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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 densitiesGaAs 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
GalnP/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, thicknesand width-to-thickness ratit./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 alof@ll] and [011] 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. Fof €1el] oriented resistors with/h of 10, and

ng of 4.8x 10, the sensitivity of relative resistance change as high as 92.7%/GPa is obtained.
Results in this study demonstrate that the resistance chanmgé&imAs mesa resistors is attributed

to the effects of piezoelectric charges and mobility change. Moreover, GalnP/GaAs material system
with its piezoresistive response originated from piezoelectric charges is highly promising in 111-V
compound semiconductor stress transducers.1999 American Institute of Physics.
[S0021-897€98)10323-1

I. INTRODUCTION modifying the free charge densities originally established
due to the doping. This is the underlying notion of the piezo-
electric modulated effect, implying that the free charge den-
sity of GaAs resistors can be modified by external sources if

Therefore, GaAs based smart sensors have attracted mughe piezoelectric charge densities induced inloGgAs can be
attention even though silicon based smart sensors have bed ered by extgrnal sources. In 1993, Huaatgal. f_wst re-
widely discussed in the field of microelectromechanical sysPOrtéd the resistance changes due to piezoelectric modulated
tem (MEMS).5~7 From this perspective, GaAs based streSSEffeC_t in |on_|mplanted_ GaAs resistors. That |r_1vest|gat|_on
sensors must be developed for applications involving th&onfirmed this mechanism in bulk GaAs by a simple, thick
GaAs monolithic integration of mechanical sensors and sigcantilever beam cut directly from a GaAs wafer. However,
nal circuits. The piezoresistive effect due to a directional-two dielectric stripes must be deposited beneath the resistor
dependent modulation of the average mobility in response ttp intensify the stress imparted to the diffused GaAs resistor.
a uniaxially applied stress is a well adopted sensing mechd=or practical applications in micromachined stress transduc-
nism in silicon based mechanical sensors, but, it is only &rs, epitaxial techniquege.g., molecular beam epitaxy,
very small effect inn-GaAs because of its direct band gap (MBE) or liquid phase epitaxyLPE)] can offer the appro-
structuret The published values of piezoresistance coeffi-priate material systems with high etching selectivity to pre-
cients myy, 1, and my, for n-GaAs are —2.2%/GPa, cisely control the geometric thickness. In addition, the fabri-
—3.8%/GPa, and-2.4%/GPa, respectivefyNevertheless, cation process of mesa resistors is simpler than the diffused
according to a previous investigation, the nonuniform stresgesistors. Although the piezoresistive responsepiGaAs
distribution introduced into GaAs can produce piezoelectrignesa resistors, i.e., a mechanism which resembles the one in
charge densities of such magnitude as to shift the GaAs fielg type silicon, has been observed and utilized for pressure
effect transistors(FETS characteristics appreciably by sensor by Deh#&' the fabrication process gi-type GaAs
piezoresistors is not very compatible with the one of conven-
dElectronic mail: yuhsu105@ms4.hinet.net tional n-channel FETs. In this study, we propose a model of

As generally known, GaAs electronic circuits have a
higher tolerance in high temperatiiféd and high radiatioh
environments than that in silicon integrated circUuit€s).
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FIG. 1. Schematic diagram of the resistor on cantilever beam and the direction of the elastic tensile surfateistressvidth of the resistors, ardis the
sum of the thickness of resistor and the passivation layer.

the resistance change due to piezoelectric modulated effect Bec. IV thoroughly discusses the results in this study and,
n-GaAs mesa resistors. The feasibility of applying the pro-finally, conclusions are made in Sec. V.
posed model in stress and force transducers is experimentally
investigated as well.

