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This paper describes an interferometric platform for measuring the full-field deflection of atomic force
microscope (AFM) probes and generic cantilevers during quasi-static loading. The platform consists of
a scanning white light interferometer (SWLI), holders for the cantilevers, a translation stage, a rotation
(tip-tilt) stage, and an adapter plate to connect these items to the SWLI table. Visualization of cantilever

bending behavior is demonstrated for snap-in against arigid surface, cantilever-on-cantilever tests, and a

damaged AFM probe. A new approach to normal force calculation using a polynomial fit to the cantilever

Key W?rdS: . deflection profile is also presented and verified experimentally. The method requires only the coefficient
Atomic force microscope . . . .

Cantilever for the third order (cubic) term from the fit to the deflection profile, the elastic modulus, and the area
Beam moment of inertia for the cantilever under test.

Deflection © 2010 Elsevier Inc. All rights reserved.

1. Introduction

Since its development in 1986 by Binnig et al. [1], the atomic
force microscope (AFM) has played a major role in the advancement
of nanotechnology. Current AFM applications include, for example:
(1) small force measurement, supporting various disciplines such
as biotechnology and nanotribology; (2) imaging of such disparate
surfaces as biomolecules and Martian soil [2]; (3) various physical,
chemical, and biological sensors (trace gas/vapor detection) [3];
and (4) and data storage/retrieval [4].

Because the AFM has become an important instrument for
small force measurement, defining the relationship between probe
deflection and probe-surface interaction forces is an international
research priority. Traditionally, this relationship is treated as a
scalar “spring stiffness” which relates vertical load! to probe dis-
placement, usually determined using an optical scheme where a
laser beam is reflected off the probe backside onto a position sen-
sitive photodetector. As noted by Cumpson et al. [5], four basic
approaches have been evaluated (e.g., [6-19]):

e a comparison of the test probe to a reference cantilever of known
stiffness;

e calibration against the energy of thermal vibrations;

e the addition of known particle masses; and

* Corresponding author. Tel.: +1 352 392 8909; fax: +1 352 392 1071.
E-mail address: tschmitz@ufl.edu (T.L. Schmitz).
1 A horizontal or slightly angled probe is assumed.
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e acombination of resonant frequency measurements with the test
probe’s dimensions and material properties.

Each approach has its own difficulties and accuracy limitations.
These are summarized in Refs. [5,16], for example. Some of the
obstacles associated with these methods include: accurately posi-
tioning the test probe tip on the reference cantilever (the stiffness
value is dependent on the position along the cantilever); partition-
ing acoustic and mechanical noise in thermal vibrations analysis;
and accurately and efficiently placing small masses on the test can-
tilever.

While the stiffness calibration for vertical force imposes signif-
icant difficulties in itself, the probe-surface interaction forces in
practice are not limited to a single vertical force. Naturally, a lat-
eral force is also developed due to friction between the probe and
surface during relative translation. To quantify the lateral force,
the “spring stiffness” approach is again generally adopted, but now
the relationship between rotation of the probe (about its axis dur-
ing translation perpendicular to its axis) and the friction force is
developed. A popular approach for obtaining this spring constant
is the “wedge” method proposed by Ogletree et al. [20] which takes
advantage of the known facet angle for the SrTiO3 (3 05) surface.
While others methods have also been investigated (e.g., [21-23]),
a primary limiting factor is often the required vertical force spring
constant.

To address government and industry needs in AFM force mea-
surement, the National Institute of Standards and Technology
supports the Small Force Metrology project within the Manufactur-
ing Metrology Division’s Mass and Force Group. This project studies
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force measurement in the piconewton (pN) to millinewton (mN)
range and focuses on International System of Units (SI) traceability,
including the development and testing of internationally accepted
primary and secondary standards of force [24].

Historically, the Newton has been defined in terms of mass
using subdivisions of a kilogram artifact traceable to the Interna-
tional Prototype Kilogram (e.g., the K20 prototype kilogram in the
US) [25]. This imposes a limitation on the range of force magni-
tudes that can be traceably calibrated due to uncertainty levels
for small subdivisions of the kilogram. To extend the force range
below this magnitude [26,27], the Small Force Metrology project
has developed the electrostatic force balance (EFB). This measure-
ment platform enables lower uncertainty by deriving force in terms
of voltage and capacitance instead of mass. Through comparisons
of force measurements at the lower range of mass loading to the
upper range of the EFB, it has been demonstrated that the EFB can
achieve the accuracy required of a primary force standard.

