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Abstract

Gallium antimonide (GaSb) is a III-V semiconductor of technological interest for low-power, high-mobility field-effect tran-
sistors, as well as for mid-wave infrared detectors. In such devices, GaSb interfaces with other III-V semiconductors with
different lattice constants that can induce strain in the GaSb layers. Two dominant limiting factors in hot carrier relaxation are
the intra-valley and the inter-valley electron—phonon (e-ph) scattering. In GaSb, these are sensitive to the I'-L energy order-
ing, which depend intimately on the strain. Here, we report ab initio calculations of electronic structure, phonon dispersion,
e-ph scattering and relaxation times for GaSb as a function of strain. As observed previously for other group IV and III-V
semiconductors, our results show strong anisotropy, a strong contribution from LO phonons, and the need to go beyond the
deformation potential scattering. For GaSb, the main finding is that a compressive strain between 0.4% and 0.6% converts
GaSb from a direct-bandgap semiconductor to an indirect-bandgap semiconductor, with dramatic changes in the competing

scattering rates and carrier relaxation times.

Keywords Electron-phonon coupling - scattering rates - strain - GaSb

Introduction

Gallium antimonide (GaSb) is a material with a wide range
of applications including infrared 1.2 — 3.0 ym lasers,’
infrared detectors,>> photodiodes,4 and field-effect tran-
sistors with reduced size and power.™" It is also used as a
substrate material with a lattice parameter that matches vari-
ous ternary and quaternary compounds with a wide spectral
range of bandgap.® The unstrained GaSb has a small direct
bandgap of 0.81 eV, accompanied by a secondary minima
only 80 meV higher in energy. This allows GaSb to be con-
verted into an indirect-bandgap semiconductor by apply-
ing lattice strain. Strain is ubiquitous in GaSb-containing
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heterostructures inside electronic and electro-optic devices,
where materials typically have significant lattice mismatches
at interfaces.

To understand hot carrier dynamics in this material, a
detailed picture of the prominent scattering rates is neces-
sary. The main contributions are electron—phonon (e-ph)
scattering and dislocation scattering. To date, very little is
known quantitatively about the e-ph scattering in GaSb, trac-
ing back to early photoluminescence measurements’ which
showed competition between I'-I" intra-valley scattering and
L-T inter-valley scattering. Raman scattering has been used
to determine strain in superlattices such as GaSb/AISb, and
it was found that the GaSb longitudinal optical (LO) fre-
quency was lower by 2 cm™' than bulk GaSb.'°

In the case of highly lattice-mismatched III-V interfaces,
the main carrier scattering mechanism has been associated
with dislocations. For example, the effect of strain on carrier
lifetime was measured in InAs/GaSb heterostructures with
lattice mismatch of the order of 0.6%.!! This is qualitatively
consistent with measurements in other strained heterostruc-
tures, such as GaAs,_,Sb, lattice matched to InP in high-
speed electron transport in heterostructure based bipolar
transistor or photodiodes.!> Other GaSb heterostructures,
such as GaSb/GaAs,_,Sb,, were grown and electrically
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characterized for optoelectronic applications by allow-
ing relaxation of strain.'® Ab initio calculations have used
molecular dynamics to study reconstruction of the surface
when InSb is grown on GaSb,'* which have shown that by
creating a single monolayer of InSb on GaSb, the large buck-
ling between Ga and Sb is reduced and their atomic posi-
tions become similar to the second layer in the clean GaSb
surface, whereas adding a second monolayer of InSb results
in a disordered surface. A study of molecular beam epitaxy
(MBE)-grown GaSb on GaAs revealed that a 8% lattice mis-
match between the two materials resulted in a relaxed GaSb
layer attributed to the existence of dislocations.'

