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The colloidal probe technique for atomic force microscopy (AFM) has allowed the investigation of an extensive range
of surface force phenomena, including the measurement of frictional (lateral) forces between numerous materials. The
quantitative accuracy of such friction measurements is often debated, in part due to a lack of confidence in existing
calibration strategies. Here we compare three in situ AFM lateral force calibration techniques using a single colloidal
probe, seeking to establish a foundation for quantitative measurement by linking these techniques to accurate force
references available at the National Institute of Standards and Technology. We introduce a procedure for calibrating the
AFM lateral force response to known electrostatic forces applied directly to the conductive colloidal probe. In a second
procedure, we apply known force directly to the colloidal probe using a precalibrated piezo-resistive reference cantilever.
We found agreement between these direct methods on the order of 2% (within random uncertainty for both
measurements). In a third procedure, we performed a displacement-based calibration using the piezo-resistive reference
cantilever as a stiffness reference artifact. The method demonstrated agreement on the order of 7% with the direct force
methods, with the difference attributed to an expected systematic uncertainty, caused by in-plane deflection in the
cantilever during loading. The comparison establishes the existing limits of instrument accuracy and sets down a basis
for selection criteria for materials and methods in colloidal probe friction (lateral) force measurements via atomic force

MiCroscopy.

1. Introduction

The atomic force microscope (AFM) has been used extensively
as a measurement tool for the investigation of microscale to
nanoscale interfacial forces. In the force measurement application
known as the “colloidal probe” technique, a microscale sphere
(glued to an AFM cantilever) is used to probe an interface instead
of the usual integrated cantilever tip.' As integrated tips are
typically limited in composition to either silicon or silicon nitride
and because the contact area between a tip and surface can be very
small, the alternative choice of a microscale colloidal probe can
allow the user access to a much smaller stress regime and a
broader choice of probe materials. This has allowed the investiga-
tion of a variety of surface force phenomena, where the potential
for combinations of materials and environments is seemingly
enormous.” The colloidal probe application has also found
frequent use in the study of tribological phenomena for a similar
variety of materials and environments.>® This paper focuses on
the AFM friction measurement technique called lateral force
microscopy (LFM) using colloidal probes.

Figure 1 shows a front-view illustration (looking from the free
end down the long axis of the colloidal probe cantilever) of a
typical LFM measurement, in which force is applied in the
y-direction and the cantilever twists about its long (x) axis. The
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quadrant position sensitive photodetector (PSD) of the AFM is
also shown in Figure 1 with axes for normal (V) and lateral (}7)
output reading flexural and torsional deflection in the cantilever,
respectively. Typical friction data for an LFM experiment are also
illustrated in Figure 1, in which frictional energy dissipation
during sliding results in a hysteretic “friction loop”. The half-
width of the friction loop (AVy) is proportional to the sliding
resistance (friction) force at the interface.” A desirable calibration
constant for an LFM friction measurement could be called a
“torque sensitivity” (St) which describes a given lateral output
(AV1) for a known torsional moment (7) applied to the canti-
lever, such that

AV

St T

(1)
In this way, when a torque is applied to the cantilever during an
LFM friction measurement via a lateral friction force (F)) applied
to the cantilever in the y-direction (see Figure 1), we can quantify
the force such that

AL
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(2)
where / is the torque arm probe length from the torsional axis of
the cantilever (about which twisting occurs) to the point at which
force is applied at the probe—surface interface.

In addition to application of a lateral friction force (F,) to the
probe during an LFM experiment, there is always some force, F.,
applied normal to the surface plane in the z-direction (see
Figure 1), where F), is often interpreted as a function of F.. To
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Figure 1. Front-view illustration (looking from the free end down
the long axis of the colloidal probe cantilever) of a typical LFM
measurement, where force is applied in the y-direction and the
cantilever twists about its long (x) axis. The quadrant position
sensitive photodetector (PSD) of the AFM is also shown with axes
for normal (V) and lateral (V) output reading flexural and
torsional deflection in the cantilever, respectively. Typical LFM
friction data are also shown, where frictional energy dissipation
during sliding results in a hysteretic friction loop. The half-width of
the friction loop (AV1) is proportional to the sliding resistance
(friction) force at the interface.

quantify F. forces, the AFM optical lever sensitivity (OLS)
technique uses a normal displacement sensitivity (Sy) calibration
to relate the output from the PSD (A V) to normal displacement
(Az) of the AFM displacement transducer (assumed to be
equivalent to the flexural displacement of the cantilever when
the probe is in contact with a rigid surface).'”~'? The calibration
of normal force between the probe and a surface plane then
requires the flexural stiffness (spring constant) of the AFM
cantilever to be known, for which numerous techniques have
been proposed and refined.'* ™7 While the attainment of accuracy
in the measurement of normal forces has notable challenges,'’ "
the approach of the OLS technique is, generally speaking,
straightforward. This is not the case for the measurement of
lateral (friction) forces in LFM, in which the practical realization
of calibration parameters for a torsional moment applied to the
cantilever is more complicated.
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Figure 2. Front-view illustrations (looking from the free end down
the long axis of the colloidal probe cantilever) of lateral displace-
ment sensitivity loading methods, showing (a) equatorial loading,
(b) frictional loading, and (c) loading against a stiffness reference
cantilever. The representative lateral displacement sensitivity cali-
bration (S = AVL/Ay) data shown are typical for a probe
undergoing equatorial loading.

