APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 4 23 JULY 2001

Quantitative surface stress measurements using a microcantilever
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A method for calculating the surface stress associated with the deflection of a micromechanical
cantilever is presented. This method overcomes some of the limitations associated with Stoney’s
formula by circumventing the need to know the cantilever’s Young’s modulus, which can have a
high level of uncertainty, especially for silicon nitride cantilevers. The surface stress is calculated
using readily measurable cantilever properties, such as its geometry, spring constant, and deflection.
The method is applicable to both rectangular and triangular cantilevers. A calibration of the
deflection measurement is also presented. The surface stress measurement is accurate to within
4%—-7%. © 2001 American Institute of Physic§DOI: 10.1063/1.1387262

The atomic-force microscopéAFM) cantilever has assuming that its deflection is entirely due to a surface stress.
proven to be indispensable in many surface science applica- The energy stored in a bent cantilever can be calculated
tions. Not only is it of crucial importance in scanning probe from its spring constark and the deflection at its apeXz,
microscopes, but AFM micromachined cantilevers are an imusing Hooke’s law. However, the spring constant associated
portant component in many micromechanical sensors. Theivith an AFM cantilever is usually used to relate a deflection
small size results in very sensitive and fast measurementto a force which is applied as a concentrated load at the apex
Recent experiments have used AFM cantilevers as versatilgip) of the cantilever. In the case of a molecular adsorption-
sensors to distinguish between oligonucleotiB®A) mol-  induced surface stress, we must account for the fact that the
ecules of different base sequentesp detect single cantilever deflection is the result of an isotropic surface
biomolecules, to measuregH changes, and to measure the stress, which acts over the entire surface of the cantilever.
surface stress associated with molecular adsorptimr  The energy stored in a stressed cantilelgr, can be written
absorptior’” In many of these applications, the deflection of from a modified Hooke’s law as
the cantilever is driven by the build up of surface stress as its 4 1
surface is modified. Having a method to quantify this surface g, = —) —kAZ, (1)
stress with respect to the cantilever’s deflection is very im- 3(1-v)) 2

portant. _ _ _ where the factod/3 takes into account the different cantile-

The surface stress associated with the deflection of ajer peam curvatures resulting from a uniform surface stress,
AFM cantilever is commonly calculated using Stoney's 35 gpposed to a concentrated load applied at the tip. This
formula® which simply relates an induced substrate CuVaactor can be derived by comparing the strain energies of a
ture to a surface stress. Unfortunately, calculating the surfacgntilever that is deflected by a concentrated load and one
stress using Stoney’s formula requires Young's mod&us  yeflected by a surface stres¥:15In Eq. (1), k refers to the
the cantilever material to be !mown. This is problematic inspring constant associated with a typical AFM experiment,
the case of commonly used SINFM cantilevers, where the  \yhere a concentrated load at the tip is applied to the canti-
uncertainty inE is very high E~130-385GPa 1%since  Jever. k needs to be replaced by (1—v), wherev is the
the exact atomic ratio between Si and N is not determined.cantilever's Poisson’s ratio, since the surface stress acting on
Furthermore, the addition of metallic or polymeric coatingSine cantilever surface is isotropid?
on the cantilever surface can significantly modify the canti-  1pe energy stored in a stressed cantilévean also be
lever’s elastic propertie¥.Although recent articlés*have  giculated from
made improvements on Stoney’s approach, they still require )
knowledge of Young’'s modulus, which introduces large un- _ J'ld ©
certainty in the calculated surface stress. elastic™ | Ex] @Y

We derive below an alternate relation to Stoney’s for- ) ) _
mula relating the induced cantilever deflection to the correWhereM is the bendlqu; moment of the cantilever bedsh;
sponding surface stress, which only requires the knowledgl 'S biaxial modulus which is related to its Young modu-
of the geometry, spring constant, and Poisson’s ratio of thi!S E @sE* =E/(1—w); | is the area moment of inertia; and
cantilever. Using a measured spring constant completel§® integration is camed over the I_ength of the cantllt_at/.er,
eliminates the need to evaluate the resulting Young's modulVe are able to substitute the elastic constéftsand| with
lus of the metal-coated cantilever. This relation is based of'€ radius of curvatur® using the general differential equa-
calculating the energy stored in the stressed cantilever, whilion for an elastic beaff
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ment of the rectangular cantilever’s spring constanf.k, e
ity factor measured in a fluiée.g., ai).l” In the case where
rectangular cantilevef its spring constant,, can be deter-

cantilever’s spring constank,..;, as pointed out by Sader
and co-workers!*® Finally, the cantilever deflectionz is

calibration of which will be described below.

calibrated AFM, a precise SEM, or deduced from a measure-
can be easily evaluated from its resonant frequency and qual-
the triangular cantilever is mounted on the same chip as a

mined from geometrical parameters and from the rectangular

measured using an optical beam deflection technique, the

Using the above formalism, we can measure the surface

_ _ o stress with an accuracy and a repeatability of approximately
FIG. 1. Triangular cantilever geometry. For a rectangular cantiléders 4%—7%. We took Poisson’s ratio to be equal to 0.25 since

the leg width. both SiN, and the Au coating are isotropic materidlddow-

_ _ ever, the uncertainty in Poisson’s ratio was the major con-
We can write the bending momekt, denoted byMc;and  tributor to error in the calculation of surface stress. Poisson’s

