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ABSTRACT: A procedure is described by which the weaknesses. None of these methods currently mavidirect
spring constant of a microfabricated cantileverrbean  link to the SI. In order to facilitate a link the SI,F andX can
be calibrated for the measurement of small foroeari  be measured directly in a traceable fashion tody&ektraceable
atomic force microscope (AFM) or other device. Thevalue fork. However, since the cantilevers are typicallytgui
procedure utilizes dynamic force instrumentedsmall (on the scale of 3@m to 100um), this presents significant
indentation to determine the mechanical propedfethe  experimental challenges.
beam by applying a well-characterized oscillatiogcé In this study, dynamic force instrumented indeotat
and measuring resulting displacement of the systdm. was used to determine the spring constants of eofahricated
uncertainty analysis is carried out, and bycantilever. An intercomparison was provided byngghe NIST
intercomparison with the U.S. National Institute of electrostatic force balance (EFB) to perform qusafic SI-
Standards and Technology (NIST) Electrostatic Forceraceable measurements of applied force and negulti
Balance (EFB). The spring constants determinedgusi displacement of the cantilever.
the indentation method agree within 2 % of the ealu
determined using the EFB for spring constants asds 2. METHODS
2 N/m.

The cantilever under test was designed specifidal
KEY WORDS: Atomic force microscopy, force, the purpose of spring constant calibration [4]wits fabricated

nanotechnology from polycrystalline silicon to be approximatelyQlGum long,
150 um wide and 3um thick. There were lithographically-
1. INTRODUCTION defined fiducial marks along the cantilever’s ldngthich could

be used to locate a specific point for testingncg&ithe spring

The atomic force microscope (AFM) is an constant of a cantilever scales with lengtthis allowed for a
unusual instrument in that it allows charactermatof  wide range of spring constants to be tested.
both topographical features and mechanical pragsedf Instrumented  indentation  measurements  were
a surface. Central to the accurate interrogatibthe  performed with a commercial instrument, and anasthated in
latter is the probe used in the instrument. Tylpicthis  Figure 1. The force measurement of this instruniemt been
probe is a microfabricated cantilever beam, anddhee  calibrated previously using an auxiliary load cd®].
it applies can be calculated by measuring the défle  Displacement was interferometrically calibratedthg vendor.
of the beam, and assuming it behaves as a lineagsgs  The use of a proximal optical microscope and anoeed

in Hooke’s law: translation stage allowed placement of the cubaerolindenter
tip within 2 um of the desired test location. The spring coristan
F = kX (1) of the indentation transducer was first determibgdpplying a

sinusoidally varying force to the indenter and nueiag the
where F is applied force,X is the deflection of the resulting displacement with a commercial lock-in péifrer.
cantilever beam at the point of application of thece, =~ Assuming the system behaves as a single degreeseddm
andk is the spring constant of the system. This apgroa harmonic oscillator, the spring constant of the emmdtion
requires an accurate value flrif force metrology is transducerk, can be calculated as
desired.

Various methods have been developed to F

determinek [1], each with their own set of strengths and ki = YCOS(D— ma’ )



and 3 were located 17gm, 412 um, and 712um from the
where ¢ is the phase angle between applied force andantilever base, respectively.
resulting displacement is the system mass, aads the

test frequency. The indenter is then lowered auntact Table 1. Cantilever Spring Constants.
with the cantilever under test, and the same tsst | Test Point | k.indentation (N/m) | k. EFB (N/m)
performed to yield the measured spring constanhef 1 18.90 + 0.32 18.883 +0.015
combined systemk, The spring constant of the | 2 2.03+0.24 2.0656 + 0.003
cantilever under tesk,, is then determined using 3 0.40 +0.18 0.461 + 0.0019
k. =k, -k (3) 4. DISCUSSION

Tests were performed at a frequency of 10 Hz, fatee _ A standard d_eV|at|on_ of 0.044 N/m was measured
amplitude of 7.5N, and a preload of 16N. during the det.e.rmmatlon d{m if the system was closeq and
allowed to equilibrate overnight. In order to datie k. using
Equation 3k must also be measured, and its standard deviation
was found to be 0.062 N/m. These type A unceiltsnivere
determined by calculating the standard deviatioradh set of
100 data points used to measkreandk;, and then determining
the mean value of this standard deviation overcthese of the
three trials conducted.  Summing these uncertaintie

X ki D quadrature [5] results in a combined standard &/pmcertainty

of 0.076 N/m.

