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Calibration of frictional forces in atomic force MiCroscopy

Abstract

The atomic force microscope can provide information on the atomic-level frictional properties of surfaces, but
reproducible quantitative measurements are difficult to obtain. Parameters that are either unknown or difficult
to precisely measure include the normal and lateral cantilever force constants (particularly with
microfabricated cantilevers), the tip height, the deflection sensor response, and the tip structure and
composition at the tip-surface contact. We present an in situ experimental procedure to determine the
response of a cantilever to lateral forces in terms of its normal force response. This procedure is quite general.
It will work with any type of deflection sensor and does not require the knowledge or direct measurement of
the lever dimensions or the tip height. In addition, the shape of the tip apex can be determined. We also
discuss a number of specific issues related to force and friction measurements using optical lever deflection
sensing. We present experimental results on the lateral force response of commercially available V-shaped
cantilevers. Our results are consistent with estimates of lever mechanical properties using continuum elasticity
theory.
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Calibration of frictional forces in atomic force microscopy

D. F. Ogletree, R. W. Carpick,® and M. Salmeron
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

(Received 12 April 1996; accepted for publication 7 June 1996

The atomic force microscope can provide information on the atomic-level frictional properties of
surfaces, but reproducible guantitative measurements are difficult to obtain. Parameters that are
either unknown or difficult to precisely measure include the normal and lateral cantilever force
constants(particularly with microfabricated cantilevgrsthe tip height, the deflection sensor
response, and the tip structure and composition at the tip-surface contact. We presesitan
experimental procedure to determine the response of a cantilever to lateral forces in terms of its
normal force response. This procedure is quite general. It will work with any type of deflection
sensor and does not require the knowledge or direct measurement of the lever dimensions or the tip
height. In addition, the shape of the tip apex can be determined. We also discuss a number of
specific issues related to force and friction measurements using optical lever deflection sensing. We
present experimental results on the lateral force response of commercially available V-shaped
cantilevers. Our results are consistent with estimates of lever mechanical properties using continuum
elasticity theory. ©1996 American Institute of Physids$S0034-67486)04709-0

I. INTRODUCTION the commonly used V-shaped levers require numerical
methods! The mechanical properties of silicon nitride can-
Since the invention of the atomic force microscopetilevers produced by chemical vapor depositi@VD) can
(AFM)! a great deal of attention has been focused on usingary widely!? Levers are often metalized to increase optical
AFM techniques to measure nanometer-scale frictional propreflectivity, but the thickness and mechanical properties of
erties, starting from the first observations of friction andthe coatinggrain size, etg.may not be known and the effect
atomic-scale stick-slip behavior with an AFM by Maeal?  of metalization on the cantilever force constants must be
Significant efforts have been made using friction force mi-considered?
croscopy(FFM) to understand the fundamental mechanisms  The optical beam deflection sensor also has experimental
of friction and adhesiof.These efforts have been hindered advantages for FFM along with difficulties for quantitative
by the lack of quantitative data on frictional properties, as theriction measurements. One sensor can measure deflections
accurate calibration of both normal and frictional forces indue to both normal and lateral forces. The sensitivity and
most types of FFM apparatus is not an elementary task.  signal/noise ratio of this method are good and changing can-
The most common experimental apparatus for FFMlevers is relatively easy. However, both the absolute values
combines commercially available microfabricated silicon orand theratio of normal and lateral force sensitivity depends
silicon nitride cantilever-tip assemblfewith an AFM using  on the precise alignment of the laser beam with respect to the
optical beam deflection sensifighll commercially available  cantilever. Furthermore, the angular deflection of commer-
scanning probe microscopes capable of FFM and many cugial cantilevers due to lateral forces is one to two orders of
tom designed instruments use this combination. magnitude smaller than for normal forces, so small misalign-
Microfabricated cantilevers offer many advantages—ments can cause significant errors in lateral force measure-
they are available in a range of force constants, their smalhent due to cross-talk between normal and lateral deflec-
size leads to high resonant frequencies, they are relativelygns.
easy to use, and the tips are relatively sharp and durable. On | this article we describe aim situ method of experi-
the other hand, their small size makes it difficult to makementally measuring the combined response of the lateral
direct measurements of mechanical properties. Several methyrce transduce(the cantilever/tip combinatiorand the de-
ods have been proposed for experimentally calibrating leveflection sensor. Our method is based on comparing lateral
normal force constants—observing shifts in lever resonanjgrce signals on surfaces with different slopes. The known
frequencies for loaded levefsibserving thermal vibrations  geometrical contribution to the total lateral force gives a di-
of free levers, or deflecting the AFM lever with a larger yect calibration of lateral force response in terms of the nor-
lever of known spring constafihut these methods cannot be mq| force response. If the normal force constant is known,
used for lateral force calibratiof. then completely quantitative friction measurements can be
Calculation of cantilever force constants are also diffi- ,ade. Even if the normal force constant is uncertain, the

cult as they depend on knowledge of critical dimensions suchygig of normal to lateral forcegthe friction coefficient can
as lever thickness and tip height that are difficult to control iy qetermined quantitatively.