Since strain influences mainly the e-ph scattering rates,
here we focus on a comprehensive description of e-ph scat-
tering in terms of all phonon modes as a function of strain.
We follow the methodology used for AlAs, GaAs, diamond,
Si and Ge.'*"” We apply the methodology'®!” to GaSb that
includes the effects of strain on electronic structure, pho-
non dispersions and e-ph scattering rates which determines
the carrier relaxation times. Recent work on first-principles
prediction of mobility in many elemental and III-V semi-
conductors presented the scope of such calculations and
a systematic comparison between theory and experimen-
tal results.?’ This work demonstrated the capabilities and
the effect of different approximations on the accuracy of
mobility calculations wherein the e-ph scattering rates are
also evaluated using the same framework that is used in our
work. Although this work is a compendium of many III-V
semiconductors, they have not discussed GaSb or the effects
of strain. Hydrostatic strain ranging below 1% is artificially
created by compressing or expanding the lattice constant
of GaSb. In GaSb, the conduction band minimum (CBM)
lies at I" and the next minimum is at the L-point, which is
at energy of 0.08 eV. On applying hydrostatic pressure, the
relative positions of the minimum can change, and GaSb is
found to convert to an indirect-bandgap semiconductor. This
will impact the e-ph coupling as well as the resulting scat-
tering rates. We discuss the significant features and observa-
tions in the following sections.

Methodology

The work reported here was performed using Quantum
ESPRESSO (QE)?! with norm-conserving pseudopoten-
tials within the local density approximation (LDA)*? for
the exchange—correlation potentials defined by Hartwig-
sen—Goedekar—Hutter.>> Lattice dynamics were computed
using density functional perturbation theory.>* The opti-
mized lattice constant was found to be 5.98 10\, which is
2% lower than the experimental lattice constant. The energy
cutoff for the plane-wave basis was optimized and chosen
as 60 Ryd after verifying convergence. A uniform k-mesh
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of 16 X 16 X 16 was used to sample the reciprocal space for
self-consistent calculation, and a g-grid of 8 X 8 X 8 was
used for the calculations of phonons. Wannierization was
performed starting with Ga-sp? and Sb-p orbitals using the
Wannier90 package.”” Convergence of the Wannierization
process was constrained by choosing a cutoff for the spread
at 1012 A2, This ensures that the Hamiltonian, electron
velocity and the e-ph matrix elements decay rapidly in the
Wannier representation. The Heyd—Scuseria—Ernzerhof
(HSE) hybrid functional is used to improve the bandgap with
a Fock parameter of 0.05. Details of the resulting correction
are discussed in the next sections, and the input files that can
demonstrate the steps to evaluate the electronic structure for
the hybrid functional using Wannier functions are given in
the supplementary material. Electron—phonon matrix ele-
ments g) where m, n are electron band indices and v is the
phonon eigenmode, are initially evaluated on a coarse k-grid
of 16 X 16 X 16 and coarse g-grid of 8 X 8 X 8 points using
the EPW (electron—phonon Wannier) package as imple-
mented in QE.?*?” Wannier interpolation is used to evaluate
the e-ph matrix elements on a fine g-grid of 150 x 150 x 150
and k-mesh discretized over the conduction band along the
L - T" — X path in 5000 points. The imaginary part of self-
energy (Im(Zfl;p h)) is evaluated as a function of the phonon
mode (v) to better understand the e-ph scattering mecha-
nisms and to identify the dominant phonon modes. Overall
scattering rates are given by (I"', ” "y = 2[Zm(=, " ™)1 /h, and
the corresponding relaxation times (z,,) are also evaluated
by taking the inverse of the scattering rates 7, = (I, ” -1,
Hydrostatic strain is simulated by appropriately changing the
lattice constant of GaSb such that the strain is within +0.8%
of the equilibrium lattice constant.