The stress distribution within mesa resistors differs fromil. MODEL ANALYSIS
that in diffused resistors in previous literatdr&. By follow-
ing the method of Aleck? a two-dimensional nonuniform
stress distribution induced by the surface stress could be cal- As the surface stress acts on the clamped surface of mesa
culated. By doing so, the piezoelectric charge densities caresistors, Fig. 1 schematically depicts the resistor on cantile-
be numerically determined. As the piezoelectric chargeyer beam and the direction of elastic tensile surface stress.
modify the linear charge density of resistors, the resistanc&or the situation in which the lengihof resistor is markedly
change due to the piezoelectric charges is eventually detelarger than the widtf. of resistors, the stress distribution is
mined as a function of the surface stress. Notably, all of th&onsidered to be two dimensiofako that the components
resistors are passivated with a 50 nm GalnP thin film so that,, and o, of the stress tensor are set to zero. Stress distri-
the term ofh is the sum of the thickness of resistor layer andbution for this geometry has been estimatdoly assuming
passivation layer. In this study, we examine the piezoresisthat(a) the GaAs is elastically isotropic arfd) the Poisson’s
tive response, a composite effect attributed to piezoelectricatio of GalnP is the same as GaAs. For the coordinate sys-
charges and mobility change, by applying it as the sensingem illustrated in Fig. 1, the nonzero components of the
mechanism of pressure sensors and accelerometer in whisltvess tensor are of the following form:
the resistors are fabricated on the thin GaAs membranes and 6
GalnP/GaAs cantilever beams, respectively. Modifying the Txx —1-> 1 Ai’jnifl costin;£),

A. Stress distributions in resistors

doping, direction, and./h ratio of the resistors allows us to O surface i=1]j

optimize the resistance change due to piezoelectric modu- 6 i

lated effect inn-GaAs mesa resistors. _ Txy = A K A sinh(\;€), 1)
The rest of this article is organized as follows. Section Il Osurface i=1j=1 " |

presents the model analysis of the resistance change due to 3 6 i1

the piezoelectric charge densities in GaAs mesa resistors. _%yy -3 A Y 2 cosh\:£)

Section Il describes the experiment details and results. Next, Osuface =1 j=1 7 i(i+1) ") >

TABLE |I. Calculated results of coefficients;, A,;/A;;, andAg; /A, for the GaAs Poisson’s ratio of 0.31.

j Aj A Ay Agj /Ay

1 —0.968132 —0.171275 —0.721211

2 —2.57248+1.38623 —4.26023-0.465977 3.11523+0.343618
3 —2.57248-1.38623 —4.26023+0.465977 3.11523-0.34361%
4 —6.49648+2.8869 —7.22432-0.344769 8.29658+0.888306
5 —6.49648-2.8869 —7.22432+0.344769 8.29658-0.888306
6 —22.1118 —9.26131 13.3017
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where o4, 1ace IS the surface stress at the clamped surfaceof o, ace IS POSitive as the resistor is forced to expand,
£&(é=x/h) and n(n=y/h) are normalized coordinate whereas the sign obrg, e iS Negative as the resistor is
variables; A; ;’s are undetermined coefficients dependentforced compression. The solution of Hg) involves finding
on the ratio of L/2h and Poisson’s ratiov; and \;’s  the condition that a symmetrical determinant below
are undetermined coefficients dependenvamly. The sign  vanishe&

4 2 1 4 > 2 1 4 2 4 2 L 4
2— §+2U A +E)\ 1- E'ﬁ‘gv A +3—6)\ §— 1—5+§U A +Q)\
1 5 , 1, 2 1 , 1 ., 1 (1 7 , 1 .,
1— E+€v A +3—6)\ §— §+§U A +EG)\ E— §+3—6U A +2?'8)\ =|A|=O. 2
2 (4 1 ) 1 4 1 /1 7 ) 1 4 2 (4 ) 1 4
3\ M et 5‘(§+3—e” MtogeM 5 163t 90N Teas?

