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Piezoresistive response induced by piezoelectric charges in n-type GaAs
mesa resistors for application in stress transducers
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The resistance change due to piezoelectric charge densities inn-GaAs mesa resistors has been
studied as a function of surface stress. Those changes are verified by measuring some realized stress
transducers with such resistors fabricated on the surface of micromachined thin GaAs membranes or
GaInP/GaAs cantilever beams. It is shown here that the surface stresses induced by the deformation
of cantilever beams can cause nonuniform stress distributions within the resistors, and the stress
gradients consequently yield considerable piezoelectric charge densities that lead to an appreciable
resistance change. In addition, this effect of piezoelectric charges is examined from several types of
resistors that have a different doping, direction, thicknessh, and width-to-thickness ratioL/h.
According to those results, optimization of this mechanism is related to the doping and geometrical
design of GaAs mesa resistors. In addition to the effect of piezoelectric charges, mobility change can
affect the resistance as well. The resistance changes observed from the low doped resistors exhibit
an opposite sign for the resistors oriented along@011# and @011̄# directions. These
directional-dependent characteristics confirm that the effect of piezoelectric charges indeed exists in
mesa resistors. Fitting the width-dependent sensitivities measured in experiments allows us to
estimate each contribution of these two effects. For the@011̄# oriented resistors withL/h of 10, and
ns of 4.831011, the sensitivity of relative resistance change as high as 92.7%/GPa is obtained.
Results in this study demonstrate that the resistance change inn-GaAs mesa resistors is attributed
to the effects of piezoelectric charges and mobility change. Moreover, GaInP/GaAs material system
with its piezoresistive response originated from piezoelectric charges is highly promising in III–V
compound semiconductor stress transducers. ©1999 American Institute of Physics.
@S0021-8979~98!10323-7#
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I. INTRODUCTION

As generally known, GaAs electronic circuits have
higher tolerance in high temperature1–3 and high radiation4

environments than that in silicon integrated circuits~ICs!.
Therefore, GaAs based smart sensors have attracted m
attention even though silicon based smart sensors have
widely discussed in the field of microelectromechanical s
tem ~MEMS!.5–7 From this perspective, GaAs based stre
sensors must be developed for applications involving
GaAs monolithic integration of mechanical sensors and
nal circuits. The piezoresistive effect due to a direction
dependent modulation of the average mobility in respons
a uniaxially applied stress is a well adopted sensing mec
nism in silicon based mechanical sensors, but, it is onl
very small effect inn-GaAs because of its direct band ga
structure.1 The published values of piezoresistance coe
cients p11, p12, and p44 for n-GaAs are 22.2%/GPa,
23.8%/GPa, and22.4%/GPa, respectively.8 Nevertheless,
according to a previous investigation, the nonuniform str
distribution introduced into GaAs can produce piezoelec
charge densities of such magnitude as to shift the GaAs
effect transistors~FETs! characteristics9 appreciably by

a!Electronic mail: yuhsu105@ms4.hinet.net
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modifying the free charge densities originally establish
due to the doping. This is the underlying notion of the piez
electric modulated effect, implying that the free charge d
sity of GaAs resistors can be modified by external source
the piezoelectric charge densities induced in GaAs can
altered by external sources. In 1993, Huanget al.10 first re-
ported the resistance changes due to piezoelectric modu
effect in ion implanted GaAs resistors. That investigati
confirmed this mechanism in bulk GaAs by a simple, thi
cantilever beam cut directly from a GaAs wafer. Howev
two dielectric stripes must be deposited beneath the res
to intensify the stress imparted to the diffused GaAs resis
For practical applications in micromachined stress transd
ers, epitaxial techniques@e.g., molecular beam epitaxy
~MBE! or liquid phase epitaxy~LPE!# can offer the appro-
priate material systems with high etching selectivity to p
cisely control the geometric thickness. In addition, the fab
cation process of mesa resistors is simpler than the diffu
resistors. Although the piezoresistive response inp-GaAs
mesa resistors, i.e., a mechanism which resembles the o
p-type silicon, has been observed and utilized for press
sensor by Dehe´,11 the fabrication process ofp-type GaAs
piezoresistors is not very compatible with the one of conv
tional n-channel FETs. In this study, we propose a model
© 1999 American Institute of Physics
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FIG. 1. Schematic diagram of the resistor on cantilever beam and the direction of the elastic tensile surface stress.L is the width of the resistors, andh is the
sum of the thickness of resistor and the passivation layer.
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the resistance change due to piezoelectric modulated effe
n-GaAs mesa resistors. The feasibility of applying the p
posed model in stress and force transducers is experimen
investigated as well.

