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We have used spectroscopic ellipsometry to measure the dielectric function €(w) of GaSb from 10
to 740 K in the 1.4-5.6 eV photon-energy region. By performing a line-shape analysis of the ob-
served structures, the interband critical-point parameters (strength, threshold energy, broadening,
and excitonic phase angle) and their temperature dependence have been determined. The observed
decrease in energy after correction for the effect of thermal expansion and the corresponding in-
crease in broadening with increasing temperature agree well with the results of a calculation that
takes into account the Debye-Waller and self-energy terms of the deformation-potential-type

electron-phonon interaction.

I. INTRODUCTION

GaSb with its low band gap is an important material
for optoelectronic and electronic devices and is especially
suited for lasers operating in the 1.2-3.0-um-wavelength
range' 73 and for hot-electron transistors.* It has also
been used for GaSb-AlSb quantum wells’ !° and as a
substrate for ternary'! and quaternary'? alloys. For a
thorough understanding of these devices, a detailed
knowledge of the band structure, along with the dielec-
tric function (DF) e(w) and their temperature depen-
dence, is essential.

The DF of a semiconductor is closely related to its
band structure, and conclusions about the bands can be
drawn from features called critical points (CP’s) in the
€(w) spectra, which arise from singularities in the joint
density of states.!> In the vicinity of such CP’s, e(w) can
be described in terms of standard analytic line shapes:'*

e(w)=C— Ade'*#ho—E+il)" . (1)

The critical-point parameters (amplitude A, energy
threshold E, broadening I', and excitonic phase angle ¢)
can be determined by fitting the experimental spectra
€(w) or their numerically evaluated first, second, or third
derivatives to the line shapes obtained from Eq. (1). The
value n is related to the dimension of the CP. C is the
nonresonant contribution to the DF caused by CP’s at
different energies.

In the past few years, our group has been engaged in
the systematic investigation of the dependence of the DF
and interband CP’s on temperature,'®~?* concentration of
donors and acceptors,?*?> and composition in mixed crys-
tals,?6 "% using the technique of spectroscopic ellip-
sometry.?’ Parallel to this experimental work, calcula-
tions of the energy shifts and broadenings with tempera-
ture have been performed, taking into account the
Debye-Waller’®3!  and self-energy terms of the
deformation-potential-type  electron-phonon interac-
tion.>273% In this paper we investigate ellipsometrically
the temperature dependence of the optical constants and
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CP parameters of undoped GaSb for temperatures from
20 to 750 K in the photon-energy range 1.4 to 5.6 ¢V and
compare the CP energies and broadenings with the
theoretical predictions.

The band structure of GaSb, as calculated by Cheli-
kowsky and Cohen*® using the empirical pseudopotential
approach with spin-orbit splitting, is shown in Fig. 1.
Several interband transitions related to CP’s at different
parts of the Brillouin zone (BZ) are indicated. Such CP’s
have been studied extensively using luminescence*! ™%
(for the E, and E,+A, transitions), absorption,*¢~*
magnetoabsorption,® resonant Raman scattering,’>?
laser emission,”>® photoemission,’*>* magnetophotocon-
ductivity,® reflectance,”’ % and several reflectance-
modulation techniques, such as thermoreflectance,®
electroreflectance,'®-674  wavelength-modulated re-
flectance,®® "0 and stress-modulated magnetoreflec-
tivity.”! =73 However, relatively little work has been done
regarding the temperature dependence of the CP’s. The
shift of the fundamental band gap has been measured up
to room temperature (RT) by absorption,*® lumines-
cence,*’ and laser emission;"">* the E, and E, CP’s were
investigated between 100 and 500 K using absorption,*
wavelength modulation,®® and reflectance.> %

The lowest band gap E, in GaSb (~820 meV at 10 K;
see Ref. 67) is below the energy range of our ellipsometer.
The Eyj+ A, CP with an energy of 1.575 eV in GaSb (see
Ref. 67) has not been observed in this investigation.
However, this feature has been seen in GaAs,?! GaP,?
and InP (Ref. 22) using ellipsometry. This may be be-
cause the electron mass in GaSb is smaller’* than in the
other three materials and thus the oscillator strength for
this excitonically enhanced transition is reduced. (This
ha§7been shown both theoretically’>® and experimental-
ly.”)

We present data for the £, and E; +A; CP’s between 2
and 3 eV and for several weaker structures at higher en-
ergies. We summarize the experimental procedure in
Sec. II and present the measured CP parameters and
their temperature dependences in Sec. III. Finally, in
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FIG. 1. Calculated band structure of GaSb, taken from Ref.