Associated with each root;, a unique relation exists be- J
tween theA,;, Ay;, andAg; of Eq. (1) to satisfy the con- ppAX,Y)= —d14w
dition of [A]X[A;A;;A3;]7=0. By using the GaAs Pois-
son’s ratioy of 0_3]_,14 the values for the complex constant As the mesa resistors are strained by the tensile surface
\;, complex ratiosA,; /A, ; as well asAz; /A, ; have been stress of 10 dyn/cnt, Figs. 2a) and 2b) display the calcu-
evaluated and are listed in Table I. By taking account oflated distributions ofpp(x,y)/q for L/2h=5 and L/2h
L/2h, the sixA;j's can be determined from the boundary =46, respectively. These figures also illustrate the phenom-
conditions (¢= *L/2h: o4,=0 and o,,=0) by solving a €nonin which the distributions gfp,(X,y)/q have a sharper
system of six linear equations. Table Il lists the calculatedvariation near the lateral surfaces. This is because the stress
values of the corresponding coefficierAs;’s for the two distribution varies rapidly near lateral surfaces. Figures 2
representative examples bf2h=5 andL/2h=46. and 2d) illustrate the logarithmic plots ofp(X,y)/q over

the range &x/h=<L/2h—1 and O<y/h=<1, where the low-

est value ofppA(X,y)/q exists at the central point on top
B. Piezoelectric charge densities in resistors surface. For L/2h=5, although the lowest value of

10'? charges/cth is obtained, the corresponding position

GaAs is a noncentrosymmetric crystal and has nonzergy, yhe yajue of 167 charges/crhis located at the position
components of the piezoelectric tensors. For the coordmat)(ah_)41 for L/2h= 46

system shown in Fig. 1, the components of the piezoelectri-
cally induced polarization vectdP] are

v

1
1+ Z)Uyy_z (1-v)oyl. 4

P, q d140xy C. Effects on resistance change
[Pl=|Py|=| — # (0227 0xx) |, ©)) The piezoelectric charges can be detected because they
P, g are fixed and thereby capable of altering the conductance in
14%yz GaAs. Mulleret al. first proposed this concept in Cd&The

where d;,=2.6X10 7 C/dyn=162.5 electron/dyrt>1® If depletion regions which originated from the surface states
the piezoelectric charge densitigg(X,y) are given by exist in the vicinity of the boundary surfaces so that the

ppzAX,y)=V-[P], with the assistance of momentum balancepiezoelectric charges may simultaneously change the resis-
equations (doyy/dx=—dayyldy, doyyldy=—doy,ldX, tance through two mechanisms. The piezoelectric charges in
ando,,=voxtuvaoyy), the piezoelectric charge densities in depletion region are uncompensated, and they modify the
mesa resistors can thus be found to be width of depletion region. On the other hand, the piezoelec-

TABLE II. CalculatedA, ;s for L/2h of 5, and 46.

j A, for L/2h=5 A, for L/2h=46

1 —3.94454¢10 18+ 3.71569%< 10 33 9.8216x10° %

2 6.0742% 10 6—3.25861x 1079 | —4.69543< 10752+ 2.20719 10752
3 6.0742% 10 6+3.25861x 1078 | —4.69543< 107 52— 2.20719 10752
4 5.51104 107 16—7.36415<1071% | 9.51265< 107 131— 455439 10" 132
5 5.51104<10 %6+ 7.36415¢ 107 j 9.51265< 10" 131+ 4,55439 10~ 3¢
6 2.5095K 10 49+ 9.42287 10 54 j 0
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the uniform doping in resistors, ang, is the sheet charge
density. The subscripts 0 denote a situation in which the
resistors are not strained. For the resistors with strain, we
neglect the effects associated with possible shifts of the sur-
face states and further assume that the stress independent
densities characterize the surface states. Because the piezo-
electric charge densities in the regiah<|L/2h—5| are
much smaller than those in the regiath=|L/2h—5|, as
shown in Figs. &) and 2d), the conductance changes in the
regionsx/h=|L/2h—5| can be considered as having origi-
nated from the effect of piezoelectric charges. In addition,
the resistance changes in the regiafis<|L/2h—5| appear