M, for rectangular and triangular cantilevers, respectivelyyatio for SiN, has been quoted as ranging from 0.2 t0 0.3,

as’® which translates into a maximum uncertainty of 7% in the
AoWt surface stress, as calculated using &g.A less conservative
Mrect=—2 , (4)  estimate for Poisson’s ratio is 0.28.02, which includes

most values as stated in the literat@ré%?12%This yields a
AoWt for O=sy=<l,,

M, =1 Actb(l—y)

for I,<y<I"’
o or i<y

typical uncertainty in the surface stress of 4%. We found the
(5)  variability in the measured spring constants from cantilever
to cantilever taken randomly from the same wafer to be of

the order of 2%. Consequently, we found it reasonable to

whereW, t, I, |, andb are depicted in Fig. 1, andlo is the

make a spring constant measurement on a single cantilever

difference in surface stress between the top and bottom su;,4 assume this to be uniform over the entire wafer. The

faces of the cantilever.
Although the cantilever does not bend circularly whenpqyimately 1.4%. The cantilever deflection was measured

cantilever thickness was measured with an uncertainty of ap-

exposed to an isotropic surface stress, we found its radius Qfiih an accuracy better than 1%, as described below. The
curvature is to a good approximation constant over its 'engtWemaining geometrical parameters were measured with neg-

as long as the deflectiahz is much smaller than the overall ligible uncertainties.
length of the cantilever. This is true for typical surface stress ™ |, most cantilever-based chemical sensars.is moni-

measurements. The radius of curvature can then be expressgglq using an optical beam deflection technique, where a

as
|2

reflected beam is detected by a position-sengpiwptode-
tector (PSD. In order to relate the PSD signal to the canti-

laser beam is focused onto the apex of the cantilever, and the

lever deflection, we induce a deflection and measure the PSD

Finally, by inserting Eq(3) into Eq.(2), and by then substi-
tuting M andR by Eq. (4) (for rectangular cantileversor
Eq. (5) (for triangular cantileveds and Eq.(6), the integra-
tion can be performed over the length of the cantilever (e inng the PSD signal S is proportional to the deflection
obtain the strain energy stored in the stressed cantilever. Bé/f the cantileverAz,

equating this resulting strain energy to the energy calculated

with a fiber-optic interferometér which is positioned at the

using the modified Hooke’s law stated in Hd), the differ- Az=CAS, 9
ential surface stress acting on a rectangular cantilever b%\'/herecca, is the calibration constant to be determined. The
comes : S
output of the interferometer is given by
4
Ao= ——— —KecdZ, 7 4w
3(1-») Wt recht @ Vin=Asin ——Az+¢ | +B, (10)
and on a triangular cantilever,
> |2 whereA andB are constantsp is a phase angle, andis the
Ao= 317 kyAz, (8 interferometer laser wavelength. Substituting &y.into Eq.
-V

(10), we get

tb ,

+B. (12)

47
wherek,. andk, are the spring constants for rectangular Vint:ASin<TCcalAS+¢
and triangular cantilevers, respectively. The geometrical pa-
rametersW, I, |;, andb can all be measured using a cali- If we determine the frequendy;,;, from a plot of the inter-
brated optical microscope or a scanning electron microscoperometer signal versus the PSD sign@l, can be found

(SEM). The cantilever thicknesscan be measured using a from
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signal. Simultaneously, we directly measure the deflection

end of the cantilever from the opposite side. For small de-
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’5-‘ 200 7 o . ments. The laser b_egm is reproducibly fogused on the canti-
e g o n lever apex by maximizing the total signal into the PSD.
S 600+ g oos / " i AFM cantilevers are increasingly being used as a plat-
‘D g0 g - § S i form to measure the surface stress associated with molecular
§ L i ! 1 f adsorption. We have shown in this letter a method to calcu-
= 400 gw 1 ‘euf'f W late the surface stress from the cantilever deflection using
g 300 £ o readily measurable cantilever properties, such as its geom-
3 O etry, spring constant, and Poisson’s ratio. It is an attractive
& 200+ PSD Signal (volts) alternative to using Stoney’s formula since it circumvents the
. 100 need to know Young's modulus for the cantilever, which of-
9;’ ten carries a high level of uncertainty. Finally, we have
DC_’ 0 . . . . . shown a method for calibrating the deflection measurement
0 1000 2000 3000 4000 5000 by relating the optical beam deflection measurement to a
Frequency (volts'1) direct measure of the deflection obtained using a fiber inter-

. Lo _ ferometer. These procedures allow us to reproducibly and
FIG. 2. Data from a typical calibration run. The slope observable in the v d . h £ iated with th
interferometer signalinse is due to its intensity varying as the distance accura.te y eterm"?e the surface stress associated with the
from the fiber end to the cantilever changes. The power spectral density foleflection of a cantilever to better than 4%.

these data is shown with a Lorentzian fit. From the fit, we #g=671 . ] )
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