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The intrinsic piezobirefringence in InAs, GaSb, and InSb has been measured at room
temperature with uniaxial stresses along the [001] and [111] directions. The experimental

results were fitted with a theoretical expression involving two adjustable parameters.

From

one of the parameters, the shear deformation potentials b and d of the valence band edge were
obtained. The results are compared withthose obtainedby other methods. The long-wavelength
piezobirefringence is discussed in the light of Phillips’s theory of the dielectric constant. A
quadratic dependence of the piezobirefringence on stress was observed in the vicinity of the
absorption edge, especially for GaSb. This nonlinear effect can be theoretically interpreted

without any adjustable parameters.

The possibilities of obtaining phase matching in second-

harmonic generation with InAs and GaSb by uniaxial stress using a CO, laser are also discussed.

I. INTRODUCTION

The stress-induced birefringence due to inter-
band transitions (intrinsic piezobirefringence, in-
trinsic PB) can be measured very accurately in
high-purity semiconductors below the fundamental
absorption edge.!™® The PB coefficient usually ex-
hibits considerable dispersion when a direct ab-
sorption edge is approached. !'® In this respect
most semiconductors fall into three categories:

(i) Materials whose absorption edge is direct (e.g.,
GaAs!, InSb, InAs, and GaSb) show strong disper-
sion in the PB coefficient, when this edge is ap-
proached. (ii) Materials with a lowest indirect edge
and an allowed direct edge at only slightly higher
energy (e.g., Ge!) also exhibit considerable disper-
sion in the PB coefficient as the indirect edge is
approached. (iii) Materials with a lowest in-
direct edge and direct edges only at much higher
energies (e.g., Si'and Al Sb?) show little disper-
sion in the PB coefficient as the indirect edge is
approached. The interpretation of the shape of the
dispersion in the PB coefficient provides a good
testing ground for our knowledge of band structures
in relationship to optical properties and of the effect
of stress on energy bands.

Gavini and Cardona® explained the dispersion in
the PB coefficient of a series of alkali halides as
due to the splitting of the valence band edge by
stress; they obtained from these measurements
the shear deformation potentials of this band edge.
For semiconductors Higginbotham ef al.! and
Shileika et al.? succeeded in explaining the disper-
sion in the PB coefficient of Ge, Si, GaAs, and
AlSb with a model consisting of a series of para-
bolic bands with edges at the E;, Eg+ 4y, E;, and
E, + A, optical gaps and one single oscillator at the
E, gap. Several related models to interpret the
intrinsic PB have also been given by Riskaer and
Balslev* and by Wemple and DiDomenico.’ In the
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present work we apply the theory of Higginbotham
et al.! to three other zinc-blende-type semiconduc-
tors, i.e., GaSb, InAs, and InSb. These materials
belong to the category (i) listed above: The lowest
gap E, is direct and allowed. Morover, the E;,
E,; + Ay and other higher gaps are sufficiently far
away from the E; and Ej+ A, gaps that they do not
contribute to the observed dispersion. As a result
we have been able to extract the contributions of
Ey and Ej+ Ay and obtain from them the shear de-
formation potentials b and d. The long-wavelength
or nondispersive contribution of all the higher gaps
to the PB coefficient has been explained, at least
qualitatively with the simple one-isotropic-band-gap
model due to Penn. &7

The experimental method and the PB results for
GaSb, InAs, and InSb at room temperature are
described in Sec. II. In Sec. III we discuss the
theoretical interpretation of the results, involving
the dispersion in the linear PB coefficient due to
the lowest direct edges E, and E;+4,, the quadratic
dependence of the PB on stress in the vicinity of
E,, the possible use of the dispersion in the PB
coefficient near E, to determine the deformation
potentials, and the application of the Penn model
to the interpretation of the nondispersive component
of the PB coefficient due to the higher gaps.
Recently, interest in PB has been promoted by the
possibility of using it to produce phase matching in
second-harmonic generation (SHG)® and to modulate
laser beams acoustically.® The enhancement of
phase matching in SHG with InAs and GaSo by
application of an uniaxial stress is discussed in Sec.
v.