Results

GaSb is a direct-bandgap semiconductor with an experimen-
tal bandgap of 0.81 eV which lies in the infrared range.® The
local density approximation (LDA) misses two important
features of the GaSb electronic structure. First, it underes-
timates the bandgap as 0.56 eV, which is ~ 30% lower than
the experimental value.?® Secondly, an important feature of
the conduction band is that the energy difference between
the I' and L points is experimentally found to be 80 meV,
whereas the same energy difference is calculated as 20 meV
using LDA. In order to improve the bandgap and relative
energies of the CBM, we use the HSE hybrid functional
and tune the Fock mixing parameter such that the bandgap
and the relative energies of secondary minima correspond
to the experimental values. By using the hybrid functional,
the bandgap is corrected to 0.69 eV, and more importantly,
the energy difference between the I" and L points is corrected
to 80 meV, as shown in Fig. 1. The reader should note that
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Fig. 1 The band structure of GaSb using LDA (black/continuous line)
and HSE (red/broken line) hybrid functionals. HSE predicts the cor-
rect energy difference of 80 meV between the I" and L points in the
conduction band. The HSE bandgap is 0.69 eV and the LDA band-
gap is 0.55 eV. X,, marks the conduction band minimum along [100]
(Color figure online).
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Fig.2 The effect of compressive strain on the conduction band of
GaSb. Compressive strain over 0.4% converts GaSb into an indirect-
bandgap semiconductor.

the electronic structure shown for HSE hybrid functional is
evaluated by first performing a self-consistent calculation
using the hybrid functional, followed by using the Wannieri-
zation process that involves representation of the converged
eigenfunctions using the maximally localized Wannier func-
tions.? In addition, the I' and X-valley energy difference
also improves from 28 meV determined using only LDA
to 41 meV using the HSE functional, which compares well
with the experimental value of 43 meV. The actual minimum
is along [100] and not exactly at X as shown in Fig. 1 by
label X,,. Hence, the use of the hybrid functional improves
the band structure considerably.

Table | The bandgap (E,) and relative energies of the I', L and X
points in the conduction band with respect to the conduction band
minimum, which is marked by O for different strains in GaSb

Strain E, CBM

(%) V) r L X

0 0.69 (D) 0 0.083 0.365
0.2 0.74 (D) 0 0.053 0.306
0.4 0.78 (D) 0 0.023 0.238
0.6 0.83 (ID) 0.024 0 0.177
0.8 0.84 (ID) 0.055 0 0.154
-02 0.65 (D) 0 0.114 0.415
-04 0.61 (D) 0 0.144 0.467
-0.6 0.54 (D) 0 0.189 0.560
-0.8 0.51 (D) 0 0.219 0.604
Expt 0.81 (D) 0 0.081 043

The experimental values (Expt) are included for reference.”” The
direct (D) and indirect (ID) nature of the bandgap is also indicated
along with the bandgap
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Fig.3 The effect of strain on zone center LO- (empty triangles) and
TO-phonons (filled triangles) in GaSb with linear fitting shown for
reference.

For the accuracy of the work proposed here, it is impor-
tant that the energy difference between the various conduc-
tion band minima is as accurate as possible for GaSb under
strain. To ensure that the band structure is consistent with
the GaSb at equilibrium, the same Fock mixing parameter
for the HSE hybrid functional is used for all the strain calcu-
lations performed here. Table I shows the bandgaps, relative
energies of the different minima, and whether the bandgap is
direct (D) or indirect (ID) for the different strains in GaSb.
The corresponding experimental values for GaSb at equilib-
rium are shown for reference.

