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The radiative recombination processes of the electron-hole plasma in a series of
GaAs/Al„Ga, „As multiple-quantum-well (MQW) heterostructures have been studied by means of
space-resolved high-excitation-intensity luminescence and optical-gain spectroscopy. The spontane-
ous electron-hole plasma emission dramatically changes depending on the actual MQW heterostruc-
ture configuration, which determines the degree of optical confinement in the epilayer. MQW het-

erostructures consisting of 100 quantum wells or grown on thick barrier layers, exhibit a saturation
of the spontaneous emission and high stimulated-emission eSciency. Heterostructures consisting of
few quantum wells exhibit the usual high-energy broadening of the luminescence due to the progres-
sive filling of the subbands in the well. Statistical arguments on the photon-mode distribution inside

the optical cavity of a semiconductor laser qualitatively account for the observed spectral features.
The results of space-resolved luminescence show that the emission spectra of highly excited quan-
tum wells are mostly given by the spectral superposition of the electron-hale plasma emission from
the center of the excited region and of excitonic luminescence originating from the lateral region of
the excited spot, where the carrier density is lower. These findings are explained by a simple
diffusion model taking into account the drift of carriers in the plasma. The optical-gain spectra of
suitably designed heterostructures allow us to determine the band-gap renormalization as a function
of density of the photogenerated carriers. Additional important information on the ground-level

parameters of the electron-hole plasma in GaAs quantum wells is obtained by a line-shape analysis
of the optical-gain spectra using an interband recombination model.

I. INTRODUCTION

The exploration of multiple-quantum-well (MQW)
semiconductor lasers has introduced important improve-
ments as compared with conventional heterostructure
lasers, namely "band-gap engineering" for tunable emis-
sion wavelengths, lower stimulation threshold, and supe-
rior room-temperature performance. As a consequence,
a great deal of effort has been devoted to the investigation
of the interacting many-body states in low-dimensional
semiconductor structures, in order to understand the
physical mechanisms underlying the radiative recombina-
tion processes in MQW's. ' From the theoretical point of
view, these studies have led to the identification of several
characteristic features of the two-dimensional (2D)
electron-hole plasma (EHP), including the effects of the
reduced dimensionality on the screening of the Coulomb
interaction and on the band-gap renormalization, the
effects of the Pauli exclusion principle on the carrier band
filling and on the excitonic phase-space filling, and the
large excitonic enhancement due to the increasing elec-
tron correlation in the presence of a high-density carrier
population in the MQW's. From the experimental point
of view, the counterparts of these effects have been inves-
tigated, with special attention paid to GaAs MQW s, by
means of luminescence (see, e.g., Ref. 4—13) and optical
transmission experiments in the excite-and-probe

configuration. ' ' Most of the photoluminescence data
obtained from highly photoexcited MQW s have indicat-
ed the progressive filling of the higher-energy quantized
states. This filling results in characteristic broadening on
the high-energy side of the emission spectra when the
density of photogenerated electron-hole (e-h) pairs is in-
creased. ' ' In addition, stimulated emission has been
observed at energies corresponding to the n =1 and 2
states in photopumped quantum-well structures. ' ' "

In contrast to these observations, other experiments on
highly photoexcited GaAs MQW's have shown a sharp
emission band arising about 10 meV below the fundamen-
tal n =1 heavy-hole exciton transition, which has also
been ascribed to an EHP emission. ' ' This assignment
is consistent with the results of pump-and-probe absorp-
tion experiments carried out either in the picosecond
time domain' or under stationary conditions. ' The
measurements have revealed distinct absorption —to-
optical-gain crossovers (corresponding to the edge of the
renormalized energy gap and at the chemical potential of
the EHP absorption spectrum), occurring at energies
below the fundamental n =1 intersubband optical transi-
tions.