One LFM calibration approach has been to monitor the PSD
response for a torque applied to the cantilever via a beam attached
orthogonal to the long axis of the cantilever (and probe). ' A
disadvantage of this technique is that calibration and friction
measurements cannot be performed in situ, as the beam needs to
be either attached (or removed) between one procedure and the
other, except if the beam is attached symmetrically across the
cantilever.” The so-called wedge LFM calibration method involves
sliding the cantilever probe over a surface slope of well-characterized
geometry, where the mechanical response of the cantilever probe on
the surface incline is understood in terms of force balance equili-
brium. This technique, proposed by Ogletree et al.** and modified
for use with colloidal probes by Varenburget al.,* is not investigated
in this work. We also acknowledge the potential of a direct force
calibration technique using a diamagnetic levitation device, as
proposed by Li et al.,>® which is also not investigated in this paper.

The microsized sphere of a colloidal probe provides a relatively
convenient means of facilitating the application of lateral forces in
LFM calibration. Figure 2 shows front-view illustrations (looking
from the free end down the long axis of the colloidal probe
cantilever) for three types of lateral loading. Since the diameter of
a microsphere can be measured readily, then the lever arm length
(heq) can also be determined by carefully aligning a rigid vertical
sidewall material for contact with the sphere equator, as illustrated
in Figure 2a,”*?7 where torque is induced in the cantilever by
scanning laterally (Ay). The representative (Sy) data shown in
Figure 2 are typical for this type of loading, here termed “equatorial
loading”. Figure 2b shows the approach of Cain et al.,”® who take
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advantage of the relatively large contact area produced by the
spherical probe on a surface. At appropriately high normal loads,
the probe—surface contact can be noncompliant compared to the
cantilever, allowing for practically all deflection to occur in the
cantilever during lateral scanning. This is here termed “frictional
loading”. In both frictional (where /& = /) and equatorial (where
h=hey) loading, the lateral deflection response of the PSD (A}7) is
observed as a function of lateral displacement (Ay) of the instru-
ment displacement transducer, such that a lateral displacement
sensitivity (S, = AV/Ay) is observed. The idea behind these
methods is that for a known torque arm length (%), the lateral
displacement (Ay) can be equated to a torsional deflection in the
cantilever (¢) (such that ¢ = Ay/h, for small ¢). It then follows that
knowledge of the torsional stiffness (spring constant) of the
cantilever (k4) will complete the friction force (F),) calibration
(such that F,=kp/h).”* The drawback is that cantilever torsional
stiffness is a very difficult property to measure.”

Ecke et al.®® circumvented the need to measure cantilever
torsional stiffness by realizing force via a stiffness reference
cantilever (a cantilever of predetermined flexural stiffness). Refer-
ence cantilevers were initially proposed as a means of calibrating
the flexural stiffness of AFM cantilevers®* and have since been
considered as potential transfer artifacts for Systeme International
d’Unités (SI)-traceable flexural stiffness determination.'”'34
Using a stiffness reference cantilever, flexural stiffness is measured
by pressing the unknown cantilever (to be calibrated) against the
stiffness reference cantilever and comparing the Sy for this inter-
action to the Sy obtained when the unknown cantilever is pressed
against a rigid surface.!”*'™* The analogous technique for an
LFM calibration would be to compare the Sy of the loading
condition shown in Figure 2a to that for loading shown in
Figure 2c. For future reference, we describe the loading techniques
shown in Figure 2 as displacement-based methods.

Recently, a piezo-resistive cantilever was used as a reference
artifact to calibrate the flexural stiffness of AFM cantilevers,
where the cantilever and its accompanying electronics form a
piezo-resistive sensor so that voltage output can be related to
applied force.** Illustrated in Figure 3a, the use of a piezo-resistive
cantilever offers a direct LFM calibration for colloidal probes,
giving a lateral force sensitivity (S p= AV /AF,). In this case, for
a known torque arm length (/,), we can convert the Sig
observation to a torque sensitivity (for calibration of friction
data, see eq 1) such that St = Sy g/heq. In related work, a piezo-
reference cantilever has been proposed as an LFM calibration
method for cantilevers with integrated tips;*> this approach is
problematic in terms of alignment, positioning, and the determi-
nation of the contact point (i.e., to determine /) of the reference
cantilever on the integrated tip of the cantilever to be calibrated
(other issues like contact slippage during loading could also be
problematic). For colloidal probes, however, where /4 can be
determined with reasonable accuracy, the piezo-resistive reference
cantilever technique represents a direct force LFM calibration

(29) The torsional Sader method'* is a generally accepted technique for the
measurement of AFM cantilever torsional stiffness. It applies to certain rectan-
gular cantilevers but is not strictly applicable to colloidal probes. The torsional
Cleveland method'* may be applicable to colloidal probes, although the method
was not used here.
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Figure 3. Front-view illustrations (looking from the free end down
the long axis of the colloidal probe cantilever) of lateral force
sensitivity methods, showing (a) loading against a piezo-resistive
reference cantilever and (b) electrostatic loading. Representative
lateral force sensitivity calibration (S g = AV /AF,) data are also
shown.

method, in which a calculable (precalibrated) force can be applied
directly to the probe.

