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Abstract A variety of methods exist to measure the
stiffness of microfabricated cantilever beams such as
those used as mechanical sensors in atomic force
microscopy (AFM). In order for AFM to be used as
a quantitative small force measurement tool, these
methods must be validated within the International
System of Units (SI). To this end, two different contact
techniques were used to calibrate the spring constant
of a cantilever beam. First, a dynamic indentation-
based method was used to measure the spring constant
of a rectangular cantilever beam. These results were
then compared against an SI-traceable spring constant
measurement from an electrostatic force balance
(EFB). The measurements agree within experimental
uncertainty and within 2% for spring constants greater
than 2 N/m. The use of this cantilever beam as a
transfer artifact for in situ AFM cantilever calibration
was then evaluated in comparison to the thermal
calibration method. Excellent agreement is seen be-
tween these techniques, establishing the consistency of
the thermal and dynamic indentation methods with SI-
traceable contact cantilever calibration for the rectan-
gular cantilever geometry tested.
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Introduction

The atomic force microscope (AFM) is unique among
the techniques available for localized physical and che-
mical properties measurements in that it combines di-
mensional and small force measurement capabilities.
Central to these capabilities is the mechanical sensor
that interacts directly with the surface being examined.
This sensor is typically a microfabricated cantilever that
is approximated as a linear spring. The tip of the beam
deflects in direct proportion to an applied force fol-
lowing Hooke’s law: F = kz, where F is applied force, z
is the resulting displacement, and k is the spring con-
stant of the system. The use of AFM for dimensional
metrology has been established [1]. AFM is primarily
used as a tool for imaging surfaces, and is increasingly
used for small force measurement. AFM studies
exploiting the instrument’s force measurement capabil-
ity have been conducted to examine structural trans-
formations in single DNA [2] and protein molecules [3],
to measure the mechanical properties of thin films [4],
and even to detect the spin of single electrons [5]. How-
ever, the use of AFM for quantitative force metrology
is limited by the ability to accurately determine k.
The nominal spring constants provided by cantilever
manufacturers are subject to dramatic variation be-
tween different lots, or even within the same wafer, so
independent methods must be utilized to ensure ac-
curacy in small force measurement. There are a variety
of methods available for determining the spring con-
stants of microfabricated cantilevers, each with their
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own merits and drawbacks. They are typically grouped
into four broad categories: dimensional methods, in-
trinsic methods, dynamic methods, and static methods.
Dimensional methods involve measuring the dimen-
sions of the cantilever, and using an analytical approx-
imation to determine k. For rectangular cantilevers,
Euler-Bernoulli beam theory can be used, giving

k=" (1)

where E is Young’s modulus of the cantilever material,
L is cantilever length and 7 is the moment of inertia for
a particular cantilever shape of uniform cross-section.
For example, I = wt'/12 is the equation describing the
moment of inertia for a rectangular cantilever beam
where w, and ¢t are its width and thickness. Beams with
a trapezoidal cross-section may also be analyzed by
dimensional means [6]. Often, V-shaped cantilevers
are used as well, and solutions for the dimensional
determination of k£ have been developed based on a
parallel beam approximation [7]. Generally, the accu-
racy of dimensional methods is limited by uncertainties
in measurement of the beam thickness, and in knowl-
edge of the beam material’s elastic properties (i.e.,
Young’s modulus). These are compounded when a
coating is applied to the cantilever as is often done to
enhance reflectivity.

Intrinsic methods rely on natural phenomena that
provide a well-defined reference force. Measuring the
cantilever deflection in response to this intrinsic force
provides a measure of k. The B-S transition of DNA is
a change in molecular conformation that appears when
the molecule is put into tension, and seems to occur at
a force of approximately 65 pN [2]. Single molecule
tensile testing studies of the B-S transition are being
used as an ad-hoc standard for 65 pN forces in AFM
experiments, for example [8].

