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Self-heating in piezoresistive cantilevers
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We report experiments and models of self-heating in piezoresistive microcantilevers that show how
cantilever measurement resolution depends on the thermal properties of the surrounding fluid. The
predicted cantilever temperature rise from a finite difference model is compared with detailed
temperature measurements on fabricated devices. Increasing the fluid thermal conductivity allows
for lower temperature operation for a given power dissipation, leading to lower force and
displacement noise. The force noise in air is 76% greater than in water for the same increase in
piezoresistor temperature. © 2011 American Institute of Physics. 关doi:10.1063/1.3595485兴
Piezoresistive transduction is an alternative to optical detection for sensing the tip motion of atomic force microscope
cantilevers.1 The additional fabrication and implementation
complexity of piezoresistive cantilevers is worthwhile in applications where optical access is limited or inconvenient.2,3
In the past decade, the design optimization of piezoresistive
cantilevers has been widely investigated.4–7 Measurement
resolution generally improves as power dissipation
increases5 until the piezoresistor temperature becomes substantially greater than the ambient temperature, since increasing temperature corresponds to decreasing piezoresistive coefficient and increasing noise.8,9
In general, published research on piezoresistive cantilever design has either ignored Joule heating or set a power
budget that is decoupled from cantilever design.4,6 However,
many applications are limited by cantilever temperature
rather than power dissipation, such as biological force
measurements,10 and the temperature increase for a given
power varies with cantilever design. This letter considers
how the temperature-dependence of piezoresistive cantilever
performance can be included in cantilever design and operation.
Figure 1 shows the cantilever geometry, thermal conduction model, and a fabricated device. The overall length,
width, and thickness of the cantilever are l, w, and t, respectively. The piezoresistor extends length l pr from the base,
encompasses the full cantilever width, and has a narrow slit
to electrically isolate the loop. During operation, the resistor
is electrically biased and Joule heating power W is distributed along its length.
We fabricated piezoresistive cantilevers from single
crystal silicon. The fabrication details have been presented
previously.11 Briefly, silicon-on-insulator wafers were phosphorus doped using 800 ° C POCl3 diffusion. Subsequently
the piezoresistor and cantilever were patterned and etched,
aluminum was sputtered and patterned for electrical contacts,
and the cantilever was released using deep reactive ion etching. The dopant concentration profile was measured using
spreading resistance analysis and the electrically active surface concentration was 2 ⫻ 1020 cm−3.
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We focus on two cantilever designs whose dimensions
are summarized in Table I. The piezoresistor constitutes 90%
and 59% of the total resistance for designs A and B, respectively, and all experimental powers refer to the power dissipated in the released cantilever. The excess resistance was
measured using the transfer length method and is primarily
due to the silicon interconnect resistance.
The steady-state temperature is calculated by considering thermal conduction along the length of the beam and
directly into the fluid; radiation is neglected but is small by
comparison.12 A one-dimensional 共1D兲 approximation remains valid as long as the Biot number is much less than 1.
For our cantilevers, Bi⬍ 10−5. The temperature profile, T共x兲,
is calculated from G⬘f 关T共x兲 − T0兴 − ⵜ关Akc共x兲 ⵜ T共x兲兴 = q̇⬘共x兲,
where G⬘f is the cantilever-fluid thermal conductance per unit
length, T0 is the ambient temperature, A is the cross-sectional
area, kc is the average thermal conductivity of a crosssection, and q̇⬘ is the Joule heating per unit length. The temperature profile is simulated using finite differences by imposing an isothermal boundary condition at the silicon die
共T0兲 and adiabatic conditions at the cantilever tip. The thermal conductance between the cantilever and die, Gbase, is
finite. The values for kc共x兲 consider temperature dependent
phonon-impurity and phonon-boundary scattering.13 Boundary scattering is calculated from the beam thickness while
impurity scattering is calculated from the dopant concentration profile. We calculate q̇⬘共x兲 from 4I2Rs共T兲 / w, where I is

FIG. 1. 共Color online兲 共a兲 The cantilever geometry and simulated power
dissipation density, 共b兲 1D finite differences simulation used to calculate the
temperature profile, and 共c兲 scanning electron micrograph of a typical cantilever used here.
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TABLE I. Summary of cantilever dimensions and measured parameter values 共 ⫾ 兲.

l 共m兲
w 共m兲
t 共m兲
l pr 共m兲
kc at 300 K 共W/m K兲
G⬘f 共mW/m K兲
Gbase 共W / K兲
⌳ 共m兲

Design A

Design B

890
10
2
212
128.2
32.8⫾ 3.3
41.9⫾ 16.3
287.1⫾ 20.7

124
10
0.34
32
98.9
43.4⫾ 2.7
17.7⫾ 8.4
104.6⫾ 25.0

the current flow, and Rs is the temperature dependent sheet
resistance.14 The average heating per unit length is W / l pr.
The cantilever temperature profile was measured using
Raman thermometry.15,16 The cantilever was biased to induce
self-heating and the temperature was measured from the
wavelength shift of the Stokes peak. The laser wavelength,
power, and spot diameter were 488 nm, 45 W and 1 m,
respectively. The adjustable parameters in the model, G⬘f and
Gbase, were simultaneously fit to each temperature profile by
minimizing the sum of the squared relative temperature residuals.
Figures 2共a兲 and 2共b兲 show the experimental and predicted temperature profiles for designs A and B operating in
air. Table I summarizes the fitted model parameters. The temperature reaches a maximum approximately 32 l pr from the
base and then decreases exponentially with thermal healing