fabrication and difficult to measure accurately even with a  \yie will now discuss some experimental aspects of the
good scanning electron microscof®EM). Calculations for — oqtica| deflection FFM, present methods for estimating the
normal and lateral response of microfabricated cantilevers,
dAlso at: Department of Physics, University of California, Berkeley. describe the “wedge” method of force calibration, and
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7 mental conditions, a normal force ef1 nN produces a de-
flection S~0.002. The photodiode detector signal is quite
2 linear in response to FFM lever deflection over a relatively
wide range, which we have verified experimentally using a
laser interferometer.

If the reflected laser beam is round, the angular sensitiv-
ity is equal for deflections due to normal and lateral forces.
This is often not the case under experimental conditions.
Most optical beam FFMs use diode lasers, which produce
asymmetric beams. In addition, if the laser spot is not care-
fully focused and aligned on the cantilever, there may be
significant diffraction effects where the reflected spot is cut
off by the cantilever edge. Let

dS\lORMAL/ dS_ATERAL

RpetecTor™ do do
FIG. 1. Schematic cantilever and deflection sensor for the optical beam
deflection FFM. The incident laser beam in the-Z plane is deflected describe the angular Sensitivity ratio for normal and lateral
proportional to the slopéot the displacemehbf the leverX—-Z plane, and . . .
to the twist of the lever normal out of this plane, at the point where the IasefrjmgLllar deﬂ_eCtlonS' If the beam_ 1S fo_cu_sed On_ the cantilever
beam hits the lever. through a single-mode optical fiber, it is possible to have a

radially symmetric and well focused Gaussian beam incident
present experimental results for commercial V-shape cantiledn the cantilever. In this cas@erecrorCan be very near 1.

Xiaser ™ ' A

vers. Forces acting on the apex of the tip in tBedirection
cause the lever to bend with a displacement and tip spring
Il. OPTICAL BEAM FFM constant of the form

In the optical beam deflection method, a laser beam is  Z(Fz,X)=Fzf(x), kz=1f(Xqp),
reflected off the back of the AFM cantilever into a quadrant,y;iih the tip located aKqp. Microfabricated levers are gen-

photodiode po_sition sensitive detector. We define a cpordiéra"y planar, and quite stiff with respect to bending in the

nate system witlX along the lever long axig; along the tip vy plane, and in any case such deformations cannot be
axis, and the origin at the base of the lever. The incident lasgfetected by the optical beam method. The main effect of
beam is in theX-Z plane, and the reflected beam is incidentoces acting on the tip apex in thedirections is to twist the

on a four-qgadrant photodiodg Which iwleally) orien'ied lever, with an angular displacement and resulting tip spring
with one axis along the& direction in theX-Z plane(Fig.  constant of the form

1). For small deflections the difference in photocurrent be-
tween the upper and lower pairs of diod@s—B) will be O(Fy.x)=Fyg(x), ky=1Hmpg(Xrp),

proportional to the slope of the lever in te-Z plane atthe  \yhereH-,, is the cantilever tip height. Forces acting on the
point of reflectionX, nser- Similarly, the difference in pho- tip apex in theX direction are more complicated for the

tocurrent between the left and right pairs of diodes2 is  gptical beam FFM. The in-plane compression of the lever is
proportional to the lever twist out of thX—Z plane at jnsjgnificant, so the main effect is to cause a bending or

XLASER: _ ' ' buckling of the lever in theX—Z plane,
The photodiode output sign8& as a function of angular

deflectionp can be calculated for a Gaussian beam if the z(Fy)=Fxh(x).
total size of the photodiode is large compared to the lasethe tip displacement and associated spring constant for the
spot and the “dead” area between the quadrants is netip apex in theX direction due to cantilever buckling are
glected. In this case

h(Xrp) h(Xrip)

S(¢)=—A_B=1—i\/Efwe‘ﬂ'zmwzdu AX=FxHmp ox k= Hmp—2
A+B Aw NV ’

¢ Bending of the tip itself due to forces in tixeor Y direction

whereAw is the Gaussian half-widttangular divergengeof  will not be detected by the optical beam method. Compres-
the beamA is the photocurrent on the upper two quadrantssion of the tip along its axi§€Z direction is insignificant.
andB is the photocurrent on the lower two quadrants. This ~ We can define lever deflection sensitivity ratio
expression cannot be integrated analytically, but it may be 21 (x)