Dynamic methods rely on measurement of cantile-
ver vibration. In the Cleveland method, the change in
resonance frequency of a cantilever is measured as
tungsten microspheres of different mass are attached
to the cantilever tip [9]. Because the microspheres are
challenging to manipulate, this approach is difficult to
implement. It also renders the tip unsuitable for
imaging, as the sphere must typically be attached to
the cantilever with an adhesive. The Sader method
relies on measurement of the beam width and length,
as well as the resonance frequency and quality factor
of the cantilever’s first mode of vibration in combina-
tion with a viscous damping model to determine a
value for k [10]. This procedure can be used with
cantilevers of any shape, but relies on experimental
determination of viscous damping behavior. The ther-
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mal method uses the equipartition theorem to deter-
mine cantilever spring constants [11]. If the power
spectrum of the thermal vibrations of the cantilever
can be measured, an approximate value for k can be
determined using this technique. Although it is the
easiest of the methods to implement, there are
uncertainties arising from the laser spot size, and its
location along the cantilever beam [12].

Static methods employ direct measurements of the
force necessary to deflect the tip of the cantilever a
certain distance at low frequency. They share the
disadvantage that the location of the applied force
must be specified very precisely since the value of k
scales cubically with the distance from the cantilever
base to the point of force application as in equation (1).
However, these are the most direct methods for
determining k, as the force and displacement at the
tip of the cantilever are explicitly measured. This
provides a means to use with Hooke’s law to define a
spring constant within the SI, provided the force and
displacement can be measured in an SI-traceable
manner and their related uncertainties quantified. For
this reason, static calibration methods will now be
explored in more depth.

At this time, most of the static methods involve a
physical contact between the cantilever and another
object which is capable of applying a measurable small
force. It may be argued that the presence of a physical
contact during calibration is most appropriate for canti-
levers which will use a physical contact to measure force
during final use. However, accurate quantitative mea-
surement of k may be achieved through accurate
measurement of non-contact forces, such as those
generated by magnetic, electrostatic or gravitational
fields. A non-contact cantilever calibration has been
carried out using gravitational forces from small dead-
weights. This has been accomplished by attaching a
precisely located microsphere of tungsten to an AFM
cantilever, and observing the resultant deflection of the
tip [13]. Due to their size, the spheres cannot be directly
compared to the kilogram, restricting their use in SI-
traceable metrology. Instead, mass must be estimated
using the bulk density of tungsten, and measurements of
the sphere diameter. Measurement of the sphere
placement and sphere diameter both limit the accuracy
of this technique, as they require painstaking scanning
electron microscopy (SEM) dimensional metrology to
achieve percent level uncertainties [14].

A different static method for spring constant calibra-
tion is to bring an auxiliary force measurement trans-
ducer into contact with the cantilever, and apply known
forces or displacements between them. Either a passive
or an active transducer can be used. Typically, the
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passive transducer is an auxiliary cantilever with a known
spring constant. If a test cantilever is pressed against a
reference cantilever, measuring the deflection signal of
the test cantilever allows the determination of its k [15,
16]. Generally, the cantilever under test is displaced in a
direction normal to the surface of the reference cantile-
ver, and its deflection is monitored with the optical lever
configuration typical of AFM. The piezoelectric actua-
tors in the AFM can be used to displace the cantilever if
care is taken to account for the effects of piezo non-
linearity and creep, or to make an independent displace-
ment measurement. Naturally, there is uncertainty
associated with the stiffness of the reference cantilever,
which must be calibrated itself. This can be minimized
for the case of cantilevers that can be mass loaded with
deadweights; however Sl-traceability below 5 uN of
force is difficult through this means since the smallest
mass artifact available from a national measurement
institute (NMI) is 0.5 mg. SI-traceable electrical forces
may present a good alternative to mass loading, though,
and work is proceeding in this area [20, 23, 27].
Another static approach to spring constant calibra-
tion is to use an active sensor that provides force and/
or displacement information. To measure force, a
deadweight-calibrated miniature capacitive force sen-
sor can be placed in contact with the AFM cantilever
[17]. The use of a commercial indentation apparatus
for this purpose is also possible [18, 25, 26, 28]. These
indentation instruments have also been used to mea-
sure Sl-traceable forces to the uN level based on a
deadweight calibration of an auxiliary sensor [19], and
the ability to apply small SI-traceable forces to
calibrate cantilever force sensors using an electrostatic
force balance has been demonstrated [20]. As will be
shown later, a similar approach can be used to
effectively calibrate cantilever stiffness. Dynamic in-
dentation and traceable electrostatic force methods
will be explored further in the experimental section, as
they provide SI-traceable force and displacement
information simultaneously, providing the shortest
path for spring constant measurement within the SI.