FIG. 2. 共Color online兲 关共a兲–共b兲兴 Comparison between Raman thermometry
results and the finite differences model over a range of power dissipations in
air. Error bars represent the standard deviation and are smaller than some of
the symbols. The average model residual for both cantilever designs is 2%.
共inset兲 Detail of the 1.5 and 3.2 mW data for design A. Error bars represent
the standard deviation.

length ⌳ = 共kcA / G⬘f 兲1/2.17 While we found G⬘f to be insensitive to power dissipation, Gbase and ⌳ vary considerably because they directly depend on kc, which changes with temperature. The cantilever tip temperature increases linearly
with power dissipation by 2.5 and 36.7 K/mW for designs A
and B, respectively. The 15-fold difference in Ttip / W is
primarily due to surface area and distance from the piezoresistor to the cantilever tip 共2.4⌳ versus 0.9⌳兲, because the
thermal conductance from the piezoresistor to the cantilever
base varies less than 20% between the designs.
Although the heat transfer mechanism through the fluid
is thermal conduction, an effective convection coefficient can
be calculated from hef f = G⬘f / 2共w + t兲.18,19 The measured effective convection coefficients in air are 1366⫾ 139 and
2098⫾ 131 W / m2 K for designs A and B, respectively,
which are comparable to recent simulation results.12
The maximum and tip temperatures can be analytically
approximated. The thermal conductance from the piezoresistor to the cantilever base, neglecting conduction to the fluid,
is G pr ⬇ 2wtkc / l pr. Assuming that most of the heat is conducted to the cantilever base and not into the fluid, Tmax
⬇ W共Gbase + G pr兲 / GbaseG pr and Ttip ⬇ Tmaxe−共l−共2/3兲lpr兲/⌳. The
error in calculating the tip temperature using the analytical
model is ⬍10 K using the parameters in Table I.
As the thermal conductivity of the surrounding fluid increases, the temperature increase for a given power dissipation decreases. Piezoresistive cantilever measurement resolution scales as 1 / 冑W,5 so an increase of k f should improve
the cantilever performance envelope. We measured the force
resolution of cantilever design B in air and deionized water
to explore this effect.
The
cantilever
stiffness
was
calibrated
as
4.1⫾ 0.4 mN/ m from its dimensions and resonant frequency
in air 共22.3 kHz兲 before being passivated by 170 nm of
parylene N to prevent electrochemical corrosion, increasing
the stiffness by ⬇12%. The cantilever sensitivity and noise
were measured over a 10 to 10 kHz bandwidth using a temperature compensated Wheatstone bridge with a 0.5 to 4 V
dc bridge bias and low noise instrumentation amplifier 共TI
INA103兲. The average temperature increase in the piezoresistor during experiments 共⌬T pr兲 was calculated from its
electrical resistance using the temperature coefficient of resistance measured during Raman temperature calibration
共1130⫾ 66 ppm/ K, 95% confidence interval兲. Displacement
sensitivity was measured by deflecting the cantilever against
a glass slide using a capacitively sensed piezoelectric stage
共PI P-733兲 over a 5 m deflection range and calculating the
linear regression. We observed no detectable difference in
force sensitivity between air and water. However, increased
electromagnetic noise pickup in water increased the integrated noise by 10%. Thermomechanical force noise remained smaller than the piezoresistor Johnson noise in water.
The measured force noise in air was 76% greater than in
water for a constant ⌬T pr 关Fig. 3共a兲兴. Substantially greater
heating was observed in air than in water 关Fig. 3共b兲兴, and the
best fit G⬘f values were 40.0 and 1129 mW/m K in air and
water, respectively. The temperature beyond the piezoresistor
decays more quickly in water than in air, leading to an even
greater improvement in force resolution when measured
against the tip temperature. For 500 W of total power dissipation 共2.6 pN in air and 2.9 pN in water兲, the simulated
⌬Ttip in air is 20 K while in water it is only 0.05 K. The
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properties of the surrounding fluid should be considered in
cantilever design.
Fabrication work was performed in part at the Stanford
Nanofabrication Facility 共NSF under Grant No. ECS9731293兲. This work was supported by the NIH 共Grant No.
EB006745-01A1兲, DARPA 共Grant No. N66001-09-1-2089兲,
and the NSF 共Grant Nos. ECCS-0832819, PHY-0425897,
and ECS-0449400兲. J.C.D. was supported in part by NDSEG
and NSF fellowships. The optimization and thermal modeling code presented in this paper are available at http://
microsystems.stanford.edu/piezoD.
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FIG. 3. 共Color online兲 共a兲 Experimental force resolution in a 10 to 10 kHz
bandwidth for cantilever design B in air and water. The force noise in air is
76% greater than in water for the same average piezoresistor temperature
increase. 共b兲 Average piezoresistor temperature as a function of total power
dissipation calculated from current-voltage curves in air and water. Error
bars represent the standard deviation.

