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Linear (low-stress) and superlinear (high-stresé) piezoresistance data are reported for lightly, moderately,
and degenerately doped n-type GaAs single-crystal samples for hydrostatic pressure and for [100] and [111]
uniaxial stress. The theoretical expression for mobility for polar-optical scattering predicts a hydrostatic
piezoresistance coefficient only half as great as observed, if all pressure-dependent terms in addition to the
effective mass are included. If only the mass dependency is retained, agreement is restored and the stress-
induced anisotropy of the linear piezoresistance can be explained in terms of the stress dependence of the
mass tensor derived in a previous paper. The anisotropy produces different rates of increase of the linear
piezoresistance, which in extrapolated relative values at 10-kbar uniaxial (10/3-kbar hydrostatic) stress are
04-0.5%, 3.44-0.5%, and 4.04-0.5% for [100] uniaxial, hydrostatic, and [111] uniaxial stress, respectively.
The superlinear resistance increase observed for [111] uniaxial stress shows that the L{ minima are 330440
meV above the I'f minimum, in agreement within experimental uncertainty with the recent stress work of
Pickering and Adams and the synchrotron-radiation electroreflectance results of Aspnes, Olson, and Lynch.
A shear deformation potential of 19.64-3 eV is obtained. Superlinear resistance increases for [100] stress can
be interpreted similarly. However, the anomalously large shear deformation potentials so obtained suggest
another origin, possibly electron trapping in point defects or mechanical failure due to incipient fracture, for
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this effect in [100] stress.

I. INTRODUCTION

After good single-crystal material became avail-
able, thermopower,! mass anisotropy,>™ and ef-
fective-mass® ® measurements established that
GaAs was a direct-band-gap material with the
lowest conduction-band minima at I'C, the center
of the Brillouin zone. The existence of subsidiary
minima a few tenths of an eV above I'¢ was es-
tablished even earlier by extrapolating indirect-
absorption-edge data on GaAs,. P, alloys™® and by
measuring the Hall coefficient of GaAs at high
temperatures.’™* These indirect minima were ini-
tially assigned to L_, on the basis of the first
band-structure calculation for GaAs by Callaway.'?

The first GaAs high-pressure transport data'®
showed the existence of indirect minima 0.5 eV
above I'S. By comparing the pressure coefficient
of this threshold to previous work on Si,**!5 it was
clear that these minima had X¢ symmetry. Al-
though for a brief time a I'-L-X ordering remark-
ably similar to the current self-consistent model®
was considered,'” the definitive symmetry assign-
ment, together with the relatively large uncertain-
ties in energy values, acted primarily-to cast con-
siderable doubt on the previous L{ interpretation
of the alloy” and high-temperature Hall-effect®!°
data. In a comprehensive reexamination,
Ehrenreich'® showed that all existing data were

 in fact consistent to within experimental error
with a model where the X¢ indirect minima were
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0.36 eV above the absolute I'Y minimum and the
L€ minima were sufficiently high in energy to be
ignored.

Ehrenreich’s I'-X proposal was so well argued
that for the next 16 years the validity of the model
itself was not seriously questioned but in fact ap-
parently supported by new or more refined exper-
iments,'*™? even though adjustments in values (and
a contradiction between the optical®*?® and photo-
emission®® data) for the XC-T'¢ separation energy
were to be found in the accumulating data. Be-
cause band structure calculations predicted either
an L assignment'®3%% or an XC assignment3® 33
for the first indirect threshold, depending upon
the method used, and because no local-potential
calculation scheme consistently achieved better
than 0.5-eV accuracy in other, known situations,
band structure calculations did not provide useful
information with respect to this problem. For ex-
ample, first-principles self-consistent ortho-
gonalized-plane-wave calculations® yielded X°
minima either 1 eV above or 0.5 eV below T'C, de-
pending upon whether a Slater or Kohn-Sham ex-
change was used. Although recent nonlocal pseudo-
potential calculations®* 3% that provided highly ac-
curate (~80 meV maximum deviation) fits to elec-
troreflectance®” and photoemission3®3° data both
predicted LE minima 150-200 meV below X (com-
pared to the current experimental value of*® 170
+30 meV) the generally poor record of previous
calculations on this scale of energy caused these
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predictions not to be taken seriously.