Under a compressive strain of 0.2 and 0.4% GaSb
remains a direct-bandgap semiconductor as indicated by
the zero under the I column in Table I. The relative energy
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Fig.4 The contribution to the imaginary part of e-ph self-energy as a »
function of electron energy for GaSb at different strains from acoustic
phonon modes. The strains shown are: tensile 0.6% (a); equilibrium
(b) and (c) compressive 0.6%. Energy corresponding to LO and sec-
ondary minimum in the conduction band is shown for reference. The
scattering is very similar as long as GaSb remains a direct-bandgap
semiconductor where as for compressive strain of 0.6% all the pho-
non modes contribute to scattering. TA-1 and TA-2 correspond to
transverse acoustic modes, LA: longitudinal acoustic. X,, marks the
minimum along the X-symmetry direction in the Brillouin zone.

difference that is evaluated and tabulated for L minimum
reduces for higher strains. The X-minimum also moves to
a lower relative energy. At 0.6% and higher strain, the con-
duction band minimum is at L and the I" valley moves to
higher relative energy as shown in Fig. 2. The X-minimum
continues to move to a relative lower energy with compres-
sive strain. In comparison, for GaSb under tensile strain
the CBM remains at I" and the relative energies indicate
that L- and X-minimum move higher in energy.

The effect of strain on zone center longitudinal opti-
cal (LO) and transverse optical (TO) phonons is shown in
Fig. 3 along with the least square fit line as reference. The
phonon dispersion for GaSb under equilibrium is shown in
Fig. S1 in the supplementary material. Under compressive
strain the LO and TO frequency shifts to a lower value and
under tensile strain they move to higher value. Overall the
change in frequency under strain can be considered within
the linear regime.

Scattering Rates

Electron—phonon scattering by all phonon modes is not
equal, as seen in other III-V semiconductors such as GaAs
and AlAs.'%!73% To understand which phonon modes con-
tribute more to scattering at different energies, we evaluate
and present the scattering rates for each phonon mode at dif-
ferent strains. GaSb under three strains is discussed in detail
here: tensile strain of 0.6%, equilibrium (0% strain) and com-
pressive 0.6%. Figure 4 shows the acoustic and Fig. 5 the
optical phonon contributions to the total scattering rates at
these strains. The zero of the energy axis corresponds to the
CBM which is at I" for GaSb under tensile strain and at equi-
librium and at L for compressive strains of 0.6% or higher.
LO-phonon energy and the energy corresponding to the
secondary minimum in the conduction band is also shown.

First consider e-ph scattering rates at equilibrium
which are shown in Figs. 4b and 5b where L-minima is at
(E, = 80 meV). Acoustic phonon scattering is negligible
for electron energy below E; in the conduction band. In this
energy range LO-phonon scattering is the dominant mecha-
nism. Below 29 meV, which corresponds to the LO-phonon
energy (E| ), only phonon absorption is allowed as there are
no empty states available for phonon emission to be possible.
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Fig.5 The contribution to the imaginary part of e-ph self-energy as »
a function of electron energy for GaSb at different strains from opti-
cal phonon (bottom row) modes. The strains shown are: tensile 0.6%
(a); equilibrium (b) and (c) compressive 0.6%. Energy corresponding
to LO and secondary minimum in the conduction band is shown for
reference. The scattering is very similar as long as GaSb remains a
direct-bandgap semiconductor where as for compressive strain of
0.6% all the phonon modes contribute to scattering. TO-1 and TO-2:
transverse optical and LO: longitudinal optical phonon mode. X,,
marks the minimum along the X-symmetry direction in the Brillouin
zone.

For electrons with energy between E| 5 and E,, intra-valley
scattering within I"-valley is the only permitted mechanism.
When electron energy is more than E,, all phonon modes
contribute to the scattering almost equally up to electron
energy corresponding to X,,. At these energies intra-valley
scattering in I" and L valleys, inter-valley scattering between
L —T orI" — L and scattering between equivalent L-valleys
is possible. At room temperature, as we have shown here, the
contribution to the scattering rates is dominated by acoustic
phonons for electrons with energies above 0.36 eV which
corresponds to the X,

