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The effect of a static compressive uniaxial stress on the free and bound excitons in GaSb at
1.7 °K has been measured using wavelength-modulated reflectivity and stresses of up to 5 x10°
dyncm-? applied along [111], [001], and [110] directions with light polarized parallel and per-
pendicular to the stress axis. From the observed splittings and shifts of the free-excitonline
(a), we have determined the hydrostatic- and shear-deformation potentials of the direct edge.
These results are compared with those of other workers. The bound-exciton line (¥) exhibits
no splitting but only an isotropic shift to higher energies with stress. The lack of splitting of
this line implies that previous suggestions as to the nature of the complex giving rise to this

line should be reexamined.

I. INTRODUCTION

The application of a uniaxial stress to a solid
produces a strain which, in general, reduces the
symmetry of the material and results in significant
changes in the electronic energy levels. It is thus
possible to determine deformation potentials and
to gain information about the symmetry properties
of the band-edge optical transitions.' In particular,
a uniaxial stress results in the splitting of the de-
generate valence-band edge at k=0 in the diamond-
and zinc-blende-type semiconductors. The removal
of this degeneracy manifests itself in the stress
dependence of the optical properties associated with
the band-edge transitions. In this paper we report
measurements on the effects of static uniaxial
stress on the wavelength-modulated reflectivity
spectra of the free and bound excitons associated
with the direct edge (I'y—~ I'; in double group nota-
tion) in GaSb at 1.7 °K. The free exciton is an
electron-hole pair in a pure crystal whereas a
bound exciton is an electron-hole pair localized
near an imperfection in the crystal.

The stress dependence of the free exciton pro-
vides information concerning the behavior of the
electronic bands of the intrinsic material. From
the stress-induced splitting and shifts of the free
exciton the hydrostatic- and shear-deformation po-
tentials of the I's—~ I's gap can be determined. Al-
though the shear-deformation potentials of this
transition in GaSb have been determined by other
techniques® * there is a wide discrepancy in some
of these values which led us to undertake another
independent investigation of these quantities with
stresses considerably higher than those used in
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previous work. In addition, the stress dependence
of the bound exciton can be used to gain information
concerning the “generic center” to which the elec-
tron-hole pair is bound.® The results of this ex-
periment are not consistent with the previous
identification of the bound-exciton line as being

due to an ionized acceptor-exciton complex.®’

II. EXPERIMENTAL DETAILS

The samples used in this investigation were
oriented with x rays to +1° and cut into parallele-
pipeds of approximate dimensions 20X 1.5%x1.5
mm. The samples were p type with a carrier con-
centration of ~2x 10'® cm™ and a mobility of ~ 3000
cm?/V sec at 77°K. The material was mechanical-
ly polished and then etched in a 10:1 methanol-
bromine solution for approximately 40 sec. The
procedures for mounting the sample and applying
the stress have been described elsewhere.® The
stressing frame was lowered into a metal Dewar
with sapphire windows; the Dewar was filled with
liquid helium and pumped to a vapor pressure cor-
responding to 1.7 °K. Wavelength modulation of
the monochromatic light beam was produced by
modifying a Perkin-Elmer single-pass grating
monochromator, model No. 99G, asdescribed in Ref.
9. The modulation amplitude was about 0.6 A at
100 Hz. The entire optical system (monochromator,
mirrors, Dewar tail, detector, etc.) was placed
inside a large light-tight box which was continuously
flushed with dry air in order to minimize the struc-
ture in the spectrum due to water vapor. The light
was polarized parallel or perpendicular to the
stress axis by means of a Glan-Thompson prism.
The prism polarizer was used to avoid the large
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interference fringe effects observed with sheet po-
larizers such as Polariod HR-2. The light was
detected with a PbS photoconductive cell operated
at room temperature.