Complementary efforts include moving from force realization
to force dissemination [28] using secondary force artifacts. Due
to the needs of the AFM community, the trend for these arti-
facts has been toward cantilever-based designs. The methodology
has been to calibrate an artifact cantilever’s stiffness by applying
known forces with the EFB while measuring displacement. The
calibrated force magnitude range can be increased by fabricat-
ing multiple cantilevers of varying stiffness [29] or calibrating the
variable stiffness along the length of a single cantilever [30]. Addi-
tionally, experiments have shown the feasibility of a direct force
transfer to piezoresistive and piezoelectric cantilevers [30,31]. The
self-sensing nature of these cantilevers enables a force-voltage
relation to be established directly. The only requirement for subse-
quent force measurements by a calibrated “piezo-lever” is to use a
traceably calibrated voltmeter.

In support of these ongoing activities, an interferometric plat-
form for measuring the full-field deflection of AFM probes and
generic cantilevers during quasi-static loading was developed and
is detailed here. The paper is organized as follows. Section 2 pro-
vides an opto-mechanical description of the platform. Section 3
includes imaging examples of various AFM probes under differ-
ent loading scenarios. Section 4 describes an alternative method
to calculating the vertical force applied to a cantilever; the new
method uses the full deflection bending profile made available by
the measurement platform. Conclusions are presented in Section
5.

2. Interferometric platform description

The purpose of the platform is to enable an AFM cantilever to
be loaded against a sample? while measuring the full-field dis-
placement of the cantilever. The setup consists of a scanning white
light interferometer (SWLI), holders for the cantilevers, a transla-
tion stage, a rotation (tip-tilt) stage, and an adapter plate to connect
these units to the SWLI table; see Fig. 1.

2.1. SWLI measurement

A key platform component is the SWLI, an optical three-
dimensional surface profiler that uses interference of a broad
spectrum light source, or “white light”, to measure surface topog-
raphy; see Fig. 2. Light reflected from the sample interferes with
light reflected from a reference surface, but, unlike coherent source
interference, the white light interference only occurs over a small
optical path difference. By translating the objective (which carries

2 The sample may also be another cantilever, which can be the case for some
calibration scenarios.

SWLI objective

Tip-tilt alignment

Three-axis translation QL

SWLI tip-tilt table

Fig. 1. The platform is composed of the SWLI, a translational stage, and a
tip-tilt stage, which enables quasi-static cantilever-on-cantilever and cantilever-
on-surface experiments to be conducted while measuring the full-field cantilever
displacement.

the reference surface) relative to the test surface, a plot of the inter-
ference intensity for this path difference range can be captured on
a pixel-by-pixel basis by the SWLI detector. The location of the
modulated intensity (due to alternating constructive/destructive
interference) region indicates the relative height of the sample at
that pixel. Each pixel on the detector corresponds to a lateral posi-
tion on the sample; the field of view for the corresponding height
map depends on the system magnification. A Zygo NewView 72003
was used in this research. The selected system included a motorized
translation/rotation (or X/Y/tip/tilt) table for sample alignment to
the optical axis. As shown in Fig. 1, the platform is mounted on this
table.

There are different constraints associated with SWLI measure-
ments relative to the traditional AFM optical scheme (where laser
light is reflected from a single point on the backside of the probe
to a photosensitive detector). First, a full height map may take
up to several seconds to acquire, in general, since the objective
must be translated. During this time the sample dynamics must
be interrupted (the pseudo-static approach applied here) or syn-
chronized with the measurement (the strobing approach - not used
here).Second, the lateral resolution is typically orders of magnitude
coarser than the vertical resolution along the optical axis. This is
important because it is desired to view as much of the cantilever as
possible to make the best use of the available pixels on the camera.
For the experiments reported here, two objectives were used: a 5x
Michelson with a lateral resolution of 2.2 um/pixel and a 20 x Mirau
with a 0.55 pm/pixel lateral resolution (1x zoom and 640 x 480
pixel detector). In comparison, the NewView 7200 literature speci-
fies a vertical resolution of 0.1 nm, although this value is dependent
on the noise floor imposed by the measurement environment.
Therefore, tests were performed to determine the repeatability for
the experimental setup. A smooth silicon surface was placed on the
stage at the cantilever loading location and 130 scans were com-
pleted using a 40 pm vertical scan range. The height repeatability
for each pixel was then assessed. It was found that, on average,

3 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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Fig. 2. SWLI schematic. A Mirau objective is represented, although other types are available. The left-to-right offset between the interference intensity from positions 1 and

2 indicates their relative height difference (positive translation in the upward direction).

each pixel reported the same position within a standard devia-
tion of 2.7 nm. Therefore, a repeatability of 2.7 nm was assumed.
Third, the SWLI cannot detect large height changes between adja-
cent points, so there is a maximum slope that can be detected. This
slope varies depending on the selected objective/zoom; it was 4° for
the 5x objective and 18° for the 20x objective (each at 1x zoom).
For typical cantilever bending profiles, even the 4° slope limit is
sufficient.

