uses the resonance frequency of the cantilever in air along with
dimensions to approximate the normal spring constant. Because our cantilevers were unlabeled,
this posed a problem as the measurements were also unknown. Since alimited number of styles
of rectangular cantilevers are used in our lab, it was possible to correlate the aspect ratio of a
cantilever to known measurements to narrow down the style of the cantilever.

This was completed by placing the chip-mounted cantilever under an optical microscope,
equipped with arelative measurement scale on the objective. This allowed usto find the ratio of
cantilever length to width, and compare this to possible cantilevers. Asthiswas often difficult,
we calibrated the reference scale at minimum magnification against a cantilever of known style.

We were then able to directly approximate the length and width of the cantilever. While we

33



could not measure thickness, this varied far less between rectangular cantilevers, usually 2um or
3um. It was also possible with known length and width measurements to ook up the thickness of
the cantilever.

The resonance frequency of the cantilever was found using the non-contact measurement
(NCM) functionality of the AFM. By mounting the cantilever onto the scan head and activating
the NCM mode, we were able to use the piezo drive in shaker mode to excite vibrationsin the
cantilever and find the peak in the resonant response. With the dimensions and resonant
frequency of the cantilever, we used Equation A to approximate the normal constant for the
cantilever.

Equation A: k_ =2w(z* | * v,)3(p*/E)"?
p=2.330*10° kg/m®
v=1.1*10" N/m?

While somewhat effective for unmarked cantilevers, the number of assumptions and
approximations made in this method make it highly unreliable, with accuracy on the same order
as the manufacturer's published values. The pre-used cantilevers provided useful for initial

labwork, but with the high inaccuracy in the normal calibration made them useless for data

collection.

4.2.2 Thermal Calibration Method

Since a more precise knowledge of normal forces in our system was needed, we
discarded the resonance method. We employed the methodol ogy developed by Erik Thoreson
and Dr. Nancy Burnham in the WPI AFM Lab to use thermal characteristics of the cantilever to
find the normal spring constant. This method is much more accurate, certified to +/- 10% off
NIST benchmarks. This method is described in detail in an appendix of Erik Thoreson's doctoral

dissertation [16].



For this method, the AFM needed to be interfaced with a separate data collection
computer. Thiswas set up on the Alpha machine in the lab, while amajority of our early
research was completed on the Beta machine. Because of this, the cantilever needed to be
remounted between calibration and when data for the force-bal ance system could be taken.
However, the use of this method did assist to verify the spring constants of newly purchased

cantilevers, which were used for the rest of the experiment.

4.3. Initial Lateral Calibration via Accepted M ethodoloqy

One of the oversights made in the original paper by Asay and Kim was the omission of
any comparison to accepted methods. In order to access the validity of the original and of our
modified force balance system, we wanted to obtain a baseline value for the lateral calibration
factor, using the widely accepted method published by Ogletree, Carpick and Salmeron. This
would, in theory, provide us a"correct” value off which to base our comparisons.

The method proposed by Ogletree et a, described in the Literature Review section here,
requires that the normal force on the surface be varied during the scan of the surface. In their
publication, they suggest incrementing the normal force applied during each individual line scan,
of the 256 scanlines which constitute an image. The Autoprobe M5 AFM used for this research,
had no existing support for this method. Because of this, we could only manually bracket the set
point during the scan. This manual restriction translated to a practical limit of about ten steps per
scan, which was far less than was needed to accurately determine the lateral calibration factor.

It was recognized that it would be possible to overcome these limitations in the future by
developing a method for computer control of the set point increases, or by development of a
system using the X-Y trace instead of successive scan lines. However, asthis calibration method

was not the central focus of our research, we shifted the project focus to the force-balance

35



method, and planned to return when we needed to compare and validate latera calibration values

found using these newer methods.

4.4. Preliminary L ateral Force Curves

4.4.1 Milled Samples

After doing the necessary background work, we moved on to work on collecting the
necessary Lateral Force Distance curves. Our original intent was to take these curves on several
milled samples of known slope (ranging from 12° to 20°) with smooth mica surfaces attached.
Using these milled samples would be advantageous due to the ease of using a sample with a
single slope, and the mica surface was one on which we had already verified alinear friction
relationship, and could easily perform additional tests as needed. Unfortunately, the size of the
sloped samples prevented us from taking force distance curves, since doing so would result in the
cantilever holder striking the sample before the cantilever tip would, as seen below.