The purpose of this paper is to address the issue of lateral force
calibration for colloidal probes by examining direct force calibra-
tion techniques (Figure 3) as well as the more commonly used
displacement-based methods (Figure 2). All experiments in this
work were performed using the same colloidal probe and the same
LFM instrument, described in section 2. In section 3, lateral
displacement sensitivity calibration methods are performed and
discussed. In section 4, a new direct lateral force calibration
method is introduced (illustrated in Figure 3b), where known
electrostatic forces are applied to the conductive colloidal probe.
In section 5, a direct force method using a precalibrated piezo-
resistive cantilever is performed along with a displacement-based
method, which uses the piezo-resistive reference cantilever as a
stiffness reference cantilever.

2. Materials

All experiments were performed using an MFP3D AFM
(Asylum Research, Santa Barbara, CA).*® The colloidal probe
used in experiments was a 51 £ 1 um diameter polystyrene sphere
(DRI-CAL Particle Size Standards, Duke Scientific), attached to
a rectangular silicon nitride cantilever (MLCT-B, Veeco Probes)
with approximate length, width, and thickness dimensions of
212.7 um (L*), 20.5 um (w), and 0.75 um (7), respectively (L* is
the effective length of the cantilever, from the fixed end to the
center of the spherical probe). Sphere and cantilever dimensions
were determined by scanning electron microscopy. The sphere
was attached to the cantilever using a conductive epoxy (H21D,
Epotek Technologies), and following curing, the entire probe
cantilever was sputter coated with a chromium adhesion layer
(approximately 5 nm) and then a gold layer (approximately 50
nm). The polystyrene spheres used here were chosen because of
their highly uniform spherical shape, which is important for
accurate capacitance measurements that are performed in experi-
ments described in section 4. The mechanical stiffnesses of the

(36) Certain commercial equipment, instruments, or materials are identified in
this article to adequately specify the experimental procedure. Such identification
does not imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or equipment
identified is necessarily the best available for the purpose.
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polystyrene spheres used here were measured to be approximately
1.2 kN/m (using an instrumented indenter),'” which is ~3
orders of magnitude (or more) larger than any relevant stiffness
property of the cantilever used in this work. All experiments
were performed in a temperature-controlled (20 £ 0.1 °C)
environment.

3. Lateral Displacement Sensitivity Measurements

To perform a lateral displacement sensitivity (Sy) calibration,
the colloidal probe is loaded in rigid contact while the PSD lateral
output response from the AFM (V) is observed as a function of
Ay displacement, as described earlier. Displacement can be
induced via equatorial loading, shown in Figure 2a, or via
frictional loading, shown in Figure 2b. Note that the lateral
displacement sensitivity (S = AVy/Ay) data shown in Figure 2
are typical for equatorial loading. It is important to note that the
three lateral force calibration methods performed in this work, the
two direct force methods (Figure 3) and the stiffness reference
cantilever method (Figure 2a,c), are each carried out by loading
the colloidal probe sphere at its equator (i.e., equatorial loading).
On the other hand, frictional loading (Figure 2b) is clearly
relevant to the actual conditions experienced by the colloidal
probe during a friction measurement. In this section, we compare
the equatorial loading condition to that of frictional loading in
terms of respective S; measurements.

A lateral force applied in the y-direction through a torque arm
(probe) length (k) will deflect a colloidal probe cantilever of
torsional stiffness k, via twisting (rotating) about its long (x)
axis through an angle ¢ such that we can describe a torque (7=
kg®). From this, we can define a “torque arm stiffness” (k)
such that*"*

-2 o)

where 1= h.q=R + t/2 for equatorial loading and = hy=2R +
t/2 for frictional loading; R is the colloidal probe sphere radius,
and ¢ is the cantilever thickness.’” The lateral displacement
sensitivity methods shown in Figure 2 share an important
assumption, which is that the only “lateral spring” in the colloidal
probe system is the torsional spring (stiffness) of the cantilever.
However, the lateral loads experienced by a cantilever during both
frictional and equatorial loading also cause deflection of the
cantilever in the x—y plane (the “in-plane”) direction. This means
that the total lateral stiffness of the cantilever (ky,) will consist of
both an in-plane cantilever stiffness (kj,) and the torque arm
stiffness (k) (eq 3), such that

-1
1 1
klat = (E + k_1p> (4)

27,38

ket

Beam theory predicts the ratio of these springs to be

S DIC N

where v is the Poisson’s ratio of the cantilever beam material. It
turns out that many commercially available rectangular AFM

(37) The torsional axis of the cantilever is assumed to be aligned down the long
(x) axis and centered through the thickness and width of the cantilever. It is
acknowledged that this assumption may not be strictly correct for all loading
conditions, as pointed out in ref 25.