%”‘E to be attributed to the effect of mobility change. ThGs, is
?2 the sum ofGpg, Which is the conductance in the region
- x/h=|L/2h—5|, andG,, which is the conductance in the

MI
regionx/h=<|L/2h—5|. The conductance chandeG can be

expressed as

29 [tmax,o™Atmax [Wo
AG=—- ppzAX,y)dxdy

tmin,o— Atmin J L/I2—5h

Np(2wg+10h—L ng(L—10h
= 1 +M0q ol Zo )XAH—q s(z )
Q'ﬂ__ 14
RS XApu=AGpet+AG,,. (6)
K 1121 »::::;:::% N where Au is the mobility change in response to uniaxial

‘l‘{{\\\“/ 4. stressAt(At= At n+At,. iS the vertical dimension varia-

tion due to piezoelectric charges in depletion regibGq¢ is

the conductance change due to the piezoelectric charges, and
AG, is the conductance change due to the mobility change.
Herein, the lateral dimension variation of channel is ne-
glected becauske is markedly larger thah in our study. The
vertical dimension variations of channel may be determined
from perturbative solutions to the one-dimensional Poisson
equation iny direction. In Eq.(6), AGpg can be estimated
assuming that the vertical dimension variation of channel is
uniform in thex direction and it is the sum of top depletion
variationAt,;, and bottom depletion variatioit ..., where

the value ofAt,,, and At,,,, are given by the computed
result for x’h==(L—5h)/2h. The fractional resistance
changeAR/R, can be expressed as

Log (P, (xy)/q)
[em”]

FIG. 2. Calculated piezoelectric charge densities for the resistofg) of AR AG AGM+ AGpg

L/2h=5, (b) L/2h=46 strained by the tensile surface stress &f dgn/cn?. R_ ~ G_ =- W (7)
Logarithmic plot of piezoelectric charge density over the rangexth 0 0 Iz PE

f';?h‘l and O<y/h<1 for the resistors with(c) L/2h=>5, (d) L/2h For the[011] oriented resistors, the piezoelectric polar-
e ization vector has the opposite sign in E@®) so that

ppAX,Y) given by Eq.(4) also have the opposite sign to one

tric charge densities in the channel combine with the chargef the resistors oriented alori@11]. This finding indicates
densities established due to impurity doping, thereby alteringhat the resistance change due to piezoelectric charges is di-

the free carrier concentration in the channel. rectional dependent.
For the resistors without a strain, the conductaBGges
given by
Ill. EXPERIMENT DETAILS
Quo (L2~ (tmaxo 20 uoWoNg .
Go=—- Npdydx=——>—, (9 Three layer structures have been grown(d0 semi-
~H2+® Jtmino insulating(SI) GaAs substrates for our piezoresistivity stud-

whereq is the magnitude of the electronic chargeis the ies. The first layer structure designed for pressure sensor,
length of the resistorgy is electron mobility,w is the lateral  referred to herein as sample A, was grown on Sl substrate by
depletion width,t., o is the depth of the top depletion re- gas source molecular beam epitad@dSMBE) as follows. A
gion, tax ois the depth of the bottom depletion regidty is 600 nm GaAs: (~3.4X 10 cm3, Si doped resistor layer
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resistor width (L) : /
D E— - lon] resistor
z
50nm undoped GalnP passivation layer ’T L/OO %
600nm n GaAs resistor layer \I/ x £ redistor
S.I. GaAs substrate Lon) ' mass [Ollz]
Sopkm GaAs S.I. sub. )
iloo] > 7 ol
«——resistor width(L) : 2um _____ y
i i i 100
FIG. 3. IIIEStranon diagram of the layer structures of sample A. The width SOnm undoped GalnP passivation layer (100]
of the[011] oriented resistors fabricated on sample A were designed to be TSOmm n GaAs resistor Taver
14, 22, 40, and 6@um. The corresponding ratios &f2h with the width of 4
resistors are 11, 17, 30, and 46. 400nm undoped GalnP insulating layer