Materials and Methods
Reference Cantilever

The cantilever under test was the cantilever micro-
fabricated array of reference springs (CMARS) [15].
Designed specifically for the purpose of spring con-
stant calibration, it was fabricated from polycrystalline
silicon and is approximately 1,600-um long, 150-um
wide and 3-um thick. There are lithographically-
defined fiducial marks along the cantilever’s length

that can be used to locate a specific point for testing.
Since the spring constant of a cantilever scales with
length ™ [cf. equation (1)], this allowed for a wide
range of spring constants to be tested.

Dynamic Indentation Method

The spring constant was calculated assuming the
indentation transducer and cantilever under test could
be treated as parallel linear springs attached to a mass,
as shown in Fig. 1 so that

ke =km — ki (2)

where k., k,, and k; are the spring constants of the
cantilever under test, the total system spring constant,
and the indentation transducer spring constant, respec-
tively. These values of k are determined by assuming
the dynamic system could be treated as a lumped-mass
harmonic oscillator in which

F
k= — Cos® + mw? (3)

where F is the amplitude of the sinusoidal force, Z is
the amplitude of the resulting displacement, ¢ is the
phase angle between the force and displacement, m is
the mass of the system, and o is frequency. A
schematic of this experiment is shown in Fig. 1.

For the purposes of the indentation analysis, the
effects of contact compliance and machine compliance
were ignored. Although these compliances would add
in series with the compliance of the cantilever, the
compliance of the stiffest cantilever tested was on the
order of 0.1 m/N. The contact compliance was
measured to be approximately 2 x 10™* m/N, and the
machine compliance to be on the order of 10~ m/N by
indenting a silicon and fused quartz surface, respec-
tively. These terms can both be safely discounted at
the current level of uncertainty.

A Hysitron Triboscope instrumented indenter was
used for all indentation measurements. The force
measurements were calibrated against an auxiliary
transducer that had in turn been calibrated with SI-
traceable deadweights [19]. A cube-corner indenter tip
was first lowered into contact with the surface of the
cantilever under test, deflecting the cantilever and the
internal spring of the indentation transducer until a
contact force of approximately 2 uN was reached. A
precision motion stage and proximal optical micro-
scope allowed positioning of the indenter within a
micrometer of the desired test location. This location
was verified for the stiffer points near the base of the
cantilever by using the indenter tip as a scanning probe
to obtain topographical images of the fiducial marks.
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Fig. 1. Experimental schematics of the indentation and EFB methods for measuring k. (a) shows the indentation method, in which a
sinusoidally varying force calibrated with deadweights is applied to the cantilever, and displacement is monitored with a lock-in amplifier.
The mechanical block diagram of the system is shown in (b), and s is viscous damping of the system, which is small at the test frequency.
(¢) shows the EFB, displacement is measured interferometrically while a traceable electrostatic force is applied to maintain a null position

To determine k,, in equation (2) the force applied by
the indentation transducer was then increased to 10 uN
and a sinusoidal force of amplitude 7.5 uN at 10 Hz
was added. This dynamic test allowed measurement of
system spring constants using equation (3). It is
important to note that both the bias and oscillating
forces work against the combined stiffness of the
indentation transducer (153 N/m) and reference canti-
lever, as is discussed in the uncertainty analysis below.
This is in contrast to the preload, where a contact force
of 2 uN is applied directly to the cantilever. The
displacement amplitude was measured using the inden-
tation transducer’s integrated capacitive sensor in con-
junction with a lock-in amplifier operating with a 10-s
integration time [25, 26]. The spring constant of the
indentation transducer, k;, was determined by applying
the bias and sinusoidal forces to the indenter while it
was not in contact with the cantilever under test.

