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Cantilever surface stress sensors with single-crystalline silicon
piezoresistors
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Department of Micro and Nanotechnology (MIC), Technical University of Denmark, Building 345E,
2800 Kgs. Lyngby, Denmark
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We present a cantilever with piezoresistive readout optimized for measuring the static deflection due

to isotropic surface stress on the surface of the cantilgSens. Actuators B79(2—3), 115(2001)].

To our knowledge nobody has addressed the difference in physical regimes, and its influence on
cantilever sensors with integrated piezoresistive readout, that one finds between typical atomic force
microscopy measurements and the surface stress sensors used in, e.g., biochemical measurements.
We have simulated the response from piezoresistive cantilevers as a function of resistor type and
placement for the two different regimes, i.e., surface stress measurements and force measurements.
The model thus provides the means to specifically design piezoresistive cantilevers for surface stress
measurements. @005 American Institute of PhysidDOI: 10.1063/1.1900299

Cantilevers are now widely used as chemical sensordjas been the topic of recent wofRswhere a model for a
where the selective adsorption or immobilization of mol- piezoresistive AFM sensor is used, that is valid only for the
ecules on one side of the cantilever creates a surface strelskl0] direction inp-type silicon on(100 wafers
difference between the two sides of the cantiléVehis sur-
face stress difference deforms the cantilever, and this defor-
mation is the measured quantity. The detection principles are
usually either the optical laser leverage methodhere the — x 7 (o, - o). (1)
bending angle of the cantilever is measured or piezoresistive

readout where the generated strain is measured via an inte- o ) ) o
grated resistot. m_ is the longitudinal piezoresistance coefficient andand

When dealing with piezoresistive readout the two key?T are the longitudinal and transversal stress in the piezore-

design issues determining the final resolution of the sensciStor; respectively. However, this model is not suitable for
are the strain sensitivity of the resistor and the electricaP€Scribing the sensitivity to the in-plane isotropic stress.

noise inherent in all resistors. We have previously reported Ve Will use a simple approximation to analytically esti-
on optimized cantilevers with polysilicon piezoresistfs, mate the strain in the cantilever close to the clamping, and

where we focused on signal—to—noise ratio and the strain if{S€ @ free bending model where the effect of the clamping

multilayered cantilevers. In the present work we report Onvanlshes. FE analysis will be used to check the validity of

the optimization work on a cantilever sensor with singlethe analyt|cal mOdeIS and to calculate the precise solution to
a realistic cantilever model.

crystalline silicon piezoresistors made on a silicon on insu-* ) . . . .
When an isotropic surface stress is applied to a cantile-

lator substrate. Compared to polysilicon, the single crystal- th tricted end will b biect to f bendi
line silicon will enhance the sensitivity as its piezoresistancever € unrestricted end will be subject 1o Iree bending,

coefficients typically are two-three times larger and it will meaning that the strain in the _cantllever Is uniform and iso-
also improve the signal to noise ratio as the 1/f noise idropic in the plane of the Ca?”“"?"ef as long as e_dge eﬁect;
lower® are neglected, as sketched in Fig. 1. For comparison a canti-

The optimization takes into account the different stresejzever with an applied forc& working on the apex, as found

egimes encountered on the cantlevr s 3 funcion o AFM, % 450 PSS 1 AFY e sess il be o
clamping effects, and uses the results to specify optimu ' 9

design, placement, and doping of the piezoresistors. Partic™ 's given byo =zF(L-x)/1, wherel is the area moment of

.10 . .
larly, this model clearly pinpoints the difference between'ne_rt'a' The trar)sversa_l stress gor AF.M |s_g|ver,1 by.free
cantilevers with integrated piezoresistors developed fo f0|sson co_r(;tractlon "’.‘ST__VFLV; gre; IS P0|§Isons rqt;]o.h
atomic force microscopyAFM) and biosensing, respec- we consider a resistor placed in the cantilever with the
tively. current running along the I_engt_h of the cantilever, then the