R ever(X) = X / g(x),

expanded aroung=0 (see the Appendjx with x=¢/Aw:
8 2 2 4 . ,
S(x)= \/:x 1—§x2+ §X4_ 2—1x6+--- . as the ratio of angular deflections produced by normal and
™ lateral forces.
The term in square brackets describes the nonlinearity of the For the “V-shape” cantilevers commonly used in FFM
detector response. F&=0.2, the deviation from linearity is the functionsf(x), g(x), andh(x) that describe the lever
—1% and forS=0.5 it is —6.1%. Under our typical experi- response must be calculated numerically. Some insight into

Rev. Sci. Instrum., Vol. 67, No. 9, September 1996 Frictional force calibration 3299
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the general properties of the optical beam method can be
gained by considering the form of these functions for a
simple beam cantilever of widt/ and thicknes§ which is
small compared to its length, with a top of heightH at the
extreme end (Xyp=L). Using familiar engineering
formulag®

6Lx2—2x3 _ 3Hx o _ 6HX?
“Ewr ¢ 9T gwer "TEwe

whereE andG are the elastic and shear moduli of the can-
tilever. Notice that these functions do not have the same
dependence. The ratio as well as the absolute values of th
angular sensitivities to normal and lateral forces depend or
the laser spot positioX| pser. For the simple beam
R oLox here G >
LeverR(X) = g,y Where G=g5a3

length 88.0

f(x)=

width 82.1

am width 16.0
fillet 11.1

defines the Poisson ratio

Typical microfabricated cantilevers have top heights (&)
~3—4 um and lengths~80-300 um, so the lateral force
signals are~20-80 times smaller than the normal force sig-
nals. Uncertainty in tip height will cause an erdR/R of
~AH/H, and uncertainty in laser spot position will cause an
error of ~AX| aser/L if the laser spot is near the end of the X offset 3.3

lever. | |

Ill. SPRING CONSTANT ESTIMATES

An estimate of the response of a “V” lever can be made <
by treating this as a variable width beam. The curvature of a <
small solid element is proportional to the moment of torque Y offset
acting on it and inversely proportional to the product of the
elastic modulus and the moment of inertia around the bend- 2.7

ing axis’® Using this approach for the lever, the curvature at
a distancex from the base of the lever is
7z(x) _Fa(lnp—X)
ax? El(x) '
where the moment of inertif(x)= &W(x)T* depends on (b)

the projected width of the lever along tlyeaxis. Likewise
the curvature due to lateral forces is

FIG. 2. (a) A scanning electron micrograph of a gold coated Park Scientific

IO (X) FyHTp Instruments “F” cantilever. The indicated dimensions are in micrometers.
= . (b) A higher magnification view of the end of the lever, showing the posi-
X Gl(x) tion of the tip (at the apex of the pyramjidelative to the lever. The tip is

ff-axis by an amount close to its nominal height ofun, which is an

These expressions can be mtegrated analytlca"y for eac ditional source of coupling between normal and lateral forces.

section and combined, matching boundary conditions for
continuity, to giveg(x) and df(x)/dx along the lever.

This approach is similar to the “parallel beam approxi- is a better approximation for the normal force constant. Sad-
mation” (PBA) recently analyzed in detail by Sadéwar-  er's analysis also shows that values for the normal force
macket all” have also used this type of approach to analyzeonstant estimated by good PBA-type approximations are
normal deflections and the effects of cantilever buckling orwithin 10%—20% of the results of a detailed finite element
AFM response. Unlike Sader and references therein, we alstalculation. The errors resulting from the approximations
calculate torsional and buckling force constants, and explicused in the force estimates are probably less than the errors
itly include the effect of the triangular “fillets'(a 10% ef- due to uncertainty in the physical properties of the lever
fect for short leversin the corners of the central area cutout (thickness, modulus, tip height, metalization thickness).etc.
of the V lever[Fig. 2(b)]. Our approach gives the same result  The results of this calculation for a Park Scientific In-
as Sader’s first solution for the solid triangle region at thestruments F levefdimensions indicated on the SEM photo
end of the lever. His analysis shows that using the actual arraf Fig. 2) are shown in Fig. &), assuming an elastic modu-
width, instead of the arm width projected in thadirection,  lus of 155 GPa and a Poisson ratio of 0.27 for CVD silicon

3300 Rev. Sci. Instrum., Vol. 67, No. 9, September 1996 Frictional force calibration
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Lever Deflection load and the tangent of the slope. An experimental force
calibration is made by sliding the tip across a surface of
known slope and measuring the lateral force signal as a func-
tion of applied load.