Thermal drift can be a large source of uncertainty in
determining k using the indentation apparatus. The
measurements were therefore performed in an envi-
ronment where temperature was controlled to 0.02°C.
The indenter was allowed to thermally equilibrate for
at least several hours in this closed, vibrationally
isolated environment before testing.

Electrostatic Force Balance

The NIST electrostatic force balance uses traceable
measurements of distance (e.g., interferometry), ca-
pacitance, and voltage to realize an Sl-traceable
electrostatic force [27]. The central principle behind its
operation is the use of a concentric cylinder capacitor,
the inner electrode of which is connected to a movable
balance arm. Because of the capacitor geometry, the
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capacitance, C, between the two electrodes is linear
with position, Z, at the level of approximately 1 part in
10*. This allows for the controlled application of a force
according to

Folt <§) V2 (4)
2\dz

where V is voltage between the inner and outer
electrodes. Because applied force and displacement
are obtained traceably, this allows for a very direct
determination of k. To this end, a spheroconical
indenter tip was attached to the moving arm of the
balance, and used to contact the cantilever under test.
The position of this indenter tip with respect to the
cantilever under test was controlled using a precision
translation stage. A proximal microscope allowed
placement of the indenter tip within 2 um of the desired
test point. Measurements were performed in vacuum
while the position of the balance was controlled through
a displacement of 2.5 um while force was measured. A
schematic of the experiment is shown in Fig. 1.

Transfer of Measurements to AFM

Once k is measured for individual points on the
reference cantilever, it can be used to transfer the
spring constant measurement to an AFM. Measure-
ments were performed using a commercial AFM and a
rectangular intermittent-contact imaging cantilever
with nominal dimensions 160, 50, and 4.6 pm and a
nominal spring constant of 42 N/m. The imaging
cantilever was coarsely positioned using a micrometer
stage and proximal optical microscope, and then a
topographical image of the fiducial mark on the
reference cantilever was obtained. This allowed very
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precise definition of the point of contact between the
reference and imaging cantilevers. The imaging canti-
lever was then pressed into the reference cantilever to
a maximum deflection of approximately 100 nm to
determine the spring constant of the combined system.
This result was then compared to results obtained from
the thermal method of determining k as implemented
by the AFM manufacturer [11].

The configuration used to sense the cantilever
deflection was the optical lever configuration typical
in most AFMs. A laser beam reflected off the back of
the cantilever is detected with a four-quadrant photo-
diode. The cantilever’s deflection is detected as the
reflected laser spot moves across the photodiode,
causing a change in voltage between the upper and
lower half of the detector. The AFM used in this
experiment was equipped with a linear variable differ-
ential transformer (LVDT) displacement sensor that
had been calibrated interferometrically by the vendor
for the Z direction. By pressing the tip of the cantilever
into a hard surface, the sensitivity of the quad-cell signal
to cantilever deflection, 5, can be determined by com-
paring to the displacement measurement from the
LVDT. For small displacements (approximately 100
nm in our case), the cantilever deflection is approxi-
mately linear. § is then calculated using an automatic
software routine provided by the vendor in which a
linear least squares fit to the LVDT vs. detector voltage
curve just after the cantilever contacts the surface is
performed, as is shown in Fig. 2. The LVDT vs. detector
voltage exhibited a slight hysteresis upon retracting the
cantilever from the surface. Since it exhibited better

Photodiode signal ‘

eference
cantilever

a

linearity with displacement, the data from the cantilever
approach was used when determining 9.

Once the AFM cantilever has been precisely posi-
tioned over the appropriate location, it is then pressed
against the reference cantilever. The sensitivity of the
quad-cell signal to the combined deflection of the AFM
and reference cantilevers, J., can be calculated using the
same method as described above for determining 5. As
long as the spring constant of the reference, k.5, is well
known, the spring constant of the imaging cantilever
can then be determined from [15]

ka = kyef (% - 1) sec 0 (5)
where 6 is the angle between the imaging cantilever and
the surface. As a cross check to the cantilever on
cantilever method, the thermal vibrational spectrum of
the AFM cantilever was also used to determine k. The
AFM manufacturer’s software includes an algorithm
which fits the power spectral density of the detector
voltage to a single degree of freedom harmonic oscil-
lator model. Using the parameters extracted from this
fit and the measurement of d, one can extract the spring
constant of the cantilever using the equipartition
theorem [11, 24].