Cantilever Holder

Sloped
Sample

Figure 21: Problem arising from using alarge sloped-surface sample
To avoid this problem, the tip could be lined up with the very top of the slope, but this
presented additional problems. First, the region in which the tip could properly reach the sample
was very small, making such an alignment extremely difficult. In addition, the edge of the mica
was not strongly attached to the milled sample in that region, such that it could move slightly

when pressed, and it was not exactly the same angle as the milled sample, both of which would
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be problematic when attempting to gather the necessary data. Because of these problems, the

milled samples were abandoned, and alternate sources of sloped surfaces were used.

4.4.2 Calibration Gratings

To avoid the problems caused by the use of macroscopic sloped surfaces, we began using

calibration gratings, specifically the TGGO1 and TGF11 gratings from MikroMasch.

i L 100um ! J

r'j E— 0 um

Figure 22: TGF11 (left) and TGGO1 (right) gratings. Diagrams from MikroMasch
(www.spmtips.com)

Since the height of these slopes were shorter than the cantilever tip, there were no problems
attaining proper tip-sample contact to take the force curves. Additionally, each sample could
provide us with 3 different slopes on which to take data (0°, +55°, and -55°) without the need to
tilt the overall sample. To distinguish between these three regions, the terminology in Figure 23

will be used for the remainder of this paper.
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Figure 23: Slope Terminology
Using the method described in Appendix B, we began taking Lateral Force Curveson al three
slopes of each calibration grating.

Unfortunately, we ran into several problems with the data collected in this manner. The
primary problem was that the force curves we obtained were extremely noisy, to the point that it
was difficult to see any correspondence between our data and the distinctly linear graphs
acquired by Asay and Kim. Samples of the curves obtained on all three slopes (up, down, and

flat) are given in Figures 24-26.
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Figure 24: Lateral Force Curve taken on the Down Slope
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Figure 26: Latera Force Curve taken on the Up Slope

In an attempt to more effectively produce graphs such as those presented by Asay and
Kim, wetry varying the Filter over the entire range of accepted values, with no noticeable effect.
By taking the curves over alonger time period, there would frequently be fewer lines visible, but
otherwise would have no substantial difference (nor would changing the number of data points
collected).

Despite the sizeable noise, we attempted to save the data so as to import it into another
program that would allow additional dataanalysis. However, when attempting to copy and paste
the data (the only way to save the specific data) into Microsoft Wordpad, we were invariably
presented with an error message followed by the program crashing prior to saving, thus
preventing any data analysis using additional programs. Since the only quantitative analysis that
could be done with the types of graphs attained would be estimate the slope by eye (which is

completely infeasible for graphs such as we obtained), we were forced to temporarily abandon
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this method in favor of one with more reliable results. This method was extended upon later in

the project (see Section 4.6).

4.5. Normal Force Curves

In hopes of obtaining less noisy data, as well as avoiding the problems with saving data
from lateral force curves, we decided to attempt to gather equivalent graphs, but for the normal
force, rather than the lateral force. By rotating the sloped sample 90°, the force calculated in
Appendix A would actually be applied to the cantilever as anormal, not lateral force. However,
since the cal culations performed were independent of the direction of the cantilever beam, the
hope was that we would be able to gather data which, while not useful for lateral calibration,
could be used to verify the accuracy of the equation presented by Asay and Kim, as well as our
modification to it.

Since the sloped surfaces were rotated 90°, the milled samples could now be used without
any risk of the cantilever holder striking the sample, so they were used for the simplicity of a
single slope rather than the 3 slopes found on the calibration gratings. The data collected from
this were simple fd-curves, and there were no problems obtaining them, nor saving them.
However, the results were not usable for this project, since the force obtained was a combination
of the force calculated in Appendix A and the normal force cause by the cantilever pressing
down against a surface, and we were unable to develop away in which to isolate the data of one

force from the other.
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4.6. Further L ateral Force Curves

With the inability to use data from the normal force, we returned to taking lateral force
curves. While we were unable to get data significantly improved over that in Figures 24-26, we
determined that the specific data points could be saved by the rather convoluted process of
copying and pasting it into Notepad and saving, while ignoring the error messages which were
given, and then by opening the saved file in Wordpad. Upon discovering this, we were able to
export the data to Microsoft Excel to perform proper data analysis, which began to yield much
more interesting results (described in the following section).