The stress distribution within mesa resistors differs fro
that in diffused resistors in previous literature.9,10 By follow-
ing the method of Aleck,12 a two-dimensional nonuniform
stress distribution induced by the surface stress could be
culated. By doing so, the piezoelectric charge densities
be numerically determined. As the piezoelectric char
modify the linear charge density of resistors, the resista
change due to the piezoelectric charges is eventually de
mined as a function of the surface stress. Notably, all of
resistors are passivated with a 50 nm GaInP thin film so
the term ofh is the sum of the thickness of resistor layer a
passivation layer. In this study, we examine the piezore
tive response, a composite effect attributed to piezoelec
charges and mobility change, by applying it as the sens
mechanism of pressure sensors and accelerometer in w
the resistors are fabricated on the thin GaAs membranes
GaInP/GaAs cantilever beams, respectively. Modifying
doping, direction, andL/h ratio of the resistors allows us t
optimize the resistance change due to piezoelectric mo
lated effect inn-GaAs mesa resistors.

The rest of this article is organized as follows. Section
presents the model analysis of the resistance change d
the piezoelectric charge densities in GaAs mesa resis
Section III describes the experiment details and results. N
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Sec. IV thoroughly discusses the results in this study a
finally, conclusions are made in Sec. V.

II. MODEL ANALYSIS

A. Stress distributions in resistors

As the surface stress acts on the clamped surface of m
resistors, Fig. 1 schematically depicts the resistor on can
ver beam and the direction of elastic tensile surface str
For the situation in which the lengthZ of resistor is markedly
larger than the widthL of resistors, the stress distribution
considered to be two dimensional12 so that the component
sxz andsyz of the stress tensor are set to zero. Stress dis
bution for this geometry has been estimated13 by assuming
that~a! the GaAs is elastically isotropic and~b! the Poisson’s
ratio of GaInP is the same as GaAs. For the coordinate
tem illustrated in Fig. 1, the nonzero components of
stress tensor are of the following form:

sxx

ssurface
512(

i 51

3

(
j 51

6

Ai , jh
i 21 cosh~l jj!,

sxy

ssurface
5(

i 51

3

(
j 51
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Ai , j

h i

i
l j sinh~l jj!, ~1!

syy
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52(
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Ai , j

h i 11

i ~ i 11!
l j

2 cosh~l jj!,
.
TABLE I. Calculated results of coefficientsl j , A2,j /A1,j , andA3,j /A1,j for the GaAs Poisson’s ratio of 0.31

j l j A2,j /A1,j A3,j /A1,j

1 20.968132 20.171275 20.721211
2 22.5724811.38623j 24.2602320.465977j 3.1152310.343618j
3 22.5724821.38623j 24.2602310.465977j 3.1152320.343618j
4 26.4964812.8869j 27.2243220.344769j 8.2965810.888306j
5 26.4964822.8869j 27.2243210.344769j 8.2965820.888306j
6 222.1118 29.26131 13.3017
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where ssurface is the surface stress at the clamped surfa
j(j5x/h) and h(h5y/h) are normalized coordinat
variables; Ai , j ’s are undetermined coefficients depende
on the ratio of L/2h and Poisson’s ratiov; and l j ’s
are undetermined coefficients dependent onv only. The sign
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of ssurface is positive as the resistor is forced to expan
whereas the sign ofssurface is negative as the resistor i
forced compression. The solution of Eq.~1! involves finding
the condition that a symmetrical determinant belo
vanishes12
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Associated with each rootl j , a unique relation exists be
tween theA1,j , A2,j , andA3,j of Eq. ~1! to satisfy the con-

dition of @D#3@A1,jA2,jA3,j #
T50. By using the GaAs Pois

son’s ratiov of 0.31,14 the values for the complex consta
l j , complex ratiosA2,j /A1,j as well asA3,j /A1,j have been
evaluated and are listed in Table I. By taking account
L/2h, the six A1,j ’s can be determined from the bounda
conditions ~j56L/2h: sxx50 and sxy50! by solving a
system of six linear equations. Table II lists the calcula
values of the corresponding coefficientsA1,j ’s for the two
representative examples ofL/2h55 andL/2h546.

