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Band-gap renormalization in semiconductors with multiple inequivalent valleys
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The narrowing of direct and indirect band gaps is investigated in highly excited semiconductor materi-

als with multiple inequivalent valleys in the conduction band. The model substance chosen is

Al„Ga& „Asclose to the crossover from a direct-band-gap to an indirect-band-gap semiconductor. A
theoretical model is presented, which is an extension of the universal formula for band-gap renormaliza-
tion (BGR) to a multivalley scenario. This model accounts explicitly for the electron-exchange contribu-
tion to BGR in each conduction-band minimum. Its applicability to the case of high carrier densities is

demonstrated by comparison to band-gap energies experimentally determined from time-resolved
luminescence spectra. In a scenario of essentially unoccupied higher-energy conduction-band minima,
one finds a renormalization of the fundamental gap by full correlation and exchange effects. The
higher-energy gaps, on the other hand, narrow mainly due to the interactions between the holes in the
valence band, while the electron-exchange effect in the empty valleys is negligible. The case of the elec-
trons being distributed among several minima, such as in direct band-gap Al„Ga& „Asjust below the
crossover point, is treated with a self-consistent routine for the population and renormalization of each
valley. The agreement with experimental data is excellent and the alleged enhancement of the BGR in

this scenario is quantitatively explained. The differential renormalization of minima with different popu-
lations is utilized to achieve a laser-induced transition from a direct-band-gap to an indirect-band-gap
semiconductor in A1042Gao»As. Crossings of various conduction-band minima due to BGR is predict-
ed from the self-consistent multivalley model and demonstrated by the properties of indirect stimulated
emission.

I. INTRODUCTION

The optical properties of highly excited semiconduc-
tors are strongly influenced by many-particle effects. '

The generation of a dense electron-hole system, e.g., by
optical pumping, brings about significant modifications in
the electronic band structure. Screening in the electron-
hole system, i.e., the collective response of the system to
interactions resulting from Coulomb and exchange
effects, leads to a renormalization of the single-particle
energies. ' In particular, each carrier in the system re-
pels all others with the same charge via the Coulomb
force. This results in a local decrease of the average
charge density at the position of any carrier, which can
be described by an induced virtual charge of opposite
sign. The repulsion process is counterbalanced by the
buildup of this virtual charge such that each carrier sus-
tains a free space around itself —the so-called correlation
hole. A similar effect is induced by the Pauli exclusion
principle which prohibits the fermions in the same spin
state to occupy the same position. The spatial separation
of the carriers is thus larger than expected classically
leading to a reduction of the Coulomb repulsion. These
rearrangcments in the dense electron-hole system induced
by correlation and exchange effects reduce the energy of
the carriers significantly. The result is a narrowing of the
band gaps in the highly excited semiconductor with
respect to the unexcited case. The low-energy onset of in-
trinsic luminescence or gain is shifted to the red bearing
important consequences for the performance of electro-

optic devices such as semiconductor lasers.
A thorough understanding of these many-particle

effects has been obtained for the case of a simple band
structure with one minimum in the conduction band and
one maximum in the valence band, including the
modifications due to degeneracy and anisotropy of the
band extrema. Such phenomena as band-gap renor-
malization (BGR),' " screening of the excitonic reso-
nances by an excitonic gas or free carriers, ' ' the Mott
transition from an excitonic gas to an electron-hole plas-
ma (EHP), ' or the phase transition to an electron-hole
liquid"' ' have been extensively investigated both
theoretically and experimentally. An often applied ap-
proach to the treatment of the many-particle system is
the random-phase approximation (RPA). ' The correc-
tions to the single-particle self-energy here are splitted
into two contributions: the correlation-hole and the
screened-exchange terms. The latter terms takes into ac-
count that the exchange interaction is reduced because
the Coulomb repulsion prohibits the close encounter of
any two carriers with same charge, which is necessary for
the Pauli principle to be invoked. Vashishta and Kalia
(VK) demonstrated by applying a self-consistent mean-
field theory to several model systems that the sum of the
correlation and exchange energy can be approximated by
a universal formula, once the self-energy corrections and
the carrier density are expressed in reduced units of the
excitonic rydberg and a normalized interparticle distance,
respectively. ' This universal formula was experimental-
ly proven to apply to nondrifting electron-hole plasmas
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or liquids in nonpolar semiconductors like Si or GaAs, '"
but has to be corrected for polaron effects in polar com-
pounds like CdS. '

The description of many-particle effects in a dense
EHP gets significantly more complicated, when not only
the fundamental band gap but also gaps or subband tran-
sitions at higher energies are considered. Large efforts
are actually taken nowadays to solve the problems of in-
ter subband screening and exchange effects in two-
dimensional (2D) systems (see, e.g. , Refs. 17—20). We
will focus in this paper on the many-particle interactions
between inequivalent minima in bulk semiconductors.
The main differences between the bulk and the 2D case
lie for one in the fact that Coulomb screening is very
inefficient in 2D. ' Further, interband exchange in 2D
(Ref. 20) has to be considered between quantized levels of
the same conduction-band minimum rather than minima
at different points of the Brillouin zone as in the bulk
case.

The treatment of the BGR in a multiple-valley situa-
tion in bulk material is essentially reduced to the correct
evaluation of the electron-exchange effects. " Based on
the fact that exchange between carriers in minima at
different points of the Brillouin zone is negligible, we
develop a model which accounts for the exchange in each
individual minimum of the conduction band. This model
applies a simple formalism relying on the high-density
limits of the many-body theories of Refs. 2, 5, 6, and 22.
The population and renormalization of each gap are cal-
culated self-consistently. This formalism does not require
any many-particle calculations and is thus easily applic-
able for practical purposes. The main effect of a mul-
tivalley scenario as incorporated in this model is that
different populations in the conduction-band minima due
to the different effective masses lead to differential renor-
malizations of all minima.

The model system for our studies on band-gap renor-
malization is the semiconductor alloy Al„Ga, As. This
material system is an extensively used compound in
modern, fast semiconductor devices. It not only serves as
a barrier material in GaAsjA1„Ga& „As heterostruc-
tures, but is also currently exploited for laser and light-
emitting diodes in the visible spectral range. ' We will

show in the discussion below that the performance of
these devices is strongly affected by the BGR. A most in-

teresting feature of this material system is that a sys-
tematic change in the A1As mole content x provides a tu-
nability of the band structure. The nature of the funda-
mental band gap changes from direct to indirect at a
crossover composition x, where the X-point minima of
the conduction band get lower in energy than the
minimum at the I point. ' This most interesting prop-
erty allows these minima as well as the L minima to be
only slightly separated in energy for compositions close
to x, . Two typical configurations of the band structure
close to the crossover are depicted in Fig. 1. It is easy to
populate simultaneously the minima at different points in
the Brillouin zone by optical pumping and thus to study
the interaction between the inequivalent minima.