thermal advantage of water is slightly offset by water’s increased density and viscosity which reduce the cantilever
resonant frequency.20 Both the thermal and physical properties of the fluid need to be accounted for in cantilever design.
Piezoresistive cantilever design and performance change
significantly when self- heating is considered. First, the optimal piezoresistor length is shorter because the thermal conductance from the piezoresistor to the cantilever base is inversely proportional to piezoresistor length. Second, while
narrow and thin cantilevers are advantageous for decreasing
stiffness and increasing force sensitivity, wider and thicker
cantilevers can dissipate more power. Third, the optimal cantilever dimensions and doping vary with k f , and larger k f
improves sensing resolution. Finally, the resolutions of optical and piezoresistive sensing tend to converge in liquid due
to the increase in thermomechanical noise and piezoresistor
power dissipation.
In conclusion, we have investigated piezoresistive cantilever self-heating in air and water and provided design guidance for temperature-rise constrained applications. Force resolution measurements demonstrate that operation in water,
usually considered a hindrance, can actually enhance performance. The results show that both the thermal and physical

M. Tortonese, R. C. Barrett, and C. F. Quate, Appl. Phys. Lett. 62, 834
共1993兲.
M. A. Eriksson, R. G. Beck, M. Topinka, J. A. Katine, R. M. Westervelt,
K. L. Campman, and A. C. Gossard, Appl. Phys. Lett. 69, 671 共1996兲.
3
S. C. Minne, G. Yaralioglu, S. R. Manalis, J. D. Adams, J. Zesch, A.
Atalar, and C. F. Quate, Appl. Phys. Lett. 72, 2340 共1998兲.
4
J. Harley and T. Kenny, J. Microelectromech. Syst. 9, 226 共2000兲.
5
S.-J. Park, J. C. Doll, A. J. Rastegar, and B. L. Pruitt, J. Microelectromech.
Syst. 19, 149 共2010兲.
6
J. C. Doll, S.-J. Park, and B. L. Pruitt, J. Appl. Phys. 106, 064310 共2009兲.
7
X. Yu, J. Thaysen, O. Hansen, and A. Boisen, J. Appl. Phys. 92, 6296
共2002兲.
8
F. Goericke, J. Lee, and W. P. King, Sens. Actuators, A 143, 181 共2008兲.
9
J. Richter, J. Pedersen, M. Brandbyge, E. Thomsen, and O. Hansen, J.
Appl. Phys. 104, 023715 共2008兲.
10
S. Hafizovic, D. Barrettino, T. Volden, J. Sedivy, K. U. Kirstein, O. Brand,
and A. Hierlemann, Proc. Natl. Acad. Sci. U.S.A. 101, 17011 共2004兲.
11
J. C. Doll, B. C. Petzold, P. Ghale, M. B. Goodman, and B. L. Pruitt,
Proceedings of the Transducers International Conference on Solid-State
Sensors, Actuators and Microsystems 共IEEE, New York, 2009兲, p. 1928.
12
K. J. Kim and W. P. King, Appl. Therm. Eng. 29, 1631 共2009兲.
13
W. Liu, K. Etessam-Yazdani, R. Hussin, and M. Asheghi, IEEE Trans.
Electron Devices 53, 1868 共2006兲.
14
S. Reggiani, M. Valdinoci, L. Colalongo, M. Rudan, G. Baccarani, A.
Stricker, F. Illien, N. Felber, W. Fichtner, and L. Zullino, IEEE Trans.
Electron Devices 49, 490 共2002兲.
15
J. Lee, T. Beechem, T. Wright, B. Nelson, S. Graham, and W. King, J.
Microelectromech. Syst. 15, 1644 共2006兲.
16
B. Nelson and W. King, Sens. Actuators, A 140, 51 共2007兲.
17
K. Goodson and M. Flik, IEEE Trans. Compon., Hybrids, Manuf. Technol.
15, 715 共1992兲.
18
O. Ozsun, B. E. Alaca, A. D. Yalcinkaya, M. Yilmaz, M. Zervas, and Y.
Leblebici, J. Micromech. Microeng. 19, 045020 共2009兲.
19
X. J. Hu, A. Jain, and K. E. Goodson, Int. J. Therm. Sci. 47, 820 共2008兲.
20
D. R. Brumley, M. Willcox, and J. E. Sader, Phys. Fluids 22, 052001
共2010兲.
2

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