Because we were then able to perform effective data analysis on the lateral force curves,
we spent more time taking data over as many different angles as possible, since our hope was to
verify whether our method (or that proposed by Asay and Kim) provides an accurate lateral
calibration independent of the angle of the sample used. The calibration gratings each had 3
slopes on which we could take data, and to consider additional slopes, we tilted the overall
sample. Several methods were attempted, the most effective of which was to simply place the
calibration grating such that only one edge was on the raised sample holder, and the other was on
the surface of the stage. By unscrewing the sample holder various amounts, we were able to tilt
the grating up to ~10°, which was the maximum angle that could safely be used without risk of
the cantilever holder striking the tilted sample, just as was the case with the milled samples (And
even angles <10° required moving the grating to the edge of the magnetic mount on which it was
attached). Whileit was impractical to use this method of tilting to obtain a specific angle, by
taking a scan of the sample, and performing aline measure on the topography signal, we were

accurately able to determine the angle after the fact, which was all that would be needed for the

42



method (which ideally should work for any angle, and thus there is no need for selecting a

particular one ahead of time).
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5 Data Analysis

5.1 LFM vs. Z Detector

The main relationship we needed to consider was the lateral signal as a function of the Z
Detector, since the slope of this graph would, in theory, give us the information we needed to test
Asay and Kim’s equations as well as our own. Because we are looking for the slope of the
function, we expect the behavior to be linear when in contact with the sample, and flat when out
of contact (for large Z-detector signals). As seen in Figure 27, the out of contact behavior is
horizontal with the lateral signal at approximately 0 Volts as expected, but thein regionin

contact with the sample, the signal is most assuredly non-linear.
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As these results are substantially nonlinear, there is no way to use them in the calibration
method we were attempting to verify. We then began looking into the behavior of the system to

determine why the results were sufficiently different from our assumptions.

5.2 Z Detector and L ateral Signal Behavior

To explain the behavior, we began looking at the Z Detector signal. We expected the Z
Detector to behavior linearly with time, sinceit is the absolute position of the scanhead during
the force-distance curve. While this expectation was confirmed by an employee at Technical
Support for Veeco Metrology Instruments, our datadid not support it. Ascan be seenin Figure
28, the Z Detector has an overadl linear pattern, but there are regionsin which there are

significant oscillations.
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Figure 28: Z Detector vs. Time with focus on oscillatory behavior
These oscillations were observed on numerous occasions, implying that they may not
simply be random noise. To better view them, we used Microsoft Excel’s Trendline function to

find the equation for the line formed by the overal linear behavior of the curve, and subtracted
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thisout. By doing thiswe can see the deviation of the Z Detector signal from the expected linear

behavior. We can them compare these deviations with the behavior of the latera signal, asin

Figure 29.
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Figure 29: (a) Z Detector Deviation vs. Time and (b) Lateral Signal vs. Time on aflat surface.
The data obtained in Figure 29 are significant for several reasons. First, we can see that

the LFM versus Time graph does not seem to be noisy, but rather it follows two distinct paths.
When compared with the LFM versus Z Detector graph (Figure 27a), we can see that the lateral

signal is much smoother when plotted versus time than it is when plotted versus the Z Detector
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Signal, implying that asignificant portion of the noise in the lateral signal seen in Figure 27ais

actualy dueto the oscillations in the Z Detector.

Since at least some of the noise is due to the behavior of the Z Drive, thereis the

possibility that the overall behavior of the lateral signal might be related to the Z Drive as well.

To better consider this possibility, additional Z Detector Deviation curves were plotted, along

with their associated LFM versus Time curves (Figures 30 & 31).