Scattering rates for GaSb under tensile strain of 0.6% are
shown in Figs. 4a and 5a, where the CBM lies at I". This
allows only scattering within the I'-valley up to electron
energy corresponding to E; . Due to the applied strain, E, is
at 0.18 eV relative to the CBM. At low energy, LO-phonon
scattering is the dominant mechanism. Inter-valley scatter-
ing can only occur above 0.18 eV. Acoustic and LO phonons
dominate scattering above E; . This implies that the carrier
relaxation time up to electron energy equal to E; is longer
than at higher energy where inter-valley scattering involving
long-wavelength phonons is allowed. This case can be con-
sidered representative of the effect of tensile strain in GaSb,
because under such strains it remains a direct-bandgap semi-
conductor and moves L- and X-minima to higher energy,
as seen in Table I up to the strains we have shown here. So
the LO-phonon scattering will be dominant as long as the
electron energy lies below E;, and the other phonon modes
will be involved in scattering for electrons at higher energy.

Finally, considering the case of compressive strain on
GaSb, at compressive strain of 0.6% in GaSb, the line widths
(scattering rates) are as shown in Figs. 4c and 5c, where the
origin of the energy axis corresponds to the L-minimum,
indicating the indirect-bandgap nature of GaSb at this strain.
If the electron energy is less than Ep., only LA- and LO-pho-
non scattering is observed, which includes intra-valley scat-
tering within the L-valley and inter-valley scattering between
equivalent L-valleys. For electrons with energy greater than
Er, all except one TA and one TO mode contribute to scat-
tering, and the magnitude is higher than the other two cases.
At this strain, LO-energy and E- are almost identical, which
would suggest that both phonon emission and absorption
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Fig.6 Electron—phonon relaxation times for carriers in the con-» 107 -
duction band in GaSb at (a) equilibrium at 10 K, (b) equilibrium at & 108 S 16 ‘
300 K, ‘(c) 0.6% compressive strair} e'lnd '(d) 0.6% t§nsile strain. The =) 10° )If % 12 |
data point colors sl}ow electrons originating from different valleys in g 10t r 3 8 g \/\
the lowest conduction pand level such that I' (red), L (green) and X = 3 2 0
(blue) (Color figure online). z 10 w LT X
g 10? r a
x 10°Ff 1
would be possible. A comparison of acoustic scattering rates E 10? ] ‘ ]
in GaSb shown in Fig. 4 at 0.1 eV clearly shows that the - 10_2' LO Kipl
scattering is high at 0.6% compressive strain. It has been 107 0.1 02 03 04 05
observed that the scattering rate is proportional to the den- ENERGY (eV)
sity of states (DOS) available at any energy.!” At strains (a)
where the conduction band minimum is at I, the DOS is
smaller and the effective mass is small. When the CBM is at 10! . . .
L, the DOS increases because of the presence of equivalent @ 1': S 16 .
L-minima, and the effective mass is comparatively larger. m& X < 8% \/\
This is attributed to the larger phase-space available for E g O:g
e-ph scattering. Near the conduction band edge, the largest z w
contribution comes from LO-phonons. This conforms to the ,C:)
selection rules derived to predict the inter-valley scattering, g
which state that in III-V semiconductors, when the group V i
element is heavier than the group III element, LO scattering T

is allowed.?!

Relaxation Times

Experimental methods such as time-resolved Raman spec- 10"
troscopy or other methods to study ultrafast carrier dynam-
ics are used to measure carrier lifetimes or relaxation
times.>?=3* Here, the e-ph relaxation times (RT) in GaSb
can be evaluated as the inverse of the total scattering rates.
The RT results for a few strains and temperatures are shown
in Fig. 6: (a) GaSb under equilibrium conditions at 10 K,
(b) GaSb under equilibrium conditions at 300 K, (c) GaSb
under compressive strain of 0.6% at 300 K and (d) GaSb
under tensile strain of 0.6% at 300 K for carriers in the con- 1072
duction band up to an energy of 0.5 eV. The colors indicate
the conduction band valley from which the points originate, (©)
where green represents the L-valley, red represents the I'-val-
ley and blue represents the X-valley, as shown in the inset of
Fig. 6a—d, which is the lowest conduction band level. The
energy corresponding to the LO-phonon (E; =~ 28 meV)
is shown as reference, and the origin of the energy axis cor-
responds to the conduction band minimum at that strain. The
next conduction band minimum is shown for the reference as
well. The X-minimum does not always lie within 0 — 0.5eV
of the CBM and hence does not appear in all the figures.
The RT shows a large variation with strain. For carrier
energy below E; , the RT increases rapidly because they
are close to the band edge. The relaxation times within the
energy range E;  to E; correspond to intra-valley scattering
in the I'-valley. For carriers with energy above E,, relaxation

