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We present calculations of the shifts of the electronic states and their lifetime broadening with
temperature in GaAs. The Debye-Waller and self-energy terms of the deformation-potential-type
electron-phonon interaction are considered. The self-energy term is complex; its real part partly
cancels the shifts caused by the Debye-Waller term and the imaginary part is responsible for the life-
time broadening. Results are obtained for the interband critical points E,, Eg, E, and E, in GaAs.
The shifts of these gaps, when corrected for the contribution of thermal expansion, show good
agreement with ellipsometric data. The broadening of Ej and E, gaps are underestimated when
compared to the experimental results while the broadening of the E; gap is consistent with experi-

ment.

I. INTRODUCTION

The various electronic states and interband critical
points of semiconductors exhibit large shifts along with
increasing lifetime broadening as the temperature is in-
creased at constant pressure. These effects have been re-
cently investigated in GaAs by studying the structures in
the dielectric function obtained by ellipsometric tech-
niques.! Several critical points labeled Ey, Eq+Ao Eb,
E,, E;+A,, and E, were studied in great detail and their
shifts and broadenings with temperature were analyzed
with the empirical Varshni formula? or with an expression
proportional to the Bose-Einstein occupation factor for
the number of phonons, both containing several fitting pa-
rameters.

A microscopic analysis of these temperature-dependent
shifts and broadenings rests on the renormalization of
band energies by electron-phonon coupling.® A perturba-
tive calculation* of the electron self-energy to second or-
der in the atomic displacement u gives rise to two terms,
the Debye-Waller’ and the Fan or “self-energy”® terms
whose Feynman diagrams are shown in Fig. 1. The
Debye-Waller correction is an effect of the second-order
electron-phonon interaction taken to first order in pertur-
bation theory while the self-energy term is a first-order
electron-phonon interaction taken to second order in per-
turbation theory. In addition, thermal expansion of the
lattice, which causes changes in the electronic energies
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FIG. 1. Self-energy graphs which give the temperature renor-
malization of the band energies to second order in the atomic
displacement; (a) represents the lowest-order Debye-Waller
correction and (b) represents the Fan term.

with volume, also contributes to the shifts of critical
points. These terms have been calculated for various opti-
cal transitions in Si and Ge, and good agreement for both
the shifts’—® and the broadenings!® have been obtained
with experimental results.

The microscopic treatment used with much success in
group-1V semiconductors like Si and Ge is extended here
to III-V semiconductors and results are computed for
GaAs. Earlier calculations'!™!® of temperature shifts in
GaAs completely ignored the Fan or “self-energy” term
because it required tedious numerical computations. The
earlier studies only took into account the softening of the
pseudopotential form factors by the temperature-
dependent Debye-Waller terms and the thermal expansion
effects evaluated from the pressure dependence of the
gaps. These results,!! however, overestimate the shift of
the E, gap in GaAs by about 60 meV when the tempera-
ture is raised from O to 300 K.'* Further improvement in
the pseudopotential parameters!> did not significantly
change this discrepancy. Very recently Kim et al.’® in-
cluded the self-energy term in addition to the terms
described above and exactly eliminated the discrepancy of
60 meV at 300 K for the E, gap in GaAs. We present
here calculations for the temperature shifts at various crit-
ical points and obtain good agreement with the experi-
mental results.! We also compute the lifetime broaden-
ings at all these points.

II. THEORY

We follow the same treatment here as presented before
for Si and Ge.””!® We repeat only the most important
equations and point out those which are different. The re-
normalization of the unperturbed band energy ¢, (of the
state |kn ) with wave vector k and band index n) by the
electron-phonon interaction (see Fig. 1) can be written as

Eu(T) =g +ADY +ASE1iT, , (1
where AE,,W is the shift of the band energy induced by the
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Debye-Waller (DW) term. The complex self-energy (SE) JE,, ,

term has a real part AfE which gives rise to an energy AE,(T)=3 an “[ngi(D+71, (2)

shift of the band states, and an imaginary part I'y,,, which Qj T

causes a lifetime broadening of these states. We focus our

attention here on the evaluation of all these terms for dif-  where ngq; is the Bose-Einstein occupation factor

ferent states in GaAs. (eBmQ"— 1)~! with B=1/kgT. The real part of the coeffi-
All phonon modes (Q,j) of energy wq; contribute to the  cient 0Ey,/dnq; contributing to the energy shift is the