@

(b)

Z Detector Deviation

0.8
S
c
o
©
>
[0
a
o
S
(O]
©
a
N

Time (s)
LFMvs. Time

15

S 10L—_’_-——-:_-—P
F 4 *

= 5 %9 & L J
c 4 :
9 O Q T T ‘ K o 4
7 * % L
T 50 #5 01 0.8, F R 0.4
T M ht 4
! * »
- -10

K"

Time (s)

Figure 30: (a) Z Detector Deviation and (b) Lateral signal vs. Time curves for an upward sloped

silicon surface

48



Z Detector Deviation

Z Detector Deviation (V)
o

*
kY

Time (s)

@

LFMvs. Time

Lateral Signal (V)
O o hR~NODNDdMNO

1
=

KR
N

Time (s)

Figure(g)l: (a) Z Detector Deviation and (b) Lateral signal vs. Time curves for adownward
sloped silicon surface
By looking at the rel ationship between the Z Detector and LFM curvesin Figures 30 & 31, we
can see that there seems to be some correspondence between the deviations in the Z Detector and
the behavior of the lateral signal. Specifically, each bump in the deviation seems to be consistent
with the jumps between linesin the LFM signal, and this pattern continues in numerous other

datasets collected over the course of the project. This correlation appears to be key to

understanding the reason behind the lateral signal behavior.
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5.3 Error Signal

While attempting to establish the source of the oscillations in the Z-Detector signal, we
looked closely at the error signal output of the AFM. Thissignal isthe difference in voltage
between top and bottom portions of the photodetector signal. Where the oscillationsin the LFM
signal showed that the cantilever was twisting laterally, any oscillations in the error signal would
indicate that the cantilever was aso bending vertically while the force distance curve was taken.
Figure 32 shows the normal oscillations increasing with the normal force while the tip was

placed on the downward slope.

Error Signal vs. Time (extension)
CSC17 Cantilever, Untilted Sample (Downslope)

S

E

T ‘
c

= . 0.25
2 -
S 400 - 0y .“%’:"
u Vibe

-600

Time (s)

Figure 32: Error signal plotted versus time, showing increasing oscillations during the extension
portion of the force-distance curve.

This pattern in the error signal varied for different angled surfaces. When we took dataon
the flat plane surface, the error signal versus time plot was very linear and showed no deviation.
On the upslope, we noted a much larger oscillation of the error signal, and also a clearer pattern

of events, mimicking the phenomenon we noted in the Z Detector. Thisis shown in Figure 33.
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Figure 33: Error signal versus time on the upward slope, with much larger oscillationsin the
signal.

5.4 Possible Explanations

By looking at the error signal plots, it becomes apparent that this phenomenon is not
isolated in one signal or dimension of cantilever motion. Because of this, there are a number of

possible causes which must be considered.

5.4.1 Slip-stick interaction

One of thefirst hypotheses that came up was that of dlip-stick interaction between the
silicon tip of the cantilever and the silicon calibration grating. Thisideaisthat irregulariesin the
surface interaction could cause the cantilever to become “stuck,” which would increase the
rotation of the cantilever until enough forceis built up to force thetip to “side.” However, this
hypothesisis still under investigation, and so is not sufficiently documented or understood for us

to show any relation of our datato this hypothesis.
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5.4.2 Instrument malfunction

Another natural explanation of this phenomenon isthat of instrument malfunction. As
the AFM systems used in this project have been through afair amount of abuse, itisafair
assumption that there could be some sort of problem. If there was an issue in the drive piezo,
this could explain the Z-Detector deviations observed. If the photodetector was malfunctioning,
the signal collected by the computer could be flawed.

To test this explanation, we used two separate scanheads, from the Alpha and Beta
machines, to collect data. The majority of our data were collected using the Beta scanhead on
the Alpha system, but as shown in Figure 34, the Alpha scanhead on the Alpha system produces

the same phenomenon.
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Figure 34: Data collected using Alpha scanhead demonstrate similar characteristics to that
collected using the Beta scanhead.
These data were taken using the same style of cantilever on the same calibration grating
asthe mgjority of our data. Thisindicates that malfunction within the scan head is unlikely to be
the cause of the observed phenomenon. While our final data all come from the Alpha machine,

itishighly unlikely that the error isintroduced by the Z-stepper motor, as the lateral force-
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distance curve only requires motion in the scanhead. The Z-stepper motor on the Alpha machine
has been shown to work well in our experiments, as well as others, showing no irregularities

which would affect our data.