40. Several interband critical-point (CP) transitions are indicat-
ed. The assignment of the E, critical point is tentative.

Sec. IV, we calculate the CP shifts and broadenings, tak-
ing into account the thermal expansion term and the
Debye-Waller and self-energy terms of the deformation-
potential-type electron-phonon interaction®® and compare
them with those obtained experimentally.

II. EXPERIMENT

The measurements were performed on samples cut
from a nominally undoped (p-type) ingot with (111) sur-
face orientation. Undoped grown GaSb crystals are al-
ways p type because of native lattice defects. The defect
is a combination of a Ga vacancy and a Ga atom on a Sb
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FIG. 2. Real (¢,) and imaginary (e,) part of the dielectric
function vs energy, obtained directly after etching (solid line,
corrected for 0.5-nm oxide) and after mounting inside the cryo-
stat (dotted line, corrected for 1.8-nm oxide) in comparison with
data from Ref. 29 (@, A).
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site which acts as a doubly ionizable acceptor.*’ Before
mounting the sample into the cryostat, a wet-chemical
etching process®”’® was performed in order to remove the
oxide layer on the surface.?! Figure 2 shows the pseudo-
dielectric function thus obtained at room temperature
and corrected for a 0.5-nm oxide layer” (solid line) in
comparison with the data of Ref. 29 (symbols). The
correction was necessary to achieve agreement of both
spectra at the peak of €, at 4.04 eV. After etching, the
sample was quickly mounted inside a cryostat and mea-
sured at several temperatures between 10 and 740 K.
Figure 2 also shows a spectrum of a sample measured at
RT in the cryostat and corrected for an oxide film of 1.8
nm on the surface (dotted line). Again, the correction
was made in order to achieve agreement with the data of
Ref. 29. The measurements were taken with an automat-
ic spectral ellipsometer of rotating analyzer type.’® The
angle of incidence was always kept at 67.5° and the polar-
izer angle at 30°.

III. RESULTS AND DISCUSSION

In Figs. 3 and 4 we present the spectra obtained for the
real and imaginary parts of the dielectric function of
GaSb for several temperatures after applying a correction
for 1.8 nm of oxide on the GaSb surface. Three struc-
tures, corresponding to the E;, E;+A,, and E, transi-
tions, are clearly resolved. At low temperatures, several
little bumps between 3 and 3.5 eV and a broad peak at
5.11 eV can be seen. The origin of these features will be
discussed later. In order to perform a line-shape analysis
[see Eq. (1)] and obtain the critical-point parameters, we
calculated numerically®! the third derivative of the ob-
served spectra (see Fig. 5). The resulting curves are quali-
tatively similar to those observed in electroreflectance.®’
Both the real and the imaginary parts of d3e/dE> were
fitted simultaneously, using a least-squares procedure. A
recent numerical study®? has shown that this procedure
gives more accurate CP parameters than any other
modulation technique. The arrows in Fig. 5 indicate the
CP energies thus obtained. These energies are presented

GaSb

corr. for 1.8 nm oxide

20F .

Energy (eV)

FIG. 3. Real part of the dielectric function (e€;) at different
temperatures, corrected for an oxide layer of 1.8 nm.
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FIG. 4. As Fig. 3, but for €,.

in Table I along with the line shapes used and the param-
eters [see Eq. (1)] obtained from the fit.

Since the features in the spectra become sharper and
more distinct at low temperatures, we use the spectra
measured at 10 K to discuss the origin and character of
the various interband CP’s observed. At 2.184 and 2.618
eV we find two very strong features labeled E; and
E,+A,. They are known to be produced by transitions
from the A, s and Ag valence bands (VBs), respectively, to
the A4 conduction band (CB) extending to the L point of
the BZ.5"% These structures are very strong and are ob-
served up to 790 K. At temperatures below 600 K they
could be fitted slightly better with a Lorentzian (exciton-
ic) line shape than with a 2D CP. The phase angle ¢ of
these two CP’s was forced to be the same fitted value
(about 90° at RT for a 2D line shape). A constant spin-
orbit splitting A,=442 meV, obtained from measure-
ments at room temperature, was assumed for tempera-
tures above 500 K. Over the temperature range below
500 K the energy difference A; between the two CP’s
stayed approximately constant at 441(6) meV, with an in-
crease from 434(1) meV at 10 K to 442(1) meV at 300 K
and 447 meV at 500 K. This slight increase (13 meV)
could be due to numerical errors caused by the fitting
procedure.5?
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FIG. 5. Numerically calculated third derivative of €; at 10 K
in the vicinity of CP’s (O), together with a line-shape fit accord-
ing to Eq. (1) (solid line). The dashed line gives the imaginary
part of the fit. The readings on the vertical sale have to be di-
vided by the factors given below the structures. The arrows in-
dicate the energy positions of the CP’s.