(38) Sader, J. E.; Green, C. P. Rev. Sci. Instrum. 2004, 75(4), 878.
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cantilevers will exhibit significant in-plane deflection when loaded
laterally. The problem for lateral displacement sensitivity mea-
surements is that the PSD of the AFM is practically insensitive to
in-plane cantilever deflection. The consequence of this is an
underestimation of the lateral displacement sensitivity calibration
parameter (Sp), since the displacement transducer is deflecting
two springs (kt and k;,), whereas the PSD is accounting for the
deflection of only one (kt). For the colloidal probe used in this
work, the proportion of in-plane deflection to total lateral
deflection is estimated to be 4.5% for equatorial loading and
1% for frictional loading (using eq 5). Note that to observe the
effect of in-plane deflection on the calibration methods discussed
in this paper, we ignore the contribution from in-plane deflection
(i.e., we assume that kip_l =0) when calculating cantilever lateral
stiffness (ky,,), as discussed later. Another spring in the colloidal
probe system that can contribute to an underestimation of the Sy
parameter is the glue joint between the sphere and cantilever.
Using analysis described elsewhere,?® the compliance of the glue
joint used in this work was estimated to be at least 3 orders of
magnitude smaller than that of the lateral compliance of the
cantilever (kr '). The glue joint is thus expected to have a
negligible effect on the observed Sy for both frictional and
equatorial loading cases here. Finally, although the frictional
loading condition is apparently less susceptible to in-plane canti-
lever deflection compared to equatorial loading (due to a longer
torque arm, /), frictional loading has its own additional (spring
deflection) susceptibility, which is discussed in the following
section.

3.1. Frictional Loading. Carpick et al.”” pointed out that the
finite contact area between an AFM probe and surface can be
subject to significant deformation during frictional loading. In
some cases, the lateral stiffness of a probe—surface contact (k)
can be comparable to the lateral stiffness of the cantilever. This
means that if frictional loading is used to generate a lateral
displacement sensitivity for a lateral force calibration, as in the
approach of Cain et al.,”® then materials and conditions need to be
optimized such that the probe—surface contact compliance is
minimized. We can describe the combined lateral stiffness
of the cantilever—probe—surface system in frictional loading
as ki = (k{' + kipfl + kclafl)fl. As demonstrated by
Cain et al.,” if appropriate (large Young’s modulus) sphere
and surface materials are used, the combined stiffness of the
system asymptotes to the cantilever springs [(kr ' + kip71 1
since ke, ! will approach zero at suitably large normal applied
loads.

Figure 4a shows a friction loop, acquired while sliding the
colloidal probe used here on a silicon (100) surface. The lateral
displacement sensitivity for frictional loading (SI) is obtained
from the linear slope in the “static friction” portion of the
friction trace, where S is taken to be the average of slopes
for sliding in one direction (Sﬂ_left) and then the reverse (SE,right)-
Figure 4b shows the effect of contact stiffness on the determina-
tion of S In this example, S} can be seen to asymptote to a
value of approximately 3.2 mV/nm for applied normal loads
above ~25 uN. At these loads, k., is predicted to be at least 3
orders of magnitude greater than kt (based on Hertzian con-
tact mechanics).40 The S value used in this work was measured
at normal applied loads of 35 uN, averaged from the slopes
at both ends of each friction loop, where the mean value

1.39

(39) Carpick, R. W.; Ogletree, D. F.; Salmeron, M. Appl. Phys. Lett. 1997, 70
(12), 1548.

(40) Johnson, K. L. Contact Mechanics; Cambridge University Press: Cambridge,
UK., 1987.
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Figure 4. Frictional loading data, showing (a) a friction loop
acquired while sliding the colloidal probe on a crystalline silicon
surface, in which a lateral displacement sensitivity (SI) mea-
surement is taken from the static friction portions of the loop
and (b) the effect of contact stiffness on the S measurement,
where an asymptote can be seen for loads above ~25 uN. In this
case, the probe—contact lateral stiffness (k¢a¢) is predicted to be
more than 3 orders of magnitude greater than the torque arm
stiffness (k1) of the cantilever, based on Hertzian contact
mechanics.

of S taken from 10 repeated measurements, was 3.2 +
0.1 mV/nm.*!