5.4.3 Fundamental instrument design

While we have tested for possible malfunctionsin the instrumentation, it isimpossible to
rule out the theory that a problem in the instrument design of the VVeeco Autoprobe M5 is
causing the phenomenon we have observed. We are in communication with a Technical Support
technician at V eeco to isolate possible sources of error.

As part of these discussions, the technician ran asimilar experiment to ours, looking at
lateral force signal versus Z-Detector position, and produced a graph very similar to that
obtained by Asay and Kim. Since thiswas done on asimilar machine, it suggests that it is either
our experimental design or our calibrationsthat are the cause of the phenomenon, not the

machine.

5.4.4 Other Sourcesof Error

There are many other possible sources of error which we have not yet discovered.
Because the phenomenon is repeatabl e across different samples, sample angles and orientations,
cantilevers (of different resiliency), and even different scanheads, the effect is far from random.
Any source of error would have to be very regular and very repeatable, which takes weight away

from environmental conditions, especially as our data were collected over a series of months.



6 Discussion of Project

6.1 Accomplishments

While this project did not succeed in the original goal of disproving the equations
proposed by Asay and Kim [15] while verifying our own, it was a success in several other
aspects. Firgt, the theoretical work involved athorough investigation of a proposed method, and
acareful breakdown of the assumptions made by Asay and Kim, particularly those which were
not explicitly stated (and thus has no supporting justification). This demonstrated the importance
of clearly stating assumptions and making sure they are reasonable by noticing the radical
difference between Asay and Kim’s final equations and our modifications.

After analyzing their recently proposed method, we prepared a detailed critique, which
included our proposed modification and accompanying derivations. This necessitated the
development of an experimental procedure (described in Section 3: Methodol ogy) which could
be used to prove or disprove our assumptions and modifications. While the data collection was
underway, we were required to constantly update our plans and modify the type of data being
taken to account for the unexpected results we obtained. Additionally, substantial progress was
made in methods of data analysis that could be used to extract usable data from seemingly

random noise.

6.2 Significance of Project

This project has laid the groundwork for future research in lateral calibration. Given
WPI’sinvolvement in normal calibration [9,16], this course of study comes naturally. The
discovery of the oscillatory behavior in the WPl AFM systemsis of crucial importance to future

research within any field in thislab. While the oscillations were very apparent in our data
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collection, in other research the error could be more subtle while still causing defectsin the
results. Thisisan important phenomenon to explain and attempt to eliminate, and now that it
has been discovered, this process can begin.

The work done on Asay and Kim’s method is aso of distinct significance. For the
scientific community as awhole, the correction of flawed methodology within peer-reviewed
journasis of high importance. It alertsthosein the field to look more critically at current
research, and to question common assumptions. In the same vein, industry has a clear need for a
method of nondestructive calibration for lateral measurements. Our work outlined a method to

validate the new methodology against accepted and commonly used methods.

6.3 Futur e Resear ch

While our project made clear progress, there are many avenues upon which more work
may be done. One such path that became very clear was the need to automate normal force
increases mid-scan, such that the commonly used method of Ogleetree, Carpick and Salmeron
[10] may be used on the Autoprobe M5 AFMs. Thisislargely a problem of application, but it
would assist any future group working in lateral calibration, or anyone who needs a better
understanding of forces applied at the AFM tip.

More closely tied to our project is the desire to achieve our working goal, to publish a
review of Asay and Kim’swork and to shed light on the assumptions and errors made in their
paper. However, before this can be done the source of the oscillations in the AFM signal must
be isolated such that data may be produced for the analyses of the conflicting methodologies. In
this exploration, a better understanding of the surface interactions between tip and sample would
beinvaluable. Until thisisdone, it isdifficult to know whether dlip-stick phenomenon isindeed

the source of our errors.
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Appendix A: Derivations of Adaptations to the Force-Balance Method

Initial Approach

Using the conventions established in Figure 35, we begin by summing the forces acting parallel

to thetip’s orientation.

Y. F=F—(F,~A)cosd - F sind =0 1)

We then substitute for the force of friction viathe Coulomb-Amonton’s Law,

Fe=u(Fy+A), (2)
> F, =F, - F, cos + Acosd — uF, Sinf — yAsing.. 3)

We can then isolate the terms for friction and adhesion,

> F, =F, —Fy(cosf+ using) + A(cosd — using) . (4)

As this summation needs to equal zero for the forces to be balanced, we see that

_ A(cosf — using) + F,

(cosé + using) ®)

N

With this relationship in hand, we can move onto the sum of the forces acting perpendicular to

the orientation of the cantilever tip,

D> F_ =F, +F cosd—(F, —A)sing =0. (6)

Let us substitute the same version of Coulomb-Amonton’s Law for the force of friction.