Between 3.1 and 4.2 eV we find four very weak struc-
tures which could only be resolved between 10 and 86 K.
The parameters of the line-shape fit at 10 K are given in
Table I. The origin of this quadruplet is somewhat con-
troversial.’’ In analogy with germanium, the triplet
E(=3.139 eV, E;(+A;=3.391 eV, and Ej+Aj+A,
=4.135 eV is usually assigned to transitions at or near I'
from the highest VB (I'},I'§) to the second lowest CB
(I'9,T'g) along with their spin-orbit split states (and there-
fore fitted with 3D line shapes). A, and Aj are the corre-
sponding spin-orbit splittings of the I"5 valence and con-
duction bands. The E;+A, structure (I')—TY%) is
suppressed by symmetry (exactly forbidden at I'; see Ref.
84). The spin-orbit splitting of the valence band
Ay=4.135 eV —3.391 eV=744 meV thus obtained is in
excellent agreement with A;=753 meV measured directly
from transitions to the lowest CB edge.®” Furthermore,
the peaks at 4.135 and 3.391 eV have the same phase an-
gle $=110°. This suggests that they are related CP’s.
The phase angle of the E; CP was found to be about 270°

TABLE 1. Fit parameters of the CP’s between 2 and 5 eV at 10 K. For a 3D (OD) CP the amplitudes
A have the dimension eV ~%° (eV); they are dimensionless for a 2D CP. The numbers in parentheses

give the errors (95% confidence limits).

GaSb E (eV) ' (meV) ¢ (deg) A Line shape
E, 2.184(1) 195(5) 180(4) 4.6(4) 2D
E, 2.184(1) 269(6) 90(5) 0.10(1) 0D
E, +A, 2.618(1) 230(20) 180(4) 2.4(5) 2D
E, +A,; 2.618(1) 320(20) 90(5) 0.06(2) 0D
Ey(I) 3.139(1) 49(3) 270(fixed) 4.6(8) 3D
Eq(A) 3.211(4) 58(5) 223(9) 0.24(6) 2D
Eo(ID)+Ag 3.391(3) 51(3) 125(7) 3.8(5) 3D
E{(D)+Ap+ A, 4.135(5) 53(5) 116(13) 5(1) 3D
E,(1) 4.286(3) 108(3) 150(4) 7.1(5) 2D
E,(2) 4.419(3) 71(3) 319(7) 1.3(1) 2D
E,(3) 4.68(1) 54(13) 64(39) 0.07(5) 2D
A(?) 5.11(1) 130(10) 174(12) 10(2) 2D
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when fitted with a 3D line shape. The fourth peak (at
3.211 eV) was not observed by Aspnes et al. in GaSb,%’
but an equivalent one was seen in a similar study on
GaAs;® it is tentatively assigned to transitions near the
pseudocrossing (or crossing; see Ref. 86) of the two
lowest CB’s along the A direction near I" (see Ref. 85). It
was fitted with a 2D line shape. The additional structure
at 3.3 eV (see Fig. 5) is probably due to excitonic effects
and should not be attempted to fit.

Above 4 eV we find the familiar’ E, triplet
[E,(1)=4.286, E,(2)=4.419, and E,(3)=4.68 eV],
probab1y67'4° due to transitions at X, along A, or from a
plateau near the point P=(27/a)(3,+,1), where a is the
lattice constant. These structures were fitted with 2D
line shapes. As E,(1) and E,(2) overlap with each other
and with E;+Aj+ A, and the broadenings of the struc-
tures are comparable with their energy separation, all
three structures had to be fitted simultaneously. The fit
only gave reasonable results below 80 K (see Table I). At
higher temperatures (up to 750 K) the three CP’s were
fitted as one structure. The strongest of these three struc-
tures (see the amplitudes in Table I) is probably due to
transitions near P and therefore labeled E,(1)=E,(P)
=4.286 eV. Another transition with medium strength is
expected from band-structure calculations* along A near
4.37 eV. We therefore assign E,(2)=E,(A)=4.419 eV.
The third structure is very weak and could be due to
transitions at X from the doublet in the valence band
(separated by the spin-orbit splitting A,=0.24 eV; see
Refs. 55 and 40) to the corresponding doublet in the con-
duction band (split by the heteropolar gap ~0.33 eV).
We therefore assign E,(3)=E,(X{—>X5)=4.68 eV.
This is compatible with the structure E,(Xy—Xg¢) at
4.16 eV seen by Aspnes,®’ but not by us. The three
remaining transitions of this quadruplet at X (which are
not suppressed by symmetry) are probably hidden by the
other strong transitions in this energy range.