B. Piezoelectric charge densities in resistors

GaAs is a noncentrosymmetric crystal and has nonz
components of the piezoelectric tensors. For the coordin
system shown in Fig. 1, the components of the piezoele
cally induced polarization vector@P# are

@P#5F Px

Py

Pz

G5F d14sxy

2
d14

2
~szz2sxx!

2d14syz

G , ~3!

where d1452.6310217 C/dyn5162.5 electron/dyn.15,16 If
the piezoelectric charge densitiesrPZ(x,y) are given by
rPZ(x,y)5¹•@P#, with the assistance of momentum balan
equations ~]sxx /]x52]sxy /]y, ]syy /]y52]sxy /]x,
andszz5vsxx1vsyy!, the piezoelectric charge densities
mesa resistors can thus be found to be
t

of
y

ed
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e

n

rPZ~x,y!52d14

]

]y F S 11
v
2Dsyy2

1

2
~12v !sxxG . ~4!

As the mesa resistors are strained by the tensile sur
stress of 108 dyn/cm2, Figs. 2~a! and 2~b! display the calcu-
lated distributions ofrPZ(x,y)/q for L/2h55 and L/2h
546, respectively. These figures also illustrate the phen
enon in which the distributions ofrPZ(x,y)/q have a sharpe
variation near the lateral surfaces. This is because the s
distribution varies rapidly near lateral surfaces. Figures 2~c!
and 2~d! illustrate the logarithmic plots ofrPZ(x,y)/q over
the range 0<x/h<L/2h21 and 0<y/h<1, where the low-
est value ofrPZ(x,y)/q exists at the central point on to
surface. For L/2h55, although the lowest value o
1012 charges/cm3 is obtained, the corresponding positio
with the value of 1012 charges/cm3 is located at the position
x/h→41 for L/2h546.

C. Effects on resistance change

The piezoelectric charges can be detected because
are fixed and thereby capable of altering the conductanc
GaAs. Mulleret al. first proposed this concept in CdS.17 The
depletion regions which originated from the surface sta
exist in the vicinity of the boundary surfaces so that
piezoelectric charges may simultaneously change the r
tance through two mechanisms. The piezoelectric charge
depletion region are uncompensated, and they modify
width of depletion region. On the other hand, the piezoe
TABLE II. CalculatedA1,j ’s for L/2h of 5, and 46.

j A1,j for L/2h55 A1,j for L/2h546

1 23.9445431021813.71569310233 9.8216310220

2 6.074273102623.2586131026 j 24.6954331025212.20719310252 j
3 6.074273102613.2586131026 j 24.6954331025222.20719310252 j
4 5.5110431021627.36415310215 j 9.51265310213124.554393102131 j
5 5.5110431021617.36415310215 j 9.51265310213114.554393102131 j
6 2.5095731024919.42287310264 j 0
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tric charge densities in the channel combine with the cha
densities established due to impurity doping, thereby alte
the free carrier concentration in the channel.

For the resistors without a strain, the conductanceG0 is
given by

G05
qm0

Z E
2L/21Ã

L/22Ã E
tmin,0

tmax,0
NDdydx5

2qm0w0ns

Z
, ~5!

whereq is the magnitude of the electronic charge,Z is the
length of the resistors,m is electron mobility,Ã is the lateral
depletion width,tmin,0 is the depth of the top depletion re
gion, tmax,0 is the depth of the bottom depletion region,ND is