II. PIEZOBIREFRINGENCE: EXPERIMENTAL
SETUP AND RESULTS

The experimental setup used for the study of PB
has already been described in detail in the liter-
ature *31% and will not be reproduced here. Changes
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necessary for infrared measurements included the
use of a PbS cell cooled to liquid-nitrogen temper-
ature for wavelengths shorter than 4.5 ¢ and a
thermocouple for longer wavelengths. For wave-
lengths longer than 2 u, a pair of gold-wire-grid
polarizers!! were used. In order to eliminate the
effect of free carriers, samples were chosen to
have carrier concentrations below 10!* cm™ . In
the case of InSb only n-type materials were used
since p-type InSb has a much higher absorption
below the fundamental gap. 12

The linear PB coefficient a is obtained by making
a least-squares fit of € | — € , , the difference in
dielectric constants parallel and perpendicular to
the stress axis, to the expression aX+BXz, where
X is the applied stress with the standard convention
that compressive stresses are negative. The values
of a for GaSb, InAs, and InSb, measured at room
temperature, are shown in Figs.1, 2, and 3 as a
function of reduced frequency.

In all three materials the linear PB coefficient
for both [001]and [111] stresses shows considerable
dispersion near the absorption edge. It is observed
that the sign of the coefficient for GaSb changes from
positive to negative near the absorption edge for
[001] stress. The results for [111] stress indicate
that the same thing would happen if one could get
close enough to the edge. Such sign reversal of
the linear PB coefficient has also been observed
in Ge and GaAs for a [001] stress.! For both InAs
and InSb the PB coefficient remains negative
throughout the wavelength region of our measure-
ments. A feature common to Ge, GaAs, GaSb,
InAs, and InSb, is that the linear PB coefficient
for the [111] stress is larger than the PB coeffi-
cient for the [001] stress at the same wavelength.

1Il. THEORY
A. Effects Linear in Stress

To explain the observed dispersion in the linear
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PB coefficient, we use the parabolic-band model
discussed in detail by Higginbotham et al.! These
authors assumed that the band structure of a semi-
conductor of the germanium-zinc-blende family
consists of a number of parabolic bands with the
band edges at the E,, Ey+4A,, E,, and E, + A, op-
tical gaps. The effect of the E, gap is included by
introducing a simple harmonic oscillator with the
resonance energy equal to that of the E, gap. The
contribution of each band to the linear PB coeffi-
cient shows an infinite singularity at the band edge
but approaches a constant at photon energies much
smaller than the band gap. In the semiconductors
we are considering the lowest gaps E; and E;+ A,
are so much smaller than the higher gaps (3E,
=E, in GaSb, TE; = E, in InAs, and 10E,=~ E, in
InSb) that their contributions in the photon energy
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region of interest (i.e., photon energies smaller
than E;) are practically constant. Thus the dis-
persion centers we need to consider are only E,
and Ey+4,; the model we shall use consists of only
four parabolic bands as shown in Fig. 4. The theo-
retical expressions we obtained for the linear PB
coefficients for a [001] stress are (atomic units,
e.g., e=A=m=1, will be used throughout this
paper unless otherwise specified)

e ) - {-5(5) 45
@) e o

weel-e(i)
2BE] -

In the above equations ZFwgand 7 wy, are the energies
of the Eg and Ej+ Ag gaps, respectively, and A

is the spin-orbit splitting of the top valence bands
at the I point of the Brillouin zone. g(x) and f (x)
are functions defined by

fle)=x2[2-(1-2)"2- (1+x)/?], (3)
glx)=x2[2- (1 -x)2 - (1+x)1/2] . )

In deriving Eqs. (1) and (2) we have made use of
the fact that for InSb wg,~ 5w, and for InAs and GaSo
Wos™ 2wg .