Finally, we observe a very weak structure at 5.11(1) eV
that is too low in energy to be assigned to the E} (5.5 eV;
see Ref. 67), transitions from the A, s VB to the A, s CB.
It was also observed by Aspnes®’ and assigned to transi-
tions along A from the highest VB to the lowest CB in
Ref. 40.

In Table II we give an overview of our experimentally
obtained CP energies at 10, 86, 300, and 500 K, in com-
parison with other experimental values from the litera-
ture. The theoretical values of the corresponding CP en-
ergies at T =0 obtained from different band-structure cal-
culations® ~°* are also presented. It can be seen that our
data agree very well with the accurate electroreflectance
data of Ref. 67, whereas other data show more disper-
sion, probably due to poor sample quality or preparation
or inadequate analysis of the data. We have performed a
complete line-shape analysis in order to accurately deter-
mine the CP pa\rameters.82

The energies for the E,, E;+A,, and E, CP’s as a
function of temperature are shown in Fig. 6, with
E{+AL+ Ay, E,(1), and E,(2) fitted as one structure E,
(because of poor resolution at high temperatures). The
dotted curves obtained from the theoretical calculations
are discussed in Sec. IV. The solid lines represent a fit of
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FIG. 6. Temperature dependences of the interband critical-
point energies of GaSb as obtained from a line-shape fit to ellip-
sometric data. The solid lines represent the best fits with Eq.
(2); the dotted ones give the result of a parameter-free calcula-
tion as outlined in the text.

the data with a semiempirical model?! of the temperature
change of the band structure due to the electron-phonon
interaction:®

E(T)=Ep—2ap 2 L®/T_

i+——1—’. 2)

The parameter © describes a mean frequency of the pho-
nons involved and ay is the strength of the virtual transi-
tion causing the energy shifts. Ej is related to the energy
of the CP. We have also performed a fit with the semi-
empirical Varshni law®

aT?
T+B "’

where E (0) is the energy of the CP extrapolated to zero
temperature and a and 3 are empirical parameters. The
results of the fits with both models are given in Table III.
We also give linear temperature coefficients of the CP en-
ergies in Table IV. We compare them with those ob-
tained experimentally by other authors, in most cases
averaged between 100 and 300 K. The theoretical values
obtained from a microscopic calculation of the
deformation-potential-type electron-phonon interaction
are also presented in the table and will be discussed in de-
tail in Sec. IV. Manoogian and Wooley’® have shown
that B in Eq. (3) should be equal to one-half the Einstein
temperature, if the thermal expansion contribution to the
shifts (see Sec. IV) is small, which implies =150 K for
GaSb. From Table III it can be seen that this interpreta-
tion holds well, except for the E, gap.

E(T)=E(0)— (3)
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TABLE III. Parameters E, O, and ay obtained by fitting the CP energies versus temperature to Eq. (2), and values of E (0), a,
and B obtained by fitting with Eq. (3). The numbers in parentheses indicate the 95% error margins. Values for E, were taken from

the literature.

Eg ag o E(0) a B Line
(eV) (meV) (K) (107* eVK™)) (K) shape
E, 2.254(12) 74(16) 227(43) 2.186(7) 6.8(3) 147(46) Excitonic
E, +A; 2.695(11) 81(14) 254(39) 2.621(5) 6.7(3) 176(41) Excitonic
E, 4.44(3) 124(37) 356(86) 4.320(8) 9(1) 376(146) 2D
E, 0.812 4.2 140 From Ref. 45
E, 0.810 3.8 94 From Ref. 31

The temperature dependences of the broadenings of
the E,, E,+A,, and E, CP’s obtained from the experi-
mental spectra are given in Fig. 7. The theoretical curves
(dotted and dashed lines) will be discussed in Sec. IV.
Fits to the broadenings as a function of temperature
(solid lines in Fig. 7) are performed with the equation