In principle, this could be carried out on any surface that
- is tilted with respect to the lateral scanning direction. In prac-
tice, this is difficult to realize becaud@) if the surface is
tilted by the experimenter, there will be some uncertainty in
the tilt angle,(b) we will show that to accurately calibrate the

50 T00 lateral force responsdwo surfaces of different tilt angles
Distance From Lever Base must be used an@) it may not be possible to contact the tip
(microns) to a tilted surface without the surface touching the side of the
cantilever chip or its holder, since microfabricated cantilever
tips are usually very short.

These problems are resolved by using the faceted SrTiO
(305) surface proposed by Sheiled al® as a measure of tip
sharpness. When annealed in oxygen, SgTi8D5 facets
25 k - into (101 and (103 planes which form extended ridges
along the[010] direction. The(101) and (103 planes are
20 | - respectively tilted+14.0° and—12.5° with respect to the
original (305 surface?® The ridges are typically 5-20 nm
5 80 high and are spaced 10—100 nm af&it). 4). We thus have

(b) Laser Spot Position a test sample that provides two sloped surfaces with exactly
known relative angles. Furthermore, as demonstrated by
FIG. 3. (a) Calculated curves showing the variation in slof@ micro- Sheiko et al, the top of the SrTi@ ridges are extremely
fidia”?a";ﬂg f;? 'e”gth ﬁf the ”ilangtl'?f felgion gt :he |en|d Of;hleo)catgt)”evefsharp, and a topographic AFM scan over the ridge produces
?’hzwrgtlig olfg.ang::l:r d(re]ﬂer(]:(t)i:)mni f?)rr ig"jllevzrrcinarggoigseto ndrmal amuan Image of the tlp: This is qlso quite |mportant, as ac.cur-ate
lateral forces, as a function of the laser spot position. A 10 micron uncerknowledge of the tip shape is also required for quantitative
tainty in laser spot position will give a 20% variation in measured friction FFM experiment§_l
coefficient. The wedge method has some additional advantages. It
can be used to determine the absolute orientation of the
nitride 18 If the laser beam is positioned in the center of thesamp|e while confirming the microscofecalibration. Even
triangular region at the end of the lever, the estimated anguthough the angle between the two Sri(805) facets is
lar deflections produced by normal, lateral, and bucklingknown, the average surface normal may be tilted by a small
forces are 32.2, 1.26, and 1.98ad/nN, respectively. For angle relative to the microscogeaxis. Calibrating the AFM
this relatively short and stiff lever, the triangular fillets in- X displacement is usually not too difficult. Crystal lattices
crease the normal stiffness byl0%. Integrating the expres- can be used for nanometer scale standards, and lithographi-
sions for angular deflection a second time, we obtain estically patterned standards work on the micron scale. We cali-
mates for the force constants of 0.508, 132, and 209 N/mprateZ displacement in terms ofY displacement by mak-
The nominal normal force constant for the F lever is 0.5ing a topographic image of the SrTj@ample, and adjusting
N/m. Z until the angle between the facets is 153.5°. Now ¥t

The sensitivity ratioR gver(X) is plotted in Fig. 80).  andZ are calibrated, the overall slope of the surface can be
This graph shows th& gyer is about 20% more sensitive to directly determined from the imadén practice we solve for
laser spot position for the V lever than for the simple beamthe slope an& calibration simultaneously, see the Appendix
of the same length and tip height. This is because the triangl®r detaily.
at the end of the V lever twists more than any other part, To get an accurate force calibration with the wedge
while most of the bending takes place near the base of thgethod, the tip must slide across one facet for a reasonable
cantilever, where the normal force lever moment is the greatdistance before reaching the next facet or ridge crest. This is

iy
o

Normal

(microradians)
N
o

Lateral

Siope per Nanonewton

—_—
[+
=

Relatfive Anguilar Sensitivity

30} R(XL)

Normal/Latera Ratio

est. not possible unlessR, sin d is significantly smaller than
the spacing between ridge crests. It is difficult to calibrate
IV. LATERAL FORCE WEDGE CALIBRATION tips with radii greater thar-100 nm even using the widest

facets on our SrTi@sample. The procedure is straightfor-

ward for tip radii ~50 nm or less. It may be possible to

repare a similar sample with larger facets for calibrating
lunt tips.

Quantitative FFM measurements will be far more reli-
able if anin situ method ofexperimentalateral force cali-
bration can be developed, as indicated in the above discu
sion. We have solved this problem with the wedge
calibration technique.