Within the last year, the GaAs band structure
was reinterpreted with LE placed 170+ 30 meV be-
low X£ on the basis of Schottky-barrier electro-
reflectance data* from the Ga-3d core levels
measured in the synchrotron energy range of 20
eV. Using these new data, a comprehensive model
was developed'®*! that placed the LE and X mini-
ma 285 and 476 meV, respectively, above the I'C
absolute minimum at 300 K. This model explained
a wide range of optical, transport, and band
structure data, and resolved previous contradic-
tions between transport and optical data. It was
qualitatively sﬁpported by threshold velocity and
velocity-field characteristics for Gunn oscillators,
both measured and calculated, as a function of
hydrostatic pressure and uniaxial stress.**»*
Quantitative support came from luminescence
measurements on Ga,_ AL As alloys** and from
resonant Raman scattering.*

Remaining conflicts now concern only uniaxial
stress piezoresistance and Gunn oscillator thres-
hold data,'®2* which seemingly confirmed that the
L minima lay above XP. However, these experi-
ments have recently been contested*®* as having
been performed with poorly defined stress config-
urations. A “pancake” sample stressed between
pressure anvils'®2* could be expected to undergo
significant hydrostatic stress due to confinement
in addition to the intended uniaxial stress. The
experiments of Ref. 43, with an improved cubical
sample geometry, indeed showed that the LE mini-
ma were below X¢ but that the separation was
very slight (~0.02 eV), in contrast to the compre-
hensive model and the optical data for the location
of X¢.

In view of the discrepancies between the stress
data and the results of other experiments, and of
the inconsistencies in the str(?ss work, we have
performed piezoresistance measurements on n-
type GaAs using bar-shaped samples to achieve
well-defined stress and current configurations.
Lightly, moderately, and degenerately doped ma-
terial was investigated with [100] and [111] uni-
axial stress and with hydrostatic pressure.

Our results are as follows. Low-stress (linear-
piezoresistance) regime:

(i) We compare the observed resistance change
with hydrostatic stress for shallow-donor-domi-
nated samples with the theoretical expression for
mobility for polar-optical scattering.*® The theo-
retical prediction is low by a factor of two if the
measured pressure dependences, of all pressure-
varying quantities are used to evaluate the change
of mobility with pressure. Agreement within ex-
perimental accuracy is obtained if only the pres-
sure dependence of the mass, as (m*)™, is as-

sumed.

(ii) We observe a significant low-stress (linear-
piezoresistance) anisotropy for shallow-donor-
dominated samples. Extrapolated to 10-kbar val-
ues, the linear piezoresistance for [100] stress is
small, 0.0+0.5%, while those for hydrostatic
pressure and [111] stress are larger: 3.4+ 0.5%
and 4.0+ 0.5%, respectively. These results, sur-
prisingly not observed in previous piezoresistance
work, are completely explained by the theory of
stress-induced anisotropy of the conduction-band
effective mass described in a previous paper.*’

High-stress (superlinear-piezoresistance) re-
gime:

(iii) We observe the piezoresistance to increase
superlinearly for [111] stress x>5 kbar. Analysis
of this increase shows that the LE minima are lo-
cated 330+ 40 meV above the I'S minimum. This
is in agreement with the stress results of Picker-
ing and Adams* who obtained a LE-T'{ separation
of 300+ 30 meV, and with the comprehensive mod-
el,'® for which the separation is 285+ 30 meV.

The LE shear deformation potential, §7=19.6+3
eV, deduced from these data is equal to that ob-
tained by Pickering and Adams if an improved
value®® for the hydrostatic contribution to I'f is
used in their calculation. These values are in ac-
ceptable agreement with that of 16.2+0.4 eV ob-
tained by Balslev*® for Ge, and that of 16.2+3.5
eV obtained by Walton and Metcalfe®® for GaSh.

(iv) We observe a remarkably large superlinear
increase in the piezoresistance for [100] stress
x>6 or 7 kbar. Assuming this to be due to carrier
transfer to XF [100], we calculate a zero-stress
XE_T¢ energy separation of the order of 400-500
meV, in qualitative agreement with the compre-
hensive model'® but somewhat larger than the 330
+70-meV value found by Pickering and Adams.*
The data also predict a shear deformation poten-
tial 8% of the order of 20-30 eV, in essential
agreement with that previously measured by Har-
ris, Moll, and Pearson® and Pickering and
Adams.®® But these values for §% are far larger
than those determined by optical measurements
on similar materials, which are 8.6+ 0.2 eV for
81,* 5.4+ 0.3 eV for AlSb,* and 6.9+0.7 eV for
GaP.% Also, we have estimated the shear de-
formation potential from pseudopotential theory
and have found that ¥ should be of the order of
6.3 eV. Because of the wide disagreement between
the GaAs piezoresistance and other values for 8%,
we believe another mechanism must be used to ex-
plain the apparent carrier transfer results. The
generally unreproducible data and the appearance
of strong superlinear piezoresistance only within
2 kbar of fracture in our samples suggest that the
resistance increase may be dge to incipient me-
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chanical failure, or possibly to electron trapping
in impurity levels, but the same issue cannot be
considered closed.