2.2. Cantilever holders

Aluminum plates with dimensions of 60 mm x 60 mm x 3 mm
were fixed to the stages; see Fig. 3. Cantilevers and test surfaces
were adhered to the plates at the midpoint of three sides (a fourth
side with a specialized geometry was also available to enable can-
tilever alignment in future work). This design allowed the holder to
be unscrewed and rotated to select the next cantilever for experi-
mentation while approximately maintaining the same position in
the SWLI field of view. A similar configuration was used for tests
with a cantilever contacting a rigid surface. Cantilevers and rigid
surfaces were bonded to the holders with adhesive to enable the
required top-down view for the SWLI measurements.
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2.3. Stages

The positioning stage (Thorlabs MAX301) was a three-axis, par-
allel kinematics, flexure-based design with 4 mm of coarse motion
(thumbscrew actuation) and 20 wm of fine motion driven by piezo-
electric actuators with strain gauge feedback. The motion was
controlled by a Thorlabs BPC103 controller. The second stage was
a manual tip-tilt platform (Thorlabs ATP002) positioned on a base
assembly (Thorlabs AMA501) which enabled equal height, side-by-
side use with the positioning stage. The tip-tilt platform provided
+4° of roll and pitch and acted as the fixed stage in the experi-
ments. Any cantilever on this stage could be tilted into alignment
with the positioning stage and then held fixed for the duration of
the experiment.

2.4. Platform assembly

The platform assembly rested on the SWLI's motorized table.
During use, the platform positioning stage was first aligned to the
SWLI optical axis using the table. Then, the tip-tilt stage was aligned
to the positioning stage. Since the SWLI angular detection limit can
be low (depending on the objective and effective magnification),

o wr]

( 7

Fig. 3. Example cantilever placement on the aluminum holders (top views). The individual cantilevers are too small to be seen at this scale, but the monolithic base chips
are labeled A1-C2 (a), A-C (b), and a rigid sample is labeled S (b). If the holders were unscrewed and rotated in the indicated direction, the next experiment would be C1

against C2 (a) and C against S (b).
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Fig. 4. The Olympus OMCL-AC240TS cantilever has a deformed shape causing ~0.5 pm of initial tip deflection.

proper alignment is important to maximize the available mea-
surement range. Additionally, aligning to the optical axis ensures
that vertical motion from the positioning stage produces no lateral
motion in the field of view.

3. Visualization of quasi-static bending behavior

The interferometric platform enables the direct visualization of
cantilever deformations without the need for interpretation via a
single point measurement of cantilever tip motion used in con-
junction with beam models. In this section deformed cantilever
measurements are provided and primary imaging limitations are
discussed [32].

3.1. Residual stress, “batwings”, and differencing

The cantilevers presented here had a non-planar shape even in
the absence of an external load. Cantilevers are typically designed
to be flat, but residual stresses from the surface coating often lead
to unwanted deformation. This deformation is typically small, but
is observable in the SWLI measurements; see Fig. 4. This image
displays the reflective backside of an Olympus OMCL-AC240TS
(1.8 N/m stiffness) cantilever, where the laser would normally be
positioned in an AFM. It is seen that the cantilever deformation
is approximately 0.5 wm at the tip with no external load applied.

An imaging artifact sometimes referred to as “batwings” is also
observed. These spikes along the periphery of the cantilever are
false height readings and tend to occur at steep height transitions.
The speck near the tip (also visible in the section view) is surface
contamination and also causes the bat wing effect. Additional can-
tilevers measurements are shown in Fig. 5. The data were collected
using a 20x objective at 1x zoom in the 320 x 240 pixel mode.

When studying the deformation of beams it is necessary to sepa-
rate the contributions due to the external load(s) from those caused
by other sources, such as residual stress. For linear elastic beam
models, deformation follows the rule of superposition. Therefore,
in each of the analysis results presented here, the cantilever was
measured before applying external loads. This reference image was
then subtracted from all subsequent images to isolate the relative
deformation caused by external loading. This differencing does not
remove the batwings, however, as these locations tend to report
random erroneous heights from image to image.