1, 1

F(T)=21‘0 ) Eﬁ:—l +F1, 4)

where the first term describes the lifetime broadenings
due to electron-phonon interaction in a similar fashion as
in Eq. (2), whereas the second term accounts for other

TABLE IV. Linear temperature coefficients of CP energies
for GaSb (in 10~ *eV/K).

dE, dE, dE,
dT dT dT
Experiment
Between 100 and 300 K
4.1° 4.0° 4.1°
2.9¢ 4.2¢
2.8f 4.5¢
3.78 5.7 5.5t

Between 300 and 500 K
4.6! 6.2
6.4" 6.1"

Theory (at 300 K)

4.7 5.2 3.7
1.4% 0.8* 0.6%
2.4!

4.3™ 4.0" 4.0"

*Reference 46.

"Reference 49.

‘Reference 68.

dReference 47.

‘Reference 59.

'Reference 53.

eReference 31.

"Present work.

iReference 58.

'Thermal expansion, self-energy, and Debye-Waller terms
(present work).

*Thermal expansion only (present work).
'Debye-Waller term only, from Ref. 31.
"Debye-Waller term only (present work).

sources of broadenings, e.g., experimental resolution,
sample inhomogeneity, defects, or overlap of several
CP’s. The resulting parameters are given in Table V with
their 95% confidence limits. In the fit to the broadenings
of the E, +A, CP, the last four data points above 650 K
were omitted as their error bars are very large. The
values for © in Egs. (2) and (4) for shifts and broadenings
need not be the same, since only energy-conserving self-
energy processes contribute to the latter while virtual
transitions plus Debye-Waller terms determine the form-
er (see Sec. IV). Fortuitously, they are nearly the same
for the fits to the shifts and broadenings. The parameter
I’y is small for E| and E;+ A, but large for E, since the
three overlapping CP’s E;+Aj+ A, E,(1), and E,(2)
were fitted as one structure.

The remaining two parameters used in fitting the CP
line shapes according to Eq. (1) are the phase angle ¢,
which describes the type of CP together with excitonic
effects, and the amplitude A. These are plotted as func-

GaSb
300 > -

100 200 300 400 500 600 700

Temperature (K)

FIG. 7. Temperature dependences of the CP broadenings of
GaSb. The solid lines show the result of a least-squares fit to
Eq. (4); the dotted (E;) and dashed (E,) ones were obtained
from the theory of the electron-phonon interaction. A broaden-
ing of 60 meV at 77 K was found for the E, gap in Ref. 51.
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TABLE V. Parameters used to fit the temperature depen-
dence of the broadenings in GaSb, as described in Eq. (4). The
numbers in parentheses indicate the 95% error margins.

r, o 2)
(meV) (meV) (K)

E, 6(8) 15(12) 200(140) 2D
E, 10(11) 20(16) 180(140) Excitonic
2(14) 24(19) 220(140) 2D
5(14) 30(19) 200(110) Excitonic
E, 46(10) 70(5) 377(fixed) 2D

Line
shape

tions of temperature in Figs. 8 and 9. The phase angle of
E,, when fitted with a 2D line shape, seems to approach
0° at high temperatures, as expected for a 2D minimum.
The angle is larger than this value due to excitonic
effects. The phase angle of E, + A, was set equal to that
of E, during the fitting procedure. The dimensionless
amplitudes for the E, and E; + A, transitions fitted with
a 2D line shape can be estimated within k-p theory:!*?!

44(E,+A,/3)

B aE? ’
5
, 44(E,+24,/3) ®
E, +4A, ™ a(E1+A1)2 >

where the lattice constant @ is in A and the energies E,
and A, taken at 300 K, are in eV. The agreement with
the experiment ( AE1 =6xl1, Ag, +A, =3.0%0.5) is reason-
able and can be improved by taking into account correc-
tions for terms linear in k for k perpendicular to the
(111) direction,®® which increases A g, and decreases
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FIG. 9. Temperature dependences of the CP amplitudes of
GaSb.

A E +A, Furthermore, the excitonic interaction should

increase the theoretical estimates. The evaluation of the
excitonic (0D) amplitudes is more difficult, as details
about screening of the excitonic (Coulomb) interaction
have to be known. Equation (19) of Ref. 21 gives
AE1=O.015 eVand Ag 4 =0.012 eV for the Lorentzi-

an (OD) amplitudes when the static dielectric constant
€,=15.7 is used. These theoretical estimates are about
one order of magnitude smaller than the fitted OD ampli-
tudes 4 =0.1(0.7) eV and Ap ;5 =0.07(0.4) eV at 10

(700) K. This discrepancy has also been found in GaAs
(Ref. 21) and was attributed to the fact that the excitonic
Bohr radius might be smaller than or comparable to the
screening length of the Coulomb potential, a fact which
may require the use of a smaller value of €.