Results
The values and associated uncertainties for k of the

reference cantilever determined using the indenter and
the EFB are summarized below in Table 1. In all cases,
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Fig. 2. (a) shows a schematic diagram of the cantilever-on-cantilever stiffness calibration method. The imaging cantilever is lowered
into contact with the reference cantilever, and then the AFM is used to displace the imaging cantilever in the Z direction. As it does
so, the imaging cantilever bends causing the reflected laser spot to move across the photodiode. (b) Shows data collected from this
experiment. The dashed line is photodiode signal as a function of AFM displacement as the imaging cantilever is lowered into contact
with a rigid surface. The solid line shows the same experiment in contact with the reference cantilever. The transient & and &, can be
calculated from these two curves and used in equation (5) to calculate the spring constant of the imaging cantilever, k,, as long as the
spring constant of the reference cantilever at the test point, k., is accurately known
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the two values agree within experimental uncertainty.
For spring constants greater than 2 N/m, the results
agree within 2%.

The values reported for the indentation method are
the means of three trials conducted on different days.
Each trial consisted of a determination of k for all of
the points tested on the reference cantilever. Each
determination represents the average of 100 measure-
ments of k,,. The value of k; was determined for the
day by averaging 100 measurements, and assumed to
be constant for each of the three points tested on the
same day. The EFB measurements are the means of 25
determinations of the spring constant at each point
tested on the reference cantilever.

Test point 1 of the reference cantilever was used to
calibrate an imaging cantilever with an AFM as
described above. A thermal method was also used to
calibrate the imaging cantilever. This thermal cross-
check included a first-order correction for laser spot size
and location along the length of the cantilever, under the
assumption that a very small laser spot was positioned at
the end of the imaging cantilever [12]. The spring
constant determined using the reference cantilever
agreed with that determined by the thermal method
within experimental uncertainty, as is shown in Table 2.

Discussion of Uncertainty

Overnight equilibration in a controlled environment
allows for a standard deviation of 0.044 N/m in the
determination of k,,. However, a standard deviation of
0.062 N/m is also present during the determination of
k; which is necessary to determine k from equation (2).
These type A uncertainties were determined by
calculating the standard deviation of each set of 100
data points used to measure k, and k; and then
determining the mean value of this standard deviation
over the course of the three trials conducted. Using the
root-sum-of-squares (RSS) method [21], this results in
a combined type A uncertainty of 0.076 N/m. This
statistical uncertainty is inherent in the measurement
system, and remained approximately the same for all
spring constants tested.

Table 1 Measured cantilever spring constants and their

uncertainties

Test point k. indentation (N/m) k. EFB (N/m)

1 18.90 + 0.76 18.883 + 0.659
2.03 £0.09 2.0656 + 0.031

3 0.40 £ 0.08 0.461 + 0.004

SEM

Table 2 Comparison of reference cantilever and thermal

methods
k, AFM k thermal
55.7 + 3.3 N/m 53.8 +2.1 N/m

It should be noted that the type A uncertainty may
be convoluted with the effects of a small amount of
mechanical drift in the system.

To determine k from equation (3), the force and
displacement measurements must be accurately cali-
brated. The force measurements have been calibrated
using an auxiliary capacitive sensor and deadweights,
as described in a previous study [19]. This allows
measurement of force with an uncertainty of 1%.
Displacement sensitivity of the indentation transducer
was calibrated by the vendor using an interferometer.
Checking the spring constant specified by the vendor
against the value of k; determined from the dynamic test
results gives agreement within 1% at 10 Hz. This
indicates consistency with the vendors’ interferometry.
Both of these are systematic, and are uncertainties
determined by non-statistical methods (i.e., type B
uncertainties). As above, these uncertainties must be
counted twice when calculating combined standard
uncertainty because they are present when measuring
both k, and k; for use in equation (2). They are
summed using the RSS method as described above to
determine type B uncertainty due to displacement and
force measurement in Table 3.