III. MEASUREMENTS AND INTERPRETATION

In the absence of uniaxial stress the valence-
band edge in a zinc-blende-type materialis a four-
fold degenerate multiplet with symmetry Ty(J= 3,
M;=2%%,+ % in spherical notation). The application
of a uniaxial stress splits this multiplet and shifts
the “center of gravity” of the multiplet relative to
the I'y conduction band. For the compressive stress
used in this experiment the lower split band at k
=0 (v, in the notation of Refs. 1 and 8) is a pure
|3, +3) state while the upper band (v,) is mainly
I3, £ 3) with a stress-induced admixture of |3, +3)
(spin-orbit split band v;).'° It has been shown that
for stress X parallel to [001] or [111] the stress-
induced change in the I'g~ I'; energy gap, to second
order in stress, is given by!

A(E; ~Ey)=0Ey = 306E,+3(8E})*/8g++++, (1)

A(E, -E,;)=0Ey + 30E, , (2)

where A(=0.75 eV'!) is the spin-orbit splitting of
the valence bands at k=0 and

GE”=a(Su+25xz) X=—_88—EI')‘P , (3)
- {2b<su -S1X,  XIl[001] ©
* l@VE)sux,  XI[111]
, {Zb’(s11 -S2)X, x|l [oo01] (5)
@ /VB)sex,  xI[111].

In the above equations 8E is the shift of the gap

E, due to the hydrostatic pressure component of
the strain, while 8E,and OE |, represent the effect of
the shear component of the strain,'*'? and S,; are
elastic compliance constants.!® The difference be-
tween the primed and unprimed quantities is due

to the stress dependence of the spin-orbit interac-
tion.'? Although we have observed the nonlinear
shift due to the quadratic term in Eq. (1) we have
not been able to measure it with sufficient accuracy
to determine the difference between the unprimed
and primed parameters. Since we have determined
only the parameters associated with the linear split-
ting,only the unprimed quantities will be considered
in the following discussion.

For the case of stress parallel to [110] the situa-
tion is somewhat more complex since for this stress
direction the crystal is, in general, biaxial (i.e.,
M is not a good quantum number). However, in
the case that there is equal band splitting under
[001] and [111] stress (6E2" = 6E!!) the crystal is
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uniaxial also for stress along [110]. Since this is
only approximately the case for GaSb the stress
dependences of the bands for this stress direction
are given by®!°

A(E, ~ E,)=8Ey — $[(8E)2 + 3(SEL)2]M 2
—35 (6EX 4+ 36EME/Ag 4.,  (B)

A(E, - Eyp) = 6E, + 5[(BEJ™)%+ 3(6EL)?] 24 ..

(M

where we have neglected terms of the order (6EJ
- 6E!")2/A, and higher.

The effects of the stress on the free exciton are
expected to be very nearly equal to those of the
electronic bands, as discussed above, since the
band splittings and shifts are considerably larger
than any stress-induced changes in the exciton bind-
ing energy, 34!

Shown in Fig. 1 are the wavelength-modulated re-
flectance spectra of GaSb at 1.7 °K in the energy
range 0.78-0. 86 eV for X=0, 1.95%10° dyn cm™?,
and 5. 85% 10° dyn cm™2 along a [111] direction with
the electric vector of the incident radiation polarized
parallel and perpendicular to the stress axis. No
polarization effects were observed at X=0. In the
zero stress spectrum the line at 0. 8090 eV cor-
responds to the free-exciton transition. Following
the notation of Johnson et al.® this line has been
labeled a. The line observed at 0.7947 eV in the
zero stress spectrum corresponds to the bound
exciton y in the same notation.

The application of the uniaxial stress causes the
a line to split into two components, labeled o, and
a,. The @, line is observed for both polarizations
while @, is seen for the perpendicular polarization
only. From this we identify «, and «, as corre-
sponding to the free-exciton transitions associated
with valence bands v, and v, respectively. It
should be pointed out that for both polarizations the
a, line is observed at the same energy, within the
experimental error of about 0.3 meV. The y line
does not split under the action of the stress but
moves to higher energies, eventually merging with
the @, line at stresses above ~ 3x10° dyn cm™2.
Similar results have been obtained for the o and ¥
lines for stress parallel to [001] and [110].