2000nm undoped GaAs beam structure layer
was initially grown and, then, a 50 nm GalnP passivation

layer was grown. As the GaAs resistors were passivated by a 200nm undoped GalnP etch stop layer

thin GalnP layer, the interface charge density on the interface

of GalnP/G_aAS lowers the band bending in GaAsour FIG. 5. Schematic diagram of the layer structures of the sample C and the

types of[ 011] oriented resistors with different ratio &f2h geomet_ric dimensional structure designed for accelerometer. The width of

were fabricated on sample A. Figure 3 schematically depictgne[on] orient.ed resistors of/2h=5 and the 'thickness of the cantilever

the layer structures of sample A, where the ratid.(gh for ~ °Sams are designed to be 2 and 218, respectively.

the resistors on sample A was designed to be 11, 17, 30, and

46, respectively. The second layer structure designed for

pressure sensor, which we call sample B, was different fronized on sample C were oriented anE@lT] direction. Fig-

the sample A by replacing the resistor layer with a 300 nmure 5 depicts the accelerometer with its layer and geometric

GaAsn (~4.9x 10 cm™3, Si doped resistor layer. The re- dimensional structure, where the sizes of the proof mass

sistors on sample B were oriented aldi®d 1] direction and and the two beams were designed to be 1060

the ratio ofL/2h were designed to be 43, 57, and 86, respec:x1000umx400um and 600umXx500umx2.6 um, re-

tively. Figure 4 displays a finished pressure-sensor structurgpectively. The two beams composed of GalnP/GaAs/GalnP

where the sizes of the proof mass and the membrane thicknultiple layers(total 2.6 um) were designed to be so thin

ness were designed to be 2000><2000umx400um and  that they could offer a higher induced surface stress and,

60 um, respectively. Furthermore, we also fabricated thenence, a higher sensitivity in responding to external accelera-

[011] oriented resistor witlh./2h=46 on sample A; however, tion. For exact thickness control, adopting a material system

the membrane thickness was reduced & The thickness  with a high etching selectivity is indispensable. Therefore,

of membranes was controlled by a depth-calibration hole thaGalnP/GaAs material system was selected herein owing to

has been initially etched from the front side and as deep ags high etching selectivity between GalnP and Gahg!

the required membrane thickness. During the fabrication, K50,:H,0,:H,0 solution was used
The third layer structure designed for accelerometer, reto etch GaAs while HCI:HO solution was used to etch

ferred to herein as sample C, was grown as follows. A 20QGalnP. Figure 6 illustrates an example of high etching selec-

nm GalnP undoped etching stop layer was initially grown ontjvity between GalnP and GaAs, where the thickness of the

a (100 SI. GaAs substrate, followed by a/m GaAs un-  GalnP microbridges was 400 nm and the gap under the

doped layer as the main structure layer of two beams. Nexbridges was 1Qum. For the metallizations of the ohmic con-

a 400 nm GalnP undoped insulating layer was grown on togacts and electrodes, Au/Ge/Ni alloy and the Cr/Au were

of the structure layer. Finally, a 150 nm Gaks(~5.7 evaporated, respectively.