The outline of the paper is as follows. Experi-
mental details and results are summarized in Sec.
II. The connection between resistance and intrin-
sic sample parameters, the linear piezoresistance
results, the superlinear piezoresistance results,
and the lightly doped sample results are discussed
in Secs. IITA-IIID, respectively.

1I. EXPERIMENTAL
A. Techniques

Resistance versus uniaxial- stress measure-
ments were taken on n-type GaAs single-crystal
samples cut to approximate dimensions 1.5 X 1.5
X 15 mm, with the long dimension parallel (+0.5°)
to either a (100) or (111) axis. Three different n-
type boules were used as source material, with
carrier concentrations of 3 X 10'®, 7x 10, and
3.8x10'® cm™, respectively. Because it is im-
portant to know the carrier concentration and the
compensation of these samples, Hall and resis-
tivity measurements were taken from 10 or 77 K
to 330 K on these materials. The room-tempera-
ture electrical properties of the lightly doped
sample were found to be dominated by a shallow
_trap 210 meV below the conduction-band edge,
where N,26.5X10' em™. It is not surprising to
find electron trapsnear this depthin this concentra-
tion range in bulk GaAs, although these traps are
usually quite sample dependent.>® The carrier
concentration of the medium-doped and heavily
doped samples was independent of temperature.

Uniaxial stress was applied by means of the
technique previously described.5**% With approxi-
mate cross-sectional areas of 2.5 mm?, the ap-
paratus was capable of producing stresses of over
10 kbar. This value was not reached with (100)
samples, which always fractured before 8 kbar.
Hydrostatic stress measurements were taken to
4 kbar (measured hydrostatic pressure) using a
commercial hydraulic apparatus.®” In all cases,
stress was applied slowly to avoid shock. Suffi-
cient time was allowed with hydrostatic stress to
permit thermal transients to decay after changing
the stress. On the [111] uniaxial stress samples,
some hysteresis (<10%) was observed upon un-
loading, which was attributed to relaxation effects
in the stress apparatus. i

Resistance was determined by a four-point
method, where the current was passed through
the sample by means of two alloyed Ohmic con-
tacts 8 mm apart, symmetrically located on one
side about the midpoint of the bar. The relative
resistance was determined by maintaining the
current at a constant value and using a high-im-
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FIG. 1. Dependence of the relative-resistance change
AR/R on stress for lightly doped representative GaAs
samples with zero-stress electron concentrations of
3x10715 cm™3,

pedance digital voltmeter to measure the voltage
across two similar contacts 3 mm apart symme-
trically located on the opposite side of the bar.

B. Results

Representative results are given in Figs. 1, 2,
and 3 for lightly, moderately, and heavily doped
GaAs samples. The hydrostatic pressure is actu-
ally three smaller than the nominal values given
in the figures so as to represent the hydrostatic
component applied uniaxially. The lightly doped
samples showed large resistance changes because
their carrier concentrations were dominated by a
deep trap. The much smaller changes observed
for the moderately and degenerately doped samples
are more representative of intrinsic piezoresis-
tance effects. We place the most emphasis on the
results obtained with the moderately doped crys-
tal, for which the hydrostatic-pressure data are
in excellent agreement with previous measure-
ments by Sagar®® on 8 X 10'® ¢m™ n-type material,
and by Pitt and Lees®® on high-quality liquid-phase
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FIG. 2. As Fig. 1, but for moderately doped samples
with electron concentrations of 7x10' cm™3,
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FIG. 3. As Fig. 1, but for degenerately doped samples
with electron concentrations of 3.8x10!8 cm™3,

epitaxial material.

The data show several systematics. The low-
stress linear piezoresistance regions in the mod-
_erately and degenerately doped samples corre-
spond to linear stress-induced changes in the band
structure and scattering lifetimes. For all sam-
ples, the linear piezoresistance R increased more
rapidly for [111] stress than for [100] stress, and
for all but the lightly doped samples the hydro-
static piezo“resvistance falls between. For large
stress, the superlinear resistance component
increases more rapidly for the degenerately doped
samples, because carrier transfer to the low-
mobility indirect minima occurs at lower stresses
due to the higher Fermi level in these samples.
Samples fractured much more easily with [100]
stress than with [111] stress. This is reasonable

TABLE I. Calculated or measured stress-induced
changes in parameters determining resistance changes
measured in this experiment.

Hydrostatic [100] uniaxial [111] uniaxial

'X=13—° kbar X =10 kbar X =10 kbar

Al/l —0.00139%  —0.01264% —0.007 592
AA/A —0.002782 0.008 468 2 0.003422
Am¥/ m¥ 0.023 3" o e
Ae*/e*  —=0.00190°
Awy/w, 0.004 95°
£6/6 0.004 95 : e
AR/R 0.0340¢ 0.000 © 0.041°

0.0150 e Ry ‘e

A R/Rcalc

2Calculated from compliance data, Ref. 63.
®Magnetophonon data, Ref. 62.