3.2. Equatorial Loading. Because of the large stiffness of a
compressively loaded, as opposed to a sheared, contact, the
contact compliance issue that is relevant to frictional loading is
not typically an issue for equatorial loading (except for very
soft sphere materials).*”* To load the sphere of the colloidal
probe, the edge of a silicon AFM cantilever (die) chip was used
rather than a vertical walled crystal, as used by Cannara et al.”’
Because of this, we implemented an alignment protocol to
establish the position of loading at the equator of the colloidal
probe sphere. Shown in Figure 5a, closed loop z-displacement
between the sphere and chip is plotted on the abscissa and the
observed S is plotted on the left ordinate axis; closed loop
y-displacement at initial contact (snap-in) is plotted on the
right ordinate axis. Alignment in x was conducted using the
overhead optical microscope of the AFM. From Figure Sa, the
expected linear relationship between Sp and z-displacement
is represented by the filled diamonds. The open diamonds
represent closed loop y-displacement at initial (snap-in)

(41) Unless otherwise stated, all uncertainties represent one standard
deviation.
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Figure 5. Representative data for the lateral alignment protocol
used here for equatorial displacement-based loading of the colloi-
dal probe sphere against a rigid material (AFM cantilever chip).
(a) Expected linear relationship of S{ as a function of z-displace-
ment (®). Also shown is closed loop y displacement at initial
contact (snap-in) (yeon) between the ramp chip and spherical probe
(<), representing the spherical shape of the probe. (b) Representa-
tive lateral displacement sensitivity data.

contact (y.on) between the ramp chip and spherical probe as
a function of closed loop z-displacement, which shows an
anticipated circular shape representing the spherical shape of
the probe. The lateral displacement sensitivity values used for
ST! were taken from the minimum y.., value in Figure 5a. A
representative lateral displacement sensitivity S{? of 6.5 +
0.2 mV/nm was determined from the average of linear curve
fitting of 10 repeat S{¢ observations.*!

3.3. Lateral Displacement Sensitivity Comparison. To
compare Sy values from frictional and equatorial loading, results
were normalized by taking the product of Sp values and their
respective /1 values. The in situ comparison of loading techniques
conducted here gave an equatorial loading value (/1,qST?) of 168 £
7 V, which was in agreement with the frictional loading value
(haST) of 164 + 8 V (within 3%).*"** Equation 5 predicts an
approximate 3.5% difference between frictional and equatorial
loading because of the differing degrees of in-plane cantilever
deflection. The discrepancy falls within uncertainty limits for
these observations. The agreement between Sp values provides
validation for the assumption that equatorial loading is a good
representation of frictional loading for the purposes of calibrating
LFM friction data. The following sections describe lateral force
calibration methods that load the colloidal probe sphere via its
equator.

(42) Value includes uncertainty in the determination of & (which was £250 nm).
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Figure 6. Schematic of the experimental setup for the application
of lateral electrostatic force to a conductive colloidal probe.

4. Electrostatic Lateral Force Calibration

An accurate method for applying calculable electrostatic forces
to a conductive colloidal probe has been demonstrated recently by
Chung et al."” The technique eliminates the need to evaluate
displacement sensitivity or the colloidal probe’s flexural stiffness
to obtain a force measurement, and forces applied to the colloidal
probe can be determined with an accuracy of 2%, traceable to the
SI. Illustrated in Figure 6, the same experimental setup has been
configured for LFM calibration, such that the electrode was
positioned orthogonal to the long axis of the cantilever (x) and
probe (z). The microelectrode was prepared using a gold micro-
wire (California Fine Wires),*® inserted into a glass micropipet
and secured using epoxy. Alignment between the electrode and
the center of the sphere was determined from the maximum
capacitance obtained at the sphere equator (at torque arm
distance /i.q) using an alignment technique described elsewhere."”
Once alignment had been achieved, the gap between the sphere
and the electrode was decreased until a measurable capacitance
gradient could be obtained. Using a closed loop lateral displace-
ment transducer, the capacitance gradient was measured
in approximately 20 nm increments over a total distance of
~140 nm. Between the increments, the applied voltage was set
back to zero to monitor the baseline and correct for drift. After
characterization of the capacitance gradient, torsional deflection
in the cantilever was induced using stepwise voltages (from 0 to 16
V) applied between the probe and the electrode. The surface
potential between the probe and electrode was measured by
applying voltages with opposite polarities and monitoring the
response of the probe via the PSD of the AFM. In this case, the
surface potential (Us) was calculated to be 0.19 + 0.02 V. The
applied electrostatic force (F,) was determined by

1dc, ,
Feizd—y(U) (6)

where C is the capacitance, y is the closed loop lateral displace-
ment, and U is the potential. Figure 7a shows the capacitance
trend with lateral displacement over a distance of approximately
140 nm. The relation between C and y appears to be linear, giving
a capacitance gradient of dC/dy of 1.11 £ 0.02 fF/m, obtained
from the average slope (mean + one standard deviation) using
least squares curve fits of five repeated data sets. The residuals
plotted in the inset of Figure 7a indicate that no significant non-
linearity was observed over the course of the measurement.
After characterizing the electrostatics of the system, we applied
a known electrostatic force (F.) to the colloidal probe while
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Figure 7. Electrostatic measurements between the conductive col-
lidal probe and microelectrode: (a) capacitance gradient (dC/dy)
obtained for the experimental setup used here (inset shows no
significant systematic uncertainty over the course of the
measurement) and (b) lateral force sensitivity obtained by
applying electrostatic force directly to the conductive colloidal
probe.