Our approach is to measure the normal and lateral forcg' WEDGE CALCULATIONS
signals on a sloped surface. There is then a geometrical con- The vector diagrams in Fig. 5 show the forces acting on
tribution to the lateral force, i.e., the product of the appliedthe end of the tip while scanning up or down a sloped sur-

Rev. Sci. Instrum., Vol. 67, No. 9, September 1996 Frictional force calibration 3301
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FIG. 4. A 410 nnx410 nm topographic AFM imaggight shadedl of the SrTiQ, surface showing103) and(101) facets. The apparent rounding of the ridge

crests is due to the-40 nm radius of the AFM tip used for this image. The widest facets are used to measure lateral signals as a function of load for the

cantilever lateral force calibration.

face. The two forces applied by the tip on the surface, theensitivity. This method will work equally well for other
vertical loadL (down is positivg and the horizontal tractive types of lateral force transducers, including optical interfer-
force T (right is positive must be balanced by a reaction ometry and piezoresistive detection.

force from the surface acting on the tip. This can be divided To solve the calibration problem we need a functional
into two components, a friction componehparallel to the form for the frictional forcef(L)=af,(L). This can be an
surface and a second componéhtnormal to the surface. empirical fit from measurind, on a flat surface, or a theo-
When the tip slides across the surface, these forces are metical form from the Hertz or Johnson—Kendall-Roberts
equilibrium. At a given load, the tractive force, friction and (JKR) theories(see Ref. 2L Tip-surface adhesion usually

normal forces depend on the direction of motion, so has a significant effect of(L) in FFM experiments. In the
) JKR theory, the load dependent adhesion is part of the
N.=L cos#=T. siné, model. When friction is linearly dependent on the load, ad-

hesion is often treated as a force offset. We find experimen-
tally that the friction-load relation for silicon or silicon ni-

In these equations- denotes up hill and motion ang  tride tips on the SrTig305 sample in air is well
downhill motion.N, L, andT are signed quantities, while ~ represented by a linear forifL) = (L +A), whereA is the
is the positive magnitude of the frictional force acting againstgdhesion or pull-off force. In this case
the direction of motion.

We experimentally measure the voltage output fromthe N,=—————
lateral force transducdt, whereaT,=T (the “0” subscript cosf—pu sin 6

will be used to indicate a force measured in transducer oulyote that the normal force depends on the friction and on the
put volts rather than Newtonslf we can finda (Newtons  girection of motion.

per vol) we have a direct calibration of the lateral force On a flat surface, the “frictional force” is determined by
response of the FFM. The calibration constan$ a product  taking half the difference between the left-to-right and right-
of all the factors of the experiment—the lever lateral forcei_|eft |ateral deflection forces, i.e., the half-width of the fric-
constant, the deflection of the reflected laser beam as a funggp, loop W(L). In this case, since the surface is tilted, the
tion of lateral tip displacement, and the photodiode angulagffective load is direction-dependent, and the expression for
W(L) is more complicated. Furthermore, the offset of the
friction loop A(L) is not zero and depends on load. This is
illustrated in Fig. 6, where bi-directional lateral force loops
are drawn for flat, positively tilted, and negatively tilted sur-
faces respectively and the measured quantitiggeindA, are
indicated.

Experimentally, we measure lateral forces for a range of
applied loads, and use the slopes’'=dA/dL and
W'=dW/dL in calculations, which are independentlotiue
the assumption of linearity. This eliminates the pull-off force
from the equations, as well as any dc offset in the lateral
force sensor. These slopes are given by

f(N+)=T. cosHL sin 6.

L+uA sing L—uA sin 6
T cosf+using

(1+ p?)sin 6 cos 6

aA[=A"= -
° cos 0— u? sir? 0
FIG. 5. Forces exerted on the surface by the AFM tip while scanning up or
down a sloped surface. and
3302 Rev. Sci. Instrum., Vol. 67, No. 9, September 1996 Frictional force calibration
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positive negative Cross talk is a concern in the wedge calibration experiment
slope since the lateral force offsdit(L) is important in the calibra-
tion calculation.

In our experiment, we compensate for the cross talk
electronically, by adding or subtracting a fraction of the nor-
mal force output from the lateral force output. The compen-
sation is adjusted by taking a force—distance curve, or by
oscillating the cantilever out of contact with the surface,
where there should be no real lateral forces, and adjusting the
compensation to null the lateral force output. Such compen-
sation is also available on some commercial FFM
electronics’? Even with careful compensation, the residual
cross talk may be too large to neglect in the calibration cal-
culations.

The effect of cross talk can be minimized by measuring
FIG. 6. Schematic friction loopdateral signals for back and forth scafisr A0 @ndWj, on the 103 and 101 facets of the Srisurface
flat, positively sloped and negatively sloped surfaces at the same appliednd then using\(; 93— A 101, Wa101, @ndWy, o5 for the cali-
load. The friction loop half-widthW is slightly different for the three cases, pration calculation. These quantities all involve differences

while the loop offsetA is substantially different and is indicative of the - .
overall tilt of each surface. The values W and A are measured over a between lateral Slgnals for the same appI|ed load, so cross

range of applied loads for known slopes and used to calibrate the laterdRIK has a negligible effect. The details of the two-slope cali-
force response of the cantilever. bration are given in the Appendix.