°Raman scattering, Ref. 61.

dThis paper, Fig. 2; also Refs. 26 and 58.
€ This paper, Fig. 2.

because the dimensional changes are about twice
as large for a given [100] stress than for the same
[111] stress (see Table I), and thus the effect of
point defects in the crystal lattice should be more
pronounced in the [100] stress case.

HI. DISCUSSION

A. Stress dependence of the resistance

The measured resistance of n-type GaAs changes
under stress because of changes in carrier effec-
tive mass, scattering times, sample dimensions,
and possible carrier redistribution effects. For
GaAs for x less than 5 kbar, the latter contribu-
tion is negligible unless partially ionized deep
traps are present. This case is discussed in Sec.
III D.

All relative contributions can be estimated from
the equation describing scattering lifetimes for
polaroptic scattering,* since polar-optic scatter-
ing dominates other scattering mechanisms in
GaAs at room temperature.'®%5%5° We have for
n-type material :

R=pl/A=1m*/ne®7A , 1)

where p is the resistivity, ! and A are the sample
length and cross-section-area dimensions, m} is
the effective mass of the conduction band, # is the
electron concentration in the I'° conduction-band
minimum, and 7 is the scattering lifetime. The
quantities m* and 7 are the scalar projections of
the corresponding tensors evaluated in-the direc-
tion of current flow. For polar-optical scattering*®
in an isotropic model

O QuM(w)¥? ef-1
T4n(2mF) %%k T 6

(2a)

where
0=nw,/kT, (2b)

and where £, is the volume of the unit cell, M is
the reduced atomic mass, w, is the longitudinal-
optical-phonon frequency near =0, and e* is the
effective ionic charge.

Obviously, the dependence of R on stress, as
given by the many stress-dependent parameters
in Eqgs. (1) and (2), is not straightforward. How-
ever, previous hydrostatic' data®®5® indicated
agreement with a simple R« m** 2 power-law de-
pendence. The total relative hydrostatic stress
dependence of the resistance may be evaluated
from Eqgs. (1) and (2) to yield

AR_Al 3 Am} _Ae* AA

F-T i i
5 Aw, e’ >A9
2w, +<1"e5_1 R ®
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Because the hydrostatic pressure dependences of
w,,% e* %! and m*,*? have been measured directly
and the coefficients of the compliance tensor are
known,®® Eqs. (1) and (2) may be evaluated for hy-
drostatic stress. All relevant values are sum-
marized in Table I, evaluated for convenience for
an assumed hydrostatic stress of 13—" kbar, which
corresponds to a uniaxial stress'to 10 kbar. Cal-
culated dimensional changes for 10-kbar [100] and
[111] uniaxial stresses are also given.

When all contributions expressed by Eq. (3) are
added, the predicted value AR/R,,.=0.0150 is
less than half the experimental value AR/R
=0.0340. If only the massterm is considered and all
othersneglected, then AR/Ris calculated tobe
0.0350, and excellentagreement isobtained. Thisis
the originof the previous apparentagreementbe-
tweentheory and experimentfor hydrostatic stress.
The above analysis shows, however, that this
agreement is only superficial and cannot be justi-
fied on a microscopic basis. For the purpose of
further analysis of particularly the low-stress re-
sults, we shall continue to assume that the stress-
induced resistance change is dominated by the
stress-induced changes in sample dimensions and
in the mass tensor, although we emphasize that
this is only a hypothesis to assist the understand-
ing of the results. Indeed, free-carrier absorption
results on GaAs by Walton and Metcalfe appear to
be interpretable only in terms of a stress-induced
anisotropy in the scattering time which is com-
parable to that induced in the effective mass.%*

B. Low-stress (linear-piezoresistance) results

The theory of stress dependence of m} for hy-
drostatic and uniaxial stresses for all two-band
and three-band terms in the Pikus-Bir Hamilto-
nian® was given in a four-band model in a previous
paper.*” Explicit expressions were obtained in
terms of the pseudopotential parameters and other
data summarized in Table II. Here, q, is the lat-
tice constant,® v5,...,v§, are pseudopotential
form factors,®® the derivatives v} and 7} are de-
fined in terms of the v§ as®’

dvs

t=G—d
v GdG ’ . (43-)
S
v4= V—-—J-'Zz‘),=—(§~v§+v§); (4b)

¢ represents the phonon terms,®’ S,,, S,,, and S,,
are the compliance coefficients,’® Q= (2n%)%/
2mg,a,’, the B and y parameters are mixing coef-
ficients given in Ref. 47, and the strains €, €,,
and € are given for a uniaxial stress y, or xz
parallel to [100] or [111], respectively, by