The parameter D includes the nondispersive con-
tributions from all the higher gaps to the linear
PB coefficient below E,. Equations (1) and (2) are
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FIG. 4. Four parabolic bands model used in this paper
to interpret the dispersion of the PB of GaSb, InAs, and
InSb: (a) without stress, (b) with stress. The notation
is that of Ref. 1.
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also valid for a [111] stress provided C and D are
replaced by two new constants C’ and D’. The
parameters C and C’ can be related to the deforma-
tion potentials of the E, gap by the following ex-
pressions:

C=V2 Pimg)*/?wy™/?b(Sy; - S12) s (100]

(5)
dSy

2V3 ’
where b and d are, respectively, the [100] and

[111] shear deformation potentials of the valence
band at T,

P = matrix element between the top valence
band and the lowest conduction band as defined
in Ref. 13,

C'=VZP(mg)* 2wy /2 (111] ()

mg = joint density-of-states mass (7
= 0.75 times the effective mass of the
0.68) lowest conduction band of ) (GaSb, InAs)

(InSb),

and Sy, Sz, and Sy are the elastic compliance
constants.

A least-squares fit to the experimental results
was made using Eqs. (1) and (2) with C, C’, D, and
D’ as adjustable parameters. The values of C, C/,
D, and D’ obtained in this way are listed in Table
I. Some of the constants for the three materials
relevant to our calculations are listed in Table II.

1. Deformation Potentials by PB Measurements

From the values of C and C’ obtained by fitting
the experimental results we can calculate the de-
formation potentials b and d using Eqs. (5) and (6)
and the parameters of Table II. In Table III we
have listed the values of b and d for five group IV
and III-V semiconductors obtained from PB mea-
surements as compared with the values obtained
by other methods.

In the case of GaSh the values obtained by piezo-
emission and modulated piezoreflectance differ
rather widely. Large discrepancies between the
deformation potentials measured by PB and modu-

TABLE I. Parameters C, C’, D and I’ obtained
from a least-squates fit of the experimental PB curves
of GaSb, InAs, and InSb shown in Figs. 1, 2 and 3. Their
uncertainties are estimated to be 5% for GaSb, *7%
for InAs, and 210% for InSb, respectively.

[001] stress

[111] stress

C D C’ D’
em? 2 2 2
10-!t 107120 ) (1)0- 1S ) (4411 O
dyne, dyne, dyne dyne
GaSb -1.5 +3.6 -0.82 +4.0
InAs -2.6 +2.1 -1.4 +2.2
InSb ~-6.1 +2.0 -6.4 +6.6
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TABLE II. Constants used to calculate b and d from the
parameters C and C’ using Eqs. (5) and (6).
Pt m, Sy —Sq2 Sy RFw
2
-12 cm -1z Cm
KIO dyne ) (10 dyne) eV
GaSb 0.44% 0.047° 2,078° 2.312¢ 0. 744
InAs 0.38° 0.025¢ 2.63¢ 2.526f 0.359
InSb  0.408% 0.0135¢ 3.118" 3. 256 0.18¢

% This value is calculated from the band parameters
A, B, and | C| given in R. A. Stradling, Phys. Rev.
Letters 20, 217 (1966).

PR. Braunstein and E. O. Kane, J. Phys. Chem.
Solids 23, 1423 (1962).

°H. J. McSkimin, W, L. Bond, G. L. Pearson, and
H. J. Hrostowski, Bull. Am. Phys. Soc. 1, 111 (1956).

9D. Long, Energy Band in Semiconductors Wiley,
New York, 1968). These are room-temperature values.

®C. R. Pidgeon, D. L. Mitchell, and R. N. Brown,
Phys. Rev. 154, 737 (1967).

fD. Gerlich, J. Appl. Phys. 34, 2915 (1963).

€C. R. Pidgeon and R. N. Brown, Phys. Rev. 146,
575 (1966). This is the liquid-helium~-temperature value.