3.2. Snap-in

When an AFM cantilever is placed in close proximity to a surface,
an attractive force develops which pulls the tip closer to the surface.
At a critical gap size, the attractive force overcomes the cantilever’s
restorative elastic force and the tip snaps into contact with the
surface. This attractive force represents one of the many load condi-

Distance {(ym)

Fig. 5. Olympus cantilevers BL-RC150VB A with 0.03 N/m stiffness (a) and B with 0.006 N/m stiffness (b). The deformation levels are ~0.25 wm (a) and ~1 wm (b) in the

absence of external loads.
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Fig. 6. Cantilever snap-in demonstration. (a) Height map of the cantilever at various stage locations, 1-3; (b) corresponding two-dimensional profiles, 1-3; and (c) traditional
plot of stage motion versus tip deflection with 1-3 labeled. The arrow indicates the sequence of commanded stage motion.

tions AFM cantilevers experience. Snap-in behavior was measured
for an Olympus OMCL-AC240TS (1.8 N/m) cantilever positioned
near a smooth silicon surface; see Fig. 6. For these measurements,
the silicon surface was mounted on the three-axis positioning stage
and moved toward the cantilever in 50 nm steps. The sequence
of three plots included in Fig. 6a displays the cantilever defor-
mation profile for three stage locations. In position 1, the silicon
surface is sufficiently far from the cantilever so that no appreciable
attractive force is present. In position 2, snap-in has occurred. The
cantilever deflection is approximately 0.1 wm at the tip. In position
3, the stage has continued to move vertically past the cantilever’s
undeformed position so that it is deflected upwards. In Fig. 6b,
the centerline cantilever profiles are provided for the same three
stage locations. The tip deflection versus stage motion is provided
in Fig. 6¢; measurement points are identified by the small circles
in 50 nm increments and the three locations from Fig. 6a and b are
represented by the large circles. Note that the information in this
plot is all that is available from standard AFM single point deflec-
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tion metrology. All images were captured using a 20x objective at
1x zoom in 320 x 240 pixel mode. The SWLI data was differenced
to isolate the deformation caused by snap-in and it was filtered to
remove the bat wing artifacts.

3.3. Other cantilever experiments

One of the benefits of full-field imaging is the ability to capture
the height maps of the cantilever and sample simultaneously. For
example, in cantilever-on-cantilever experiments using an AFM,
measurements can only be made for the instrumented cantilever
leaving the deflection of the other cantilever to be inferred. Using
the interferometric platform, both cantilevers can be viewed simul-
taneously; see Fig. 7. This figure shows two Veeco 1930-00 (1.3 N/m,
35 wm wide) cantilevers with one cantilever pushing against the
tip of the other. There is ~9 wm of vertical offset between their
bases and both cantilevers exhibit ~4.5 um of end deflection. The
objective used was 20x, 0.8 x zoom, in 640 x 480 pixel mode.

200
Distance (pm)

300 400

Fig. 7. Two Veeco 1930 (1.3 N/m, 35 wm wide) cantilevers in contact. The left cantilever lever tip is positioned above the right cantilever lever tip.
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Fig. 8. Due to SWLI measurement limitations, data dropout is common on the cantilever periphery as is seen in area 1 (left image). This results in errors when determining
the plan view dimensions. Including the sample in the measurement reveals lost data as is seen in area 2 (right image).

hy |

QI

| hy-h, = tip wear

) cantilever

sample

Fig.9. Tip wear can be estimated using a SWLI measurement that includes the sam-
ple surface in the view. From an initial measurement, h1, to a current measurement,
h2, the tip wear is h1-h2.

The sample can also be used as an aid in SWLI measurements
of a cantilever’s plan view dimensions. Due to SWLI measurement
limitations, data dropout is common at the cantilever periphery.
However, by placing a smooth sample underneath the cantilever as
a backdrop, the lost pixels can be revealed; see Fig. 8. Additionally,
the sample can aid in tip wear analysis. Though not demonstrated
here, it is feasible to measure the distance from the sample to
the surface of the cantilever to estimate progressive tip wear as
depicted in Fig. 9.