> F =F, + (uFy + uA)cosd— (F,, — A)sind. (7
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This can be manipulated to isolate the normal force and the adhesion.

D F_=Fy + A(ucosd +sing) — Fy (sin6 — ucosb). (8)

At this stage, we substitute for the normal force from (5), and algebraically isolate the lateral

force.
D F =F + A(cos@—ysn_H)Jer (11cos@ —sinB) + A(ucosd +siné) , (9)
(cosé + usin9)
0=F, + A(COSH-,USIH@)(,UCOSQ—S”']-H)-}- F,(xcosfd —sing) + A(ucos@+sind).  (10)
(cos@ + using)

By distributing and collecting like terms, we arrive at a clean final solution.

E, +[F2(ycose—sn§?) + ZyAJ 0 (11)
(cos@+ usino)
Thisistypicaly referenced as the equality,
F,(sin@ — ucosh) —2
F = 210 HCR0) 2R, 12

(cos@ + usind)

Alternate Derivation

Alternatively, instead of defining theta as above, we can use an angle (¢) which we alow to be

greater than 90" for slopes that are down and to theright, asin Figure 35.
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Theta Phi Theta

"Down" slope "Up" slope

Figure 35: Examplesof ¢ and 6
Using ¢ instead of 6 only changes the cosine terms, since sin(¢)=sin(180- ¢)=sin(6). On the
other hand, the cosine terms will be equal (cos(¢)=-cos(0)) for slopes such asthe up slopein
Figure 30, and cos(¢p)=-cos(0) for slopes such as the down slope in Figure 30. Assuch, if
looking at an up slope, the equation will be the same for both ¢ and 6, and for adown slope the

only change is one must multiply every cosine term by -1, which leaves us with the exact same

format. Thus either method could be used, but for the sake of clarity, this paper will only use the

original approach (0, rather than o).

61



Appendix B: Taking Direct Force-Balance Curves on the \Vieeco
Autoprobe M5 AFM

Asreferenced in Section 4, Data Collection, we reproduced the method proposed by Asay
and Kim as best it could be done on the WPI-owned AFM’s. Below is adetailed procedure to
produce similar data.

1. Beginwith standard AFM setup: cantilever mounted, laser adjusted and centered on

photodiode, Data Acquisition software opened.

2. Mount sampleinto AFM. Any stiff, smooth sample of known slope will suffice for the
force balance curves, but as the methods require arange of data, calibration gratings are
used to provide arange of slopes.

3. Bringtip into contact with the sample.

4. Set scan size small enough to isolate tip motion to one slope.

5. Switchinto “Image Mode”.

6. Uncheck “Z Servo” box.

7. Inthe menu bar, go to Setup > Input Config, and add Z Detector and LFM to selected
inputs. (Also, add Error Signal if desired). Click [OK].

8. Inthemenu bar, go to Tools > X-Y Trace.

a. Set “Driving Signa” to Z Drive.
b. Default (and maximum) sweep range: -1to 1

9. Click [Sweep], alow datato be collected, click [Stop].

10. Set “Horizontal Axis” to Z-Detector in drop-down menu. This should redisplay the data.
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11. Click [Sweep] to begin collecting data. When the displayed data appears clean, without
errors or jJumps, click [Stop] to halt data collection. At any point, you may click [Stop] to
adjust any of the following parameters before collecting data again.

a “Sec”, timeover which anindividual data set is collected
b. “Points”, number of data points per data set
c. Withindriving signal, “From” and “To” may be adjusted to modify the horizontal
range of the data.
i. Decreasing to too small arange can cause chaotic data. If this happens,
close X-Y Trace and start over at Step 8.

12. To zoom in one graph, click on the graph and choose the “View One” from the radio

buttons at the top. Thereisno datalost by doing this, only which datais displayed. The

origina display may be recovered by selecting “View All”.