monitoring the lateral PSD response (AVp). We describe the
electrostatic lateral force sensitivity (S ) as

R AVL
LF — Te (7)

The calibration plot for this relationship is shown in Figure 7b,
where the Sir of 44 £+ 0.1 mV/nN was determined by least-
squares fitting from five repeated measurements (uncertainty
includes the positioning uncertainty in the z-direction during
the calibration).*** In section 1, we discuss the torque sensitivity
parameter (St) (eq 1), used to scale friction loop data and thus
quantify lateral (friction) forces in LFM. Using the electrostatic
lateral force sensitivity (S} r) obtained above and an /iq 0f 25.9 £
0.7 um from SEM, we calculate the torque sensitivity of this
system as ST = Sip/heq = 172 &£ 7 V/nNm, where the largest
uncertainty in this measurement is positioning uncertainty in the
z-direction during the calibration.*'**

In the same experiment, a lateral displacement sensitivity
was performed (see section 3.2), which gave an S}? value of
6.5 £ 0.2 mV/nm. Using this value, the lateral stiffness of the
colloidal probe loaded (electrostatically) at its equator is calcu-
lated as

€q
s =L ®)
SLF
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giving a ki, value of 1.46 £ 0.07 N/m. Note that we are absorbing
the systematic error from in-plane displacement of the cantilever
in the ST? measurement by assuming that k. =k (i.e., that kil;l =
01in eq4), which was described earlier (and will be discussed later).

The method described here is a direct lateral force calibration
for conductive colloidal probes that uses SI-traceable electrostatic
forces. In the following section, we describe methods that apply
forces to the colloidal probe sphere using a calibrated reference
cantilever.

5. Reference Cantilever Lateral Force Calibration

In this section, a piezo-resistive cantilever is used as both a
stiffness reference artifact and a force reference to perform lateral
force calibration measurements on the colloidal probe cantilever.
The rectangular-shaped piezo-resistive reference cantilever
(FMT-400, Kleindiek Nanotechnik)*® had nominal dimensions
0f 400, 50, and 4 um for length, width, and thickness, respectively.
The integrated tip of the cantilever had a height of approximately
5 um. Sl-traceable forces were applied to the piezo-resistive
reference cantilever using the National Institute of Standards
and Technology (NIST) Electrostatic Force Balance (EFB).
Forces were applied while both cantilever flexural deflection
(interferometry) and piezo-resistance (Agilent 3458A, Agilent
Technologies, Inc.)*® were monitored versus applied load using
techniques described elsewhere,* where all measurements were
SI-traceable. The flexural stiffness of the piezo-resistive reference
cantilever (krgr) was measured to be 1.846 £ 0.005 N/m with a
resistive sensitivity (S;) of 1.121 £ 0.002 Q/uN.

To perform lateral reference cantilever measurements on the
colloidal probe, we first used the piezo-resistive reference canti-
lever as a stiffness reference artifact and then as a force reference
device. The reference cantilever was mounted and glued against a
vertical sidewall, which was then placed in the AFM experimental
setup such that the long axis of the cantilever was along the z-axis.
For both types of measurement, the contact position of the
reference cantilever on the sphere was determined using the same
alignment protocol as described in section 3.2 (see also Figure 5a),
but in this case, alignment was performed in the x-direction as well
as the z-direction. It should be noted that following the electro-
static calibration in section 4, the colloidal probe was remounted
in the AFM cantilever holder in preparation for the experiments
described in this section. The remounted system gave an S{% of 6.4
+ 0.2 mV/nm, determined from the average value of approach
and retract data for 10 repeated measurements*'** [the previous
value was 6.5 + 0.2 mV/nm (see section 3.2)].

5.1. Stiffness Reference Cantilever Calibration. A stiff-
ness reference calibration was performed by comparing the lateral
displacement sensitivity for the colloidal probe loaded against a
rigid material (ST to that for the colloidal probe loaded against
the stiffness reference cantilever (St°). The lateral stiffness of the
colloidal probe (ki) is given as

s
ki = krer | o7 1 )
L

Representative data are shown in Figure 8, where S} = 3.5 +
0.1 mV/nm and S{?=6.4 £+ 0.2 mV/nm. From eq 9, the lateral
stiffness of the colloidal probe (ki) was determined to be 1.54 &
0.07 N/m, from the average of 10 repeated measurements.*"**
The lateral force sensitivity of the optical lever system is

(43) Pratt, J. R.; Smith, D. T.; Newell, D. B.; Kramar, J. A.; Whitenton, E. J.
Mater. Res. 2004, 19(1), 366.
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calculated as

S—iq
kSl’

lat

Sty = (10)

which gave an ST'r 0f 4.2 + 0.2 mV/nN. The torque sensitivity of
the system [used to quantify friction data (see eq 1)] was calculated
to be ST = St /heq = 160 £ 10 V/nNm.