Deviations from the linear Hooke’s law behavior
assumed in this analysis may be present if the
cantilever is deflected too far. Nonlinearity may arise

Table 3 Sources of uncertainty for the dynamic indentation
results presented in Table 1

Source of uncertainty Magnitude of uncertainty

Statistical uncertainty 0.076 N/m
Displacement measurement 0.01 k

Force measurement 0.01 £
Position of indenter on up =3 (%)k

cantilever under test 2 12
Combined Standard {0-0762 +4(0.01 k)" +u;
Uncertainty

Terms in which k is included reflect that these relative uncer-
tainties dependent on the value of the spring constant. Combined
standard uncertainty is calculated as the root sum of squares of
the individual components, and is dependent on the test
point, as is reflected in equation (7). Recall that equation (2)
requires two spring constants to be experimentally determined,
so the uncertainties in both force and displacement are counted
twice in the combined standard uncertainty.
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from the indentation transducer and from the refer-
ence cantilever itself at large enough displacements.
During the calibration, oscillating and bias forces of
7.5 pN and 10 pN, respectively, were applied against
the combined stiffness of the cantilever, and the
internal spring of the indentation sensor which has
stiffness of k; = 153 N/m. The total stiffness of the
system is k. + k;, which ranges from 154 to 173 N/m.
This results in DC displacements around 60 nm, and
AC displacements of amplitude around 40 nm peak-to-
peak in the combined cantilever/transducer system.

The deflections were well within their linear
regimes of the cantilevers tested in all cases.

For an Euler-Bernoulli beam (e.g., bending mo-
ment is proportional to curvature), it is typical to write

%y

M =EI el (6)
where M is bending moment, x is a coordinate along
the cantilever length and y is a coordinate normal to its
length. However, this is a linear approximation to

EI%y
M=——"Hmo (7)

@]

Expanding equation (7) for small values of the slope,
dyldx, we have

d*y 3 [dy 2
M_Elﬁ[1—§<a> +.o... (8)

Thus, to obtain the linear approximation, deflection
should be limited such that dy/dx < 0.08, confining
nonlinearities in moment to the sub-percent level. The
relation between displacement and slope for a cantile-
ver beam subject to point loadings at a position along
its length is

dy 3z

dx 2L ®)
where z is displacement. At test point 3 on the
reference cantilever, for example, / = 712 um, so
displacement should be kept below 38 um. The 2 uN
contact force used as a preload deflects the cantilever
approximately 5 pum at this test point, which clearly
satisfies this condition.

The other terms in equation (3) contribute much
less to the uncertainty. The phase angle () is part of a
cosine term, and its value was measured to be less than
0.1° in all experiments. It contributes a maximum
systematic uncertainty of 2 x 107° of the value of k,
and is therefore not explicitly included in the com-
bined standard uncertainty.

The inertia term in equation (3) (mw?) is also a
minor contributor to uncertainty. Estimating the mass
of the cantilever under test using the approximate
dimensions and the density of single crystal silicon
(2,990 kg/m?) yields approximately 10~ mg. Therefore
the increase in system mass upon contacting the
cantilever beam is negligible. Furthermore, the vendor
of the lock-in amplifier specifies the standard type B
uncertainty in frequency to be 3 x 10~° Hz, which
means frequency is constant at this level whether the
indenter is in contact with the cantilever or not. There-
fore the inertia term [mo® in equation (3)] can be
eliminated as a common mode term in equation (2),
resulting in a type B, systematic uncertainty of approx-
imately 3 x 107® N/m. Since this uncertainty is less
than 1 part in 10* of the total uncertainty, it is not
explicitly included in the combined standard uncer-
tainty analysis at this time.