In this paper we want to review our studies on the
BGR in Al Ga& As, part of which have been previous-

e
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FIG. 1. Schematic picture of the band structure of (a) direct-
band-gap and (b) indirect-band-gap A1„Ga& „Asclose to the
crossover composition x, . The positions of the quasi-Fermi-
levels are shown for typical excitation conditions. The higher
threshold for the onset of stimulated emission in case (b) makes

possible higher carrier densities [and thus a larger degeneracy of
the valence-band (VB)].

ly published as short communications (Refs. 9—11). We
will first give a description of the samples used, the
method of picosecond photoluminescence, and how to ex-
tract the essential parameters for the study of BGR from
a luminescence line-shape analysis (Sec. II). In Sec. III
we will outline the theoretical model for BGR in a mul-
tivalley scenario. A description of the two-band model
and the universal (VK) formula in Sec. III A will be fol-
lowed by the extension to a multivalley model (Sec. III B).
The extended model is first tested for the case of indirect
band-gap Al„Ga& „As, where the higher-energy I
minimum is nearly empty and thus electron-exchange
contributions to the BGR of the direct band gap are
negligible. The influence of significant population of side
valleys on the BGR of the fundamental gap is then
demonstrated for direct band-gap Al„Ga, As. Section
IV deals with the ordering of the conduction-band mini-
ma in highly excited Al„Ga& „Asand its practical conse-
quences. We will demonstrate a laser-induced change-
over of a direct band-gap semiconductor material to an
indirect band-gap one as a result of the differential BGR
of the gaps (Sec. IVA) and prove further minima cross-
ings by the properties of stimulated-emission processes
(Secs. IV A and IV 8). We will finally summarize in Sec.
V.

II. EXPERIMENTAL IMPLEMENTATIONS

A. Samples and experimental setup

The investigations of the BGR in multiv alley
configurations were performed on thin (1—2 pm) epitaxial
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layers of Al„Ga& As with x values close to the cross-
over point. The samples were grown by either
molecular-beam epitaxy (MBE) or liquid-phase epitaxy
(LPE) on a high x value (x =0.70) Al„Ga, „Asbarrier
layer of 1 pm thickness on a semiinsulating GaAs sub-
strate. The barrier layer serves two purposes: first it en-
sures a high quality of the active layer by prohibiting
diffusion of defects from the substrate. Second, the bar-
rier layer provides strong carrier confinement for the
holes in the active layer due to the large valence-band
offset. The offset in the conduction band is actually
negative between active layers close to x, and x =0.70
barrier layers. This effect is, however, compensated by
the strong renormalization of the minima in the highly
excited active layer and by a self-confinement of the
electron-hole plasma in indirect band-gap Al„Ga& As. '

The MBE grown samples had an additional few 100-A-
thick GaAs cap layer to prevent oxidation of the sample
surface. No significant differences in experimental results
were found between the LPE and MBE-grown materials
under high-excitation conditions.

The calibration of the A1As-mole fraction x of our
samples was performed using optical methods. We deter-
mined the energy of the exciton resonance from low-
excitation time-integrated photoluminescence and from
photoluminescence excitation spectroscopy (compare also
Fig. 10) at 5-K lattice temperature. One sample, the opti-
cal properties of which characterized it as being just
below the crossover composition, was used as a reference
sample. Its x value was determined from high-resolution
x-ray diffraction to be x =0.423, which is in close agree-
ment with the low-temperature data of Wolford et al.
The relative x values of the other samples and the posi-
tions of the unrenormalized band gaps were then calibrat-
ed according to the data of Ref. 25. The samples were
mounted to a cold finger in a He cryostat and kept at a
lattice temperature of 5 K unless stated otherwise.

A dense EHP is generated in the active layer of the
samples by optical excitation with a picosecond pulse (25
ps full width at half maximum) at 532 nm from a frequen-
cy doubled, amplified, actively and passively mode-locked
Nd: YAG laser. The excitation-spot size on the sample is
about 800 pm and excitation fluences of up to 80 mJ/cm
are used. Only the center portion of the excited area is
imaged to the entrance slit of an 0.25-m spectrometer to
ensure homogeneous excitation conditions. A single-shot
streak camera is connected to the exit of the spectrome-
ter. By use of a 2D read-out system the luminescence sig-
nal from the bimolecular electron-hole recombination in
the EHP is detected simultaneously dispersed spectrally
and temporally with resolutions of 1 meV and 30 ps, re-
spectively. Additional experiments at lower excitation
levels were performed employing a synchronously
pumped dye laser and Synchroscan streak camera with a
temporal resolution of 10 ps (see also Refs. 14 and 27).

B. Time-resolved electron-hole plasma luminescence
and line-shape analysis

The picosecond temporal resolution of our experiments
is essential to identify the observed luminescence bands.

Al052Ga0~8AS
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FIG. 2. Luminescence signal (dots) of an indirect band-gap
sample while the picosecond excitation pulse at 2.33 eV (I' =8
mJ/cm ) is present. The indirect emission is fitted (solid line) by
a superposition of a zero-phonon line (dashed-dotted) and two
phonon sidebands (dotted). The dashed line is a fit to the direct
recombination signal neglecting the broadening at the low-

energy tail. The arrows mark the unrenormalized direct and in-
direct band gaps.

First, we are able to separate the recombination processes
involving different conduction-band minima. This is im-
portant in the case of indirect band-gap materials when
the generation of the EHP occurs mainly via direct ab-
sorption. The electrons excited typically with some ex-
cess energy in the central I valley are transferred into the
sidevalleys at the X or L points on a subpicosecond time
scale. This intervalley scattering involves in semiconduc-
tor alloys not only the interaction with optical and/or
acoustic phonons, but also very eSciently the scattering
via the alloy-disorder potential. ' But, the intravalley
relaxation of the electrons within the central valley
occurs on an even faster time scale. This fast process
which results mainly from electron-electron scattering is
reflected in the observation of direct luminescence in the
indirect band-gap materials. This luminescence is thus
detected not close to the excitation photon energy, but
rather at photon energies corresponding to the direct gap
in this highly excited materials. A significant number of
the electrons are able to recombine with holes in the
valence band before they had the chance to be transferred
to the side valleys. This luminescence band (dashed line
in Fig. 2) is easily identified from its temporal evolution
which just follows the temporal shape of the excitation
pulse. The indirect emission (in our experiments involv-

ing mainly the X minima, see solid line in Fig. 2), howev-
er, has typical decay times in the order of 600 ps. The
distinction between direct and indirect recombination is
thus straightforward.

The second important conclusion from the temporal
development of the luminescence is the attribution of the
low-energy bands in Fig. 2 (dotted and dash-dotted lines)
to recombination involving the same conduction-band
minima. The temporal behavior of the three partially
overlapping bands is found to be identical within the
luminescence decay time. Elaborate investigations of the
relative strength of these bands especially as a function of
energetical separation between I and X minima led to the
unambiguous identification of these bands: a zero-
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phonon line resulting from the band mixing via the alloy
disorder and two phonon sidebands involving the emis-
sion of a GaAs-like or an A1As-like longitudinal-optical
(LO) zone-edge phonon.

Finally, our temporally and spectrally resolved
luminescence experiment allows us to identify stimulated
emission processes from their thresholdlike occurrence,
their short temporal duration (mostly following the tem-
poral shape of the laser pulse), in combination with their
narrow spectral shape and their spectral position at the
renormalized gap. ' ' It is most important that very
efficient stimulated recombination of holes with electrons
in the side minima at the X and L points occurs in the al-

loy Al Gai „Aswith indirect fundamental gaps. We
will exploit these stimulated emission processes to discuss
the crossing of direct and indirect gaps in Sec. IV. The
main bulk of the analysis, especially when a
luminescence-line-shape analysis is used, is performed,
however, for conditions well below the onset of stimulat-
ed emission.