5.2. Direct Piezo-Resistive Reference Cantilever Cali-
bration. The electrostatic lateral force calibration in section 4 is
a direct force calibration, where PSD output is observed for a
known force applied directly to the torque arm (probe) of the
colloidal probe. We now compare this with another direct force
method using the calibrated piezo-resistive reference cantilever as
a piezo-resistive force transducer. Illustrated with representative
output data in Figure 9, lateral force was determined from
resistance output from the calibrated piezo-resistive reference
cantilever when pressed against the equator of the colloidal probe
sphere using the same loading technique described in section 5.1.
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Table 1. Summarized Calibration Results”

optical lever system properties

cantilever stiffness properties

lateral force sensitivity

torque sensitivity

lateral stiffness torsional stiffness

calibration method Str (mV/nN) St (V/nNm) kiae (N/m) ks (nNNm/rad)
electrostatic (direct force) 4.4 +£0.1 172+ 7 1.46 £0.07 0.98+0.07
stiffness reference 42402 160+ 10 1.544+0.07 1.03£0.07
piezo-reference (direct force) 4.5+02 174+9 1.434+0.08 0.96 +£0.07

“ All values are means + the combined uncertainty (one standard deviation).

The force applied by the piezo-reference cantilever (F},) is
determined as

AQ

F,= s,

(11)

where AQ is the observed change in resistance. The lateral force
sensitivity is then given by

Shp =" (12)

The lateral force sensitivity of the colloidal probe (SPr) was
determined to be 4.5 £ 0.2 mV/nN, from 10 repeated measure-
ments.**** The torque sensitivity of this system is calculated as
St =STr/heq =174 £ 9 V/nNm.

The lateral stiffness of the colloidal probe is calculated as

A\
kﬁu = S_]E (13)

where ST’ = 6.4 + 0.2 mV/nm, giving a kf,; of 1.43 £ 0.08 N/m.

6. Discussion

We have demonstrated a direct in situ procedure for calibrating
the lateral force response of an AFM by applying known
electrostatic forces directly to a conductive colloidal probe. This
method was compared to another direct force method on the
same colloidal probe using a piezo-resistive reference cantilever as
a force transducer. We have further compared these methods to a
displacement-based sensitivity method using the piezo-resistive
cantilever as a stiffness reference artifact. Table 1 summarizes
data obtained for all three methods in terms of two general types
of properties: (1) in terms of lateral force sensitivity (Spr) and
torque sensitivity (St) which are “optical lever system properties”,
dependent on the system optics and cantilever (e.g., cantilever
mounting, spot shape and positioning on cantilever, type of PSD,
etc.), and (2) in terms of cantilever lateral stiffness (ki,,) and
torsional stiffness (k,) which are “cantilever stiffness properties”.
It was noted earlier that the colloidal probe used in this work was
remounted between the electrostatic calibration (section 4) and
the reference cantilever calibration experiments (section 5), which
is a change that will affect optical lever system properties but
should not affect the stiffness properties of the cantilever. As it
turned out, no significant change in displacement sensitivity was
observed between the electrostatic and reference cantilever ex-
periments (compare Sf? values in section 5). As a result, lateral
force sensitivity (Spg) values were within experimental uncer-
tainty for both direct force methods (see Table 1). In contrast, the
displacement-based stiffness reference cantilever method gave a
lateral force sensitivity value (Syg) that was roughly 7% lower
than the direct force method values (Table 1) due to a diminished
lateral displacement sensitivity, caused by in-plane deflection
in the colloidal probe cantilever during loading. The effect of
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in-plane cantilever deflection on displacement-based methods is
discussed in section 3. If we assume a simple beam theory
prediction of 4.5% for the contribution of in-plane cantilever
deflection to the overall displacement of the cantilever (eq 5), the
approximately 2.5% discrepancy between predicted and mea-
sured values (i.e., 4.5% vs 7%) falls within the experimental
uncertainty for measurements here. This highlights the impor-
tance of the choice of materials if a displacement-based method is
to be used for colloidal probe LFM calibration. In this work, by
using a cantilever that undergoes a relatively small in-plane
deflection during lateral loading, systematic error from in-plane
deflection could be minimized within experimental random un-
certainty. In contrast to displacement-based methods, in-plane
cantilever deflection does not impact lateral force sensitivity
values generated by direct force methods because the lateral
displacement imposed on the colloidal probe is caused by a
calculable force. On the other hand, the determination of canti-
lever spring constants (kj, and k) requires at least one displace-
ment-based measurement (in these experiments, Si?) for all
methods. Table 1 shows lateral stiffness values (k) measured
at the sphere equator of the colloidal probe for each respective
calibration method. It was mentioned earlier that the effect of in-
plane deflection was ignored in the calculation of ky, for each
method and that the total lateral stiffness measured was assumed
to be equal to the torque arm stiffness of the cantilever, &t (i.e.,
ki{1 =01ineq 5, so that ki, = k1). In-plane cantilever deflection
would be expected to give reduced k,, values for both direct force
calibration methods (electrostatic and piezo-resistive reference),
since these measurements have a proportional dependence on S7?
(see eqs 8 and 13). However, for the stiffness reference method,
eq 9 implies an attenuated susceptibility to in-plane deflection
because the effect has contributions in both Si? and S} measure-
ments. The expected general trend is therefore to observe ki,
values that tend to be larger for the stiffness reference method and
smaller for direct force methods. This trend is evident in Table 1.
Table 1 also lists cantilever torsional stiffness values for each
calibration method, which were calculated from lateral stiffness
measurements, such that k, = klal(heq)Z.