To Save Data
13. Click [>>Clipboard].
14. Open Windows Notepad (notepad.exe).
15. Paste data (Edit > Paste).
a. Ignore error message. Although data may appear truncated, it isin the file and
will be saved.
16. Savefile (File > Save).
a. Ignore error message. Datawill be successfully saved.
17. To view raw data, file must be opened in Microsoft Wordpad.

a. Thefileistoo large for Notepad to view.

63



18. To analyze data, file may be opened in Microsoft Excel. Inthe “Text Import Wizard”,
indicate that the data is of type “Fixed Width” (should be default setting).

a. Savefilein Excel format to preserve any analysis.



Appendix C: Grant Proposal

As AFM research requires many costly supplies, it was important to attempt to gain
funding for the project. An application was submitted to the Grants-In-Aid of Research program,
administered by Sigma Xi, The Scientific Research Society. This program is designed to offer
grants to undergraduate and graduate students, based on the scientific merit of the proposed
project, and is highly competitive. Below is the application and budget submitted; we were

awarded the full $690 requested to fund our experiment.

Improved Direct Force Balance Method for Lateral Force Calibration

Lateral force microscopy is an important tool in the study of nanotribology. It allows
the researcher to quantify the friction as well as other lateral forcesin the system. To
interpret and use these data, the cantilever’s response to alateral force must be calibrated.
Unfortunately, the most prevalent method for this calibration, developed in 1996 by Ogletree,
Carpick, and Salmeron, requires repeated scans which can result in wear on the tip, which can
prove detrimental to the lateral resolution of theimages. An alternative approach has been
proposed by Asay and Kim to calibrate the cantilever using direct force-balance equilibrium
to eliminate lateral motion, thus minimizing wear on the tip.

The proposed advantages of the direct force-balance method are beneficial to latera
force microscopy, however the derivations and final formulae presented by Asay and Kim
ignore key elements in the system. Specifically, the frictional force, adhesion force, and
lateral bending of the cantilever were not accounted for when developing the force-balance
equations. The addition of these elements to the force balances significantly changes the
resulting calculations for lateral force on the cantilever, and thus the lateral calibration factor,

implying that there are flaws in the original assumptions.
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Within the force-balance system, the mathematical addition of friction changes the
functional dependence of the lateral forces on the angle of the scanned surface. Through
experimental testing of varied surface angles we will investigate if the calculated lateral
calibration factor remains independent of the angle of the scanned surface for Asay and Kim’s
original method, and for our modified force-balance equations. Since these approaches have
different functional dependences on the angle, we expect only one of them will satisfy this
condition of angular independence.

The addition of friction presents a challenge in that the system of equationsis
impossible to solve unless there is a relationship between friction and another force. At the
nanoscal e the traditional relationship of Coulomb-Amonton's Law does not always apply.

For our purposes, we will investigate the interaction and linearity of this relationship on mica,
silicon, and graphite samples, to test for the existence of alinear relationship which would
allow usto solve the equations.

To benchmark the efficacy of the published method of force balances and our
extension of it, they should be compared to the published and accepted method put forth by
Ogletree, Carpick and Salmeron. Through this, we can demonstrate the effect of individual
assumptions upon the resulting lateral calibration factor.

The practicality of the proposed force-balance systems must be weighted against its
accuracy in comparison with accepted means of calibration. Our objective isto improve and
validate the force-balance method. Thiswork will be of significant use for further research
involving lateral force microscopy by providing an alternate calibration method which causes

less wear upon the tip while still finding an accurate lateral calibration factor.

Literature Citations

Asay, D.B., Kim, S.H. "Direct force balance method for atomic force microscopy lateral force calibration”

Review of Scientific Instruments, V 77 (2006)
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Ogletree, D.F., Carpick, R.W., Salmeron, M. "Calibration of frictional forcesin atomic force microscopy”
Review of Scientific Instruments, V 67, 3298-3306 (1996)

Mate, C.M., McCléelland, G.M., Erlandsson, R., Chiang, S. "Atomic-Scale Friction of a Tungsten Tip on a
Graphite Surface" Phyiscal Review Letters, V 59 No.17, 1942-1945 (1987)

Matei, G.A., Thoreson, E.J., Pratt, J.R., Newell, D.B., Burnham, N.A. "Precision and accuracy of thermal

calibration of atomic force microscopy cantilevers®, Review of Scientific Instruments, V 77 (2006)

Budget

From MicroMash:

TGF11 Silicon Cdlibration Grating (Step angle of 54.4degrees) $200
Known angle necessary for our investigation and comparison to accepted method.
Package of 15 NSC36 triple rectangular cantilevers with AL backside coating
(Force Constants 0.6, 0.95, 1.75 N/m) $300
Cantilevers needed with a range of force constants to verify calibration method on different cantilevers.

