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Abstract

This report describes an investigation of the piezoelectric field in strained bulk
GaAs. The bound charge distribution is calculated and suitable electrode
configurations are proposed for (i) uniaxial and (ii) biaxial strain. The screening
of the piezoelectric field is studied for different impurity concentrations and
sample lengths. Electric current due to the piezoelectric field is calculated for the
cases of (i) fixed strain and (ii) strain varying in time at a constant rate.



Intentionally left blank



Contents

PR (o Yo [ o £ (o 7
2. Electrode configurations ...........cooooiiooiiiiii 9
2.1. Uniaxial Stress or Strain.............cooooiiiii e 9
2.2. Biaxial stress Or strain...........cooooviiiiiiiiie e 11
2.3. Comparison with previous resultS ...........ccoooeiiiiiiiiiiiiie e 13
3. Piez0eleCtriC CUIMENT ... ... e e eeeeees 14
3.1. Effect of doping on the total field inside the crystal ..............ccccccciiiiiinnnins 14
3.2. Piezoelectric current for a fixed Strain ..............ccccooiiiiiiiis 17
3.3. Generation 0d @ DC CUITENT........cooiiiiiiiie e 19
4. CONCIUSIONS ...ttt eeeeeeeenees 21
5. REFEIEINCES ... s 22
Figures
Figure 1. lllustration of the stress tensor COMpPONENtS...........ooiiiiiiiiiiii e 7
Figure 2. Piezoelectric field component in GaAS .........ocoiiiiiiiiiiiie e 8
Figure 3. Bound charges in GaAs as a result of uniaxial StreSs .........cccocciiiiiiiiiii e 9
Figure 4. Piezoelectric field vs. uniaxial strain and Stress..........cccccoeoiiiiiiiiii e 10
Figure 5. Bound charges in GaAs as a result of biaxial Stress. .. ........ccccocviiiiiiiii i, 11
Figure 6. Piezoelectric field vs. biaxial strain and Stres............ccccoiiiiiiiiii e 12
Figure 7. Bound charges and the resulting piezoelectric field in a strained crystal ................c..ccco...... 14
Figure 8. The screening length as a function of carrier density for T=0Kand T=300K ................ 15
Figure 9. The screened electric as a function of the distance z from the crystal surface.................... 16
Figure 10. A setup for the piezoelectric current (undoped crystal) .........cccovveeiiiiiiiiii e, 17
Figure 11. Decaying current after the switch S in the circuit from Fig. 9ison ........cccccoiiiiiiiiinnne 18



Intentionally left blank



1. Introduction
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Figure 1. (a) Illustration of the stress tensor components at a point represented by an infinitesimal
cube. (b) In the cubic crystal structure piezoelectric field arises due to the shear stress or strain only.
The underlying stress components and the resulting piezoelectric field vectors are plotted in the same
color.

The electric field inside the GaAs crystal appears under shear (off-diagonal) stress o ; or
strain ¢; [1, 4, 5] (MKS units)

C2euEn 4,40 ;i
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i, j,k =123

i

where e, and d,, are the piezoelectric tensor coefficients, g, is the permittivity of free
space and (1+ y) is the low-frequency dielectric constant. For the calculations we use
e, =-0.16 C/m*, d,, =-2.69x10"% m/V [2, 3],&, =8.85x107*C*/(Nm?), where C
is Coulomb, and (1+ y)=13.71 [3] so that

E,(V/em)=2.64x10"(V /cm)e .,

E.(V/cm)=222(cm’ 1C)o 1 (N /cm?)

The breakdown field for GaAs is 3.5x10° V/cm [4].
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Figure 2. Piezoelectric field component in GaAs versus the off-diagonal (a) strain (deformation)
component and (b) stress component.

There are three different mechanisms that contribute to the piezoelectric effect [2]: (i) the
internal displacement of the ionic charge, (ii) the internal displacement of the electronic
charge, and (ii1) change in ionicity due to strain.



2. Electrode configurations

2.1. Uniaxial stress or strain
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Figure 3. Bound charges in GaAs as a result of uniaxial stress applied on (a) (1,1,0) plane, (b)
(0,1,1) plane, and (c) (1,1,1) plane. The thick lines denote the contacts.

These calculations are for experiments applying uniaxial stress on GaAs crystals.
Uniaxial stress o~ applied on (1,1,0) plane produces piezoelectric field

. d140f110] __ 6148[’”0]
2e(1+ ) &1+ )

E[om] =

in [0,0,1] direction. Uniaxial stress o~ applied on (0,1,1) plane produces piezoelectric
field
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in [1,0,0] direction. Uniaxial stress o~ applied on (1,1,1) plane produces piezoelectric
field
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E[111] =

in [1,1,1] direction [2]. Figure 3 illustrates three possible electrode configurations;
compare with Fig. 7 of Ref. [6].