"R. F. Potter, Phys. Rev. 103, 47 (1956).

lated piezoreflectance have also been observed by
Gavini and Timusk in the alkali halides. They
explained qualitatively the difference as due to the
fact that in modulated piezoreflectance one mea-
sures the small-stress deformation potentials of the
excitons instead of those of the one-electron band
edges. It is possible that exciton effects also ac-
count for the discrepancy between the large-stress
piezoemission and the small-stress modulated
piezoreflectance values of b and d for GaSb. In all
the semiconductors listed in Table III we find

a discrepancy smaller than 50% between the values
of b and d obtained by PB and by other methods;

the only exceptions are the values of & of GaAs and
d of Ge. On the whole we expect a larger error in
the case of GaAs, where the effect of the E; and E,
gaps becomes dispersive even below E,, and in Ge,
where the existence of an indirect gap prevents
measurements very close to E,. This is even more
critical for A1Sb? and Si' where the indirect gap
prevents one from approaching the direct gap close
enough to observe its dispersion and thus the de-
formation potentials b and d cannot be reliably de-
termined.

We also find that one of the two deformation po-
tentials obtained by PB always agrees quite well
with values obtained by other methods. This occurs
for b in InSb and Ge and for d in GaAs and GaSb.
The reason for this is not yet understood.

2. Long-Wavelength PB and the Penn Model

As pointed out earlier the nondispersive long-
wavelength PB parameters D and D’ include the
contributions from the higher-lying gaps E, and

E,+4,, etc. Long-wavelength dielectric properties
of semiconductors have been treated quite success-
fully by Van Vechten’ with the Penn Model, a simple
model of an insulator in which an average isotropic
gap at the edge of a spherical Brillouin zone is
assumed. In particular this model predicts the
contribution to the change in €(0) with hydrostatic
stress due to the change in the average gap as given
by

A€(0) /€(0)=5(Ar/7) , (8)

where 7 is the nearest-neighbor distance. It is
natural to ask whether it is possible to predict D
with a modified Penn model. The following general-
ization of Eq. (8) to the case of an arbitrary stress
has been suggested recently®:

AT (0)/€(0)=5¢e , 9)

where € and e are the dielectric and strain tensors,
respectively. Using Eq. (9) we obtain the nondisper-
sive component of the long-wavelength PB:

D=5€(0)(Sy;-Sy5), [001] stress
D'=%€(0)Sy, [111] stress .

(10)
(11)

Equations (10) and (11) predict the correct sign
for D and D’, but a magnitude which is several times
too large. This is not surprising since the contri-
butions of the Ey, E,, and E, gaps to the long-wave-
length PB do not have the same signs. This sign is
negative for E; and E, but positive for E, and they
partially compensate each other. This fact has not

TABLE III. Shear deformation potentials & and d for
some group IV and group III-V semiconductors obtained
by PB as compared to other methods.

Piezobirefringence Other methods
b (eV) d (eV) b (eV) d (eV)
Ge -3.0 -2.4 -2.82 -4,95%
-2.6° -4.7°
GaAs -4.1 -6.0 -1.75% -5.55%
-2.0° -6.0°
GaSb =-3.0 -5.1 -3.3 -8.35%
-2.0° -4.6°
InAs -1.8 -3.6
InSh -1.8 -6.4 -2, 04 -4, 94
-2.0%0.15° =5.0 £0.5°

2A. A. Gavini and M Cardona, Phys. Rev. B 1, 672
(1970).

b Reference 13,

€C. Benoit 4 la Guillaume and P. Lavallard, J. Phys.
Chem. Solids 31, 411 (1970).

4F. H. Pollak and J. Halpern, Bull. Am. Phys. Soc.
14, 433 (1968).