The experimental data for the renormalized band gaps
and the carrier densities, which will be compared to the
results of the many-particle theories, ' ' ' are extracted
from modeling of the luminescence line shape. The case
of indirect band-gap Al Gai As is demonstrated in Fig.
2. The modeling of the indirect recombination bands re-
quires the superposition of a zero-phonon line with two
phonon sidebands. The intensity profile I(iiico) of the
zero-phonon line is given by

Xf,(E, E', n, T)f—h(Eh, n, T)dE,

where E' denotes the renormalized energy of the funda-
mental gap, f, h(E, n, T) are the Fermi functions for elec-
trons and holes, respectively, and the electron and hole
energies, E, and EI„fulfill E, +Ez =%co. The fit parame-
ters are the carrier density n, the renormalized gap E',
and the carrier temperature T, which can be assumed to
be equal for electrons and holes but always deviates from
the lattice temperature due to the excess energy acquired
during the laser excitation.

The quasi-Fermi energies of electrons and holes E,"h

are implicity given by
-'

N, gF]/g('g, $ ) (2)

where g, I, =E, h /kB T are the reduced quasi-Fermi-
levels, the effective density of states N,'I, is defined by

3/2
27Tme, I, kB T

N' =2 (3)

and F, /2(i), h ) is a Fermi-Dirac integral, ks the
Boltzmann constant, h Planck's constant, and m, z the
density-of-states effective masses as defined below. The
inversion of Eq. (2) is done using the approximation of
Aguilera-Navarro, Estevez, and Millar which is applic-
able even for very high carrier densities (0 ~ n /N' ~ 170):

g, I, =ln
Ne, h

n+K I ln K2 +K3

n
+K4 +K5,

Ne, r

(4)

with the constants K, , . . . , K5 given in Ref. 34. With
the reduced quasi-Fermi-levels for a given set of n, T, and
E' one can now calculate the Fermi functions f, h.

In a multiple-valley scenario like in Al Ga, As close
to x, one has to account for the carrier distribution
among several inequivalent valleys by calculating the to-
tal electron density from

n =n, +n, +n

The Fermi-Dirac integrals are approximated according to
Aymerich-Humet, Serra-Mestves, and Millan, and the
nonparabolicity coefficient a is given by

(1—m, /mo) (3E +4E&b, , +26, , )

(E +b...)(3E +26... )
(9)

The x-value-dependent spin-orbit splitting 6, , and the

direct gaps are taken from Table I.
The hole quasi-Fermi-level is determined from nh =n,

and using an approximation of the valence-band struc-
ture close to the I point by a single parabolic band with a
density-of-states effective mass mh of

m =(m' '+m' ')' '
m/,

—m]h mhh (10)

where m&h(x) and mhh(x ) are the composition dependent
light- and heavy-hole masses.

The line shape of the phonon sidebands is identical to
the zero-phonon line except for being shifted by the ener-

gy of the zone-edge GaAs-like or A1As-like LO phonons
and being normalized in height to the experimental spec-
trum. We do not consider any final state damping result-

ing from fast intraband interaction in these line-shape
fits. This damping is usually treated in the form of the

and assuming a common quasi-Fermi-level for all rnini-

ma, i.e.,
E'x—E'I

x r
k TB

and

EL E I

7l 7l
B

The masses for the X and L minima which are used in Eq.
(3) are the combined density-of-states masses for three or
four equivalent valleys, respectively (see Table I). The re-
normalized gaps Eg Eg, and E' and the electron densi-

ties in the corresponding minima are calculated self-
consistently, as explained in Sec. IIIB. We further ac-
count for the nonparabolicity of the central minimum by
replacing N„' for ¹in Eq. (3) with

15ctkii T F3/i(i),")
N„' =N, 1— r4E Fi/2(rje )
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Landsberg broadening of the actual line shape, which is
introduced only phenomenologically. Its inclusion in
the fit would only slightly change the extracted parame-
ters, especially in the case of relaxed momentum conser-
vation. All material parameters used in these calcula-
tions are listed in Table I.

On first sight the fit might appear to be somewhat arbi-
trary, because all bands are rather broad in the case of a
dense EHP. The fit procedure was, however, extensively
tested in the case of the electron-hole droplet phase,
which is observed in this material system when the tern-
perature of the plasma is below the critical temperature
T, =34 K. In this liquid phase as well as in the excitonic
gas the individual contributions to the overall line shape
are clearly separated and the energies of the LO phonons
can be determined accurately. ' ' The relative intensities
of the zero-phonon emission and the sidebands in the
plasma luminescence (Fig. 2) compare well to the ratios
found for the excitonic luminescence for the same com-
position. Our investigations have to be performed in the
EHP phase in order to get detailed information on the
BGR in an extended density range. The reason is that
the density in the droplet system is rather insensitive to
the excitation conditions and limited to a small density
range around 4 X 10' cm . ' The theoretical treatment
of the BGR is not affected by the actual phase of the
dense electron-hole system.

The shape of the direct emission in this indirect-band-

gap case is largely inAuenced by the transient state of the
electrons in the central valley. The large extension of this
band on the high-energy side reflects the rather high car-
rier temperature in the electron system of the I
minimum. Cooling of the carrier distribution by emis-
sion of optical phonons is slow in comparison to the in-
traband thermalization via electron-electron scattering
and the interband transfer assisted by optical phonons
and alloy disorder. Please note that cooling of the car-
riers in the side valleys is in comparison much more
efficient due to the fact that a buildup of nonequilibrium
phonons is not important in minima with high effective
mass and large anisotropy. The electrons in the I
minimum do not have time to thermalize with the car-
riers which have already scattered into the side valleys.
The carrier temperature of the I electrons is thus
significantly higher than that of the X electrons.

The second consequence of the rapid interband transfer
of the electrons is the large difference in the relative car-
rier densities in the minima at I and X points. The elec-
trons are swept out of a central valley, where they are
predominantly generated, into the sidevalleys and accu-
mulate there. The quasi-Fermi-level of the electrons is in

any case far below the renormalized I minimum. The
direct emission thus reAects a rather small carrier density
in contrast to the indirect emission.

Parameter

E" (300 K)

E,' (300 K.)
(300 K)

TABLE I. Composition dependence of the material parameters.

Composition dependence

(1.424+ 1 ~ 247x) eV 0 x 0.45
[1.424+1.247x+1.147(x —0.45)~j eV 0.45~x ~ 1

(1.708+0.642x) eV
(1.900+0.125x+0.143x ) eV

Reference

23
23
23
23

E,',E,',E,' (5 K) According to Fig. 2 in Ref. 25

(0.34—0.065x) eV

25

m e
mL
m~

e

(0.067+0.083x )m 0

(0.55+0.12x)m
(0.85-007x)-'.

23
23
23

m
m~
mL

I
m~

(1.9—0.34x )mo
0. 19mo
1.9m 0

(0.076+0.02x )m

33 37
33,38
33,39
33,39

mhh

mIh

(0.51+0.25x )m
(0.082+0.068x )m 0

33
40

s 12.6—2.5x 33

Ry*(I )

Ry*(X)
Ry*(I.)