X 10 cm™3, Si doped resistor layer with a 50 nm GalnP

passivation layer was grown. The resistord é#h=5 real-

10um = — .
Tmm o 20KV  44mm  x850
20KV~ 48mm  x13 FIG. 6. Scanning electron microscopf$EM) photograph of an illustrative

example of high etching selectivity between GalnP and GaAs. The thickness
FIG. 4. Scanning electron micrograph of a finished pressure sensor. of the GalnP microbridges is 400 nm.
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Curpuce* Surface stress | MPa |
150 100 50 0 <50 -100 -150
15 + + + 1.5
Vacuum chuck-1
Ceramic Epoxy 11 H1
substrate P
Y
il % _ 054 05
X P
I sy < ol lo 3
N [ S
Vacuum chuck-2 / \ % N
05} laos Y
Connector——— A
To air
44 -1
Digital Pressure Indicator 1.5 1 ; ' ; ; 4.5
DRUCKDPI 601 -3 -2 -1 0 1 2 3

P: Pressure difference | bar )
FIG. 7. The setup of test apparatus for the pressure sensors. As the chuck 1
is connected to the pressure indicator, the chuck 2 is alternately connected FdG. 8. The characteristics of fractional resistance chaogen symbols
ambient pressureP,, denotes the pressure on the backside Bpdenotes — against the pressure difference and the correspondlingyy, (solid sym-
the pressure on the front side. The pressure differéRrecross the mem-  hols) vs surface stress for tH@®11] oriented resistors with/2h of 11 (O,
brane is given byP=P,—P, . W), 17(0, ¢),30(A, A), and 46(O, @) on sample A. The dashed lines
represent the theoretical values.

The electrodes on the finished pressure sensors weegyainst periodic acceleratiot), where the resistor was
wire bonded with the ceramic substrates and, then, pressusggrained by compressive surface stressafand the resistors
sensors were attached on the ceramic substrates with the epere strained by the tensile surface stressaoThe resis-
oxy. The test of the pressure sensors fabricated on sampletBnce changes measured from the resistors upon which the
was performed by a static method. Figure 7 schematicallgompressive surface stresses act have an opposite sign to
depicts a simple test apparatus. For this purpose, two vacuuthose observed from the resistors upon which the tensile sur-
chucks were used. The chuck 1 was connected to a pressuigce stresses act.
indicator of DRUCK DPI 601 which offers the positive pres-
sure and pressure control. If the pressure on the backside pf. DISCUSSION

th I denoted By, th e on the front sid . . .
e sample was denoted By, the pressure on ront Siae Since the resistance affected by the mobility change are

(P,) was reduced to produce a pressure differeReePy, 4 to be of | value for th ist iented al
— P, across the membranes. For the condition shown in Fi assumed to be of equal value for the resistors oriented along

7, P, is the ambient pressure and is assumed to remain coh911] and[011] directions, the resistance changes due to
stant at 1 atm so that the pressure difference is positive. TH&OPility change show no directional dependence. According
condition of negative pressure difference was obtained by° Figs. 8 and 10, the resistance changes measured from the
switching the pressure indicator from chuck 1 to chuck 2[011] and[011] oriented resistors on sample A are of oppo-
Figures 8 and 9 plot the characteristics of the experimentally

observedAR/Ry vs pressure differende for the resistors on

samples A and B, respectively, where the resistors were Crunfuce* SUrface stress [ MPa |
strained by the compressive surface stress HorO and 150 100 50 0 50 100 -150
strained by the tensile surface stress B 0. Figure 10 0.15 ; ; : : : 0.15
displays the measurement of the resistor fabricated on the ' -
. 01 { 104
thin membrane of 6um, where the sample was observed
over the pressure range 0 t€0.4 bar. o 005 [ 005 o
. . * *
Herein, the test of the accelerometers fabricated on = °_§
sample C was performed by a dynamic method. The finished & 0 to  ®
accelerometers were fixed on a vibration excitor of BK type ¥ 008 005 3
4809 for testing and a commercial accelerometer of PCB301 T |
AO03 was put on the same excitor to readout the acceleration. 04} 1 04
Meanwhile, a periodic signal generated by a function genera- i
tor of HP-3245A was amplified through a YAMAHA MX- 048 1 1 : 0.15
830 power amplifier to push the excitor. A constant current 02 1028
was sent into the resistors of the fabricated accelerometer to P: Pressure difference | bar |