energy shift and broadening: sum of the DW and SE parts, given by

<kn 14 k+Qn’><k+Qn’ _a_V‘T’ kn>
3E,, p dR (k) ORg(k") —iQu(r, —T) 2 172
_n e (M Me00;)T Y€ —Qjk) k'),
ong; |sg N (o €kn — Ex+Qn’ oY ‘ QA Q)
(3)
F14 >< J|__aV >
kn|——— |kn'}(kn' | —— |k
OEyy # < "R [N R [
anQi DW——ZN «,K'\n’ Ein — Ekn’
X [(M, 0q;) "€ — QjK)eg(QjK) + (M owq;) ™ 'ex( —Qjk" )eg Qjk)] , “

where M, is the mass of the atom « located in the unit cell at position 7,, N is the number of unit cells in the crystal.
9V /OR (k) is the derivative of the atomic potential of the xth atomic species with respect to position R, the subscripts
a and B denote Cartesian components which are summed when repeated, and €(Qj«) is the polarization vector for the
phonons Qj of the atom k. The imaginary part of the coefficient (3Ey,/3dnq;) in Eq. (2), which contributes to the
broadening of the states, is given by

oy, # k14 v
= k+Qn ) (k+Qn'|—=2"— |k
ang, NK,KE,,,,,<I‘" 3R (k) +Q">< Q1SR 46 ”>
xe XTI M M wd;) e — Qir)en Qik )8 Exn — Ex +qn') - (5)

In order to obtain the electronic states we use the local empirical pseudopotential method. The electronic states are then
eigenvectors of the secular equations

2

> zﬁ—m(k+G)2—sk,, SGG'+2 Vi(G—G')S(G—G') [Cy,(G')=0, (6a)

G’ K

Win= }/2 3 Cin(Gle'kr o, (6b)
Qc G

S [ Cil(G) | *=1, (6¢)

G

where Q. is the volume of the unit cell and V,(G) and S, (G) are, respectively, the local pseudopotential form factor and
the structure factor of the atom « in the unit cell. Because the masses of the two atoms in the unit cell are not the same,
Egs. (3)—(5) could not be reduced to the simplified forms for Si and Ge. Using Eq. (6) and the rigid-ion model we finally
obtain the following contributions for the shifts:

2

(—Qjk)
A(k,n,n’',Q,k)- €
9E,, Q (M2
> , (7)
nQj s n'x €kn — Ek+Qn’
OE,, . Ay (k,n,n',0,k)Ag(k,n,n’,0,«") 1 1
_ 1 O ) I S ., 3
{aan - 5 H§K’ P . €.(—QjK)eg(Qjk) + M. €l —Qjk")egQjr’) |,  (8)
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while the broadening term gives

aly, , e —Qjk) |°
&E:ﬂ"% A(k,n,n ,Q,K)'W
X 8(Exn —Exs.n) » 9)
where
Aq(k,n,n',Q,k)
5 2
- 2t qn(G)Cin(G)
G,G' | ¥Qj
X(G'—G+Q)gVe(G'—G+Qle ¢ 77
(10)

It has been verified that all these equations reduce to those
for Si and Ge when the masses of the two atoms in the
unit cell are identical.

02

>
& 02

5579

e

3q(2n/a)

FIG. 2. Local pseudopotential form factors ¥ (q) for Ga and
As used in the band-structure calculation, which were interpo-
lated using the values of Ref. 18.

III. NUMERICAL PROCEDURE

In order to obtain numerical estimates of the tempera-
ture dependence of the electronic states and their broaden-

ing we rewrite Eq. (2) as

AE,(T)= f0°° dQg?F (k,n, Qo (T)++1, (11

TABLE I. Electron-phonon coupling coefficients as defined by Egs. (7) and (8) for states at k=0 and phonons at points X and L.
In addition to the total sum over all intermediate states, the Debye-Waller and the self-energy contributions from the lowest eight in-
termediate states are listed separately. The figures in the parentheses are the corresponding values for Ge.