°C. Benoit 4 la Guillaume and P. Lavallard, J. Phys.
Soc. Japan Suppl. 21, 188 (1966).
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been considered in the simple Penn model. If we
remove the E, and E, +4A, contributions from the
long-wavelength PB the agreement with Eqs. (10)
and (11) improves. The column labeled “E; re-
moved” in Table IV is obtained from D and D’ by
removing the E, and E, + A, contributions as calcu-
lated from Eqs. (12) and (15) in Ref. 1. For InSb
we also removed the Ej+ 4, contributions since it
was not included in Eq. (2). The “E, removed” re-
sultant long-wavelength PB agrees quite well with
theory for [111] stress. The corresponding long-
wavelength PB for [100] stress is still smaller than
the theoretical value by a factor of 2-4. This dis-
crepancy could possibly be improved by refinements
in the treatment of the average gap such as using
the Heine-Jones model. !¢

B. Effects Nonlinear in Stress

A quadratic dependence of birefringence on stress
was observed by Higginbotham et al. ! in GaAs and
Ge near the fundamental edge. We have also ob-
served this effect in GaSb and InAs. In the case of
InSb the intensity of the available light source pre-
vented us from approaching the gap close enough to
observe nonlinear effects. Also in InAs the error
in the observed nonlinear effect does not allow a
meaningful determination of its spectral dependence
and hence no attempt was made to compare this effect
with theory. The quadratic PB coefficients B of GaSb
are shown in Fig. 5. The solid line in the figure is
a plot of the theoretical expression calculated with
the same four-parabolic-band model. For a [001]
stress the nonlinear PB coefficient B is given by

cel(-3,18Ex 1 8Ey (g)]
B _G[(_4+4 6Eom)g ¥ h Wo - (12

(g

Wo 4 SEg

In Eq. (12) k(x) is the function x2[2 - (1 - x)"3/2

- (1+x)7%/2], and the quantity 6E /0E oo, = a(Sy,
+2835) /2b (S, - S2) (a is the hydrostatic deforma-
tion potential of the E, gap) is the ratio of the energy
shift caused by the hydrostatic component to the
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FIG. 5. Nonlinear PB coefficients 8 of GaSb at room

temperature as a function of reduced frequency.

shift caused by the shear component of the stress.
For a [111] stress 8E 4 /6E g, must be replaced by
8Ey/8E 1 =a(Sy,+2S,,) /(d/V3)Sy in Eq. (12). The
constant G is given by

- {4C b(Sy; - Syp)/we, [001] stress

2C'dSy/V3w,, [111]stress 13)

with C and C’ defined in Eqs. (5) and (6). The
values of G used for the solid curves in Fig. 5
are calculated from the constants C, C’ obtained
by fitting the linear PB curves. The hydrostatic
deformation potential a for GaSb is obtained from
the pressure coefficient of the E, energy gap. !’

TABLE IV. Nondispersive contributions D and D’ to the linear PB from the higher gaps calculated from Eqs. (10)
and (11) as compared with experimental results. The column labeled “E; removed” is obtained from D and I’ by

removing the contributions of the E; and E,;+A, gaps.

[100] Stress
(10" ¢m?/dyne)

[111] Stress
(10! cm?/dyne)

Experiment Theory (Eq. 10) Experiment Theory (Eq. 11)
D “E{ removed” D’ “Ey removed”’
Ge 1.92 4.6 10.0 3.6 6.0 6.0
GaAs 2.5% 3.6 8.3 2,72 4.2 4.6
GaSb 3.6 8.1 15.0 4.0 6.0 8.3
InAs 2.1 4.7 16.2 2.2 3.2 7.8
InSb 2.0 5.6 24.5 6.6 10.1 12.8
2Obtained from Ref. 1 with the contributions from the Ej and the Ejy+ A, gaps removed.
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No adjustable parameters were used and we note
the good agreement between the experimental result
and the theoretical prediction. It is worthwhile
pointing out that, as shown in Eqs. (12) and (13),
the nonlinear effect arises mainly from the com-
bined effect of the hydrostatic and shear compo-
nents of the uniaxial stress: The hydrostatic in-
crease of the gap under compression produces, as
shown in Eqs. (5) and (6), a decrease in the magni-
tude of the E contribution to the PB.