Finally, an example of the platform’s capability to identify
anomalous bending behavior is presented in Fig. 10. Here, an
Olympus OMCL-AC160TS (42 N/m) cantilever was pressed against
a smooth silicon surface. The deflection profile was linear, rather
than the expected cubic behavior. It is assumed that a crack at the
cantilever base caused this hinge-like bending behavior. The can-
tilever broke off the base chip before this could be confirmed, but
the fracture location supports the crack assumption. The imaging
parameters included a 20 x objective, 1x zoom, and 320 x 240 pixel
mode.

4. Normal force calculation using polynomial fit
4.1. Single point deflection measurement

The current paradigm in relating cantilever deflection, y, to the
probe force, F, is to apply Hooke’s law, F=ky, where k is a scalar,
calibrated stiffness constant and y is measured at a single point
along the cantilever length. In the following paragraphs, challenges
associated with this approach are identified and then an alternative
technique is described.

For discussion purposes, assume that an AFM probe can be
modeled as a uniform cross-section cantilever beam with a force*
applied atits free end (see Fig. 11) and that it is sufficient to describe
its bending behavior using Euler-Bernoulli beam theory. The verti-
cal deflection at any point along the beam, y, can then be written as
a function of the force and position along the beam, x. Specifically,
y=(Fx2/6EI(3L — x), where E is the elastic modulus, I is the moment
of inertia, and L is the beam length. The cantilever stiffness, k(x), is

4 This simple representation of the probe-surface interaction forces is for conve-
nience only.

the ratio of the force to the deflection and depends on the position
along the beam as shown in Eq. (1). The sensitivity of the stiffness
to x is shown in Eq. (2).

6EI
X2(3L —x)
9k _ BEI(3x2 — 6Lx)

x (3Lx2 _X3)2 (2)

k(x) = (1)

As noted previously, the cantilever deflection is typically deter-
mined optically by reflecting a small diameter laser beam off the
back side of the cantilever onto a position sensitive photodetec-
tor (PSD); see Fig. 12. Changes in the deflection cause the reflected
beam’s position on the detector to vary. Combining the PSD output
with the cantilever stiffness enables the force to be inferred. A stage
(usually the AFM’s own vertical scanner) that is capable of exe-
cuting accurate displacements is often used to force the cantilever
into contact with a rigid surface while monitoring the PSD out-
put. In this way, the PSD output can be directly related to a known
imposed deflection and the PSD voltage calibrated in terms of dis-
placement. The point of contact between the cantilever and surface,
however, can be ambiguous, particularly for tipless cantilevers like
the one shown in Fig. 11. In some instances, the cantilever deflec-
tion is measured at a specific location using an instrument, such as
a laser vibrometer or fiber interferometer, that can be focused to a
small spot and provide an absolute displacement measurement at
a specified point along the cantilever. However, it can be difficult
to accurately identify the location of this point. In either case, the
accuracy of subsequent force calculations can be degraded due to
these positional uncertainties.

For example, assume that the stiffness is perfectly known for the
force scenario shown in Fig. 11 with the deflection measured at the
free end, x=L. According to Eq. (1), the stiffness is k(L) =3EI/L3. The
corresponding sensitivity of stiffness to the actual measurement
location (for small perturbations in x near x=L) is:

ak
ox

3

k(L) 5+ (3)

_ —9H _ (351) -3 -
2L’

T T\

x=L

Consider a contact mode probe with a length L=200 pm and
loading conditions that match Fig. 11. According to Eq. (3), the ratio
of the change in stiffness, Ak, to the calibrated stiffness for an error
in contact location, which might occur during the displacement
calibration procedure, (relative to x=L) of Ax=—5 pm is:

Ak -3 -3

k(L) 2L m(—S) =0.038. 4)

This represents a 3.8% error and imposes an upper bound on
the accuracy. Note that this only considers the error due to contact
location and assumes that the measured deflection is error free and
the stiffness value at x = L is exact. Neither of these conditions is true
in general, further degrading measurement accuracy.
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Fig. 10. This Olympus OMCL-AC160TS (42 N/m) cantilever shows a linear bending profile rather than the expected cubic behavior.

For tipped cantilevers, the uncertainty associated with the dis-
placement calibration is usually negligible, although the effective
cantilever length must be adjusted. In this case, it is important
to recognize that the PSD signal depends on the cantilever slope,
which is sensitive to the boundary conditions at the tip. Because a
friction force is typically present between the tip and rigid surface
(Fig. 13), the well-known hysteresis in the bi-directional displace-
ment behavior is obtained.