Combined analytical and finite eleme#E) work on the re_Iatlve resistance chang_e is written as the_sum of a longitu-
bending of cantilevers due to surface stress changes has be%'lqal and a transversal piezoresistive contribution
presented by Sadémvhere the effect of the clamping on the
cantilever deflection is calculated for use in systems using
the optical readout method. We, however, are interested in AR
the in-plane deformation of the cantilever due to surface R
stress and its effect on the integrated resistor. This subject

which for the free bending model with isotropic surface
@Electronic mail: pra@mic.dtu.dk stress applied simplifies to

=m0+ TroT = WOy + WOy, (2
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TABLE I. Left: Longitudinal and transversal piezoresistance coefficients for

z the [110] direction on(100) silicon. Right: Effective piezoresistance coeffi-
cients near rigid clamping and on a free cantilevergoandn-type silicon.
A Poisson’s ratiov of 0.3 has been used.
Teff
Clamped Free
luk T T vy Tt
p-type 72 -66 52 6
FIG. 1. Top: Cantilever with surface stress. Bottom: Cantilever experiencing N"tyPe -31 -18 —36 -49
a force at the apex. [10°* Pal]
AR
R free” oy (m + ), ) 50 um wide, and consists of a &Am thick silicon layer with

a 0.1um gold layer on top. In the starting position before
sinceoy =ov. It is assumed that the thickness of the cantile-any strain is developed in the cantilever there is a stress of
ver is much smaller than both width and length. Thus, free50 MPa in the gold layer. The stress and strain distribution in
Poisson contraction on practically all of the cantilever alongthe cantilever along its length axis is shown in Fig. 2. The
the z axis is allowed, leading to zero stress in this direction,straine, for the free cantilever is calculated analytically for a
since the effect of the clamping will only affect a region of multilayered cantilever from Ref. 5. It can be seen from Fig.
the cantilever with a length comparable to that of the thick-2 how the analytical model fits well for distances more than
ness. Witho,=0 it then follows thaior=o0y. Near the clamp-  the width (50 um) away from the clamping. The model ob-
ing we assume the cantilever is restricted so that there is ngiously does not give a precise solution near the clamping, as
strain along the width of the cantilever, i.e., the strajs0,  the assumption of,=0 only holds very close to the clamp.

which giveso,=voy < or=vo leading to The graphs also very precisely show why optimizations us-
AR ing Eqg. (1) give the result that the resistor should be placed
Fclamp: o (m + viry). (4) as close to the clamping point as possible; when moving

away from the clamp the longitudinal and transversal
To check the validity of the analytical model it has beenS{reésses converge and the signal becomes vanishing. Assum-
plotted against a FE model of a cantilever with a simulated?d We work with silicon piezoresistors ofL00 silicon

surface stress. The exemplified cantilever is 100 long,  &ligned along th€110 directions, the longitudinal and trans-
versal piezoresistance coefficients and 7 can be found

from 7T|_=%(7T11+’7712+7T44) and 7TT=%(7711+ ’7T12_7T44) (Ref

1.0x10* , ; . . . )
Strain 11) using Smith's® values for the piezoresistance coeffi-
cients for low dopeg- andn-type silicon. According to Ref.
0.5x10° 11, the piezoresistance coefficients decrease with increasing
doping concentration. However, since this trend does not dif-
0 fer significantly betweep- andn-type silicon, then the over-
all observations done with the values from Ref. 12 hold for
higher doping concentrations as well. The longitudinal and
-05x10* transversal piezoresistance coefficients are found and listed
in the left part of Table I. If these values are applied in Egs.
YT B e ] (3) and(4), then effective piezoresistance coefficients can be
0 50 100
5
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0 2
E
£
5 <
5
10 H
E
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=
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-20 -10 .
0 50 100
x [um] X [um]