6.5 meV (x=0.38) 7.5 meV (x =0.52)
11.0 meV (x =0.38) 12.1 meV (x =0.52)
7.0 meV (x =0.38) 7.5 meV (x =0.52)

EGaAs
LO

EAIAs
LO

Zone-edge phonons

29 meV (x =0.42) 30 meV (x =0.52)
45 rneV (x =0.42) 47 meV (x=0.52)

41
41
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In the case of direct emission in indirect band-gap
Al„Ga, As this line-shape analysis suf5ces determine
the position of the renormalized direct gap with an un-

certaintly of maximum 10 rneV. This uncertainty is in
any case much smaller than the effects of reduction in the
BGR as will be discussed below. The temperature used
for the line-shape fit is in the order of 100—200 K and
reAects the transient behavior of the electrons and the
nonequilibrium with the carriers in the sidevalleys.

The applicability of this simple line-shape analysis can
be demonstrated for the case of direct-band-gap materi-
als, where the carrier distribution and temperature are
better defined. A line-shape fit as used by Capizzi et al.
(Ref. 8), which includes an explicit evaluation of the
final-state damping in RPA, is able to reproduce the full
line shape. An extensive treatment of the emission shape
in RPA is given by Selloni, Modesti, and Capizzi. This
approach eliminates the renormalized gap as a fit param-

E

V)

C

I ~ I i f I ~ I i ~ ~ ~ S i I l S ~ i l ~ e I i ~ I 1 e i I e ~ ~

Alo. os Gao.95 As

E~ = 1.563 eV
n=1.3x10' c
TO=42K

C

fh
Q
C

~~
E

1.55 1.56 1.57 1.58 1.59 1.60 1.61

Photon Energy (eV)

FIG. 3. Luminescence signal (dotted line) of a direct band-

gap sample taken from Fig. 4 of Ref. 8 and line-shape fits with
(dashed line) and without (solid line) inclusion of a Landsberg-
type broadening. The fit parameters for both fits are identical
and agree well with the parameters used in Ref. 8.

The extremely fast intraband thermalization of the
electrons in the I valley enables us to determine the ener-
getic position of the direct gap. This determination is,
however, blurred to some extent by the broadening of
electron states due to the short lifetime and the already
discussed Landsberg broadening. The broadening is in
the order of 3 meV resulting from an intervalley transfer
time of about 200 fs. The final-state damping will main-
ly produce a tailing of the line shape to the low-energy
side of a few meV. It is possible now to include the
Landsberg broadening into the line-shape analysis. This
will give enough fit parameters to reproduce the overall
line shape. The analytical form of this broadening is,
however, arbitrarily chosen and does not directly com-
pare to the broadening expected from many-body
theories. The dashed line in Fig. 2 indicates the expect-
ed line shape of the direct recombination in a k-
conserving model without broadening:

I(fico) ~fico(fico E' )'~ f—,(E, Eg"—, n, T)f„(E„,n, T) .

eter, but rather calculates this value self-consistently.
This elaborate model gives similar results as Ref. 8. For
practical purposes it is, however, only necessary to deter-
mine the quantities n, T, and Eg, but it is not essential to
fully reproduce the low-energy tail of the luminescence.
We demonstrate this in Fig. 3 where we directly compare
an analysis with and without a Landsberg-type broaden-
ing of a luminescence spectrum taken from Ref. 8. We
find that, when we allow for deviations at the low-energy
tail and concentrate on the rest of the spectrum, we can
extract the necessary fit parameters with negligible devia-
tions from the values extracted in Ref. 8 for the same
spectrum.

III. MULTIVALLEY MODEL FOR BAND-GAP
RENORMALIZATION

A. The two-band model and the universal formula

We will now develop a model to describe the BGR in
the scenario of a semiconductor with various inequivalent
minima in the conduction band. This model especially
answers questions like how do carriers residing in one
minimum interact with the carriers in other minima and
do minima which are highly above the quasi-Fermi ener-

gy and thus essentially empty still renormalize under
high-excitation conditions. We will, in the following, first
deal with the renorrnalization of the fundamental gap for
the condition that the population of higher-energy mini-
ma is negligible, and then expand the here used formal-
ism to the multivalley situation.

The energy of electrons or holes in an electron-hole
plasma E, &(k) is described by the sum of their respective
kinetic energies and the real part of their single-particle
energies X, &.'

fi k
E, i, (k) = +ReX, i, (k, E, h(k))

2~e a

with k being the wave vector and m the effective mass of
the electrons or holes. This single-particle energy is given
in RPA by the convolution of the single-particle Green's
function and the dynamically screened Coulomb interac-
tion typically treated in a single plasmon pole approxima-
tion. The Green's function incorporates here the full
characteristics of the band structure. It was shown that
the self-energy X(k,E(k}) is nearly independent of the
value and direction of k and E(k) due to the local nature
of the screened interactions. The consequence is a nearly
rigid shift of the band structure in the region of the occu-
pied states within one band extremurn and an only sma11

renormalization of the effective masses. Please note that
this rigidity does not apply to the full band structure, i.e.,
unoccupied states, extrema at different points of the Bril-
louin zone, or different 2D subbands are not shifted rigid-

ly as will be demonstrated below. The rigidity within
each band extremum, however, leads to the fact that the
band gap and the chemical potential (i.e., the sum of the
quasi-Fermi energies} are shifted by the saine amount.
The BGR hE is thus directly related to the renormall-

ized chemical potential p:
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p ——EF+EI-+2~+2~ (13)

hE =X, +X~ . (14)

by the contributions of the electron and hole self energies: -4- Al„Ga& „As
indirect gap

Tg, = 15K

X) XC

aE-
bEg =E„,+n

Bn
(15)

The exchange-correlation energy is typically split into a
Coulomb hole Ech and a screened-exchange term E,

„

for
further theoretical treatment

E„,=Ech+E,„.
The former term incorporates the correlation effects in
the EHP, while the latter describes the results of the
Pauli-exclusion principle. The screened exchange takes
into account that this interaction is reduced by the fact
that the Coulomb repulsion prevents the carriers of the
same charge to approach each other closely enough for
the short-range exchange to be efficient.

A quite remarkable finding is that the sum of correla-
tion and exchange energies is nearly independent of
band-structure details like the electron-hole mass ratio,
the degeneracy, and the anisotropy of band extrema.
This was shown by Vashishta and Kalia which applied a
self-consistent mean-field theory to various semiconduc-
tor systems. ' The changes in one of the contributions to
the exchange-correlation energy is always compensated
by the other, a tendency which also applies to some ex-
tent to the temperature dependence of this energy. This
property leads to the possibility to describe E„,in a
universal formula applicable to all semiconductors with
small polar coupling once the energy and the carrier den-
sity are expressed in reduced units of the excitonic ryd-
berg Ry* and a normalized interparticle distance r„re-
spectively:

1 Ry*=
e m4

(4vre, } 2tri

1/3

(17)

rs
3

4mn ag
(18}

with e being the elementary charge, m the reduced exci-
tonic mass, e, the static dielectric constant, and az the
excitonic Bohr radius. This normalized distance is equal
to one when the average volume alotted to each electron-
hole pair in the plasma equals the volume of the exciton.
Please note that the Mott transition from an excitonic gas
to an EHP occurs at an r, of 3.4 at 30 K. The universal
formula now reads '

a +br,
F-„,(r, ) = Ry*

C +dfs+rs
(19)

It is more convenient to write the BGR as a function of
the excited carrier density n and to combine the self-
energy terms, which describe the effects of correlation
and exchange in the EHP, in the exchange-correlation
energy E„,. ' The definition of the chemical potential
as function of density leads to the formula for the BGR
of the fundamental gap:
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FIG. 4. Band-gap renormalization of the fundamental gap in

indirect-band-gap Al„oa&,As. The different symbols used for
the data points stand for results taken in seven different samples
with x values between 0.49 and 0.55. The solid line represents
the universal formula [Eqs. (15) and (19)].