108 108
(a1)
— 10°F — 108 F
= g
L 2
Z Z
= 10t = 10tk
(= [=}
=4 =3
i el
108 | 108 |
102 . . . 10% . . \
108 104 103 102 1071 107 10% 10* 108 10¢
strain &[y;q) stress o731 (N/ cm?)
109 108
—_ 10 — 10%f
= =
2 2
Z Z
S 10t = [l
i el
108 | 10% |
10% . . . 102 . . .
10-% 104 10-3 102 101 102 102 104 108 108
strain £y stress oyyyy (N/ cm?)

Figure 4. (top) Piezoelectric field in [0,0,1] direction vs. uniaxial (al) strain and (b1) stress in [1,1,0]
direction. (bottom) Piezoelectric field in [1,1,1] direction vs. uniaxial (a2) strain and (b2) stress in
[1,1,1] direction. In panel (a2) the squares indicate theoretical results from Ref. [2] and the dots

indicate theoretical results from Ref. [4].Notice that uniaxial strain in [111] direction causes the
strongest piezoelectric field.
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2.2. Biaxial stress or strain
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Figure 5. Bound charges in GaAs as a result of biaxial stress in (a) (1,1,0) plane, (b) (0,1,1) plane,
and (c) (1,1,1) plane. The thick lines denote the contacts.

In an application, a GaAs crystal that is attached to an expanding or contracting surface
experiences biaxial strain. Biaxial strain ¢ in (1,1,0) plane produces piezoelectric field

E - 2e), Ch+Cy
[001]
g1+ x) € +C, +2C,,

2

in [0,0,1] direction. Biaxial strain ¢ in (0,1,1) plane produces piezoelectric field
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in [1,0,0] direction. Biaxial strain ¢ in (1,1,1) plane produces piezoelectric field

_ 2\/5914 C, +2C,
e (1+ y) €, +2C,, +4C,,

b

in [1,1,1] direction [7]. The elastic stiffness constants C take values: C,, =11.88x10"
N/m?*,C,, =5.83x10" N/m?, and C,, =5.94x10" N/m?. Figure 5 illustrates three
possible electrode configurations for the crystal attached to a surface.

108 106g :
g 10 T g 108
Q 9 F
2 s
g 10t} 1 B 10t
7 T
108 | 4 103
102 ‘ ‘ ‘ 102 ‘ ‘ ‘
10°5 0% 1%  107? 107! 102 103 10t 105 10
H _ _ _ _ 2
strain &’ = £, 1 = oy stress o = o5 = ologr (N/em?)
10° 109 ¢
(a2) - (b2)
T 08¢ 3 g 105¢
3 2
S 10 3 310t
7 T
108 | 4 10° L
102 L i i 100 L i e
10— 10-* 107* 107% 107! 107 10° 10 10 108
H — — — — 2
strain &' = g1 = €19 stress o' = o7y = 0745 (N/em?)

Figure 6. (top) Piezoelectric field in [0,0,1] direction vs. biaxial (al) strain and (b1) stress in (1,1,0)
plane. (bottom) Piezoelectric field in [1,1,1] direction vs. biaxial (a2) strain and (b2) stress in (1,1,1)
plane. In panel (a2) the dots indicate theoretical results from Ref.~\cite{SMI86}.Notice that strain in
(111) plane causes the strongest piezoelectric field.
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2.3. Comparison with previous studies

The piezoelectric field E,,,, dependence on the uniaxial strain &,,,, [line in Fig. 4 (a2)]
agrees exactly with the calculations using (i) the formula for the piezoelectric
contribution to the displacement D, and (ii) the measured value of e, =-0.16 C/m?

from Ref. [2]. The three points obtained from Ref. [2] are marked with squares in Fig. 4
(a2).

Reference [4] reports on [111]-growth axis strained layer superlattices GaAs--
Ga ¢ In,, As. Both layers are under biaxial strain and the resulting shear strain causes

piezoelectric field in [111] direction. We compared our calculations with the results from
Ref. [4] and the three points obtained from Ref. [4] are marked with dots in Figs. 4 (a2)
and 6 (a2).

In Ref. [7] the piezoelectric field in biaxially strained In ,; Ga .5 As quantum well grown

along [111] axis on GaAs is measured to be 2.2 +0.5x10° V/cm. The theoretical value
of 2.1x10° V/cm obtained with the formula

 243e, C, +2C,
g (1+ y) €, +2C,, +4C,,

using parameters for In, . Ga . As is in good agreement with the measurements.
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3. Piezoelectric current

3.1. Effect of doping on the total field inside the crystal

XA

Figure 7. Bound charges and the resulting piezoelectric field in a strained crystal.