FIG. 2. Calculated piezoelectric charge densities for the resistors o~a!
L/2h55, ~b! L/2h546 strained by the tensile surface stress of 108 dyn/cm2.
Logarithmic plot of piezoelectric charge density over the range 0<x/h
<L/2h21 and 0<y/h<1 for the resistors with~c! L/2h55, ~d! L/2h
546.
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the uniform doping in resistors, andns is the sheet charge
density. The subscripts 0 denote a situation in which
resistors are not strained. For the resistors with strain,
neglect the effects associated with possible shifts of the
face states and further assume that the stress indepen
densities characterize the surface states. Because the p
electric charge densities in the regionx/h<uL/2h25u are
much smaller than those in the regionx/h>uL/2h25u, as
shown in Figs. 2~c! and 2~d!, the conductance changes in th
regionsx/h>uL/2h25u can be considered as having orig
nated from the effect of piezoelectric charges. In additi
the resistance changes in the regionsx/h<uL/2h25u appear
to be attributed to the effect of mobility change. Thus,G0 is
the sum ofGPE, which is the conductance in the regio
x/h>uL/2h25u, and Gm , which is the conductance in th
regionx/h<uL/2h25u. The conductance changeDG can be
expressed as

DG5
2m0

Z E
tmin,02Dtmin

tmax,01DtmaxE
L/225h

w0
rPZ~x,y!dxdy

1
m0qND~2w0110h2L !

Z
3Dt1

qns~L210h!

Z

3Dm5DGPE1DGm . ~6!

where Dm is the mobility change in response to uniaxi
stress,Dt(Dt5Dtmin1Dtmax) is the vertical dimension varia
tion due to piezoelectric charges in depletion region,DGPE is
the conductance change due to the piezoelectric charges
DGm is the conductance change due to the mobility chan
Herein, the lateral dimension variation of channel is n
glected becauseL is markedly larger thanh in our study. The
vertical dimension variations of channel may be determin
from perturbative solutions to the one-dimensional Pois
equation iny direction. In Eq.~6!, DGPE can be estimated
assuming that the vertical dimension variation of channe
uniform in thex direction and it is the sum of top depletio
variationDtmin and bottom depletion variationDtmax, where
the value ofDtmin and Dtmax are given by the computed
result for x/h56(L25h)/2h. The fractional resistance
changeDR/R0 can be expressed as

DR

R0
'2

DG

G0
52

DGm1DGPE

Gm1GPE
. ~7!

For the@011# oriented resistors, the piezoelectric pola
ization vector has the opposite sign in Eq.~3! so that
rPZ(x,y) given by Eq.~4! also have the opposite sign to on
of the resistors oriented along@011̄#. This finding indicates
that the resistance change due to piezoelectric charges i
rectional dependent.

III. EXPERIMENT DETAILS

Three layer structures have been grown on~100! semi-
insulating~SI! GaAs substrates for our piezoresistivity stu
ies. The first layer structure designed for pressure sen
referred to herein as sample A, was grown on SI substrate
gas source molecular beam epitaxy~GSMBE! as follows. A
600 nm GaAsn ~;3.431016 cm23, Si doped! resistor layer
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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was initially grown and, then, a 50 nm GaInP passivat
layer was grown. As the GaAs resistors were passivated
thin GaInP layer, the interface charge density on the interf
of GaInP/GaAs lowers the band bending in GaAs.18 Four
types of@011̄# oriented resistors with different ratio ofL/2h
were fabricated on sample A. Figure 3 schematically dep
the layer structures of sample A, where the ratio ofL/2h for
the resistors on sample A was designed to be 11, 17, 30,
46, respectively. The second layer structure designed
pressure sensor, which we call sample B, was different fr
the sample A by replacing the resistor layer with a 300
GaAsn ~;4.931017 cm23, Si doped! resistor layer. The re-
sistors on sample B were oriented along@011# direction and
the ratio ofL/2h were designed to be 43, 57, and 86, resp
tively. Figure 4 displays a finished pressure-sensor struct
where the sizes of the proof mass and the membrane th
ness were designed to be 2000mm32000mm3400mm and
60 mm, respectively. Furthermore, we also fabricated
@011# oriented resistor withL/2h546 on sample A; however
the membrane thickness was reduced to 6mm. The thickness
of membranes was controlled by a depth-calibration hole
has been initially etched from the front side and as deep
the required membrane thickness.

The third layer structure designed for accelerometer,
ferred to herein as sample C, was grown as follows. A 2
nm GaInP undoped etching stop layer was initially grown
a ~100! SI. GaAs substrate, followed by a 2mm GaAs un-
doped layer as the main structure layer of two beams. N
a 400 nm GaInP undoped insulating layer was grown on
of the structure layer. Finally, a 150 nm GaAsn ~;5.7
31016 cm23, Si doped! resistor layer with a 50 nm GaInP
passivation layer was grown. The resistors ofL/2h55 real-

FIG. 3. Illustration diagram of the layer structures of sample A. The wi

of the @011̄# oriented resistors fabricated on sample A were designed to
14, 22, 40, and 60mm. The corresponding ratios ofL/2h with the width of
resistors are 11, 17, 30, and 46.