The presence of the friction force highlights another limita-
tion of the scalar F=ky approach: the friction conditions during
a measurement differ in general from the calibration conditions.
Due to the friction force, Fr, a moment, M=F;-d, is present. The
deflection due to this moment is y=MxZ2/2El. By superposition,
the total deflection due to both the moment and force F is then
v =(Fx2(3L — x)/6EI) + (Mx22EI). Writing Fr as F, where p is the fric-
tion coefficient between the tip and test surface, and substituting

; »
/ X
7
L
Fig. 11. Cantilever beam.
Position sensitive
photodetector
Laser
beam

Fig. 12. Single point deflection measurement.

v F((3L+ 3ud)x? —x3)

for M gives:

(5)

6EI

The new cantilever stiffness is given in Eq. (6). The sensitivity of
the stiffness to u is shown in Eq. (7).

6EI
kx) = (3Lx2 — x3 4+ 3udx?) (6)
ok —18EIdx?
= (7)

o (3Lx2 — X3 + 3/J.dx2)2
If the deflection is measured at the free end, x=L, the stiffness
is k(L)=6EI/(2L3 +311dL?) and the corresponding sensitivity to the
friction coefficient is:
ok —18EIdL? 6EI —3dL?

O |, (213 4+3udl2y (213 +3udl?) (213 + 3udl?)

—3dL2
(213 + 3udL?)’

= k(L)- (8)

Assume that the cantilever stiffness calibration was performed
under the conditions shown in Fig. 13 with ;= 0.5. For a tip distance
of d=10 wm, the ratio of the change in stiffness to the nominal
stiffness for a change in friction coefficient of A =-0.3 (due to a
different test surface material, for example) is:

Ak —3d12 3 —3(10)200? (~0.3)
KL) ~ @1 +3pdir) 1~ (2-200% + 3(0.5)(10)200%)"
=0.022. (9)
Yy
d
X
L —
Fy
L F

Fig. 13. Cantilever beam with friction force at the tip.
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Again, this 2.2% error places an upper bound on the achievable
accuracy. As before, this analysis only considers the error due to
changes in friction coefficient between the tip and test surface and
assumes that the measured deflection and calibrated stiffness value
are error free. Additionally, it does not incorporate the error that
would be obtained if the stiffness calibration was performed by
a different method (e.g., vibration analysis or mass loading) such
that the force conditions during calibration differed from the actual
measurement situation.

The previous discussion highlights the limitations in single point
deflection measurements for AFM force determination. An alterna-
tive to the traditional approaches for stiffness calibration that takes
advantage of the deflection profile made available by the interfer-
ometric measurement platform is described next.

4.2. Full-field deflection measurement

Returning to the simple two-dimensional analysis shown in
Fig. 11, assume that the full deflection profile, y(x), for the cantilever
is measured during loading. As shown in Eq. (5), the deflection can
be described by a third order polynomial:

F3L+3ud) , F 3

X" — —X

— 2 3
GEl GEl =Cp + C1X + X~ + C3X7,

(10)

y(x) =0+ 0x +

where the ¢y and c¢; coefficients are nominally zero. Given the
full-field measurement, y(x), the least-squares solution for the
polynomial coefficients may be calculated. Using only these coef-
ficients, the force and friction coefficient can then be uniquely
determined by Eqs. (11) and (12).

F = —6¢3El (11)
_ 7(3C3L + Cz)
n= 3C3d (12)

Eq.(11)isinteresting because it requires little information about
the beam. It applies regardless of the load application point, the
beam stiffness, or the beam length. All that is necessary is a physical
description of the beam’s cross-section and the material properties
(although obtaining these can sometimes still impose difficulties).
Eq.(11)follows from the definition of shear, V, in an Euler-Bernoulli
beam:
dy -V _-F
dx3 ~ El  EI’
which remains constant along the beam length for any boundary
condition. By extension, the shear force in a beam of any shape can
be determined from a multipoint measurement over a section of
the beam as long as that section follows the assumptions that led
to Eq. (11). This applies, for example, to triangular shaped beams
since each leg may be considered to be an Euler-Bernoulli beam.
The complete force vector can be determined using c; to find the
friction force component, but this requires more information about
the beam. This paper focuses on the application of Eq. (11) and
leaves Eq. (12) for future research.