Let us assume that a GaAs crystal is under constant strain. The bound charge due to the
piezoelectric effect appears on the crystal surfaces A which are L apart (Fig. 7). As a
result, otherwise uniform distribution of free carriers inside the crystal is modified in such
a way that the field due to the bound charges is screened. The resulting screened field E|

inside the crystal is
E(z)=E, ™",

where the inverse screening length is [12]

k, =] e on,
£y, Ol

where 7 is the free-carrier density and x is the chemical potential. The inverse screening
length can be calculated for three cases [12]:

(a) Thomas--Fermi approximation: at zero temperature (T =0 K) ¢ = E,. giving

14
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Figure 8. The screening length as a function of carrier density for T=0 K and T =300 K.
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where e is the electron charge, and E, = E. (37°n)*" is the Fermi energy.
m

(b) Debye--Huckel approximation: at very high temperatures the Fermi distribution can
be approximated by the Boltzman distribution giving

2
kT>>0 _ en
s - s
\} &o&pk, T

where k, =8x107* J/K is the Boltzman constant and T is the temperature in Kelvins.

(c) in this report we use an analytic approximation for the chemical potential for 7> 0

15
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Figure 9. The screened electric field normalized with £ » as a function of the distance z from the

crystal surface for (a) T =0 K and (b) T = 300. In each panel from left to right the carrier density is
10,10",10", and 10" em .

= kBT{lni +K, 1n(1<2 S 1} + K, i}

n, n, n,

which is good for all situations except 7 near zero. Here, K, =4.897, K, =0.045,

1 (2mk, 7" . .
K, =0.133, and n, = 2\ 7 , which gives the screening length
V4
eZ
k, =
1 1
g6,k T) —+ K, +K,—
n+-—> "o

Notice that this formula reduces to case (b) for K, = K, =0.

Figure 8 shows the dependence of the screening length on the carrier concentration and
Fig. 9 shows the normalized (with respect to £, ) screened electric field inside the crystal.
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Figure 10. A setup for the piezoelectric current (undoped crystal)

Note that the screening depends on the carrier density and on the thickness of the crystal
L.

In samples with L <10~ m and at T 300 K, intrinsic carrier concentration of 107 c¢m ™

does not screen the piezoelectric field. However, at higher impurity densities the

piezoelectric field will be screened by free carriers. For example, at # =10 cm ™ the
piezoelectric field will be reduced by three orders of magnitude for a sample length of ~
1 micron.

3.2. Piezoelectric current for a fixed strain

We now assume that a strained crystal is used in a circuit with resistance R [Fig. 10 (left
panel)] and calculate the resulting electric current after the switch S in on [Fig. 10 (right
panel)]. We treat the crystal as a capacitor of capacitance C =¢d/L=gq,/V,, (1 =0),
where g, = ¢4AE , is the bound charge associated with the piezoelectric field £, . If there

is no doping and the switch S is on at time 7 = 0, a current will result in the circuit due to
the potential difference V,(¢) between the points a and b

V(D) _ a(r)

I(t) = ,
® R RC

If ¢ 1s the charge of the capacitor and Q is the charge flowing through the circuit then the
charge conservation gives

17
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Figure 11. Decaying current after the switch S in the circuit from Fig. 9 is on for » = 0. For this figure

A=10"m?, L=10" m,and R=1 MQ.

990

dt
so that
dq 1
ar TR

which has the solution

g(t) = q(0)e *'

with g(0) = g,,. Differentiating the above equation gives the expression for the current in

the circuit

1 | .
=98 _ 9 e V=0 e _EL e
dat  RC R R

Because no work is being done on the system, there will be no DC current. However,
some work have been put into straining the crystal and there will be a decaying current to
discharge the capacitor. As the free charges accumulate at the electrodes the field £,

compensates the piezoelectric field £, and the total field between the two electrodes

18



vanishes [Fig. 10 (right panel)]. Assuming C =1.2nF [4=10"m", L=10"" m,
£=13.7x8.85x10"" C*/(Nm”)] and R=1 MQ we get the decay rate RC ~1.2 ms.
The decaying current is plotted in Fig. 11.

If there is doping the piezoelectric field will be screened even before the switch is on. If
the piezoelectric field is not completely screened by free carriers (see Fig. 9) there will be
a decaying current after the switch is on

1

EL —
I(t)=——e¢ RC
(1) R

t

which is smaller than the corresponding current for undoped material (E, < E).