offer the bias. The periodic terminal voltages measured b¥|e o Relative ch F resistarg bolvs th it
s ) . 9. Relative change of resistan@men symbolsvs the pressure differ-
the dynamic signal analyzer of HP-35665A allowed us toence and the correspondidg)/ i, (solid symbol$ vs surface stress for the

dEtermin? the _periOdiC resistance change modulated by tI'[Qll] oriented resistors with/2h of 43 (<, ), 57 (A, A), and 86(0, @)
acceleration. Figure 11 presents the measurememf®OR,  on sample B.
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Crurpuce* Surface stress | MPa | 1.2 0.08
0 500 1000 1500 2000 by [ 2
3 3 kS : =
§ 03 : -~ g
{2 ST 1 ¢ e
— — S g Q9 @ 5
3 11 3 3N toos &%
= 2 &= @, o g =
- — 3 Nr] B
o~ N 2— o4l 2=
~ ] ~ 3 STt
g a 3 ? ! Eal e 4
1 3 o T c S -
|5 ) )
0 : f + 0
3 13 (i 20 40 60 80

0. 04 0.2 03 0.4 0.5
P: Pressure difference | bar | L : Resistor width [ ym )

FIG. 10. The measurement of fractional resistance chéogen symbols FIG. 12. Sensitivity vs resistor width for the resistors fabricated on samples

against the pressure difference and the correspondliplyy, (solid sym- A and B. S, (O) denotes the sensitivity measured from the resistors on
bols) vs surface stress for tH€11] oriented resistors with./2h of 46 (O, sample A, whereas, (OJ) denotes the sensitivity measured from the resis-
@) on sample A. This resistor is fabricated on the membrane @6 tors on sample B. The dashed lines represent the fitted curves. The term of

k, can be extracted by fitting these points with E8). The dashed lines
represent the fitted results.

site sign. Importantly, this finding demonstrates that the re-

istan han irectional- ndent piezoelectric . . . .
sistance changes due to directional-dependent piezoe ect fSsistor with conductand®8pg, where the ratio 0Gpe/G, is

effect deflnltely exist in mesa re§|stors. In adqmon, the pthh/(L—th). Thus, the relative resistance changes in Eq.
ezoelectric modulated effect dominates the resistance chan
can be expressed as

for those resistors fabricated on the sample A. This resul

confirms the presence of a reliable mechanism of resistance AR AG, (L=10h) AGpg(10h Ay
change due to piezoelectric modulated effect in mesa resis- R_0”_ G, L T Gpe | L =kPm— o
tors. To distinguish the effect of mobility change from the (8

effect of piezoelectric charges, a simple model is proposed . . . .
. ; . -Wherek is a transformation factolR is the pressure differ-
herein and further used to approximately estimate the resis- . . : .
: . nce, m, is the transverse piezoresistance coefficient for
tance change resulted from the piezoelectric modulated et= . . . .
fect aAs,Ayis change of linear charge density, afiglis linear
For the wide resistorsl(2h=5), the stress distribution charge denS|ty_0f the channel . : -
If the relative changes of resistance which originated

can be divided into two parts: a uniform part that is valid for o
. . from the mobility change are assumed to be equal value for
the central region of the plat@e., x<|(L—10n)/2|) and a . . . )
. . " those resistors in our experiments, the relative changes of
nonuniform term for the parts in the vicinity of the lateral | . ; .
. ST linear charge density can be experimentally extracted for dif-
edges(i.e., x=|(L—10h)/2|). This implies that the effect of : ; .
. : ; oo : ferent resistors according to E@). Figure 12 plots the sen-
piezoelectric charges exists primarily in the regios|(L L - .
: ; . : : sitivities (9, S=d(AR/Ry)/dP, measured from the resistors
—10h)/2|. In line with this assumption, the mesa resistors,_, . . .

s . ) . abricated on samples A and B, as a function of resistor
can be divided into two parts: a mobll|ty-change-dependen{ . i . . :
resistor with conductanc@ , and a piezoelectric modulated width. By fitting these points with Eq8), the corresponding