Section 3 of this paper is devoted to comparing equatorial and
frictional loading (displacement-based) measurements because
each calibration method investigated in this work used equatorial
loading to apply force to the colloidal probe, whereas frictional
loading is clearly relevant to the actual conditions experienced by
the colloidal probe during a friction measurement. In comparing
the two loading techniques, eq 5 predicts a 3.5% difference
between equatorial loading (S{%) and frictional loading (SY) in
terms of the contribution of in-plane cantilever deflection to a
total displacement measurement. We found that the total ob-
served discrepancy in measured values (3%) was within experi-
mental uncertainty for the two loading techniques. On one hand,
this result supports the argument that colloidal probe equatorial
loading is a good representation of frictional loading for the
purposes of LFM calibration. On the other hand, it demonstrates
that accuracy in displacement-based sensitivity methods is limited
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considerably by the materials chosen for use. In this case, the
choice of cantilever determines the extent to which in-plane
deflection will become an issue for displacement sensitivity
measurements. The effect of in-plane deflection is minimized
if frictional loading (rather than equatorial loading) is used.
However, if frictional loading is chosen, then the choice of sphere
material as well as flexural stiffness of the cantilever must
be considered accordingly, since these properties will determine
the extent to which contact stiffness between the probe
and surface will act to diminish lateral displacement sensitivity
measurements.

The comparison of lateral force calibration methods investi-
gated in this work has demonstrated the direct electrostatic
force calibration to be the method with the most potential
for accuracy, since an accurate Sl-traceable force is applied
directly to the probe sphere and alignment between the sphere
and electrode can be determined precisely. The flexural stiffness
and resistive sensitivity of the piezo-resistive cantilever were
also determined with SI-traceable accuracy; however, alignment
between the cantilever and colloidal probe sphere was found
to be less precise than that of the electrostatic procedure.
Other than accuracy, the advantage of direct force calibration
(piezo-resistive cantilever and electrostatic) methods is their
immunity to in-plane cantilever deflection for determination of
the torque sensitivity parameter (St), which quantifies LFM
output data in terms of a frictional force. The displacement-based
stiffness reference cantilever method, however, will always be
subject to some error due to in-plane cantilever deflection (and
possibly other spring displacements) in the colloidal probe
mechanical system.

A practical drawback of both reference cantilever methods, at
least as they were conducted here, is that care is required in the
setup of the experiment, particularly with regard to cantilever
alignment. Although alignment can be more precisely determined
for the electrostatic method (using observable capacitance), the
electrostatic method is limited by the requirement for a conductive
colloidal probe. Also, with the apparatus used in this work,
accuracy in the capacitance gradient measurement was limited
to experiments that used spheres larger than 30 ym.
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A limitation for both the electrostatic and piezo-resistive
cantilever (direct force) methods is that measurements must be
made in a dielectric medium, typically air. If colloidal probe
friction measurements must be taken in a conductive liquid
medium, the most appropriate of the methods investigated here
would be an in situ stiffness reference calibration, with adequate
consideration given to cantilever/probe geometry and material
properties, such that the deflection of component springs
(particularly in-plane cantilever deflection and deformation of
the probe—surface contact) is minimized during loading.

7. Conclusions

Using a single colloidal probe, we have compared three lateral
force calibration techniques for colloidal probe friction measure-
ments in atomic force microscopy. A direct procedure was
performed by application of calculable electrostatic forces to a
conductive colloidal probe, and a second direct force calibration
was performed using a precalibrated piezo-resistive reference
cantilever. A third calibration used the piezo-resistive reference
cantilever as a stiffness reference artifact. We found agreement
within experimental random uncertainty for the direct force
(electrostatic and piezo-resistive) methods and accounted for a
systematic error due to in-plane cantilever deflection in the
stiffness reference cantilever (displacement-based) method. The
comparison establishes the existing limits of instrument accuracy
and sets down a basis for selection criteria for materials and
methods for colloidal probe friction (lateral) force measurements
in atomic force microscopy. The direct force methods used here
gave the most accurate calibration but were limited to experi-
ments in dielectric media (e.g., air). The stiffness reference method
is not restricted to immersion in any particular medium, but since
itis a displacement-based method, adequate consideration should
be given to colloidal probe materials chosen for use, particularly
to minimize in-plane deflection of the cantilever and/or deforma-
tion of the probe—surface contact during loading. Notably,
however, the comparison conducted here has demonstrated that
a good lateral force calibration can be achieved using a stiffness
reference cantilever provided adequate attention is paid to align-
ment issues and choice of materials used.
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