FIG. 2. Stres§MPa) and strain in the silicon just below the gold layer, in FIG. 3. AR/R from Eq. (2) with piezoresistance coefficients from Table |
the middle of and along the length of the cantilevely, andz refer to Fig. and longitudinal and transversal stress from the FE results plotted in Fig. 2.
1 (along length, width, and thickness, respectiyelfhe cantilever is  AR/Ris plotted against the distanegrom the clamped end of the cantile-
clamped atx=0 and the apex is at=100 um. The dashed lines represent ver. The dashed lines represent the numerical value of the integrated signals,
the analytical solutions, with that of a clamped cantilever usedxfor (x—Xo)™* X0:_5 .mAR/R|dx, giving the average sensitivity for a resistor

=0-25um (w/2) and that of a free cantilever from 25—1@n. placed from —5um to x. The integrated signals crossxat 17 um.
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found, and these are calculated in the two columns to thgeneral should be different than that for AFM probes. In
right in Table I. At the clamped edge tipetype silicon gives  AFM the stress is concentrated at the base of the cantilever
the highest sensitivity. However, as seen in Fig. 3, where Fland the stress is primarily directed along the length of the
results for the stress in the resistor from Fig. 2 are combinegantilever, whereas in biosensing the stress is uniform and
with the general expression from E) to give the sensi- jsotropic. For the specific case with00) silicon with resis-
tivity AR/R, the placement of the resistor is very critical. It ;.o placed along th&l10) directions, am-type resistor will

is seen h(_)w the sensitivity fqr thetype sensor is low at _the _give the most sensitive surface stress sensor.
free bending part of the cantilever, so the more the resistor i
e_Xtended from the _clampe.d edge of the Camm_:"ver' the IessG_ Y. Chen, T. Thundat, E. A. Wachter, and R. J. Warmack, J. Appl. Phys.
signal per length is obtained. The dashed lines show a 77 35181995
weighed integratiorix—xo) /X [AR/R|dx over the two sen- 2. Meyer and N. M. Amer, Appl. Phys. Let63, 1045(1988.
sitivity signals and for this specific example it is seen how °M. Tortonese, H. Yamada, R. C. Barrett, and C. F. Qu&ljd-State
the n-type resistor will give the largest signal for Jm Sensors and Actuators, 199Digest of Technical Papers, TRANSDUC-
resistors and longer. Below 1#Zm the p-type resistor will 4JERTSh'91' 199Al 'St?ma""c;‘ahconfere”‘*z)-s44§‘451- Sene. A R
give a signal that is marginally higher than that of theype - 433252%?)’0 - Boisen, O. Hansen, and 5. Bouwstra, Sens. Actuators,
reS!Stor' _For the free bending pa_rt_ of the_ cantilever the n'ty_peSP. A. Rasmussen, J. Thaysen, O. Hansen, S. C. Eriksen, and A. Boisen,
resistor is by far the most sensitive. Since the free bending yramicroscopy97, 371 (2003.
cond|t|on.|s more easily fulﬂlle_q than _the clamped, the.n for ex. vu, J. Thaysen, O. Hansen, and A. Boisen, J. Appl. Pt9%. 6296
any practical device the-type silicon will be the first choice  (2002.
for a sensitive cantilever surface stress sensor. It simply re—;J. E. Sader, J. Appl. Phy€9, 2911(2001).
quires a |0ng, s|ender beam for most Of it to behave as frees. Kassegne, M. Madou, R. Whitten, J. Zoval, E. Mather, K. Sarkar, D.
bending, whereas an optimum placement for pHgpe re- guoc:(ko, af)\? ;}Manty{( P\;o;:.ISPlse?aSssosa(foozg . -
sistor in the clamped region is delicate and most likely will " 553@0’03 ang. k. vafal, and t.. 5. Dzkan, .J. Micromech. MIcroeng.
result_ln short, Ipw volume resistors, which will increase thelOStephen D. SenturiMicrosystem Desigiiluwer Academic, Dordrecht,
electrical 1£ n'0|se.' . _ The Netherlands, 2001

In conclusion, it has been shown how the design of pi-!ly. kanda, IEEE Trans. Electron Device29, 64 (1982.
ezoresistors in cantilevers for surface stress measurements'fic. S. Smith, Phys. Re\94 (1953.
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