€g= %(Su +285) X1, B> (5a)
€7=3(S1 - Si2)xr> (5b)
€= +SuXr- (5¢)

The energies E, and A, are the fundamental ab-
sorption threshold®® and spin-orbit splitting of the
upper valence band, while E} and EZ represent the
average energy between the upper-valence and
second®” and third,®® respectively, conduction
bands at T calculated with the spin-orbit splittings
removed. . '

The data of Table II lead to the matrix elements
and self-energies summarized in Table III, These
values are compared to experiment*® ™ where pos-
sible. As with Ge,*” the results agree within 20%
establishing the level of confidence of the model
calculation. '

Table IV summarizes the calculated values of
m¥ in directions parallel and perpendicular to the
applied stress, although only the parallel com- .
ponent is used here. The bilinear, two-band con-

TABLE II. Values of pseudopotential and other pa-
rameters for GaAs, used to evaluate matrix elements
and stress-induced changes in the effective mass.

Data ‘ Calcplaﬁed values
ay/ag=10.6842 Q= 4.71 eV’
v§=-3.27 eVP By= 0.831
v§=—1.77 eV® V5= 0.556
V3= 0.44 eVP By= 0.848
vii= L12eVP Y= 0.530
vy= 0.82 eV°® 73= 1.09 eV

v3= 6.53 eV° Tg= ~1.94 eV
vj= 6.33eV° 7fy= —1.57 ev
vh= 4.49 eV°© € = —0.00139
vjy= 136 eve € =—0.01125
. Vjp= 0.16 eV© €r = —0.0031

L= 0.66°

Siy= 12.64 x 1074 kbar-1d

‘Syp==4.234 x 10~ kbar-14
Sy4=18.6 x 10~ kbar-d
Ey= 1.423 eV (300 K)®
Ag= 0.341 eV!

Ej= 4.69 eV
E}’=10.53 eV ¢

aWyckoff, Ref. 66.

PPandey and Phillips, Ref. 35.
®Cardona, Ref. 67; Ge values.
dHuntington, Ref. 63.

¢Sell, Ref. 68.

f Aspnes and Studna, Ref. 37.

€ Aspnes, Olson, and Lynch, Ref. 69.
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TABLE III. Values of matrix elements and self-
energy terms for GaAs, calculated from the pseudo-
potential model of Ref. 47 and from data summarized
in Table II.

Quantity Calc. value Expt. value .

P 1.05 %G,

Q 0.83 G,

R 0.45 11G,

cp 17.26 eV

Cry ~32.64 €V

CRray 1.26 eV

ags —5.57 eV

ay: ~17.72 eV

ass —7.48 eV

ayyr —8.68 eV

a -12.15 eV —8.3+£0.8 eV?; —10.0+0.1°
bos- —7.26 €V

by 4.49 eV

by —14.35 eV

b —2.42 eV -1.7+0.1ev?

dys, —20.26 eV

dys —17.96 eV

d -5.85 eV —4.55+0.252

®Chandrasekhar and Pollak, Ref. 70.
PWelber et al., Ref. 48.

tributions are shown explicitly. The results, ex-
pressed in terms of a relative resistance change,
AR/R, assuming a 3 power-law dependence on the
mass and including dimensional lchanges as dis-
cussed in Sec. IITA, are summarized in Table V.
The favorable comparison between theory and
experiment seen in Table V shows that the ob-
served behavior of AR/R is well represented by
changes in the effective mass tensor of the I'C
conduction-band minimum. In particular, the
complete theory gives a good accounting of the
anisotropy of this change. The previous two-band
model, which included only the contribution from
the change in energy denominator, predicts ne-
gligible anisotropy as seen in the two-band column
in Table IV. If one assumed that AR/R~m} in-
stead of (m¥*)*/2, the agreement would be better.
Such behavior in fact could be argued on theoreti-
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cal grounds for the pure shear contributions by
noting that the average values of m¥, w,, and e*
areindependentof shear stress to first order for the
nondegenerate I'C minimum, and thusifthe scatter-
ing were isotropic in the unstressed case it should
also be independent of shear to first order inthe
stressed case. This would change the (m*)™*/ 2 depen-
denceto (m*)™t, However, thispointis minor con-
sidering the existing uncertaintiesinthe scattering
model. )

Surprisingly, previous uniaxial stress piezore-
sistance work'®***»% on GaAs has failed to show
any anisotropy in the linear-stress region (the ef-
fect is masked by intervalley carrier redistribu-
tion effects in Ge, Si, and other semiconductors).
This may be due to appreciable hydrostatic stress
components generated in the previously used
stress configurations. This is expected in geome-
tries where the uniaxial stress is applied along
the short dimension; in fact, the same approach
on an exaggerated scale is used by Pitt and
Lees® 26 to achieve hydrostatic stress. This em-
phasizes the experimental difficulties in attaining
pure uniaxial stress.