B. The extension to a multivalley model

The observation of luminescence involving electrons in
the central minimum gives the possibility to study the re-
normalization of the direct gap in indirect Al„Ga& As.
This gap extends between the top of the highly populated

with the material-independent constants a = —4.8316,
b= —5.0879, c=0.0152, and d=3.0426. This simple
expression only depends on one parameter, namely, the
carrier density in reduced units.

The applicability of this formula was tested in several
semiconductor materials like Si, Ge, or GaAs. ' Only
in polar compounds like II-VI semiconductors this for-
mula has to be corrected for polaron effects which further
reduce the band gap and stabilize the EHP phase. ' We
will demonstrate in the following the range of applicabili-
ty of this approach to the Al Ga, As system and the
necessary extensions. We will start with the case of in-
direct band-gap Al Ga& „As,where the population of
the minima at the I and L points are negligible. The
case of direct band-gap Al, Ga& „Aswill be discussed in
Sec. III B.

The renormalization of the indirect fundamental gap is
determined from the luminescence signal of seven
different samples. Their x values are between 0.49 and
0.55 to ensure that only the X minima are populated.
The carrier densities range between 10' cm and
3X10' cm . The BGR is plotted in Fig. 4 in reduced
units as a function of the normalized interparticle dis-
tance. The experimental data are in very good agreement
with the universal behavior given in Eq. (19) (solid line in
Fig. 4). We want to emphasize again that the theoretical
model contains no adjustable parameters. Excellent
agreement is further found in samples just above the
direct-to-indirect crossover, where the carrier density is
between 4 X 10' cm and 8 X 10' cm to avoid
significant population of the I' and L minima (see Ref.
14). The VK two-band model thus describes well the
BGR of the fundamental gap, when higher-energy rnini-
ma are essentially empty.
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FIG. 5. Renormalization of the higher-energy direct gap in
indirect-band-gap Al Ga, As extracted from the same spectra
as used for Fig. 4. The choice of symbols for the data points is
the same as in Fig. 4. The solid line again stands for the univer-
sal formula, while the dashed curve is corrected for the
electron-exchange contribution to the BGR according to Eq.
(20).

valence band and the bottom of the only slightly occu-
pied I minimum. Accounting for the fast transfer of the
electrons into the X minima we can assume the I
minimum to be essentially empty in comparison to the
heavily populated X minima. The gap narrowing of the
direct gap is depicted in Fig. 5 using the direct-band-gap
parameters to determine the reduced units. It is impor-
tant to note that the narrowing of the direct gap amounts
to 25 —40 meV, while the fundamental indirect gap is re-
duced by 60—90 meV as deduced from the same lumines-
cence spectra. The immediate conclusion is that the
direct gap in indirect band-gap materials renormalizes
but by a much smaller amount than the fundamental gap.

The actual amount of renormalization of the direct gap
can be calculated from a multivalley expansion of the
simple VK universal formula. The universal formula is
again plotted as a solid line in Fig. 5. This unmodified
version of the model overestimates the renormalization
by a factor of 2, because it assumes all electrons to be in
the central valley, which is of course not the case. One
expects the few electrons in the I minimum to have still
Coulomb interaction with the majority of electrons resid-
ing in the X minima. The exchange interaction between
electrons at different points of the Brillouin zone is ex-
pected to be negligible, i.e., the exchange interaction is
restricted essentially to electrons within the same val-
ley. The contribution of the holes to the narrowing of
the direct gap is, however, the same as in the case of the

indirect gap. These arguments directly lead to the model
for the renormalization of the direct gap. We start from
the universal formula in Eq. (19) and simply subtract the
exchange iteration between the electrons, which is the
only contribution missing:

aE„, aE„'
hE =E„,+n — E'+n

Bn Bn
(20)

In the calculation of the electron-exchange energy E„'we
use the unscreened interaction, which is given by

Ec
X

—0.916$(p, )

1/3I"
s ~e

(21)

where v, is the valley degeneracy factor, and P describes
the valley anisotropy as a function of the ratio p, of the
transverse and longitudinal effective masses:

y( )
1/6 I. I 1 ( 1

)
1/2 (22)

In the case of the I minimum both, p, and v, are unity
which largely simplifies Eq. (21).

The justification of this ansatz is deduced from the ex-
perimental observation that the BGR is reduced by 50%
only due to the missing electron exchange. This finding
demonstrates that the electron-correlation effects give
only a minor contribution to the renormalization for
these very high carrier densities. It is actually expected
from theory that the BGR should be essentially deter-
mined by the exchange effects in the limit of high densi-
ties. This behavior has an intuitive explanation: The
carriers have no space to be repelled from each other at
high carrier densities or r, values much smaller than one.
The reduction of the exchange interaction by the
Coulomb repulsion is thus increasingly compensated.
The result of the calculation using the ansatz of Eqs. (20)
and (21) is shown as a dashed line in Fig. S. Again, we
find an excellent agreement between the experimental
data and our model.

We can conclude at this point that our simple ap-
proach to the many-particle effects is able to explain the
renormalization of both the highly populated lowest as
well as the sparsely populated higher minima in the limit
of high total carrier densities. The fundamental gap re-
normalizes according to the two-band VK model. The
higher-energy gaps still narrow considerably, because of
the strong renormalization of the highly populated
valence band. The contribution of the nearly empty
conduction-band minimum to the gap reduction is
minimal, because the correlation effects are weak and the
electron-exchange contribution is negligible. This situa-
tion is however different in the low-density limit: In the
case of the ionization of direct exciton in Ge, the
Coulomb screening by electrons in the L minima was
found to contribute significantly to the BGR of the direct

45

The treatment of the renormalization gets more corn-
plex when the higher-energy minima of the conduction
band are also significantly populated due to a small ener-
getic separation between the minima or due to high car-
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rier temperature. We have to extend our model here for
the inclusion of the exchange effects within each
conduction-band minimum and for a self-consistent
determination of the population and renormalization of
each valley. The model will be applied to direct band-gap
Al Gai „Asin various valley configurations.

The self-consistent multivalley model is based on the
above demonstrated effect that the electron-exchange
contribution to the BGR only results from interaction
within the same valley. When the electrons are distribut-
ed among several unequivalent minima, then only the
density in each minimum is accounted for in the calcula-
tion of E . We again start the calculation by determining
the BGR for the case when all electrons would be in the
same minimum. This automatically takes care of the
contribution of the hole interactions to the BGR of each
gap. We then subtract the full electron-exchange contri-
bution from the BGR according to Eq. (20) and just add
the amount of [E,'+n„(BE„'/Bn„)]resulting from the ac-
tual population n, in each minimum. Here, the anisotro-

py and degeneracy of the X and L minima have to be ac-
counted for [see Eq. (22)]. We again assume that the
modifications of the correlation energy are small when
the electrons are distributed among various valleys and
not situated in one minimum, because the correlation en-

ergy is a small contribution at high overall densities any-
way.