A B

¢ F Equation 2 requires accurate force and displacement
\/ measurements. Previous work has demonstratedsenefuan
k auxiliary capacitive load cell for indenter forcalibration based

c on deadweight forces [2]. This allows measurenantorce
with an uncertainty of 1 %. Displacement sengiivof the
indentation transducer was calibrated by the vending an
interferometer. Since the value &f determined from the
dynamic test results gives agreement with the wesdo
specification within 1%, the maximum displacementertainty
was estimated to be 1%. Since the uncertaintieforice and
displacement are systematic, they are determinedndmy-
statistical methods (i.e. type B uncertainties)s aove, these
uncertainties must be counted twice when calcudatiombined
standard uncertainty because they are present wisasuring
bothk,, andk; for use in Equation 3. Likewise, they are summed
in quadrature with the other uncertainties presdunting the
measurement in Table 2.

Cantilever

Figure 1. lllustration of the experiment usec
determinek. The experimental configuration
shown in A. A sinusoidally varying forc
calibrated with deadweights pplied to the
cantilever, and displacement is monitored v
a lockin amplifier. The mechanical blot
diagram of the system is shown in &nd the
variable D is the viscous damping of !
system.

The operation of the EFB has been previously
described [3]. In order to calibrate AFM cantileve
spring constants, a spheroconical indenter tip wa
attached to the moving arm of the balance. Slkthle
electrostatic forces were then applied to the ntetetip
as its displacement was monitored interferometsical
This provides a direct measurement of an Sl-trdeeal
spring constant.

The applicability of equation 1 depends on thedin
ehavior of the elastic element. Since deviatifnmsn the
inearity expressed in Equation 1 can arise if @titever is bent

too far, care must be taken to keep deflectioniwighmaximum
of 5 % of cantilever length. During the calibratiawscillating
band bias forces of 70N and 10uN , respectively, were applied
against the combined stiffness of the cantileaad the internal
spring of the indentation senswhich has stiffness of, = 153
3. RESULTS N/m. The total stiffness of the systemkis+ k;, which ranges
from 154 N/m to 173 N/m. This results in DC dig@ements of
@pproximately 60 nm, and AC displacements of apprately

uncertainties for the cantilever under test asrdeted _hm peak-to-peak ampllt_ud(_e in f[he . cpmblned
by the dynamic indentation method and the EFB ar&aqtﬂever/transduc_er system. T_hls is well withireir linear
presented in Table 1 for the 3 points tested. Bdin2, regimes of the cantilevers tested in all cases.

The spring constants and their associate



The cosine and inertia terms in Equation 2
contribute much less to the uncertainty. The plaasge In the EFB, a traceable electrostatic force isizedl
(p) was measured to be less than 0.1° in all expeisne directly through measurements of Sl electrical gtias with
This results in a maximum standard uncertainty ®f1®  relative standard uncertainties on the order ofatt n 10.
® of the value ok, and is considered negligible for the Likewise, displacement is measured interferomdtyicaith 5
purposes of this uncertainty analysis. nm uncertainty. The effect of the uncertainty osition of the
contact between the indenter tip and cantilevaotisincluded in
Equation 2 also includes an inertial termef). The the EFB results in Table 1.
approximate mass of the cantilever tested forghidy is
1 ug. The mass of the indenter tip was measured to be Ultimately, these cantilevers will be used as nafee
approximately 18 mg, so the increase in system massprings to calibrate the spring constants of oti@tilevers for
upon contacting the cantilever beam is negligiblehe  quantitative force measurement in AFM. Althougtraasfer of
vendor's specification for uncertainty in frequenyy these traceable reference spring constants to &h édntilever
3 x 10° Hz. Since the same frequency is used tchave been demonstrated [6], there are difficuiiemaintaining
determinek, andk;, the inertia termrtw? in Equation 2)  a high level of precision and accuracy in the ti@nsThe major
can be eliminated as a common mode term in Equation issues appear to stem from the mechanics of thacolpetween
with a negligibly small increase in uncertainty. the AFM and reference cantilevers. More specificahe AFM
cantilevers are deviating from the ideal behaviesatlibed by
The location of the point of contact between theequation 1 as a result of off-axis forces. Thesdarces that are
indenter and reference cantilever must also beifsggtc  not normal to the surface plane of the AFM cangleand can
precisely to minimize uncertainty. Assuming theresult from the friction of the sliding contact tveen the AFM
reference device behaves as an ideal Euler-Beinouland reference cantilevers [7], or from the AFM dawer’s
beam, the spring constant scales with the invaube of angle of repose [8]. These effects must be claartjerstood in
the distance from the cantilever base to the testtpso order to minimize additional uncertainty arisingorfr the
uncertainty due to indenter placement can be catledl transfer process.
using

Al 5. CONCLUSION
u, = {—Jk 4)

|t Methodology for the Sli-traceable determination of
AFM cantilever spring constants has been estaldidhe two
where 4l is the uncertainty in indenter tip placementdifferent means.  The methods agree within experiaie
(approximately 2um), andl, is the distance from the base uncertainty, and _prowde a ro_ute for SI-_traceabimli; force
of the cantilever to the test point. The valuek afe 172 measurements using microfabricated cantilevers.
um, 412 um, and 712um for test points 1, 2, and 3,
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