C. High—stress (superlinear-piezoresistance) results

For uniaxial stress greater than 5 kbar, carrier
transfer occurs via thermal activation to low-
mobility indirect minima and the resistance shows
a superlinear increase with increasing y. With
two types of minima, we have for j=x or L,

R(X)/R(0) ={[np(x) ur () +7,;(0) 11,(x) JeR(0)}*
2 [np(0) up(0) )/ [nr () r ()] -

Because'® u,=7350 cm®V™ sec™ is much greater
than p, =920 cm®V™sec™ and p, =300 cm?V™
sec™, the conductance in the higher minima can
be neglected and Eq. (6b) follows from Eq. (6a).
Solving the charge neutrality equation in the
Boltzmann approximation for a constant carrier
concentration leads to the result

R(x)/R(0) = ur(x)/ ur(0)+ 8R(x)/R(0) ,
SR(Y/R(0)= (N,/Ny) exp[-E . (0/kT]

(6a)
(6b)

(Ta)
(7b)

TABLE IV. Calculated first-order stress-induced changes in the réciprocal conduction-band mass m,/m¥=14.66
(mF=0.0682 m,) for GaAs, at 300 K at 10-kbar uniaxial stress (3.33-kbar hydrostatic pressure).

Component Bilinear Two-band Three-band Shear only Total, shear a.nd7hydrostatic
Hydrostatic 0.038" —0.459 0 0 —0.421
Il 0.307 0.730 ~0.505 0.532 0.111
Tet 1 sh
elragonat s e“ﬁ ~0.154 ~0.365 0.253 ~0.266 ~0.687 ,
. [ 0.169 0.494 —0.800 —0.137 —0.558
Trigonal shear 3¢ —0.247 0.400 0.068 —0.353

—0.085
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TABLE V. Calculated and experimental values of first-order changes in resistance, includ-
ing only mass and dimensionality change contributions, for 10-kbar uniaxial stress (3.33-kbar

hydrostatic pressure).

Hydrostatic [100] uniaxial [111] uniaxial
A

—-l- --—é +0.,0014 -0.021 -0.011
l A

Awm*
3 m*> +0.043 -0.011 0.057
2\ mf )y
(ﬂ) 0.045 —0.032 0.046

R cale

A
( IE) 0.034+£0.005 0.000+0.005 0.040+0.005

R expt

where O0R(x) is the superlinear component and
E;=E,—Ep.

In practice, the deformation potentials are such
that only the single indirect minimum in the uni-
axial stress direction (X% for [100] stress and
L1 for [111] stress) can contribute to the su-
perlinear term. Thus we consider only those two
cases, where N;=N°1 or NP1 is the density of
states of a single indirect minimum. We then
have in general

SR(X)\ _, (N%\ E .-(0)+xdE%./d
m<—§('6)->~1n<7\fi>_ T ®

where for [100] stress

dESR (dExr> L83 (92)
dx ax g x
and for [111] stress
dEr _ <dELF> L2567 (9b)
ax ax Ju X

where the (dE/dx), terms represent the corre-
sponding equivalent hydrostatic stress depen-
dences, the &, terms represent the corresponding
shear deformation potentials, and the strains are
defined in Eqgs. (5). Because the hydrostatic
stress dependences of I'S, LS, and X€ relative to
the I'Y valence-band maximum, and the I', L, and
X state densities, areknown,'%%™ jtis possible in
principle to determine the zero-stress indirect
threshold and the indirect-threshold shear defor-
mation potentials from a logarithmic plot of
8R(x)/R(0) vs .

For degenerate material, the above expressions
have to be modified slightly. Here, the reference
energy becomes E 4(x) instead of En(x), and the
density of states N must be replaced by the zero-
stress degenerate carrier concentration n(0)
=N}, where Ny, is the concentration of ionized

donors. For GaAs with N3,=3.8X 10" cm™, the
Fermi level lies 87 meV above the I'S conduction-
band minimum.™

Figure 4 shows the results of semilogarithmic
plots of the relative superlinear component for
representative [111] stress results from three
sources: our 7X 10'-cm™ material, our 3.8
x10**-cm™ material, and data taken from Picker-
ing and Adams*® on bulk material for which n(0)
=2 x 10" em™. Good straight-line plots are ob-
tained. The slopes of these plots show that the
LEZ-TY separation decreases at 14.4 and 19.2 meV/
kbar for the moderately and degenerately doped
samples, respectively. The former is in good
agreement with the value 14.5+ 1.5 meV/kbar ob-
tained by Pickering and Adams.*® Using the I'C
and L{ hydrostatic shifts of 12.6 meV/kbar,*® and
5.5 meV/kbar,'®™ relative to I'} we find §F
=19.6+£3 eV, in very good agreement with previ-
ously measured values of 16.2+0.4 eV for Ge,*

T I ' 1 i I
GaAs
11 uNi

4

r AC

In (8R/Rg)
&
T

| X X « AC |
/ n=7x10"%cm3
-8 L | 1 | 1 |
6 8 10
X (kbar)

FIG. 4. Variation of the superlinear piezoresistance
component measured here for [111] stress for moderate-
ly and heavily doped samples (AC,.this work). Data
from Pickering and Adams (PA, Ref. 43) are also shown.