The population of each conduction-band minimum is
given by the Fermi function, the density of states in each
valley, and the relative energy position of the minima.
This relative position is, however, a direct function of the
density-induced renormalization of each minimum. The
calculation of the renormalization and population of each
minimum thus requires a self-consistent treatment. We
start in our calculations with fixed carrier densities and

temperatures, and literature values for the unrenormal-
ized gaps. The electrons are distributed among the val-
leys according to the Fermi function. We then determine
the renormalization of each minimum induced by its pop-
ulation. The rearrangement of the relative energy separa-
tions between the minima now requires a redistribution of
the electrons among the valleys according to the Fermi
function and a subsequent redetermination of each renor-
malization. This procedure is continued until conver-
gence is reached.

We will now describe how to apply this model to the
case of direct-band-gap Al Ga, „As. Here, the self-
consistent treatment of population and renormalization
has to be included into the analysis of luminescence line
shapes. This requirement can be demonstrated by the
discussion of some earlier measurements of BGR in this
material system. Close to the crossover composition, an
enhancement of the renormalization of the fundamental
gap was reported. ' The carrier density or the normal-
ized interparticle distance, respectively, needed for the
comparison of the gap shrinkage to the VK universal for-
mula was taken from a line-shape analysis of the direct
EHP luminescence. Such a line-shape analysis is, howev-
er, not valid when the populations of the higher-energetic
conduction-band minima at the X and L points are
neglected. These populations are not directly accessible

to the luminescence experiment, because a radiative
recombination of these electrons with holes in the valence
band has to proceed via an intermediate state in the I
valley. The time scale for relaxation within the central
valley by intraband scattering is, however, much shorter
than the recombination time, which suppresses a detect-
able contribution of indirect recombination to the overall
luminescence. This has some important consequences:
first, the overall carrier density is larger than the density
determined from the line-shape fits, because the direct
emission signal is only determined by the difference be-
tween the bottom of the I minimum and the quasi-
Fermi-level of the electrons. The carrier distribution in
the valence band is only slightly degenerate, if at all, and
the difference between the top of the valence band and
the quasi-Fermi-level of the holes does not significantly
contribute to the width of the direct luminescence [com-
pare Fig. 1(a)]. The density determined from the fit thus
only represents the density in the central va11ey. Our
self-consistent calculations show that the overall density,
and thus also the hole density, can be higher by a factor
of 2 than the density in the I" minimum. We will show in
the following that this is the reason for the alleged
enhancement of the renormalization in Al, Ga& As
close to the crossover composition.

A line-shape analysis of the direct emission has to in-
clude the population of the side valleys and the correct
hole density. We incorporate our self-consistent model
into the line-shape fits of Sec. II B in the following way:
The start parameters density and carrier temperature are
determined from a fit to the spectrum. Then we calculate
the correct positions and populations of all minima and
the valence band with the self-consistent routine. The fit
is then repeated using now the calculated band-gap ener-
gies rather than the literature values. The newly deter-
mined n and T are the input of the next self-consistent
calculation. This procedure is again repeated until con-
vergence is achieved.

The first test of our multivalley model is the case of low
population in the higher-energy minima. In this scenario
the universal formula has to be recovered. We show two
examples here: A1Q23GaQ77As, which is far from the
crossover composition, and GaAs close to the crossover
point as a result of high hydrostatic pressure (Figs. 6 and
7). In the case of Alo z3Gao 77As, the sidevalleys at the X
and L points are so high in energy that their population
at low temperature is negligible in the density range un-
der consideration. In the case of GaAs under high hy-
drostatic pressure, only the X minima have to be con-
sidered. But their population is also negligible at 5 K for
pressures well below the crossover pressure (42 kbar).
The multivalley model reproduces in both situations the
universal formula, whose validity is proven by the excel-
lent agreement with the experimentally determined re-
normalizations.

We now apply our model to the experimental data in
Al Ga, As just below the crossover composition as re-
ported by Capizzi et al. The renormalization strongly
deviates from the simple VK model as is shown in Fig. 8.
This deviation is observed at high carrier densities for x
values exceeding 0.30 and continuously increases towards
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FIG. 6. Band-gap renormalization in a direct-band-gap
Al, GaI „Assample at TL =15 K for a composition, where the
population of side valleys is negligible.
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FIG. 7. Gap narrowing in GaAs under hydrostatic pressure.
Experimental conditions are such that the population of the X
valley is insignificant.
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FIG. 8. Deviation of the experimental band-gap shift from
the universal formula (solid line) in direct-band-gap
Al Ga, As close to the crossover composition. Data points
are taken from Ref. 8, which gives an x value of 0.42 for this
sample. A comparison of the luminescence spectra to the spec-
tra taken in our samples results in a composition of x =0.39 in

our calibration. The dashed, dotted, and dashed-dotted lines
are calculated using the multivalley BGR model.

the crossover composition. ' We take the data of Ref. 8
and apply our self-consistent model including a line-
shape fit to one of the spectra published in this reference.
The population in the side minima is found to be compa-
rable to the one in the I minimum. Accordingly, the
density of holes is about twice as high as the I -point elec-
tron density. We calculate the renormalization of the
fundamental gap taking into account the correct density
distribution. The result is depicted in Fig. 8, where we
use the density in the I minimum for the normalization
to r, to enable a direct comparison to Capizzi's data. The
carrier temperature is chosen to increase slightly with
carrier density, as is expected for an EHP. The tempera-
ture T, =50 K for the data point at r, =0.83, which is
taken from our fit to the spectrum in Fig. 4 of Ref. 8, is
equal to the temperature given by Capizzi et al. The
BGR calculation has to be performed for each tempera-
ture separately. The agreement of these calculations with
the experimental points is excellent. We want to point
out again that the self-consistent model has no adjustable
parameters. Only the input values for n and T are chosen
such to fit the luminescence spectra.

This example demonstrates the effect of sidevalley pop-
ulations on the narrowing of the fundamental gap. Using
our multivalley model we were able to solve the question
of the enhancement of the BGR in Al„Ga, ,As. The
same behavior of the direct-band-gap renormalization is
found in GaAs, P, just below the crossover composi-
tion. Fieseler, Schwabe, and Staehli treated the BGR in
this multivalley system in a full RPA theory. The strong
BGR of the direct gap could again be explained by the
large population in the side valley. Good agreement be-
tween experiment and theory was achieved, but with the
condition that the relative separation of the I and X
minima in the unexcited sample was treated as a fit pa-
rameter. A recent application of the same model to
direct-band-gap A1Q 3QGaQ 7QAs at 2 K shows similar
trends of the BGR as found in our studies. Again, an
adjustment of the separation between 1 and now L mini-
ma was necessary to achieve agreement between experi-
ment and theory. Another interesting candidate for a
test of the multiple-valley model would be GaSe, where a
simultaneous presence of the direct and indirect EHP's
was reported. Corresponding calculations, however,
have not been performed yet.