(13)

4.3. Experimental results for polynomial fit method

Eq. (11) was evaluated for the case of a mesoscale horizontal
beam (no tip) with a vertical mass-based load applied (i.e., F was
ideally the only force component). The beam was fabricated from
a 50.8 mm diameter, double-sided polished (11 1) silicon wafer by
diamond cutting at the flat. The design dimensions for the beam
were 1 mm wide, 5mm long, and 0.3 mm thick. After fabrication,
the dimensions were measured using the SWLI. The average width
was 0.941 mm and the length was 4.820 mm (the SWLI lateral reso-
lution was 4.4 um for a 5x objective at 0.5x zoom with a 640 x 480

Fig. 14. SWLI image of the fabricated cantilever. The enlarged field of view was
enabled by stitching multiple images together. It is seen that the width of the beam
varies slightly along its length. The wafer edge roll-off is observed at the free end
(left end) of the beam.

detector). A thickness measurement was completed by placing a
glass surface beneath the cantilever and using the SWLI to mea-
sure the distance from the top of the glass surface to the top of
the cantilever. The thickness value, t, was 0.305mm (based on
the system noise floor of 2.7 nm, the uncertainty in t is at least
+3 nm). A stitched SWLI image of the entire cantilever is shown in
Fig. 14.

The vertical loads for the beam were produced using a series of
10 masses (Fig. 15); the individual masses were each suspended
from a tether which was looped over the beam (Fig. 16). The mass
values, m, were measured using a Mettler Toledo AB265-S/FACT
precision balance (0.1 mg resolution). The beam was fixed to a
holder using Crystalbond™ heat-activated adhesive and the holder
was bolted to the tip-tilt stage.

The full-field measurement procedure was initiated by align-
ing the cantilever base to the SWLI optical axis (the optical axis
was treated as parallel to the gravity vector, although the degree
of alignment was not determined). To perform this alignment, a
5x objective with 0.5x zoom was applied to give a 2.82 mm by
2.12 mm field of view and 4.4 pm/pixel lateral resolution. The can-
tilever was then laterally positioned under the objective using the
motorized stage. The cantilever was longer than the field of view
so only a section of the cantilever was measured; stitching was

2.166g 6.474g 10.779g

1

Fig. 15. Masses used for vertical loading experiments.
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Fig. 16. The cantilever was attached to the tip-tilt stage and loaded near the free
end. Measurements are valid at any section between the base and the load point.

not applied for the force measurements. The following steps were
completed for each mass.

1. Attach the mass to the cantilever;

2. complete a first SWLI measurement;

3. remove the mass; and

4. complete a second SWLI measurement.

The two SWLI measurements were differenced to isolate the
deflection caused by loading. As described before, differencing iso-
lates the deformation caused by mass loading from other sources
such as deformations caused by gravity loading. However, dif-
ferencing requires lateral alignment between images. Therefore,
the mass was applied first in the measurement sequence since it
required the longest setup time. This reduced the time between
step 2 and 4 to a few seconds, which mitigated the effect of lateral
drift due to stage settling and thermal effects. In addition to drift-
related lateral motion, vertical deflection of the cantilever from the
mass loading also leads to a small shift (foreshortening) of the SWLI
height map along the beam axis. Because the beam deflections were
small in this study, this shear effect was neglected.

A deflection profile was obtained for each mass loading result
by taking a section view through the beam center in the difference
map. The data was then fit in a least-squares sense using a cubic
polynomial to obtain the coefficient c3. Eq. (11) was rearranged and
F was replaced by mg (g=9.8 m/s?) to assist in the data analysis:
C3 -9.8
m 6E(111)I C’ (14)
where the applied mass is expressed in grams, E(1 11, = 188 GPa[33],
I = wt3/12 for the rectangular cross-section, t=0.305 mm, and C is
ideally a constant. There was a noticeable taper in the width, w, so
the average value within the measurement field of view was used.
Eq. (14) was evaluated as follows: (1) the left side was calculated
using the measured values of c; and mass; (2) the right side was cal-
culated based on the beam’s physical description; and (3) the two
values were compared. Ideally, they should agree within the mea-
surement uncertainty. The uncertainty in c3 was estimated based
on 11 trials per each of the 10 weights. The standard deviation was
multiplied by a coverage factor of 2. The results are displayed in
Fig. 17. As seen in the figure, there is a small offset between the
overall mean c3/m value (left hand side of Eq. (14)) and the con-
stant evaluated from the beam properties (right hand side of Eq.
(14)). This difference is 0.4% and falls within the bounds set by the
error bars.
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Fig.17. Estimates of the Eq. (14) expressions for 10 masses. The error bars are based
on a coverage factor of 2.