748 D. E. ASPNES AND MANUEL CARDONA 17

and 16.0+ 3.5 eV for GaSb.*

Pickering and Adams*® obtained a somewhat
larger deformation potential §7=22+3 eV, be-
cause they used the older values™ 11 and 5.0
meV/kbar for the I'S and L¢ hydrostatic shifts re-
lative to I'y. This shows- that the calculated values
of &, are relatively sensitively dependent upon out-
side variables. A calculation of 8% for thedata
from the degenerately doped material leads to the
anomalously large value of 27 eV, possibly due to
its generally poorer crystal quality as also evi-
denced by its inability to withstand more than 4
kbar of [100] stress.

From the §F data, the density of states ratio
NPY/NL=6.5,'° and Eqgs. (8) and (9), we find
E,.(0) values of 330 meV for the moderately doped
material and 360 meV for the degenerately doped
material. The latter value is reduced to 320 meV
if §F=14.5 meV/kbar is used rather than the
higher value measured with these samples. Thus
all values are consistent with a separation E ;.(0)
=330+ 40 meV, to be compared with the value
300+ 30 meV obtained by Pickering and Adams.*

All the [111] piezoresistance data provide an in-
dependent measure of the zero-stress LS-T'C en-
ergy separation, which complements the previous
value of 285+ 30 meV at 300 K deduced'® from
core-level electroreflectance measurements.*
Because the latter separation value was obtained
by asSum‘mg a constant electron-hole interaction
energy for core-level transitions for both L{ and
X€, this result provides an independent verifica-
tion of the validity of this assumption to within ex-
perimental error. It should be noted, however,
that the binding energies for the Ga-3d core-lower-
conduction-band excitons in the Ga-V compounds
fall in the 100-200-meV range,” " and the varia-
tion of the exciton Rydberg over the lower conduc-
tion band could be as much as 30% of this value
and still be consistent with experimental uncer-
tainties. Because the stress values are less well
defined, they should be viewed as supporting the
more accurate comprehensive model.*®

For [100] stress the picture is much less clear.
Because of the previous conviction that the (100)
minima were the first indirect minima, more [100]
stress data are available that apparently show ac-
tivation into (100) minima but some of these k
data'®:?¢ were taken with the questionable “pan-
cake” geometry and should not be considered re-
liable. The Pickering and Adams data, and those
reported here, show much less consistency than
do the [111] stress results. Unfortunately, our
degenerately doped samples could not be stressed
sufficiently before fracture to reach the super-
linear region for [100] stress.

Existing apparent carrier transfer data from

6 T T T T [ T T ,I l
GaAs - UNIAXIAL | PA[l00]
F AC:n=7x10'6cm-3 ; .
HMP:n =[x 0/Scm=-3 !
< g PAn=2x10%cm™3 ] 4
© /
= ] ~
£ I A
=L Iaciod
o ' P
L A §
o 1 L 1 b T 1 I
0 5 10

X (kbar)

FIG. 5. As with Fig. 1, but with two sets of data from
this paper (AC, this work), and previous results from
Harris, Moll, and Pearson (HMP, Ref. 24) and Picker-
ing and Adams (PA, Ref. 43).

four sources are shown in Fig. 5. It should be
noted that our bar samples fractured soon after
the onset of superlinear resistance. However, the
cubic (Ref. 43) and “pancake” (Ref. 24) samples
were able to withstand much higher stress, sug-
gesting again that the stress here was probably
not purely uniaxial. If one performs a carrier-
transfer analysis of these data similar to that per-
formed for [111] stress, using the hydrostatic
stress shift of —1.5 meV/kbar (Ref. 71) for the X°¢
minima relative to I‘;’ and the uniaxial stress
shifts of 28 and 36 meV/kbar for our moderately
doped samples, one finds that 8§ should lie in the
25-30-eV range. The value obtained by Pickering
and Adams is somewhat smaller, of the order of
20 eV. These values are substantially greater
than those observed for similar materials, 8.6
+0.2 eV for Si,* 5.4+ 0.3 eV for AlSb,** and 6.9
+0.7 eV for GaP.%® It is also possible to estimate
8¥ from pseudopotential theory in a simple two-
band XZ, XV model, using the stress-dependent
pseudopotentials of the previous paper*’ and the
pseudopotential wave functions of Ref. 67. The re-
sult can be expressed in terms of the parameters
summarized in Table II as

AEY™ = €, 85 /x= €,[2Q8, - v2) +20Bi],  (10)
where

7o/ Bi= 2V 205 {Q+ 05+ [(R+09)P+ 802 T/2H,  (11a)

BE+yi=1. i (11b)

We find §F=6.3 eV, in good agreement with the
non-GaAs data but again contradicting the GaAs
results.