® P values ofk, and d(AGpg/Gpg) dp for sample A have been
extracted to be 8.6610 * and —1.425<10 2 bar?, re-
spectively. On the other hand, tker, of 9x 10 * bar ! and
Oruuce: Sirface stress | MPa | I(AGpe/Gpp/dp of 5.13<10 3 bar ' were obtained for
156 100 50 0 50 100 -150 sample B. By using the values of piezoresistance coefficients
1 —————— g 5 reported by Sagétthe numerical value ofr, can be esti-
1 10 mated by 7= (71t 71— 744)/2 to be —1.8%/GPa. Ac-
_ cording to these results, the transformation fa&taf —49
X MPa/bar was determined.
10 ¥ For the dimensional parameters of pressure-sensor and
~
S
<

accelerometer structures adopted herein, the corresponding
surface stress with the external forq@essure or accelera-
11 tion) has been estimated by the commercial finite element
-15 ‘ ; ; -, ; -5 softwareANSYS. The ogceinduced by the deformation of
-3 20 -0 o0 10 20 30 the membrane can be expressed @aS;ace —3.9
a : Acceleration | 980cm/sec’ | X 10'% dyn/cn? (whereP is in unit of baj for the mem-
brane thickness of gum, and the corresponding value of

AR/ Ry [ % |

FIG. 11. The characteristics of fractional resistance chdaogen symbols . .
vs acceleration and thA /¢, (solid symbol$ vs surface stress for the transformation factor is-3.9 GPa/bar. As the terms kfand

[011] oriented resistors with./2h of 5 (¢, 4) on sample C. The dashed 7t ha_V9 been determined, the relatiye change of |_inear charge
lines represent the theoretical predictions. density can be extracted as well. Figures 8-10 illustrate the
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relative changes of linear charge density against the surfaggan markedly influence the fractional change of linear charge
stress for those resistors on samples A and B. Interestinglgensity due to the effect of piezoelectric charges, thereby
the effect of mobility change dominates the resistanceffering some flexibility in the design of GaAs thin film
change for those resistors fabricated on sample B. Such airess transducers. For the resistors with low linear charge
effect is attributed to the reduction afiy/,. On the other density, the effect of piezoelectric charges dominates the re-
hand, the numerical value of,ccat the location where the sistance change, as confirmed by the measurements of the

resistors were located is evaluated to be—6.17 resistors oriented along11] and[011] directions. In addi-

X 10" a dyn/cn?, wherea is in unit of 980 cm/& For the  tion, an accelerometer is successfully fabricated by microma-

resistors withL/2h=5 on sample C, the resistance changeschining that uses the high etching selectivity between GalnP

are considered to be attributed only to the effect of piezoand GaAs. This high sensitivity of accelerometer originates

electric charges. Figure 11 displays the characteristics atom the combined effect of low doping as well as the thin

Ayl vs surface stress for sample C, where the sensitivitheam structuré2.6 um). Results in this study demonstrate

of Ayl of 92.7%/GPa was obtained. This value is compathat GalnP/GaAs material system with its piezoelectric

rable to the piezoresistance coefficients of silicon. modulated effect im-mesa resistors is highly promising for
In the case of 011] oriented sample A, the correspond- applications of 1ll-V compound semiconductor smart sen-

ing lateral surface band bending of 0.62 ew 0of 162.3 nm, sors because its fabrication process is compatible with that of

tmin,0 Of 143.9 nm, and,« 0 Of 487.7 nm are determined. For conventional n-channel metal-semiconductor field effect

O surtace= 10° dyn/cn?, the correspondingt of 4.5 nm, and  transistor(MESFETS.

Ay of 2.736x10 2 C/cm have been obtained. The devia-

tion between the measured and predictegl/ s, could be ~ACKNOWLEDGMENT
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