The variability of c3 with profile location in a single measure-
ment was also investigated. Eleven deflection profiles near the
beam centerline were selected from a single image and used to indi-
vidually calculate c3. The standard deviation was found to be 0.5%
of the mean value. This deviation is an indicator of the model lim-
its since the Euler-Bernoulli equations describe a two-dimensional
beam; non-ideal loading conditions which imposed a slight twist to
the beam about its axis would cause the profile to vary with loca-
tion, for example. Noise in the SWLI height map from the single
measurement result would also contribute.

Next, the cantilever was loaded and 11 separate measurements
were sequentially completed before removing the load. Only the
centerline profile was extracted from each measurement and was
used to calculate c3. The standard deviation was found to be 1.5%
of the mean. This provides an indication of the limit imposed by
the environmental noise over the required measurement time of
approximately 4 minutes.

Ideally, the force calculated using Eq. (11) is independent of the
measurement location for constant loading conditions. To test this
behavior, a measurement (denoted 1) was completed for a field of
view near the free end and compared to a measurement (denoted 2)
completed near the base; see Fig. 18. The values of c3 differed, how-
ever, due to the variable beam width along its length (see Fig. 14).
To enable a direct comparison of the two results, it was neces-
sary to consider the non-constant beam width and corresponding
variation in the moment of inertia along the beam’s axis. This was
accomplished using the average widths, wayg, of the beam for the
two selected fields of view. The result was evaluated by rearrang-

Mieasurement
locations

Fig. 18. A beam was loaded under identical conditions, but the measurement field
of view was varied. The boxes represent the partially overlapping measurement
regions along the beam’s axis. For identical loading, the shear should be identical
regardless of location.
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ing Eq. (11), substituting for I, and considering the ratio of the two
measurement results 1 and 2 (same mass, but different location).
After simplification, the ratio is:

(=6c3Eq111)I/mg);  (=6c3Eq11Wavgt®/12mg);  (c3Wavg), _1q

(=6c3E11)I/mg), ~ (—6¢3Eq1nWavgt3/12mg), — (C3Wavg),
(15)

which is nominally equal to 1. Experimentally, the ratio was
determined to be 1.03 based on the following values: m=8.617 g,
(c3)1=—37.02m™2, (Wayg)1 =0.88mm, (c3);=-33.89m~2, and
(Wavg)2=0.93 mm. This deviation from unity is reasonable given
the 1.5% standard deviation obtained from the repeated c3 tests for
a single load with the profile extracted along the beam’s centerline.

In a second study of the polynomial fit-based force determi-
nation approach, a horizontal Olympus OMCL-AC240TS probe
(rectangular cross-section, 30pum x 2.8 um, 240wm length,
k=1.8N/m, ~14um tip height, less than 10nm tip radius)
was deflected vertically against a rigid, smooth silicon sur-
face. The experimental c3 value was —2.11 x 10*m~2 from the
centerline deflection profile. If the manufacturer-specified EI
value of 8.29 x 10~12 N-m? is applied, the resulting vertical force is
F=—6c3EI=—6(—-2.11 x 104)8.31 x 10-12=1.05 x 10~ N=1.05 u.N.
Based on the measured deflection of 0.59pum at the
probe’s free end (from the SWLI height map), the force
obtained from the manufacturer’s spring constant is
F=1.8(0.59x1076)=1.06 x 10-5N=1.06 wN. This gives a 1%
agreement and provides a preliminary validation of the method
for a typical AFM probe. Data was collected using a 20x objective,
1x zoom, 320 x 240 pixel detector.

5. Conclusions

In this paper, an interferometric platform for measuring the
full-field deflection of atomic force microscope (AFM) probes and
generic cantilevers during quasi-static loading was presented. The
platform consists of a scanning white light interferometer (SWLI),
holders for the cantilevers, a translation stage, a rotation (tip-tilt)
stage, and an adapter plate to connect these units to the SWLI table.
Using the platform, studies were completed to enable visualization
of cantilever behavior for snap-in against a rigid surface, cantilever-
on-cantilever bending tests, and the anomalous bending profile
for a damaged AFM probe. Additionally, the full-field deflection
profiles measured by the platform were used to establish a new
approach for normal force calculation. In this method, a polyno-
mial fit to the cantilever deflection profile was used, in conjunction
with the elastic modulus and area moment of inertia for the test
beam, to estimate the normal force. Experimental validation was
provided. Future efforts in this research will include: (1) expanding
the analysis to a surface fit, rather than a line fit to the SWLI data
as presented here; (2) extension of the approach to include the full,
three-dimensional force vector at the probe tip; (3) completion of
an uncertainty analysis; and (4) an evaluation of the effects of tip
wear on measured force.
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