Further inconsistencies result if we estimate
E4(0) from these data. This energy separation
ranges from a low of 310 meV from the Pickering-



Adams result® to highs of 420 and 470 meV using
the results of the present paper. _

Primarily because of the anomalously high %
values, we must consider alternative explanations
to these apparent carrier activation results.
There exist at least two possibilities: anomalous
behavior of the strain as stresses approach the
fracture limit, with possible irreversible in-
creases in resistance because of stress-induced
defects, or else transfer of carriers to deep traps
associated with the X minima. Unfortunately, the
first explanation could not be verified with our
samples, which broke soon after the appearance
of the superlinear component. The second ex-
planation is possible because deep traps associ-
ated with X have been observed in transport?®
measurements under large hydrostatic pressure,
although these traps are quite sample dependent
and, if they appear for X% minima, should also be
expected to appear for the LS minima.

By contrast to the case for [111] stress, the
[100] stress behavior has not been satisfactorily
resolved and further work is needed.

D. Lightly doped samples

The data in Fig. 1 were obtained from a sample
dominated by a deep trap of density of 6.5 x 10*¢
em™, located 210 meV below the bottom of the
conduction band. The expected stress variation
can be calculated by considering only the trap and
the I'’ minimum. We have

N%=Np{l+exp[-(E,- Eo)/KT]}™, (12a)
np=Npexp[-(E.— E)/KT], . (12b)

where E , is the trap energy, E is the Fermi lev-
el, and N =4 X 10'7 cm™ is the density of states
of the 'S minimum at 300 K. Charge neutrality
leads to the approximate solution

np = (NN p)'/?exp[- (Eq - Ep)/2KT], (13)

which is valid for the conditions of this experi-
ment. Therefore, we have '

m(R(X)) ~ IJ«(O)+ X dECD.‘ (14)

R(0)) ~n(x) 2T dy

Straight-line behavior is observed, as predicted.
In principle, the mobility ratio can be obtained
from Sec. IIIB; it should not contribute for [100]
stress and at'most will make a 6% correction to
the hydrostatic pressure and [111] stress data.
Including the mobility correction, we find that
E , moves relative to the I'Y valence-band edge as
1.0, 0.7, and 0.2 meV/kbar for hydrostatic, [100],
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and [111] uniaxial stresses, respectively. For
comparison, the I'S, LS, and XC minima vary as
4.2, 1.8, and -0.5 meV/kbar, respectively. Thus
the deep trap can be considered as a mixture of
L¢ and X{ states, with a small contribution from
I‘f, which is what one anticipates from the theory
of deep traps,”" the proximity of the trap to the
conduction band, and the relative densities of
states of the three types of conduction-band mini-
ma.

The different rates of variation with stress for
the different types of stress are outside the ex-
perimental uncertainty. They cannot be inter-
preted in terms of the changing cohsistency of the
trap wave function in the standard effective-mass
parametrization, however, because the shear
terms cancel out. This can be seen easily as fol-
lows. In any effective-mass model, the minima
are described in terms of effective-mass tensors
and conduction-band edge energies, and the trap
energy is obtained by solving an eigenvalue equa-
tion of the general form

0=3"£,(E,-E,), (14)

where the index v runs over the I' minimum and
each of the four L and three X minima. We sup-
pose that a stress is applied. Then Eq. (14) may
be solved for dE ,/dy. If a k-star degeneracy is

- lifted by the shear term in a uniaxial stress, this

has no effect to first order since the shear induces
no net shift of the center of gravity of the minima.
Thus only the hydrostatic terms survive, and con-
sequently a simple effective-mass approach pre-
dicts no difference in behavior between stresses.
This is not in accordance with experiment.

Note added in proof. Recent four-contact piezo-
resistance measurements by C. N. Ahmad and A.
R. Adams on high-purity vapor-epitaxy samples
with a 2:1 length-width ratio show no superlinear
piezoresistance for [ 100] uniaxial stresses up to
10 kbar [ A, R. Adams (private communication);
see also note added in proof in Ref. 43]. This
result confirms our conclusion based on the anom-
alously large deformation potential that some
mechanism other than transfer to an x{ minimum
must be responsible for the superlinear piezo-
resistance of GaAs for [100] stress.
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