FIG. 4. Scanning electron micrograph of a finished pressure senso
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ized on sample C were oriented along@011̄# direction. Fig-
ure 5 depicts the accelerometer with its layer and geome
dimensional structure, where the sizes of the proof m
and the two beams were designed to be 1000mm
31000mm3400mm and 600mm3500mm32.6mm, re-
spectively. The two beams composed of GaInP/GaAs/Ga
multiple layers~total 2.6 mm! were designed to be so thi
that they could offer a higher induced surface stress a
hence, a higher sensitivity in responding to external accel
tion. For exact thickness control, adopting a material sys
with a high etching selectivity is indispensable. Therefo
GaInP/GaAs material system was selected herein owing
its high etching selectivity between GaInP and GaAs.19–21

During the fabrication, H2SO4:H2O2:H2O solution was used
to etch GaAs while HCl:H2O solution was used to etc
GaInP. Figure 6 illustrates an example of high etching se
tivity between GaInP and GaAs, where the thickness of
GaInP microbridges was 400 nm and the gap under
bridges was 10mm. For the metallizations of the ohmic con
tacts and electrodes, Au/Ge/Ni alloy and the Cr/Au we
evaporated, respectively.

e

FIG. 5. Schematic diagram of the layer structures of the sample C and
geometric dimensional structure designed for accelerometer. The widt

the @011̄# oriented resistors ofL/2h55 and the thickness of the cantileve
beams are designed to be 2 and 2.6mm, respectively.

FIG. 6. Scanning electron microscopy~SEM! photograph of an illustrative
example of high etching selectivity between GaInP and GaAs. The thick
of the GaInP microbridges is 400 nm.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The electrodes on the finished pressure sensors w
wire bonded with the ceramic substrates and, then, pres
sensors were attached on the ceramic substrates with th
oxy. The test of the pressure sensors fabricated on samp
was performed by a static method. Figure 7 schematic
depicts a simple test apparatus. For this purpose, two vac
chucks were used. The chuck 1 was connected to a pres
indicator of DRUCK DPI 601 which offers the positive pre
sure and pressure control. If the pressure on the backsid
the sample was denoted byPb , the pressure on the front sid
(Pr) was reduced to produce a pressure differenceP5Pb

2Pr across the membranes. For the condition shown in
7, Pr is the ambient pressure and is assumed to remain
stant at 1 atm so that the pressure difference is positive.
condition of negative pressure difference was obtained
switching the pressure indicator from chuck 1 to chuck
Figures 8 and 9 plot the characteristics of the experiment
observedDR/R0 vs pressure differenceP for the resistors on
samples A and B, respectively, where the resistors w
strained by the compressive surface stress forP.0 and
strained by the tensile surface stress forP,0. Figure 10
displays the measurement of the resistor fabricated on
thin membrane of 6mm, where the sample was observ
over the pressure range 0 to20.4 bar.

Herein, the test of the accelerometers fabricated
sample C was performed by a dynamic method. The finis
accelerometers were fixed on a vibration excitor of BK ty
4809 for testing and a commercial accelerometer of PCB
A03 was put on the same excitor to readout the accelera
Meanwhile, a periodic signal generated by a function gene
tor of HP-3245A was amplified through a YAMAHA MX-
830 power amplifier to push the excitor. A constant curr
was sent into the resistors of the fabricated acceleromete
offer the bias. The periodic terminal voltages measured
the dynamic signal analyzer of HP-35665A allowed us
determine the periodic resistance change modulated by
acceleration. Figure 11 presents the measurements ofDR/R0

FIG. 7. The setup of test apparatus for the pressure sensors. As the ch
is connected to the pressure indicator, the chuck 2 is alternately connec
ambient pressure.Pb denotes the pressure on the backside andPr denotes
the pressure on the front side. The pressure difference~P! across the mem-
brane is given byP5Pb2Pr .
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against periodic acceleration~a!, where the resistor was
strained by compressive surface stress fora and the resistors
were strained by the tensile surface stress fora. The resis-
tance changes measured from the resistors upon which
compressive surface stresses act have an opposite sig
those observed from the resistors upon which the tensile
face stresses act.