IV. PHASE MATCHING BY APPLICATION
OF UNIAXIAL STRESS

The effect of uniaxial stress on the coherence
length (I, ) for second-harmonic generation (SHG)
in InAs and GaAs was investigated experimentally
by Wynne and Bloembergen® with a 10. 6-p CO,
laser. The experimental geometry used is shown
in Fig. 6(a). In this configuration the change with
stress in the refractive index difference of the
medium at the first and the second harmonic is
given by

Aln(2w) —nlw)]= - 3y (2ond (2w) = 71 (w) 2] (W)] X,

(14)
where my,, 7y, are the components of the 4th-rank
piezo-optical tensor. '8 The coherence length is

related to the refractive-index difference n(2w)
-n(w) by®

Ao 1

l°°“=z n(2w) - n(w) (15)
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STRESS
[001] PNLS (2w)
(2 10) (no]  E(w)
[fo] o
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FIG. 6. Possible geometries for producing phase
matching in SHG in InAs and GaSb with uniaxial stress
(a) [001] stress (b) [110] stress.
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FIG. 7. Variation of the refractive-index difference
Aln 2w) = n (w)] with uniaxial stress. The solid lines
are the experimental results of Wynne and Bloembergen
taken from Ref. 8. The curves are broken off at the
points where the crystals broke. The dashed curves are
obtained from our results on the PB of InAs and GaSb.

Thus we can increase [, if we can reduce 7(2w)
-n(w) by applying a uniaxial stress. A [n(2w)
-n(w)] can be related to the linear PB coefficient
if both 2» and w are far away from the fundamental
gap. This is true for InAs and GaSb when a CQ,
laser is used. Under such conditions the disper-
sion in n, m,, and 7,, will be small so we can make
the following approximations:

A[n(2w) -n ()]
~ = 1nd (2w) [7,,(2w) -7,(2w)] X, (18)

A[n(2w) - n (W) ]=(1/2n0) [a]g X. (17)

Thus for a given type of stress (e.g., a compres-
sive one) l,,, increases only when [a ]y, at 2w is
positive. This is what Wynne and Bloembergen ob-
served for GaAs. In InAs, however, they found
that /., decreases with compressive stress; they
gave as a possible reason the fact that the second
harmonic of the photon energy of the CO, laser is
close enough to the gap of InAs for the linear PB
coefficient to change sign. From our results we
found that in InAs the second-harmonic photon en-
ergy is sufficiently far from the fundamental gap
for the dispersion to be negligible there. In fact,
there is no sign reversal in the linear FB of InAs
since the contribution of the lowest direct gap to
the long-wavelength PB coefficient is large enough
to make it negative. The same conclusion is true
for InSb. This dominant contribution of E, to the
PB is responsible for the decrease in [, observed
by Wynne and Bloembergen for InAs.

In order to increase [, with uniaxial stress in
InAs we have to apply a tensile [001] stress or a
compressive [ 110] stress. The geometry for a
[110] stress is shown in Fig. 6(b). By arguments
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similar to those used in deriving Eq. (17) we con-
clude that for a [110] stress,

A[n(2w) = n(w)| = (1/4n0)([ @]ogy +[ @)y11) X. (18)
The change in 7 (2w) — n (w) with a [110] compressive
stress in InAs is shown in Fig. 7 together with the
results of Wynne and Bloembergen. The discrep-
ancy between the two results for the [001] compres-
sion is about 20%, which is the accuracy claimed
by Wynne and Bloembergen. Our result should be
accurate to better than 10% for InAs., Also it
should be pointed out that we have been able to ap-
ply twice the maximum stress they reached without
breaking the sample.

Similar results for GaSb are shown also in Fig.
7. Phase matching should be achieved with a [001]
compression at 15 kbar. We have been able to
compress the crystal up to 5 kbar without crushing
it. It is quite possible that cooling the crystal to
liquid-nitrogen temperature will further increase
its mechanical strength but certainly not up to 15

YU, CARDONA,
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kbar. A more hopeful case is possibly a [110] ex-
tension which should produce phase matching at

8.2 kbar. Wynne and Bloembergen pointed out

that one disadvantage of GaSb in SHG is the presence
of free-carrier absorption., We believe that cooling
a high-purity or compensated crystal to liquid-
nitrogen temperature should help to overcome this
disadvantage.
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