The above discussion has assumed that the applied load
L is known. Since the direct experimental calibration of nor-

'uz . . mal spring constants is also difficult, in some cases only an
cos’ 6= p” sin” 6 experimental signal, proportional to the normal load,
In the limiting cases of no frictionA’ —tan and W' —0, L=pL,, is known. In this case it is not possible to get the
and for no slope\’—0 andW’ — u as expected. Using these absolute lateral force calibration but onlRpetector
two equations, we can calculate the tip-surface friction coefR_gver(X aser)=a/B. It is still possible to get the friction
ficient and lateral force calibration constant. The ratio ofcoefficientu if friction is proportional to load, since on a flat
these expressions gives surfaceu=RperectoRLeverX L aser) To/Lo - It is important

1 oA to have an accurate measure of applied load. It is not suffi-

= ° cient to assume that the voltage applied to theiezo is
o W sin 26 proportional to load. There are significant nonlinearities in
driezo response, which depend on the speed and direction of
displacement?

flat | slope

Surface
Topography

Lateral Signal
o

aWi=W'=

M+

From the form of this expression, there is an ambiguity in th
problem, sinceuw and 1 are equally good mathematical
solutions which give different results far. This ambiguity

may be resolved by choosing the appropriate root using an
estimate fora from the type of calculation described in Sec. Vil. EXPERIMENTAL LEVER CALIBRATION

I, or if w is known to be less than one. Ongeis deter- We have used the wedge calibration procedure described
mined,a can be found from the equations definMf or A’.  with our AFM to measurev/3 for cantilevers of three differ-

Experimentally, it is best to solve far using data from two ent nominal spring constants. In this system the laser beam is
different slopes, as discussed below. carried by a single-mode fiber and well-focused on the can-

tilever, SORperecTor=1.2* The cantilevers are V-shaped sili-
con nitride sharpened microlevers from Park Scientific
Instrument£® The levers are gold coated, and the pyramidal
In the ideal case the lateral force response of the cantitips are etched back to get a sharp tip with a nominal radius
lever and deflection sensor has been calculated. Howevenf ~30 nhm. We made measurements on thz,™“ E,” and
there can be significant cross talk between normal and laterdlF” levers which have nominal normal force constants
cantilever deflections. As discussed above, the response 6f03, 0.10, and 0.50 N/m. Two differelt levers from the
the optical beam FFM deflection sensor is 20—80 timesame wafer were analyzed.
greater for normal forces than for lateral forces. In addition, = The SrTiQ, sample was aligned so that the ridges were
the normal forces are often larger than the lateral forces. Aerpendicular to the lateral scanning direction. The lateral
small misalignment of the laser or cantilever with respect toand normal bending signals were recorded as the tip scanned
the quadrant photodiode, for example a rotation of the phoback and forth over both facets of a single ridge. The feed-
todiode by~2°, can mean that the normal force contributionback was active so that each line scan across the sloped
to the lateral deflection output is as large as the lateral forceurface was recorded at the same externally applied load.
contribution. In normal FFM experiments this problem is After each line was recorded, the feedback set p@ipplied
avoided by measuring friction loop width, @(L), since the load was increased under computer control, and another line
cross talk primarily effects the friction loop offseX(L). scan acquired. 256 line scans of 256 points were recorded in

VI. EXPERIMENTAL DIFFICULTIES
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FIG. 7. Experimental lateral deflection signdlg(1—2/A+ B) measured on 1.5 T
the (101) and(103) facets of the SrTig{305 sample for each direction at a i W0(103)
given load. The simultaneously acquired topograjithyck line) is also e W (101)
shown.W(L) andA(L) are calculated from this data. The complete series of 10 H = A°(103)

measurements over a range of loads is shown in Fig. 8.

Lateral Signal x 10°
o
o
\(*
%

0
A (101) L.
o

each data set. The average value of the subset of points for

each facet was calculated for each load. Figure 7 shows an 8 o ﬁeﬂﬂfw‘f
example of unprocessed data from a single line gfr&tion ot
loop), showing the simultaneous topography and lateral de- 00 y "E'--l..ﬂe.-_'.:...
flection signals for both scanning directions. ;.r.";'*:i‘_\"ni.