In Figs. 2-4 are plotted the energies of the v,
ay, and a, lines as a function of uniaxial stress
along [111], [001], and [110]. For all three stress
directions the energy of o, varies linearly with
stress while «;, which has a linear stress depen-
dence at low stresses, exhibits a nonlinear behavior
at stress above ~2x 10° dyncm™2. The linear stress
dependence of @, and a, is indicated by the solid
lines, which have been obtained from a least-
squares fit (linear for @, and quadratic for a,).
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FIG. 1. Wavelength-modulated reflectance spectra for
the free (@) and bound (7) excitons of GaSb at 1.7 °K at
X=0, 1.95%10° and 5.85x10° dyncm™? along [111] for
light polarized parallel and perpendicular to the stress

axis. At the highest stress Yand o, have already merged.

The vertical displacement between the parallel-and per-
pendicular-polarization spectrais due to a polarization-
dependent background.

The stress dependence of the y line is very nearly
the same for all three stress directions.

Listed in Table I are the values of the deforma-
tion potentials (8E,/9P), d, and b as determined
from a least-squares fit of the experimental data
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FIG. 2. Energies of the ¥, @;, and @, spectral lines as
a function of uniaxial stress along [111].
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FIG. 3. Energies of the ¥, @y, and @, spectral lines as
a function of uniaxial stress along [001].

for the free exciton for stress parallel to [111] and
[001] as shown in Figs. 2 and 3, respectively, using
Eqgs. (1)-(4). Also listed are the results of other
workers. Our values of b and d are in good agree-
ment with those of Ref. 3. The value of [5%(S;; — Sy2)?
+4$d?S,%2]" % is also given for comparison with the
[110] data. Also given in Table I are the values of
(8E,/8P) and [b%(S); — S15)% + $d%S42]" ? as obtained
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FIG. 4. Energies of the ¥, @4, and @, spectral lines as
a function of uniaxial stress along [110].
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TABLE I. Deformation potentials of the direct edge
of GaSb obtained in this experiment and in previous
work.

Deformation potential This work Previous work
(9E,/0P) 12.2+0.6" 14.5°
(10°% eV bar™) 13.6£0.6° 14 (Ref. 3)
13.0£0.6¢

d (eV) —-4,2+0,2* —4.6 (Ref. 3)
~8.35+1.7 (Ref. 2)
-3.520.4 (Ref. 4)

b (eV) -1.8:£0.1¢ —2 (Ref. 3)

-3.3+0.6 (Ref. 2)
-2.2:0.2 (Ref. 4)
[ b2(Syy = Syp)? + 3d%S, A2 —5.54
(107'? eV cm? dyn™!) -6.0 ™

%[111] stress measurements.
YR. Zallen and W. Paul, Phys. Rev. 155, 703 (1967).
°[001] stress measurements.
9[110] stress measurements.

from the [110] data (Fig. 4) and Egs. (6) and (7).
The measurement of the latter quantity provides an
internal check on the values of b and d.

Recently Gavini and Cardona (GC)? as well as
Lawaetz'® have developed theories for the shear-
deformation potentials. The former authors have
proposed a simple point-ion model to explain the
observed trend of the deformation potentials with
ionicity while Lawaetz has developed a theory on
the basis of Phillip’s ionicity scheme. Gavini and
Cardona find that the change in b and d in going
from the group IV to III-V semiconductors is given
by

Ab=-0.23 eV (8)
and
Ad=-0.69 eV . (9)

The parameters of the group IV material corre-
sponding to GaSb are an average of the parameters
of Ge and v-Sn. While for Ge both b and d have
been measured for o-Sn only b (= -2.3+0.5eV?7)
has been determined. Taking b=-2,6+0.2 eV for
Ge® and the above value of b for o -Sn the theory

of GC predicts b= -2, 7+ 0. 35 for GaSb, which is
higher than our experimentally determined value.
However, the GC theory is more successful in pre-
dicting the ratio d/b. Since d for a-Sn has not been
determined by taking the b and d values of Ge from
Ref. 8, Eqgs. (8) and (9) yield d/b=1.9+0.3 as
compared with our measured ratio of 2.3+0. 2,

The theory of Lawaetz predicts b= -2.3 eV and
d=-5.2 eV for GaSb. While these values are
slightly higher than those measured in this experi-
ment, Lawaetz’s ratio of d/b=2. 3 is in good
agreement with our measurements.