The effects of sidevalley population get stronger in the
case of high carrier temperatures. Here, the high temper-
ature leads to a significant population of the side valleys
even for x values much smaller than x, . The case of
highly excited AlQ 33GBQ 77As at room temperature is de-

picted in Fig. 9. The BGR is up to 50% higher than ex-
pected for the case when only the population of the cen-
tral valley is considered (see the solid line in Fig. 9). Our
multivalley expansion of the universal formula again
gives good agreement with the experimental points using
a carrier temperature of 350 K as extracted from line-

shape fits.
The applicability of our model to room temperature is

not clear a priori but it appears to be justified in the
high-density limit from the following arguments.
Modifications of the many-particle interactions at high
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FIG. 9. Renormalization of the direct gap in A1Q 33Gao 67As
at room temperature. The carrier temperature T, is taken from
fits to the experimental spectra. The dashed line is calculated
from the self-consistent multivalley model.

temperatures result only in minor deviations from the
VK formula. Tke theory applicable to finite tempera-
tures derived in Refs. 2 and 49 is nearly identical to the
VK formula with deviations less than 2% for a large den-
sity range between 5X10' and 2X10'9 cm (i.e., r,
equals 0.7 and 0.2). The temperature-induced changes of
E, and E actually cancel at lower carrier densities to re-
sult in small deviations between E„,(300 K) and E„,(0
K). In the high-density limit the energies E, and E„ap-
proach individually their low-temperature behaviors. A
comparison to the model of Ref. 7, which uses a couple of
simplifying approximations, leads to somewhat larger
discrepancies. The deviations from the VK formula are,
however, even here only of the order of 1 Ry* in the den-
sity regime under consideration and in any case by a fac-
tor of 4-5 smaller than the effects due to the side-valley
population. The temperature dependence is thus neglect-
ed in our model system, which is a posteriori justified by
the excellent agreement with the experimental data (Fig.
9).

All these examples show that the BGR in a high-
density EHP generated in a semiconductor with multiple
unequivalent valleys is well described by a rather simple
multiple-valley model. This model does not require
lengthy many-particle calculations and is easily applic-
able to various scenarios in highly excited semiconduc-
tors. We will give in Sec. IV a series of examples of how
the differential renormalization of the various gaps
infiuences the optical properties in Al Ga& As close to
the crossover composition.
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excitation conditions.
The A1As content of this sample was determined from

high-resolution x-ray diffraction to be 0.423. The energy
of the free excitons agree within few meV with the values
expected from Ref. 25. We use low-excitation photo-
luminescence excitation (PLE) spectroscopy to determine
the direct and indirect absorption edges. Only the direct
absorption edge is observed in this sample without any
additional step due to the indirect gap [see Fig. 10(a)].
This is in contrast to what is found in indirect samples
like Alo44Gao56As. Here, two steps related to the in-
direct and direct gaps are detected [see Fig. 10(b)]. The
indirect step is easily identified from the position of the
zero-phonon line related to the free X-point exciton
(FE)z, which exactly coincides with the indirect absorp-
tion edge. The broader line at lower energies is due to
impurity-bound excitons. It is interesting to note that a
similar luminescence feature is found in the
Alo 42Gao 58As sample in the time-integrated spectrum at
low excitation [Fig. 10(a)]. This demonstrates that the
direct and indirect gaps have to be very close in energy.
We actually observe even the direct free exciton (FE)r as
an additional line in time-resolved luminescence at short
times after the excitation. This exciton is found 2 meV
above the (FE)x and persists at elevated temperature
above 30 K. The attribution of this additional line to the
(FE)r can be concluded from a detailed analysis of the
dynamics, temperature, and pressure dependence of this
line. More details of these studies will be given in a sub-

IV. DIFFERENTIAL GAP RENORMALIZATION IN
Al Ga& „AsCLOSE TO THE CROSSOVER

COMPOSITION

A. Laser-induced direct-to-indirect transition

&04
2.04 2.06 2.08

photon energy (eV)
2.K)

The first example will be the differential renormaliza-
tion of the direct and indirect gaps in Aio&2GaossAs.
This material is a direct-band-gap semiconductor at low
optical excitation but an indirect-band-gap one at high-

FIG. 10. Photoluminescence excitation spectra (solid lines)
and low-excitation time-integrated luminescence (dashed-dotted
lines) in samples close to (a) and well above (b) the crossover
composition.
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sequent paper. ' The simultaneous presence of (FE)z and
(FE)r is a direct result of the interesting minima ordering
in this sample. The binding energy of the excitons is
different by almost a factor of 2, namely, 6.8 meV for the
(FE)r and 11.4 meV for the (FE)z. Extrapolation from
the position of the exciton lines places the direct gap at
2.068 eV and the indirect slightly higher at 2.071 eV.
The sample is therefore still a direct-band-gap semicon-
ductor in the picture of the single-particle approximation.
Many-particle phenomena (here the indirect excitons),
however, dominate the time-integrated luminescence.

The direct exciton is actually only seen as a narrow line
when this excitonic resonance is not degenerate with the
indirect-exciton continuum states. Measurements in
samples which are clearly indirect due to composition or
hydrostatic pressure show the presence of the direct tran-
sitions only in a lifetime-broadened short emission during
the picosecond excitation pulse. The exciton is very rap-
idly dissociated due to the fast intervalley scattering of
the electron into the X or L minima.

This situation applies also to the case of high excitation
in the A104zGa0 58As sample. Emission from the central
valley (now band-to-band recombination) is only seen as a
short luminescence during the excitation process (Fig.
11). The sample turns to an indirect-band-gap semicon-
ductor during the excitation process. The indirect nature
of the fundamental gap after the excitation pulse is evi-
dent from the luminescence signal (see the solid line in
Fig. 11). The lifetime of this luminescence band is in the
order of 1 ns and thus about a factor of 10 larger than the
lifetime of the EHP in comparable direct-band-gap sam-
ples. The luminescence can be attributed to result from
the EHP or a liquid phase whose electrons reside in the X
minima depending on the excitation conditions. The
properties of these plasma and liquid phases are discussed
in detail in Ref. 14. The renormalized gap in the high-
excitation case is determined from the low-energy tail of
the luminescence to be about 40 meV below the gap in
the unexcited sample in agreement with the prediction
from our BGR model.

For further studies of the differential gap renormaliza-
tion, we increased the lattice temperature in the
A104zGa0 ~8As sample to 30 K. This procedure has the
consequence that the electron-hole system does not con-
dense into a dense liquid phase. We are thus able to vary
systematically the electron-hole pair density. There is
further some population in the 1 minimum (about 10'
cm ), which gives a significant contribution to the
luminescence signal even at long delay times after the ex-
citation (see high-energy peak or shoulder in spectra of
Fig. 12). The relatively strong intensity of the direct
emission stems from its much higher transition probabili-
ty compared to the indirect recombination (this difference
in transition strength of the order of 100 is also evident
from the PLE spectra in Fig. 10). the population of the X
minima and thus its energy shift is, of course, a function
of the excitation level, while the density in the central
valley does not change significantly as a result of the
differential BGR. It follows a strong decrease in the in-
direct emission, while the intensity of the direct lumines-
cence signa1 is nearly constant when the excitation level is
lowered (Fig. 12).