10°

107"}

RELAXATION TIME (ps)

RELAXATION TIME (ps)
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by scattering between equivalent L-valleys and L-I" would
be the dominant mechanisms.

The effect of temperature on the RT is seen in Fig. 6a
and b. The RT at 10 K is ~ 2.6us, as compared to ~ 1.0 ps
at 300 K at the bottom of the conduction band. At the bot-
tom of the L- and X-valley, the RT is ~ 16 ps and ~ 230 fs at
10 K and 500 fs and 50 fs at 300 K, respectively. At energy
equivalent to E; g in the conduction band, the RTs for 10 K
and 300 K are 3 ps and 720 fs, respectively. This difference
in RT with temperature is attributed to the population (or the
lack) of acoustic phonons corresponding to that temperature.
It was observed that the scattering rates by optical phonons
are nearly constant with temperature in silicon, whereas
scattering rates by acoustic phonons at low temperature are
very low but at higher temperature they become comparable
to scattering by optical phonons.>> Thus we conclude that
acoustic phonon scattering is dominant at high temperatures,
consequently lowering the RTs. The relaxation time for com-
pressive strain of 0.6% is evaluated as 600 fs at the bottom
of both the L- and I'-valleys and 54 fs at the bottom of the
X-valley. In comparison, for tensile strain of 0.6%, the RT is
2 ps at the bottom of the I" -valley and 0.6 ps at the bottom
of the L-valley.

Electrons in the I'-valley near the band edge under equi-
librium conditions or under tensile strain of 0.6% have large
relaxation times as a result of reduced DOS near the bottom
of the conduction band. At O strain, the phase space near
the I'-valley is very small, and only intra-valley scattering
is possible; hence, the relaxation time is high. It can thus
be understood that RT for GaSb under tensile strain will
always be high near the conduction band edge because of
the reduced DOS near the band edge. In the case of 0.6%
compressive strain or higher, where the CBM is at L, the
phase space is higher because of the presence of equivalent
L-minima available for scattering, resulting in shorter RT.

Comparisons with experimentally measured relaxation
times for GaSb at equilibrium are quite good in terms of
temperature, where Maly et al.” observed that on cooling
GaSb, the relaxation times are much higher than at room
temperature.

Concluding Remarks

In conclusion, this work presents a detailed investigation of
the dependence on scattering direction, energy and strain for
e-ph processes in GaSb. The crucial prerequisites for this
accurate description for GaSb are a realistic first-principles
band structure that quantitatively accounts for the relative
positions of the closely spaced satellite valleys and a full
Brillouin zone interpolation of the e-ph coupling matrix ele-
ments decomposed over all phonon modes. This analysis

was enabled by the EPW interpolation method applied
previously to group IV and III-V semiconductors. For low
strain values, the electron lifetimes reflect the dependence in
AlAs and diamond, whereas for large values of strain they
reflect the energy and direction dependence characteristic of
silicon and GaAs, which are indirect-bandgap semiconduc-
tors. The relative displacement between the L- and X-valleys
distinguishes this material from the other semiconductors
mentioned above. The detailed dependence presented here is
relevant for hot electron dynamics in optoelectronic devices,
where strain is always present in various amounts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-023-10877-x.
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