3.3. Generation of a DC current

Let us assume that there is no doping. As the crystal is strained and the lattice is
deformed there is a genuine motion of bound charges leading to bound-charge electric
current (this is different from the free-carrier current which involves motion of free
electrons). The piezoelectric field inside GaAs increases with the strain & according to

dEp _ 2e, %
dt g, dt

Concurrently, as described in the previous section, free electrons move through the circuit
to discharge the capacitor

dE, 1
- (E,-E).
dt RC( «=E,)

Under the assumption that the crystal is expanding (contracting) on a time scale much
longer than RC, that is

dE, _ dE

_r

>>
dt dt

b
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the field £, adiabatically follows the changes in E, [E,(#) = E,(#) ]. Thus, on the one
hand

dE, _2e, de
dt g, dt’

and on the other hand,

de, ~ 1 dq
dt g5, Adt’
leading to
de

(1) =2e,A—
() wd

As long as work is being done on the crystal (expanding or contracting) the bound
charges shift inside the crystal and there is electric current in the circuit. For a DC current
the rate of change of strain should be a constant. For example, a strain increase at the rate

of 1 %/h results in a DC current of 10~ A during the crystal expansion (contraction).

If there is doping and the piezoelectric field is screened the total current in the circuit
will be reduced.

20



4. Conclusions

We presented an investigation of the piezoelectric field in strained bulk GaAs. It
is found that a lattice mismatch (strain) of 1% in [1,1,1] direction can give rise to
piezoelectric field of ~10° V/m. In samples with thickness less than 10™* m and at
T=300 K, intrinsic carrier concentration of 107 cm™ does not appear to screen the
piezoelectric field. However, at higher impurity densities, for example at n= 10"
cm™, the piezoelectric field may be reduced by as much as three orders of
magnitude for sample thickness of Imicron. If the piezoelectric field is not totally
screened, a strained crystal can generate an electric current when it is connected to
an electrical circuit. For a fixed strain, an exponentially decaying current will
result. For a DC current the strain has to vary in time at a constant rate. For
example, for intrinsic GaAs with area of 1 cmz, a strain increase at the rate of
1%/h results in a DC current of 10®A during the crystal expansion (or
contraction).

21



5. References

[1] G. Arlt and P. Quadflieg, “*Piezoelectricity in III-V compounds with a

phenomenological analysis of the piezoelectric effect”, Phys. Stat. Sol. 25 (1968)
323--330.

[2] S. Adachi,”"GaAs, AlAs, and Al Ga (1ex) As: Material parameters for use in
research and device applications", J. Appl. Phys. 58 (1985) R1--R28.

[3] D. Smith, *"Strain-generated electric fields in [111] growth axis strained-layer
superlattices", Solid State Communications 57 (1986) 919--921.

[4] C. Mailhiot and D. Smith, “"Effects of external stress on the electronic structure
and optical properties of [001]—and [111]--growth--axis semiconductor
superlattices", Phys. Rev. B 38 (1988) 5520--5529.

[5] K. Hjort, J. S\"oderkvist and J. Ake-schweitz, "~ Gallium arsenide as a mechanical
material", Journal of Micromechanics and Microengineering 4 (1994) 1--13.

[6] H. Shen, M. Dutta, W. Chang, R. Moerkirk, D.M. Kim, K.W. Chung, P.P.
Ruden, ML.I. Nathan, and M.A. Stroscio, ~*Direct measurement of piezoelectric
field in a [111]B grown InGaAs/GaAs heterostructure by Franz-Keldysh
oscillations", Appl. Phys. Lett. 60 (1992) 2400--2402.

[7] N. W. Ashcroft and N. D. Mermin, Solid State Physics, W.B. Sounders Company
(1976).

[8] P.A. Houston and G.R. Evans, “"Electron drift velocity in n-GaAs at high electric
fields", Solid State Electronics 20 (1977) 197--204.

[9] P.M. Smith, M. Inoue, and J. Fey , ““Electron velocity in Si and GaAs at very high
electric fields", Appl. Phys. Lett. 37 (1980) 797--798.

[10] J. S. Blakemore, ** Semiconducting and other major properties of Gallium
arsenide", J. Appl. Phys. 53 (1982) R123--R181.

[11] H. Haugh and S. W. Koch, Quantum Theory of the Optical and Electronic
Properties of Semiconductors, World Scientific Publishing 2004.

22



Distribution:

N = N = N =

NN

MS0601
MS0601
MS1073
MS1073
MS0603
MS0601

MS9018
MS0899

Daniel Barton
Weng W. Chow
Michael R. Daily
James S. Foresi
James J. Hudgens
Sebastian Wieczorek

Central Technical Files
Technical Library

23

1123
1123
1712
1712-1
1713
1123

8945-1
9616



	Piezoelectric Field in Strained GaAs
	Abstract
	Contents
	Figures
	1. Introduction
	2. Electrode configurations
	2.1. Uniaxial stress or strain
	2.2. Biaxial stress or strain
	2.3. Comparison with previous studies

	3. Piezoelectric current
	3.1. Effect of doping on the total field inside the crystal
	3.2. Piezoelectric current for a fixed strain
	3.3. Generation of a DC current

	4. Conclusions
	5. References
	Distribution


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