It has been observed by Langer et al.'® and Gilleo
et al.'® that the energy of the «, line for several
zinc-blende-type materials is somewhat different
for the two polarizations; the perpendicular-polar-
ization line occurs at the lower energy. This dif-
ference has been attributed to the combined effects
of the uniaxial stress and the electron-hole spin-
exchange interaction.'®'!® Since we have not ob-
served this effect (to within our experimental error
of 0.3 meV) we conclude that the spin-exchange
parameter in GaSb is less than about 0. 3 meV.

As mentioned above, the main features of the
stress dependence of the y line are (a) lack of ob-
served splitting for any of the three stress direc-
tions, (b) almost isotropic motion to higher ener-
gies with a slope approximately equal to that of the
center of gravity for the o; and o, components in
the low-stress region (X< 3x10° dyn cm™?), and
(c) observed merging with the o, line (within the
linewidth of 2 meV) at higher stresses. The above
results, particularly the lack of splitting, appear
to be somewhat surprising in view of the previous
experimental work®” and theoretical considera-
tions®?° of the bound excitons in these materials.
The consideration common to all this previous work
has been the identification of a bound exciton as
being a free exciton bound to one of the following
centers: neutral or ionized donor or acceptor.
Based on group-theoretical analysis, Bailey® has
shown that the line associated with any one of these
four complexes (bound excitons) is expected to split
into two or more components and exhibit polariza-
tion effects under the action of uniaxial stress.

The fact that we have not observed any splitting of
the v line suggests that the identification of this
optical structure should be reexamined. The pres-
ent data should stimulate further theoretical inter-
est in this problem.
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An experimental and theoretical study of the shape of cyclotron-resonance lines in high-
purity n-type InSb has been conducted at cryogenic temperatures, using a repetitively pulsed
far-infrared gas laser at A=336.8, 118.6, 78.4, 55.1, and47.5 pm. Measurements of the
4.2 °K effective mass and scattering times have been obtained as a function of frequency via

transmission through a thin sample arranged in the Faraday configuration.

For carriers at

a concentration of 1x10' cm™, one obtains a zero-field 4. 2 °K effective-mass ratio of 0.0139
+0.0002. At laser frequencies below the optical-phonon frequencies, an anomalous narrowing
of the lines was observed whose width implies a collision time 7 near 10°!! sec, which is
about 160 times longer than the value derived from dc magnetoconductivity at 20 kG. The
theoretical analysis uses the quantum plasma dielectric tensor € (J, w) complete with a colli-
sional energy term of the form A +:I' and a nonparabolic energy expression for conduction-
band electrons. The dispersion equations for photon propagation in the Faraday and Voigt
geometries are then solved to obtain the cyclotron-resonance line shape, using both constant-
and energy-dependent collision times. It is shown that the observed line shapes and widths
may be predicted without adjustable parameters to within the experimental error by a scat-
tering time 7(B, &,), which describes adiabatic and nonadiabatic Coulomb scattering. Thus
the narrowed lines are attributed to the reduced scattering rate from long-range ionized im-
purities that occurs in the quantum limit %w,>kgT. Another experiment, done in the Voigt
configuration at 77 °K using A=336.8 um, yielded at 4.5-kG mass ratio of 0.0132+0.0002 and
a scattering time of 2.75x10"12 gec, which is within a factor of 2 of the zero-field mobility

time,

I. ON INTENT AND EXTENT

There is much information on the nature of car-
rier states to be obtained from a detailed examina-

tion of the shape of a cyclotron-resonance curve.

In principle, a single precise measure of cyclotron
resonance that is used in conjunction with a suitable
theory would allow one to deduce the numerical