We again perform line-shape fits to the emission spec-
tra in order to determine the carrier densities and the re-
normalized gaps (Fig. 13). The indirect emission is, as
usual, treated with relaxed momentum conservation
while conservation of momentum is assumed for the
direct emission. The energy of the renormalized direct
minimum and its population are not adjustable parame-
ters in these fits, but calculated self-consistently. Fit pa-
rameters are the energy of the indirect gap, the common
carrier temperature, and the overall density. The result-
ing fits to the spectra are not perfect, because we again do
not include any broadening mechanism, but they are
good enough to extract the relative positions of the gaps.
The experimentally determined renormalized gaps are
shown in Fig. 14 as a function of the overall carrier densi-
ty. The figure depicts further a self-consistent calculation
of the direct and indirect gaps starting from the unrenor-
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FIG. 13. Fit (solid line) to a luminescence spectrum (dots) in

Alp 42Gap 58As including indirect (dashed line) and direct
(dashed-dotted line) emission.

malized gap energies as determined from the excitonic
luminescence. There is good agreement between the cal-
culation and the experimental points. Both experiment
and model demonstrate the transition from a direct-
band-gap semiconductor at low excitation to an indirect-
band-gap material at high carrier densities and the
differential renormalization of the gaps. The excitation-
induced direct-to-indirect crossover occurs at a density of
about 10' cm, i.e., close to the Mott density. The na-
ture of the fundamental gap in this semiconductor is thus
determined by the excitation level.

A direct consequence of the renormalization-induced
direct-to-indirect transition is a shift of the composition

j I I I ITIC I I I I ~ ~ Ilt I I ~ I I I ~ ~ t I I I I I VIIII

of the crossover x, to slightly lower x values in the case
of a highly excited material. This situation is demon-
strated in Fig. 15, where we show calculations with our
multivalley model for a fixed carrier density. The actual
ordering and position of the individual gaps is deter-
mined by the relative distribution of the population
among the minima. The crossover composition is 0.408
for th e chosen parameters in accordance with our experi-
mental observations. The same effect is also found in
samples close to the crossover under hydrostatic pres-
sure. The crossover pressure is reduced in an analogous
way in the case of high excitation. ' Differential band-

gap renormalization and a reduced crossover pressure at
high densities is also found close to the type-I to type-II
transition in short-period superlattices.

A further example of a transition from a direct to an
indirect fundamental gap is reflected in the behavior of
stimulated emission in Al Ga, ,As close to the cross-
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FIG. 16.. Intensity of stimulated emission as a function of ex-
citation levelevel Alp43Gap 57As at room temperature. The solid
line is a guide for the eye.
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over composition. Stimulated emission is possible in this
semiconductor alloy for recombination of the electrons in
all three valleys of the conduction band. Direct stimulat-
ed emission dominates for x values below x„while in-
direct stimulated transitions of X-point electrons to the
valence band are observed for x )x, . ' ' ' The latter
process is a zero-phonon recombination induced by the
alloy disorder, the transition probability of which is well
described by second-order perturbation theory. ' The
electron recombines here via a virtual intermediate state
in the I minimum. The energy separation between X and
I minima thus determines via an energy denominator the
efficiency of this indirect stimulated emission. The
efficiency is, of course, highest when central and side val-
leys are nearly degenerate.

From the temperature dependence of the threshold
fluence for optically pumped stimulated emission we were
able to demonstrate that AlQ 43GaQ 57As changes from an
indirect to a direct gap semiconductor as a function of
lattice temperature. The crossover occurs at about 80
K. The stimulated emission in this sample is thus direct
at room temperature, but the side valleys at the X and I.
points are still close by in energy. With increasing carrier
density it is thus possible to switch the stimulated emis-
sion for this composition from direct to indirect. The in-
tensity of the stimulated luminescence as a function of ex-
citation fluence (Fig. 16) demonstrates this behavior. The
intensity rises steeply with excitation level but reaches a
saturation level around 8 mJ/cm . With increasing pump
fluence it is then possible to rise the carrier density in the
sample. The relatively large density in the high-mass side
valleys finally leads to a crossing of the X minima below
the I minimum. This can be shown by a calculation of
the renormalized band gaps as a function of carrier densi-

ty (see Fig. 17). The direct-to-indirect transition is
reflected in the stimulated emission by a sudden steep rise
in the emission intensity at 11 mJ/cm when the indirect
channel gets dominant. The crossing of I. and I minima
results in a strong fluctuation of the emission level at
higher pump fluences (see Ref. 55 for more details). A
similar behavior induced by minima crossing, but
without a change in the nature of the fundamental gap,
will be discussed in the following section.
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The stimulated transition in A1046GaQ 54As is indirect
at all pump levels at room temperature. The origin of the
involved electrons, however, can change from the X to
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FIG. 19. Stimulated and spontaneous emission in

Ala 46Ga0,4As at various excitation levels.
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the L minima. A calculation of the renormalized band
gaps shows that a crossing of the L and I minima is ex-
pected in the density range around 1X10' cm as a
consequence of the differential renormalization (Fig. 18).
The L minima are thus close to energetical degeneracy
with the central valley. This results in a very large transi-
tion probability due to the small energy denominator in
the matrix element. The rather high population of the L
valleys at room temperature then dominates the stimulat-
ed emission process in this density range.

This change in the transition channel is proven by the
behavior of the stimulated emission. The emission above
the threshold is positioned at the low-energy tail of the
spontaneous luminescence, i.e., at the indirect X gap [see
Fig. 19(a), F=7 mJ/cm ]. The efficiency of the stimulat-
ed process drops dramatically when the pump fluence is
enlarged to 13 mJ/cm . Simultaneously, additional emis-
sion bands are observed on the high-energy side of both,
the stimulated and the spontaneous emission. The posi-
tion of the stimulated emission line jumps to higher pho-
ton energies by 25 me V and the intensity rises
significantly with further increase of the pump fluence by
only one 1 mJ/cm [Fig. 19(b)]. This shift in emission en-
ergy corresponds exactly to the energy separation be-
tween the L and the X minima at the crossing of L and I
(see Fig. 18). The behavior of the stimulated emission is
thus identified to result from the change in the dominant
recombination channel from transitions involving the X
minima to ones involving the L minima. The dominance
of the emission from the L minima is a direct conse-
quence of the close to resonance condition of these
conduction-band minima, while the X minima are much
further separated from the intermediate states. With fur-
ther increase of the excitation density the dominant
stimulated emission changes back to the X minima, be-
cause the much larger population inversion eventually
compensates for the smaller transition probability. At 22
mJ/cm the emission is again related to the lowest in-
direct gap and the emission at higher photon energies has
ceased [Fig. 19(c)].

V. SUMMARY

The band-gap renormalization in semiconductors with
multiple inequivalent valleys can be described by a mul-

tivalley expansion of the universal formula of Vashishta
and Kalia. The main modification in this expansion is
the explicit treatment of the electron-exchange interac-
tion in each individual minimum. This model is able to
describe the shift of essentially unoccupied conduction-
band minima at higher energies, as well as the renormal-
ization of partially occupied minima in a self-consistent
treatment. The model calculations are in excellent agree-
ment with experimental data in both direct-band=gap and
indirect-band-gap Al Ga, ,As for the fundamental and
higher-energy band gaps. The differential renormaliza-
tion of minima with different effective masses and thus
populations leads to laser-induced crossings of various
minima such as a changeover from a direct to an indirect
semiconductor in Al, Ga, As close to the crossover
point. Minima crossings further influence the dominant
recombination channel, the efficiency, and the emission
wavelength of indirect stimulated emission.
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