Coefficients dEy,/dnq; (meV)

Initial Intermediate for X-point phonons

state state Xs(TA) X,(LA) X3(LO) X5(TO)

Iys5(v) X, (v) 2.0(0) 1.0(0.9) 4.2(0.9) 4.7(3.6)
X;(v) 0.4(0) 0.4(0.9) 0(0.9) 2.5(3.6)
X5(v) 0(0) 6.0(5.3) 3.4(5.3) 2.5(3.0)
Xi(c) —9.3(—9.5) 0(—2.5) —11.7(=2.5) —0.7(0)
Xs(c) —16.6(—9.5) —0.7(—-2.5) 0(—2.5) —1.8(0)
Xs(c) —0.2(0) 0(—0.7) —1.4(—-0.7) —1.0(—1.3)
DW 20.6(18.8) 2.6(6.7) 10.8(6.7) 5.7(5.8)
Total —7.6(—2.1) 12.9(10.4) 3.7(10.4) 9.2(12.7)

I'i(c) X, (v) 0(0) 0(0) 0(0) 0(0)
X;(v) 0(0) 0(0) 0(0) 0(0)
Xs(v) 0.2(0) 0(0) 0(0) 0(0)
Xi(c) 0(0) —29.7(9.2) 0(9.2) 0(0)
X;(c) 0(0) 0(9.2) —3.9(9.2) 0(0)
X;s(c) —0.7(1.4) 0(0) 0(0) —0.2(0)
DwW —1.0(-2.0) —0.7(-0.7) 0(—0.7) —0.3(—0.6)
Total —4.5(—5.8) —30.8(17.1) —6.7(17.1) —3.8(—2.7)

I'ys(v) L,(v) 3.6(0) 0.5(0.6) 3.3(0) 4.1(4.0)
Li(v) 0(0) 0.2(0) 4.5(7.2) 0.2(0)
L;(v) 0.3(0) 9.7(9.1) 0(0) 19.3(21.2)
Li(c) —8.9(—38.6) —1.1(0) —6.7(—5.8) —0.4(0)
Ls(c) —8.3(—8.3) 0(0) —0.5(—-0.5) —1.1(0)
Li(c) 0(0) 0(0) 0(0) 0(0)
DW 27.2(25.9) 5.3(7.5) 8.7(6.6) 5.2(5.4)
Total 0.1(—4.0) 23.4(24.8) 0.5(0.2) 41.9(48.5)

I'i(c) L,(v) 0(0) 0(0) 0(0) 0(0)
L(v) 0(0) 0.1(0.1) 0(0) 0(0)
L;(v) 0.8(0.7) 0(0) 0(0) 0(0)
Ly(c) 0(0) —23.5(26.1) 0(0) 0(0)
L;(c) 0(0) 0(0) 0(0) —0.5(—0.6)
L(c) 0(0) 0(0) —0.4(-0.2) 0(0)
DW —1.0(—-2.8) —0.6(—0.8) —0.2(—0.7) —0.4(—0.6)
Total —5.2(—6.7) —24.5(25.0) —4.5(-2.3) —3.5(=3.0)
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where

Ekn

ng(k,n,Q)ZE 9
Qj "
Here ng (k,n,Q) is a temperature-independent electron-
phonon spectral function. It corresponds to the density of
phonon states weighted by appropriate electron-phonon
matrix elements.

We first compute g2F(k,n,Q) for the DW and SE con-
tributions, and the broadening for various valence- and
conduction-band states using the tetrahedron method.!%!”
The irreducible 4 wedge of the Brillouin zone is divided
into 228 small tetrahedra which corresponds to a discrete
mesh of 89 k points.®~1° The band structure was ob-
tained from Eq. (6) with a basis of 59 plane waves and us-
ing smoothly varying pseudopotential curves for Ga and
As as shown in Fig. 2. These curves were obtained by in-
terpolating Cohen-Bergstresser’s'® form factors and extra-
polating to V(0)=—2tep, with er equal to the free-

5(Q—wg;) - (12)
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FIG. 3. Dimensionless spectral functions g2F({) which give
rise to the temperature shifts of the highest valence-band states
(VB). Both the DW (dashed line) and SE (solid line) contribu-
tions at several k points are shown.
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electron Fermi energy of the valence electrons. We have
disregarded here the spin-orbit interaction. The phonon
frequencies and eigenvectors were calculated using the
shell-model program of Kunc and Nietson.!”?° The
remaining details are the same as described in Refs. 8—10.

In order to facilitate comparison with the experimental
data, the calculations were done for the following optical
transitions in GaAs: the direct gap E, (I'js—1TI')), the
second direct gap E, both transitions occurring at the I’
point of the Brillouin zone, the E, gap, which corre-
sponds to transitions between (27/a)(+,+,3) and
(277/0)(%,%,%), and the E, gap. The region where the
E, transition takes place is not very well defined; we use
the point (2 /a)(5,+,+) as the representative point.?!