The accuracy of the spring constant determination
hinges upon locating the point of contact between the
indenter and cantilever under test. This is greatly aided
by the presence of microfabricated fiducial marks on
the cantilever, which specify test points. An optical
microscope allowed for placement of the indenter tip
within 2 pm of the desired test location using an
encoded three-axis translation stage. The stiffness
remained constant within experimental uncertainty as
long as the point of contact remained within several
micrometers from the center of the cantilever trans-
verse to its longitudinal direction. Since the instru-
mented indenter is capable of operation as a scanning
probe microscope, the indenter tip was used to scan
the fiducial marks, and verify placement within 2 um
of the desired test point. Therefore, assuming Euler—
Bernoulli beam theory holds as in equation (1), the
type B uncertainty in k due to placement of the
indenter tip can be estimated as

=325 a0

where AL is the uncertainty in tip placement (2 pum),
and L, is the distance from the base of the cantilever to

Table 4 Sources of uncertainty the in EFB results from Table 1

Source of uncertainty Magnitude of uncertainty

Displacement measurement 0.002 k
Force measurement 107* k
Position of indenter on Up = 3(%)"

cantilever under test 5 ) 1/2
Combined Standard [(0002 k)" + (107k)" + u{z)]
Uncertainty
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the test point. The values of /, are 172, 412, and 712 pum
for test points 1, 2, and 3, respectively.

The sources of uncertainty, their magnitudes, and
the combined standard uncertainty [21] of the dynamic
indentation results shown in Table 1 are summarized
in Table 3. It should be noted that these uncertainties
apply to a reference cantilever which is intended to be
used to transfer the spring constant to an AFM
cantilever as described below. If the spring constant
measurement is to be performed directly on the AFM
cantilever, care must be taken to measure k at the
sharp tip of the AFM cantilever, or indent a flat area
near the AFM cantilever tip and add an additional
position uncertainty as in equation (10).

In the EFB, a traceable electrostatic force is
realized directly through measurements of SI electrical
quantities with uncertainties on the order of 1 part in
10? [i.e., the uncertainty of the capacitance gradient in
equation (4)]. Likewise, displacement is measured
interferometrically with 1-nm uncertainty. Once again,
the uncertainty of the spring constant measurement was
limited by the accuracy in placement of the indenter tip,
yielding a type B uncertainty as per equation (10). The
machine compliance of the balance was measured to
be approximately 2 x 10~* m/N, and was not included
in the analysis. The uncertainties associated with the
EFB measurements are listed in Table 4.

When the Sl-traceable cantilever calibration was
transferred to an AFM, the effect of uncertainty in the
location of the point of contact was greatly reduced.
The AFM allowed the desired test point to be located
within a few tens of nanometers by using its topo-
graphical imaging capability. The transfer of k in this
case was primarily limited by the problems inherent in
using a cantilever beam as a force sensor. The AFM
cantilever is itself a passive force sensor, meaning that
its ability to measure force stems from the measure-
ment of its deflection in response to that force. As the
cantilever bends in response to an applied force, there
is relative motion between the tip and surface. For the
100-nm deflections used, the relative motion is ap-
proximately 20 nm. This leads to the off-axis forces
arising from friction between the cantilever tip and the
surface which may not be constant for different
substrates. It should be noted that these effects are
present in both the reference cantilever and thermal
methods, as both require pressing the cantilever
against a hard surface to calibrate the photodiode
sensitivity to cantilever deflection. As such, only type
A uncertainty determined from the standard deviation
of five trials is quoted in Table 4. These results
highlight the fact that the uncertainties in AFM force
measurement are application specific, often depending
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on the properties of the surfaces being examined.
Further work will be necessary to exactly quantify and
minimize uncertainty due to contact mechanics. How-
ever, their contribution to experimental uncertainty
can be minimized by performing a true non-contact
calibration, or by compensating for the relative motion
using the scanning stage of the AFM [4, 22].

Conclusion

Methodology has been outlined for SI-traceable deter-
mination of microfabricated cantilever spring con-
stants, and a dynamic force indentation method was
compared against the NIST EFB. Both methods
involve using a physical contact between an instrument
which measures force and displacement directly, and in
both cases, uncertainty is limited by accurate place-
ment of the probe. Agreement within experimental
uncertainty has been demonstrated, as well as absolute
agreement within 2% for spring constants greater than
2 N/m. Transferring the calibrated beam to an AFM
allows for cantilever on cantilever spring constant
calibration which agrees with the thermal method
within 5%. The use of a reference cantilever as a
transfer artifact will allow the use of AFM to perform
SI-traceable small force measurement provided the
reference cantilever can be calibrated accurately.
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