IV. THEORY

In this section we discuss our theoretical results for the
shifts and broadenings of the CP’s with temperature.
The shifts of the critical-point (CP) energies with temper-
ature are caused by the thermal expansion (TE) of the lat-
tice and the renormalization of the band energies by
electron-phonon coupling.3® The TE term given by

JE p JE cp
oT ap

=—3aB
TE

(6)

T

can be easily calculated if the bulk modulus B, the linear
TE coefficient a, and the pressure dependence of the CP
energy at constant temperature are known.”” ~*° For ex-
ample, we obtain using the values from Table VI in Eq.
(6) a linear temperature coefficient of only —0.8X10™*
eV/K for the E; CP at RT. This is less than 20% of the
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TABLE VI. Data used in the calculations of the thermal ex-
pansion shifts of the CP energies.

Parameter Unit Value Reference
B GPa 56 97
(0Ey/dp)r meV/GPa 146 74
(BE,/9p)r meV/GPa 75 97,99
(0E,/3p)y meV/GPa 60 97,99
a (300 K) 107¢ K™! 6 98

observed linear temperature coefficient (see Table IV).
The corresponding shifts of the CP’s due to the effect of
thermal expansion of the lattice are evaluated by integrat-
ing Eq. (6) using the temperature-dependent linear expan-
sion coefficients of Ref. 98. The result for the shift of the
E, gap (due to TE) is shown by the dotted line in Fig. 10.
The shift arising from this thermal expansion term is
found to be negative, i.e., it leads to a band-gap narrow-
ing.

The electron-phonon interaction, which accounts for
the major portion of the energy shifts, can be treated
within perturbation theory in a rigid-ion approximation
taking into account the two terms quadratic in the ionic
displacement,'®3® je., the Fan®® or self-energy term
(arising from the first-order electron-phonon interaction
taken to second order in perturbation theory) and the
Debye-Waller term>®3! (arising from the second-order

400

L L B I B B B B
- GaSb -
. Ey gap =]
200 - » -
+ ., 4
= - —
> [ o ]
Eomll :
uo | Ty
uo
~200 .
_400’1[|||[I1l1llJLA-‘

0 200 400 600 800

T (K)

FIG. 10. The total calculated shift, i.e., self-energy, Debye-
Waller, and thermal expansion term (solid line) of the E, gap
with temperature compared with that arising from thermal ex-
pansion only (dotted line). A comparison of the total shift with
the experiment is shown in Fig. 6. The absolute shifts of the
valence band at the L point are also shown for the self-energy
term (dashed-dotted line) and the Debye-Waller term (dashed
line). The corresponding shift of the conduction band (not
shown in the figure) is very small for the Debye-Waller term and
approximately equal to that of the valence band for the self-
energy term. The symbols () show the Debye-Waller term cal-
culated from the Debye-Waller factors of Ref. 101 and 102.
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electron-phonon interaction taken to first order in pertur-
bation theory). The Feynman diagrams for both terms
are given in Fig. 1 of Ref. 38. Each of the two terms has
to be calculated for both the valence and conduction
band at the k point of interest and an integration with
respect to the phonon wave vector q over the entire Bril-
louin zone has to be performed.

We have calculated the temperature shifts of the CP’s
by including the TE term (described earlier) and both
electron-phonon terms in analogy to the work on GaAs
described in detail in Ref. 38. We have based the calcula-
tions of the electronic states on a local empirical pseudo-
potential band structure'® without spin-orbit splitting
and used a basis of 59 or 89 plane waves. An empirical
10-parameter shell model was used for the description of
the phonon eigenvalues and eigenstates.'®» % The infor-
mation about the electron-phonon terms is contained in
the temperature-independent, dimensionless electron-
phonon spectral functions g2F(Q) of the self-energy and
Debye-Waller terms of the valence and conduction
bands, shown for example at the L point in GaSb in Fig.
11. Q is the energy of the absorbed and emitted phonon.
All spectra show four more or less distinct peaks corre-
sponding to the zone-edge transverse acoustic (TA, cen-
tered around 6 meV), longitudinal acoustic (LA, around
18 meV), transverse optic (TO, 27 meV), and longitudinal
optic (LO, 26 meV) phonons near the L point. The TO
peak is missing in the self-energy spectral function of the
conduction band, in analogy to calculations of the k
dependence of intervalley deformation potentials for
GaAs,'% where it has been shown that this phonon con-
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FIG. 11. Temperature-independent, dimensionless electron-
phonon spectral functions for the conduction band (top) and the
valence band (bottom) of GaSb at the L point. The dashed lines
show the Debye-Waller terms (DW), the solid lines the self-
energy terms (SE).
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tributes only weakly to intervalley scattering processes
between the L and I' valleys. The corresponding shifts
AE,, of the electronic states, at a given k point and band
index n, as a function of temperature 7T can be obtained
by integrating the spectral functions g2F({) along with
the temperature-dependent phonon occupation factor
N, over all phonon energies (2:

AE,,(T)= fowng(Q)[NQj(TH-%]dQ . (7)

The self-energy spectral function for the absolute shift of
the CB at the L point (see Fig. 11) is negative, and this
implies that the conduction band shifts down with in-
creasing temperatures. The Debye-Waller (DW) spectral
function for the CB is very small and positive.

The two spectral functions (shown in Fig. 11) for the
valence band at the L point are much larger than their
counterparts for the conduction band, because the densi-
ty of states with similar energies is much larger for the L,
state than for the L, state as the hole masses in the I'" val-
ley are larger than the electron mass. The Debye-Waller
spectral function for the valence band at L is positive, im-
plying a shift to higher energies with increasing tempera-
ture. The self-energy spectral function is negative for the
TA phonons and positive for the phonons with higher en-
ergy. Therefore, at very low temperatures, when no pho-
nons are activated, the spectral function simply has to be
integrated [as Ng; =0 at T=0; see Eq. (7)] and tends to
shift the valence band up, whereas at elevated tempera-
tures, when acoustic phonons have a higher occupation
than optical phonons, the valence band shifts to lower en-
ergies. The largest absolute shift occurring at the L point
in GaSb is due to the DW term of the valence band. It
can be seen from Fig. 10 that the energy shifts of the
valence band at the L point arising from the self-energy
term (dashed-dotted line) is opposite in sign to that from
the DW term (dashed line) and therefore the two terms
tend to cancel each other. In some cases the self-energy
contribution is even comparable in magnitude to the DW
contribution.

An attempt to explain the negative sign of the self-
energy spectral function of the conduction band (see Fig.
11) has to start with Eq. (7) of Ref. 38. We see that the
sign is determined by the energy difference in the denomi-
nator. We only consider intermediate states in the con-
duction band since terms arising from all other inter-
mediate states (VB) are small because of the large energy
denominator. We see that the self-energy term is nega-
tive, because the density of intermediate states in the T
valley rises steeply for energies above Lg. An analogous
argument for the valence band shows that the self-energy
spectral function should be positive, which is indeed the
case for the LA phonon and the optical phonons, but fails
to explain the negative contribution of the TA phonon.

The Debye-Waller terms can also be easily evaluated
by including temperature-dependent Debye-Waller fac-
tors exp(—G2(u?) /6) into the structure factors in the
empirical pseudopotential band-structure calculation.
Here G is the magnitude of the reciprocal lattice vector
of the corresponding structure factor and {u?2) is the
mean-squared phonon amplitude of the atom under con-
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sideration. The difference between this result (shown by
the symbols M in Fig. 10) with that described above
(dashed line in Fig. 10) is only about 6%. Half of this
difference is due to an inconsistency in the Debye-Waller
factors, as the two calculations are based on two different
phonon models. We have checked that, when using the
same phonon model for both calculations, the error intro-
duced by integrating over the Brillouin zone is only about
3% for the valence band. We have calculated all of our
Debye-Waller terms using the perturbative approach, as
this does not rely on published Debye-Waller fac-
tors!%0192 and makes sure that the self-energy and
Debye-Waller terms are calculated in a consistent way.