One important check of the numerical procedure is the
direct calculation of the Debye-Waller contribution. This
is very easily done by replacing the zero-temperature
structure factor S(G) in the secular Eq. (6) by

S(Glexp(— | G | Xu?)/6), (13)

where (u?) is the mean-square thermal amplitude. The
recent calculation of Kim et al.’® took the values of
(u?) as and (u?)g, to be the same. This was so assumed

g2F ()

T

A
o
T
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FIG. 4. DW (dashed line) and SE (solid line) parts of the
spectral functions g2F(Q) which give rise to temperature shifts
of the lowest conduction-band states (CB) shown for several k
points.
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TABLE II. Data used for the calculation of the thermal shift
of band gaps with Eq. (14).

Parameter Values Refs.
B (GPa) 76 21
é'E—g (meV/GPa) E, 9.9 23
p |r
E, 76 21
E, 57 21
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FIG. 5. Temperature dependence of the interband critical
points E,, Eg, E|, and E, of GaAs. Solid lines give the total
calculated shifts due to electron-phonon interaction plus thermal
expansion, the experimental points ( + ) were obtained by ellip-
sometry measurements (Ref. 1).

because the 14-parameter shell model of Dolling and
Waugh,”® which we have also used here, gives
(u?)ga < {u?) A, in disagreement with experiments.”? By
doing band-structure calculations with this temperature-
dependent structure factor [Eq. (6)] and using the experi-
mental values of (u Z)Ga obtained from Ref. 22, the shifts
of the gaps agreed with the results obtained by perturba-
tion theory only to within about 10%. This difference
may be due to the non-self-consistent choice in the value
of (u?),, used by Kim et al. Hence in all our present
calculations we use the perturbative method [Eq. (8)] to
calculate the Debye-Waller term.

IV. RESULTS

We first present the electron-phonon spectral functions
g2F(Q) responsible for the temperature shifts of various
electronic states |kn ). As mentioned before, these func-
tions consist of DW and SE contributions, which are plot-
ted in Figs. 3 and 4 for the valence and conduction bands,
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FIG. 6. Dimensionless spectral functions g*F () responsible
for the broadening of the highest valence-band states. A se-
quence of points from L to I is shown.
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respectively, at various points in the Brillouin zone. All
curves have two sharp peaks associated with the TA (cen-
tered at 8 meV) and the TO (centered at 33 meV). It is of
interest to note that the general shape of the DW term at
different k points remains the same for both the conduc-
tion and the valence bands. In the valence-band states the
self-energy terms strongly suppress the acoustic phonon
and enhance the optical phonon contributions from the
Debye-Waller term, except at k=(27/a)(3,+,+), which
corresponds to the E, structure. At this point, both the
acoustic and the optical phonons are suppressed. For the
conduction-band states, however, all the phonon contribu-
tions are enhanced by the self-energy term. Further in-
sight into the behavior of these spectral functions can be
obtained by examining contribution of individual phonons
to intermediate electronic state. Table I gives such an
analysis for X- and L-point phonons. The results are ex-
pressed in terms of the coupling coefficients 0Ey,/dng;
as defined by Eqgs. (7) and (8). When the phonon is doubly
degenerate, the contribution shown is one-half that of the
pair. Similarly, when the intermediate state is doubly de-
generate, the contribution shown is half the total contribu-
tion of the doublet.

In order to obtain the temperature shift of band gaps

CB. Ltolr

g2F(Q)

-05 L l L | | 1 1
0 5 10 5 20 25 30 35
Q (meV)

FIG. 7. Dimensionless spectral functions g2F () responsible
for the broadening of the lowest conduction-band states. A se-
quence of points from L to I is shown.
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the contributions from the Debye-Waller and the self-
energy terms are added and the integration over all pho-
non energies, as shown in Eq. (11), is performed. In addi-
tion, the energy shift due to thermal expansion (TE) is cal-
culated using’

JE,
T

JE,

= _3aB|—%
[04 ap

TE

) (14)

T

where a is the thermal expansion coefficient and B the
bulk modulus. In Table II we present the values of these
constants and (3E, /dp)y for the different critical points.
The thermal expansion effect on the E, gap is evaluated
using the experimental variation of E, with lattice con-
stant a, (Refs. 15 and 24) given by