IV. DISCUSSION

Since the resistance affected by the mobility change
assumed to be of equal value for the resistors oriented a
@011# and @011̄# directions, the resistance changes due
mobility change show no directional dependence. Accord
to Figs. 8 and 10, the resistance changes measured from
@011# and@011̄# oriented resistors on sample A are of opp

k 1
toFIG. 8. The characteristics of fractional resistance change~open symbols!
against the pressure difference and the correspondingDc/c0 ~solid sym-

bols! vs surface stress for the@011̄# oriented resistors withL/2h of 11 ~h,
j!, 17 ~L, l!, 30 ~n, m!, and 46~s, d! on sample A. The dashed line
represent the theoretical values.

FIG. 9. Relative change of resistance~open symbols! vs the pressure differ-
ence and the correspondingDc/c0 ~solid symbols! vs surface stress for the
@011# oriented resistors withL/2h of 43 ~L, l!, 57 ~n, m!, and 86~s, d!
on sample B.
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site sign. Importantly, this finding demonstrates that the
sistance changes due to directional-dependent piezoele
effect definitely exist in mesa resistors. In addition, the
ezoelectric modulated effect dominates the resistance ch
for those resistors fabricated on the sample A. This re
confirms the presence of a reliable mechanism of resista
change due to piezoelectric modulated effect in mesa re
tors. To distinguish the effect of mobility change from th
effect of piezoelectric charges, a simple model is propo
herein and further used to approximately estimate the re
tance change resulted from the piezoelectric modulated
fect.

For the wide resistors (L/2h>5), the stress distribution
can be divided into two parts: a uniform part that is valid f
the central region of the plate~i.e., x<u(L210h)/2u) and a
nonuniform term for the parts in the vicinity of the later
edges~i.e., x>u(L210h)/2u). This implies that the effect o
piezoelectric charges exists primarily in the regionx>u(L
210h)/2u. In line with this assumption, the mesa resisto
can be divided into two parts: a mobility-change-depend
resistor with conductanceGm and a piezoelectric modulate

FIG. 10. The measurement of fractional resistance change~open symbols!
against the pressure difference and the correspondingDc/c0 ~solid sym-
bols! vs surface stress for the@011# oriented resistors withL/2h of 46 ~s,
d! on sample A. This resistor is fabricated on the membrane of 6mm.

FIG. 11. The characteristics of fractional resistance change~open symbols!
vs acceleration and theDc/c0 ~solid symbols! vs surface stress for the

@011̄# oriented resistors withL/2h of 5 ~L, l! on sample C. The dashe
lines represent the theoretical predictions.
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resistor with conductanceGPE, where the ratio ofGPE/Gm is
10h/(L210h). Thus, the relative resistance changes in E
~7! can be expressed as

DR

R0
'2

DGm

Gm
S L210h

L D2
DGPE

GPE
S 10h

L D5kPp t2
Dc

c0
,

~8!

wherek is a transformation factor,P is the pressure differ-
ence, p, is the transverse piezoresistance coefficient
GaAs,Dc is change of linear charge density, andc0 is linear
charge density of the channel.

If the relative changes of resistance which originat
from the mobility change are assumed to be equal value
those resistors in our experiments, the relative change
linear charge density can be experimentally extracted for
ferent resistors according to Eq.~8!. Figure 12 plots the sen
sitivities ~S!, S5](DR/R0)/]P, measured from the resistor
fabricated on samples A and B, as a function of resis
width. By fitting these points with Eq.~8!, the corresponding
values ofkp t and](DGPE/GPE)]p for sample A have been
extracted to be 8.6631024 and 21.42531022 bar21, re-
spectively. On the other hand, thekp t of 931024 bar21 and
](DGPE/GPE)/]p of 5.1331023 bar21 were obtained for
sample B. By using the values of piezoresistance coefficie
reported by Sager,8 the numerical value ofp t can be esti-
mated byp t5(p111p122p44)/2 to be 21.8%/GPa. Ac-
cording to these results, the transformation factork of 249
MPa/bar was determined.