In order to now compare these results with the experi-
mentally observed shifts of the E; CP, we note that the
E, CP corresponds to transitions from the A; valence
band to the A4 conduction band. Hence we perform the
calculations for several points in k space along the A
direction and then take their average as that contributing
to the E; CP. The result of this procedure is shown by
the lowest dotted line in Fig. 6. It compares well with the
experimental data, especially when considering that our
theory contains no adjustable parameters. We have
found that the calculated total shifts do not change much
along A, although the individual contributions (Debye-
Waller and self-energy terms) do. We have shifted the re-
sults of our nonrelativistic calculation by a constant
spin-orbit splitting of A; =441 meV to obtain the temper-
ature dependence of the E, + A, critical point, shown by
a dotted line in Fig. 6. There is a general trend for the
calculated shifts to be too small,*®3° probably because of
the error caused by integrating the self-energy with a rel-
atively crude mesh of only 89 points in the irreducible
wedge of the Brillouin zone.

We have chosen the 10-parameter shell model'® for
our calculation, because it has been shown to give the
best phonon polarization vectors in GaAs.!” We have
also calculated the electron-phonon spectral functions at
the L point with a 14-parameter shell model (model 4 of
Ref. 108 with the correction given in Ref. 101). There
are some differences in the phonon density of states be-
tween the two models, but the structure in the spectral
function plots remains nearly the same. The energy shifts
calculated with the two models disagree by only 2%.

We now proceed to discuss the temperature shifts of
the £, CP. A detailed study of the optical properties of
semiconductors using the linear muffin-tin orbitals
(LMTO) approach in its scalar-relativistic form®® indi-
cates that the E, CP arises mainly from transitions from
the highest valence band to the lowest conduction band
in a region in the Brillouin zone around the point
m/2a(3,1,1). We therefore compare the experimental
shifts of the E, CP with the shifts calculated for this
point (see Fig. 6). It can be seen that the agreement is not
too good, for the several possible reasons: (i) The E, crit-
ical point consists of at least three different structures
that were fitted as one CP to obtain the temperature
dependence of E, (see Table I). (ii) The location of these
three structures is not well known and the single point
m/2a(3,1,1) may not represent the CP well. (iii) The er-
ror in the calculation to obtain the self-energy spectral
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function may be larger for the E, CP than for the E; CP
because of unknown details in the band structure.

We have also calculated the temperature shifts of the
E CP (direct gap) that is outside the energy range of our
spectrometer. The dominant term is again the Debye-
Waller term of the valence band (which causes a shift of
130 meV between 0 and 300 K). If all terms (self-energy,
Debye-Waller, and thermal expansion) are included, we
obtain an energy difference of about 100 meV between O
and 300 K, in reasonable agreement with the observed’
shift of 86 meV. A proper inclusion of the spin-orbit
splitting Ay may decrease this disagreement. The calcu-
lated linear temperature coefficient of the E, gap (in com-
parison with experimental data) is given in Table IV.

The self-energy term of the electron-phonon interac-
tion causes not only a shift of the electronic states with
temperature (due to virtual transitions), but also
temperature-dependent lifetime broadenings due to real
transitions. A hole in the highest valence band at L for
example can scatter to the split-off valence band near I
by emitting or absorbing a zone-edge phonon (intervalley
scattering) and therefore has a finite lifetime 7 which
leads to a lifetime broadening I'=#/2r. Similar process-
es are allowed for electrons in the lowest conduction
band, but are less probable as the density of energy-
conserving final states in the conduction band is much
smaller. These broadenings can be calculated in the
present framework of the electron-phonon interaction by
taking into account the imaginary part of the self-energy
term (the real part causes the shifts), as discussed in Ref.
36. The intervalley phonon spectral functions have been
calculated for the points 7/2a(1,1,1) and 7/a(1,1,1)
that are representative of the E, transition and for the
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point 7/2a(3,1,1) that is in the region of the E, transi-
tion, with results similar to those shown in Figs. 6 and 7
of Ref. 38. These spectral functions were then integrated
over all the phonon occupation states and the contribu-
tions of the valence and conduction band were added up
to give the temperature dependence of the CP’s. The re-
sults are shown by the dotted (E; CP) and dashed lines
(E, CP) in Fig. 7. Details of these broadenings will be
discussed elsewhere.

V. CONCLUSION

A detailed study of interband critical points in GaSb
has been performed by analyzing the temperature-
dependent real and imaginary parts of the dielectric func-
tion, as obtained by spectroscopic rotating-analyzer ellip-
sometry. The critical-point parameters as a function of
temperature, especially the energies and broadenings,
have been obtained by a full line-shape analysis. The rig-
id pseudo-ion model (which was used previously to study
intervalley scattering processes in GaP and GaAs and
shifts and broadenings for Ge, Si, and GaAs) has been
found to give a reasonably good description of the ob-
served temperature shifts and lifetime broadenings in
GaSb.
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