From SPI Supplies:

Grade V-1 Muscovite (SPI #01868-CA)
15mm x 15mm x 0.15mm, Package of 20 $41.83
Smooth mica surface necessary to test for linearity of friction and provide a calibration surface
Silicon 100 Wafer (SPI #4136SC-AB) Pre-diced 5mm x 5mm $70.32
Slicon isthe most common calibration surface, needs to be tested for linearity of friction
Highly Ordered Pyrolitic Graphite (SPI #429HP-AB)
SPI-3 Grade, 10mm x 10mm x 1mm $77.54
HOPG is atomically flat and may provide a better friction response for lateral calibration

Total Requested: $690
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Appendix D: Supplementary Data

Untilted Upslope Scan using NSC12 Cantilever on Beta Scanhead
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LFMvs. Z Detector (Retraction data)

15
10 ~ A
5 . Ko |
® "
0 % o D4
’ T ‘ T ’ T T T
10 2 14
_5 =
M
-10 - *
-15

Z-Detector Position (um)

Z Detector Deviation vs. Time

LFM Signal (V)

€
=)
[
2
=
>
[
o
S
3]
(0]
5]
e}
N

Time (S)

LFMvs. Time

Time (s)

68



Untilted Plateau Scan using NSC12 Cantilever on Beta Scanhead

LFM vs. Z Detector (Retraction data)
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Untilted Downslope Scan using NSC12 Cantilever on Beta Scanhead

LFM vs. Z Detector (Retraction data)
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Note: Untilted NSC12 data on Beta scanhead taken from 1-second data runs.
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Tilted Upslope Scan using NSC12 Cantilever on Beta Scanhead

LFMvs. Z Detector (Retraction data)
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Tilted Plateau Scan using NSC12 Cantilever on Beta Scanhead

LFM Signal (V)

LFM vs. Z Detector (Retraction data)
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Tilted Downslope Scan using NSC12 Cantilever on Beta Scanhead

LFM vs. Z Detector (Retraction data)
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Note: Tilted NSC12 data on Beta scanhead taken from 1-second data runs.
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Untilted Upslope Scan using CSC17 Cantilever on Beta Scanhead

LFM vs. Z-Detector (Retraction data)
15
10 %WW
? 5 - o ¢ ¢ o * ’, .
s * . . R B
o 0 ‘ ‘ P NANANAY)
= .9 »
2 W0 12 & o 14 ** 18 R°1s 20
- L 4
5 . * 3 STy i
-10 - MMM .
-15
Z-Detector Position (um)
Z-Detector Deviation
— 1
€
=)
c
°
©
>
)
a)
S
©
(]
3]
Q
N
Time (s)
LFMvs Time
15
1OL—-3*’.’.’
S % 33
E’ L ¢ o * ’. -
& * N N S
= 0 w ‘ ‘ S e
s 50 s01e .og‘.wa 0.4 0/
L * * %
* *
=10 4% comn omus tam el v"
-15
Time (s)

74



Untilted Plateau Scan using CSC17 Cantilever on Beta Scanhead

LFM Signal (V)
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Untilted Downslope Scan using CSC17 Cantilever on Beta Scanhead

LFM vs. Z Detector (Retraction data)
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Note: Untilted CSC17 data on Beta scanhead taken from “RUNZ2” dataset.
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Untilted Upslope Scan using CSC17 Cantilever on Alpha Scanhead

LFMvs. Z Detector (extension)
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Untilted Plateau Scan using CSC17 Cantilever on Alpha Scanhead

LFMvs. Z Detector (extension)
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Untilted Downslope Scan using CSC17 Cantilever on Alpha Scanhead

LFM vs. Z Detector (extension)
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Note: Data taken on the Alpha scans are extension graphs from the non-range-adjusted data.
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