For the dimensional parameters of pressure-sensor
accelerometer structures adopted herein, the correspon
surface stress with the external force~pressure or accelera
tion! has been estimated by the commercial finite elem
softwareANSYS. The ssurface induced by the deformation o
the membrane can be expressed asssurface523.9
31010p dyn/cm2 ~whereP is in unit of bar! for the mem-
brane thickness of 6mm, and the corresponding value o
transformation factor is23.9 GPa/bar. As the terms ofk and
p t have been determined, the relative change of linear cha
density can be extracted as well. Figures 8–10 illustrate

FIG. 12. Sensitivity vs resistor width for the resistors fabricated on sam
A and B. Sa ~s! denotes the sensitivity measured from the resistors
sample A, whereas,Sb ~h! denotes the sensitivity measured from the res
tors on sample B. The dashed lines represent the fitted curves. The te
kp t can be extracted by fitting these points with Eq.~8!. The dashed lines
represent the fitted results.
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relative changes of linear charge density against the sur
stress for those resistors on samples A and B. Interestin
the effect of mobility change dominates the resistan
change for those resistors fabricated on sample B. Suc
effect is attributed to the reduction ofDc/c0 . On the other
hand, the numerical value ofssurfaceat the location where the
resistors were located is evaluated to be;26.17
3107 a dyn/cm2, wherea is in unit of 980 cm/s2. For the
resistors withL/2h55 on sample C, the resistance chang
are considered to be attributed only to the effect of pie
electric charges. Figure 11 displays the characteristics
Dc/c0 vs surface stress for sample C, where the sensiti
of Dc/c0 of 92.7%/GPa was obtained. This value is comp
rable to the piezoresistance coefficients of silicon.

In the case of@011̄# oriented sample A, the correspon
ing lateral surface band bending of 0.62 eV,Ã of 162.3 nm,
tmin,0 of 143.9 nm, andtmax,0of 487.7 nm are determined. Fo
ssurface5109 dyn/cm2, the correspondingDt of 4.5 nm, and
Dc of 2.736310212 C/cm have been obtained. The devi
tion between the measured and predictedDc/c0 could be
attributed to the error of the estimation ofDt, the over sim-
plified estimation ofkp t , and neglect of the lateral depletio
variation. In fact, the distribution of piezoelectric charges
depletion region was two dimensional so that the dim
sional variation of channel in the strained resistors was
uniform. To solve the actual dimensional variation of t
channel, a two-dimensional Poisson equation must be
lized.

Considerations involving the geometric design and i
purity doping are important and flexible for the application
stress or force transducers. For constant surface depletioc0

is related and proportional to theL, ND , and the thickness o
resistor layer so that these three terms make a simple de
rule for further applications of a thin film piezoelectr
modulated resistor. Increasing the relative change of lin
charge density depends on narrowing down the width of
resistors~i.e., lower the ratio ofL/2h! and lowering the im-
purity doping. This phenomenon has been experimentally
lustrated by comparing the results observed from sample
and C.

V. CONCLUSIONS

This study presents a novel model of the resista
change due to piezoelectric modulated effect inn-GaAs
mesa resistors. Measurements of some realized transd
confirm the proposed model’s effectiveness. Measurem
results indicate that the piezoresistive response in GaAs m
resistors leads to the effects of piezoelectric charge dens
and mobility change in response to the external surf
stress. The doping and the geometric designs of the resi
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can markedly influence the fractional change of linear cha
density due to the effect of piezoelectric charges, ther
offering some flexibility in the design of GaAs thin film
stress transducers. For the resistors with low linear cha
density, the effect of piezoelectric charges dominates the
sistance change, as confirmed by the measurements o
resistors oriented along@011̄# and @011# directions. In addi-
tion, an accelerometer is successfully fabricated by microm
chining that uses the high etching selectivity between Ga
and GaAs. This high sensitivity of accelerometer origina
from the combined effect of low doping as well as the th
beam structure~2.6 mm!. Results in this study demonstra
that GaInP/GaAs material system with its piezoelect
modulated effect inn-mesa resistors is highly promising fo
applications of III–V compound semiconductor smart se
sors because its fabrication process is compatible with tha
conventional n-channel metal-semiconductor field effe
transistor~MESFETs!.
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