A plot of lateral force versus load, obtained in this case B s
with an E lever, is shown in Fig. 8. Figure(& shows the .2 1 0 1 2 3 4
lateral bending signaldeft-to-right and right-to-lefi plotted (b) Load Signal x 102

versus the normal bending signal for both facets. Figubg 8
shows the resulting friction loop width and offset plotted FIG. 8. (a) Lateral deflection signals for left-to-right and right-to-left scan-
versus the normal bending sigr(tdad) for both facets, with ning directions(1—2/A+B) as a function of load deflection signgh— B/

. . . . +B) for the (101) and (103 facets. The totaA+ B signal (photodiode
linear fits to the data. As predlcted in Sec. VI, the SloPeSﬁurrenh was 185uA. (b) The friction loop widthW(L) and offsetA(L) as

W(101 @nd Wy o3 are similar, whileAj; g, andAgy s reflect 4 function of load for thg101) and (103 facets. Straight lines fit the data
the change in sign of the tilt angle. very well, justifying our assumption of linear friction behavior. The slopes

The two-slope wedge equations in the Appendix werePf each line are measured and used in formulae giyen in Fhe Appendix to
used to calculate/B. We did not have a good experimental solve for /B, the normal force to lateral force deflection ratio.
value for the lever normal force constant, so we repdf
instead of the absolute lateral force respoasdhe results We have demonstrated a quantitative method of lateral
are summarized in Table I. The/8 values are averages of force calibration for the microfabricated tip-cantilever as-
several data sets, each acquired on a different ridge. F&emblies used in friction force microscopy. We find that
comparison, the table includes the spring constants estimatddere are significant variations among cantilevers fabricated
by the method of Sec. Ill, and the value Rz g assuming from the same wafer. Tip variations also play a role. Further-
that X, sser Was located in the center of the solid triangular more, the overall system calibration depends on the precise
region at the end of the levéFig. 2). Some data sets were alignment of the deflection sensor where optical detection is
recorded on different days. The error quoted is the statisticalsed.
variation. Measurements with the same tip on different parts  In order to perform quantitative frictional force micros-
of the wedge sample were reproducible withirl0%. copy with the atomic force microscope, it is important to

The experimentaky/8 values are generally consistent Perform an experimental force calibration feechcantilever
with the R gyer values estimated from material properties. Sensor. Quantitative measurements of nanoscale friction and
The experimental friction coefficients tend to be slightly @dhesion based on calculated force constants, or average
higher for the 103 facet of strontium titanate relative to themeasured values for a given cantilever design, are unlikely to
101 facets. We noted more substantial variations in frictioryield reproducible results.
coefficients from day to day. As mentioned, these experi-
ments were carried out in air with no humidity gontrol. Fric- ACKNOWLEDGMENTS
tion coefficients on other materials measured with AFM have
been observed to vary with relative humid#/This may The authors gratefully acknowledge Professor Nicolas
partially account for the variation of friction coefficients ob- Agrait for many useful discussions and experimental in-
served. Friction coefficients may also vary from lever to le-sights. R. W. C. acknowledges the support of the Natural
ver due to changes in tip radius. Science and Engineering Research Council of Canada. This
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TABLE |. Experimental lever calibration results compared with numerical estimates. The experimgtedtio is approximated bR gyer.

Experimental Estimated
Lever alB ©(103 (101 Riever KnormAL KL aTERAL
D(0.03 51+6 0.51+0.09 0.42:0.10 61.6 0.037 66.6
E#1(0.1) 43+3 0.52+0.05 0.50-0.05 39.4 0.111 92.7
E#2(0.1) 36+4 0.74+0.12 0.66-0.14 39.4 0.111 92.7
F(0.5 19+1 0.41+0.03 0.33-0.02 25.5 0.508 132

work was supported by the Director, Office of Energy Re-2. Z and tilt calibration
search, Basic Energy Sciences, Materials Divison of the US
Department of Energy under Contract No. DE-ACO03-
76SF00098.

We assume that the calibration of the piezo scanner is
correct and that the initiaZ calibration is approximate. We
make a topographic image of the faceted strontium titanate
surface, with known facet angles o#;=14.0° and
APPENDIX 6,=—12.5° relative to th¢305 surface normal. We wish to
determine the correction factor for the Z calibration such
that Zrrue=¥ZinmaL @nd the tilt angles of the (305 sur-

An elliptical Gaussian beam has a normalized intensityface normal relative to the piezo scaniZeaxis.

1. Photodiode response

distribution From the image we measure the apparent sldp&g
5 AX) of the facetsS; and S,. Then taitg,+pB)=vS, and

Wy, 2) = —— e~ A0+ (~228IA0)) tan(#,+8)=vS,. From this we make a quadratic equation
TAwyAw, tan(6,— 6,)=(yS; — vS,)/(1+9°S;S,). Solving for y gives