Eo(ao +Aao)—Eo(ao)
2

Aag
(eV). (15)

Aao

ag

=-29.3 —57.5

ap

The change in ay with T is calculated using the thermal
expansion data of Ref. 21. The contributions of all these
terms are included to obtain the temperature shifts of the
Ey, E(, E,, and E, gaps and the results are shown in Fig.
5 along with the experimental results. The agreement be-
tween theory and experiment is very good in all transi-
tions except for the E, gap. It is, however, not clear to

what extent the k=(27/a)(+,+,7) point is representa-

300 1

250

0 L L T S S S

|
0 300 600 3900
T(K)

FIG. 8. Calculated temperature dependence of the broaden-
ings of the E( and E, critical points of GaAs. The experimen-
tal points are from Ref. 1 obtained by a fit with a two-
dimensional (2D) line shape.
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tive of this gap.

We now discuss the broadenings of the various electron-
ic states. We first present the calculated spectral function
g’F(Q) using the coefficient dI'y,/dng; from Eq. (9.
The results are shown in Figs. 6 and 7 for the valence and
conduction bands for several k points going from I' to L
in the Brillouin zone. From Fig. 6 we note that the lead-
ing contribution to the valence-band states is from optical
phonons. Small structure related to acoustic phonons is,
however, also observed. For the conduction-band states in
Fig. 7 we observe a marked contribution from acoustic
phonons for k =0.25L. The zero-point broadening I'(0)
is proportional to the area under g?F(Q). In the high-
temperature limit there is a factor of 2kz T /#€ in the in-
tegrand that gives more weight to the low-frequency pho-
nons. Hence a large contribution from acoustic phonons
would produce a broadening that strongly increases with
temperature.

In order to obtain the total broadening at the critical
points, the broadening of the valence- and conduction-
band states are added up. These results are shown in Figs.
8 and 9 for the gaps E,, and E,, and E,, respectively.
According to the present calculation the Eq gap is not as-
sociated with any broadening. This is because the valence
and conduction bands here are at the absolute maximum
and minimum, respectively, and there are no other elec-
tronic states with the same energy. In our model we have
neglected the phonon energies in the energy conservation,
which appear in the § function of Eq. (5). This implies
that usually the electronic density of states does not vary
much in less than 0.1 eV. If this assumption were lifted
the band-edge states would broaden slightly through pho-
non absorption at 750, which indeed is observed experi-
mentally.'

According to Fig. 8, the experimental broadening of the
E, structure is larger than the calculated one by a nearly
constant amount (~50 meV) at all temperatures: The
temperature increase in I' is well represented by the calcu-
lation. The additional increase may be due to the inade-
quate description of E, by a single critical point. Several
critical points, separated by ~50 meV, may result in the
additional broadening when a fit to a single critical point
is performed.

The broadening calculated for E is also smaller than
the measured one. The temperature increase is well
represented by the calculations from 0 to 400 K but at
higher temperatures an additional increase is found exper-
imentally. This increase may be an artifact of the fit as
the structure broadens and the signal-to-noise ratio de-
creases.

Figure 9 shows excellent agreement between calcula-
tions and the experimental data for fits with a two-
dimensional critical point to the E; structure. The exper-

150 =

100E- ) /

[ (meV)

0 I L I L L | | | I
0 300 600 300
T (K)

FIG. 9. Calculated temperature dependence of the broaden-
ings of the E, gap of GaAs. The experimental points are from
Ref. 1 obtained by a fit with an exitonic (*) and a 2D (X ) line
shape.

imental results for a fit obtained with a Fano-type exci-
tonic line are also shown.! The calculations represent well
the change of I' with temperature obtained from such a
fit provided a constant broadening of 18 meV is added to
the calculation.

V. CONCLUSIONS

The rigid-ion pseudopotential model, used previously to
obtain the self-energies of electronic states in Ge and Si
has been generalized to GaAs, a polar material. Good
agreement between the calculated real and imaginary
parts of these self-energies with experimental data has
been found. Since the calculations include only short-
range (deformation-potential) electron-phonon interaction,
we conclude that the long-range Frohlich interaction is
not important for the phenomenon treated here.

It would be of interest to use the calculated electron-
phonon coupling constants to predict the strength of in-
direct optical interband transitions. These transitions
should become observable upon application of high pres-
sures such as those obtained in a diamond anvil cell.
Also, the method could be used to calculate the strength
of resonant Raman scattering by two phonons.?’
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