Here Aw is the angular half-width of théield distribution, ~ Positive and negative solutions. The positive solution is
following the conventions of Gaussian optics. The half-widthPhysically reasonable:

of the intensity distribution is thedw/\2. If the beam is (S, —J(S,=5,)2—4S,S, tar(6,— 6 )
deflected byd in they direction, the signal is given by y= L & L2
2S,S, tan(6,— 6,)
S(d)= —— A-B \[J —2y2/Aw Then the tilt angle is easily calculatgg=tan *(yS;)—6;.
A+B Awy
The integral 3. Two slope calibration
N e d2IAL? We wish to find the lateral force calibratianin terms of
|(d)_f Y ‘”ydy f (trdThoydt the experimentally measured quantitdg(101), W,(103),
A}(101), and A/(103. Since the magnitude and offset of
can be expanded aroumid=0 by taking a derivative lateral force coupling is unknown, we use the difference
di “ g , Aj(101)—A[(103 in the calculation. The ratios of uncali-
— = —[e—Z(Hd)Z/Awy]dt brated experimental values should be equal to the ratios of
dd ad the forces as calculated from geometry in Sec. V. Therefore
= AtHd) L 42802 21002 W.(10)  W;
- _ —2(t+d)2/Awlqi— _ a—2d%A0 0 101
= ——¢€ ydt=—e Y, =———=_—"— Al
) Awy P=Wi(103 ~ Wigs (AD
likewise higher derivatives can be calculated: AN(101)—A[(103)  Ajg—Ajgs A2)
2 = ’ = ! il
a1 Ad o a W (100) Wio,
dd? ~ Aw? ’
y YA
a= ——2_ (A3)
and W.(103)°
ol 4 16d° —2d?/Aw? Here p and q are pure number ratios derived from experi
—==|—s——le oy, p q p noer peri-
dd® |Awy Awy mental data such as that in Fig. 8. From EA1) and the

When these derivatives are evaluatediato, the even €duations in Sec. V:
terms vanish, as expected, sin8&d) is an odd function. —1+J1+ <2 sirP 29101

Finally we put these terms into a Taylor expansion and get  #101= 2% SIP 0oy (Ada)
S \F d [1 4( d )2+48( d \* u
= - _ | — — — 103
] ] = - . A4
T Aw, 3" Awy/ 5! Aw, K=P o2 O105— 11203 ST G103 (Adb)

6
_ @( d ) +- } There is also an ambiguity here between a friction coefficient

Awy and its reciprocal, similar to the one slope solution of Sec. V.
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We choose the quadratic roots givipg<1, which gives cali- tion of this approach is also discussed in J. L. Hutter and J. Bechhoefer,
bration results consistent with the calculated lever properties,Rev. Sci. Instrumé4, 1868(1993.

: : Y. Q. Li, N. J. Tao, J. Pan, A. A. Garcia, and S. M. Lindsay, Langr8uir
Equation[A4(b)] expresseguyg; in terms of uyes. From Eq. 19 (1969; 1. A Ruan and B. Bushan, Trans. ASME 3. Tiboldtss

(A2), 378(1994).
1 1 1 105, Fujisawa, E. Kishi, Y. Sugawara, and S. Morita, Appl. Phys. I68t.
20= + sin 20,01— + Sin 20, a—. 23 (1995, discusses lateral force calibration, but in fact the article pre-
a ( Mio01 Mml) 101 3 #1038 103 sents a method for calibration the lateral force deflection sensor given the
(A5) (calculatedl lateral force constant.

) . o 1), E. Sader and L. R. White, J. Appl. Phyd, 1(1993; J. M. Newmeister

Now we can substitute EqA4) into Eq. (A5) to eliminate and W. Ducker, Rev. Sci. Instrung5, 2527(1994; M. Labardi, M. Al-

M101- As the resulting expression is difficult to invert, we _legrini, C. Ascoli, C. Frediani, and M. Salerrito be publisheyi

solve it numerically for the root such thaKQ,L103<1. With 12Rod Alley, Berkeley Sensor, Actuator Cen_ter,_L‘Jniversity of California at

this solution. we find the calibration Berkeley, and Marco Tortonese, Park Scientific Instruments, Sunnyvale

! California (private communication

1 L103 133, E. Sader, |. Larson, P. Mulvaney, and L. R. White, Rev. Sci. Instrum.

=— —— . (AB) 66, 3789(1995.
W, (103 coS G105~ H703 Sir? 0103 s, P. Timoshenko and J. N. GoodieFheory of Elasticity 3rd ed.
(McGraw-Hill, New York, 1987.

5Reference 14.

163, E. Sader, Rev. Sci. Instruré6, 4583(1995.

Phys. Revarg 5. Warmack, X.-Y. Zheng, T. Thundat, and D. P. Allison, Rev. Sci.
Instrum. 65, 394 (1994).

8pr. Marco Tortonese, Park Scientific Instruments Inc., Sunnyvale, Cali-
fornia (private communication

193, s. Sheiko, M. Mier, E. M. C. M. Reuvekamp, and H. W. Zandbergen,
Phys. Rev. B48, 5675(1993.

2|n sheikoet al, the facet angles were given as14.0° and—11.6°. The
correct values are-14.0° and—12.5°.
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