In this paper we present the results of a systematic in-
vestigation of the EHP radiative recombination in
GaAs/Al„Ga, „As MQW structure under intense
quasistationary photoexcitation. The aim of this study is
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twofold: First, to study the recombination processes in
the degenerate quasi-2D carrier system, and second, to
get detailed information on the physical mechanisms un-

derlying the stimulated-emission processes in these het-
erostructures. We have performed photoluminescence,
space-resolved luminescence, and optical-gain measure-
ments under stationary high-intensity excitation on a spe-
cially designed set of samples. Our results allow us to es-
tablish a direct correlation between the configuration of
the MQW structure and the optical properties of the
electron-hole plasma confined in the potential well.
Different manifestations of the characteristic EHP
luminescence can be observed depending on the degree of
confinement of the plasma in the heterostructure. In ad-
dition, we demonstrate that the carrier diffusion within
the layer plane strongly affects the characteristic line
shape of the EHP luminescence. A theoretical descrip-
tion of the optical-gain spectra resulting from the optical
amplification of the spontaneous luminescence quantita-
tively accounts for the observed spectral features, and it
also provides information on the ground-level parameters
of the two dimensional EHP (i.e., renormalized energy
gap, chemical potential, and carrier temperature).

The paper is organized as follows: In Sec. II we
present the configuration and optical properties of the in-
vestigated GaAs/Al„Ga& „As MQW heterostructures
and briefly describe the experimental details. In Sec.
IIIA we discuss the EHP spontaneous and stimulated-
emission spectra and their dependence on the MQW
configuration. The results of the space-resolved lumines-
cence measurements are presented in Sec. III 8. In Sec.
III C we discuss the optical-gain —spectroscopy data. A
quantitative evaluation of the ground-level parameters of
the two-dimensional electron-hole plasma in the investi-
gated material system is given by means of a theoretical
analysis of the optical-gain spectra. Finally, in Sec. IV
we summarize the main results and draw our conclusions.

II. EXPERIMENT

The radiative-recombination processes have been stud-
ied in GaAs/Al„Ga, „As MQW heterostructures grown
by molecular-beam epitaxy (MBE} on undoped (001}-
oriented GaAs substrate. The configurations of the sam-
ples are summarized in Table I. The MQW samples have
nearly identical structural parameters, but an increasing

number of periods (N). Our experiments show that the
number of wells constituting the heterostructure strongly
affects the emission properties of the MQW under high
photogeneration rate, and it also determines the perfor-
mance of the laser action up to room temperature. The
investigated set of MQW's with 10&N &200 also in-
cludes a sample which consists of 25 periods grown on a
1-pm-thick A1Q 3{jGaQ ~As layer on the GaAs buffer sam-
ple (No. 6). The structural parameters of the investigated
samples have been determined independently by high-
resolution double-crystal x-ray-diffraction measurements.

The sample specimens have typical surface dimensions
of 10X7 mm. In some cases small optical cavities of size
150 pmX2 mm have been cleaved. This allowed us to
reduce self-absorption losses in the unexcited region, and
also provided efFicient feedback for the optical
amplification of the spontaneous emission, due to the
high internal reflectivity of the cleaved facets.

The excellent quality of the investigated sample has
been established by means of photoluminescence-
excitation (PLE) and photoluminescence (PL) measure-
ments. In all the samples we observe sharp excitonic
peaks with typical full widths at half maximum
(FWHM's) of 1.5 meU at low temperature and 8 meV at
room temperature. In sample 6 an additional sharp exci-
ton peak from the A1Q 36GaQ ~As barrier layer was ob-
served at 625 nm in the low-temperature PLE spectrum.

In all the measurements the luminescence was excited
by a N2-laser-pumped dye laser operating at the emission
wavelength of 570 nm (i.e., in the continuum of the ab-
sorption for the investigated set of samples} and at 10 Hz
repetition frequency. The maximum peak power density
obtained by tightly focusing the beam over a spot of 100
pm diameter was In=2 MW/cm. The pulse duration
was about 5 ns; therefore all the measurements have been
performed under quasistationary conditions. The detec-
tion system consisted of a 0.6-m monochromator
equipped with a fast-response photomultiplier tube and
boxcar amplifier.

Two main configurations have been adopted for study-
ing the spontaneous-emission and optical-gain processes
of the photogenerated EHP in the quantum wells (QW's),
respectively. First, the spontaneous luminescence was
collected in the backward direction from the excited sam-
ple surface. In particular, the spatially resolved lumines-
cence was performed by collecting the backscattered
luminescence at different distances (d) from the center of

TABLE I. Configuration of the investigated GaAs/Al, Ga, „As MQW samples. L, and Lb are the
well and barrier thicknesses, respectively, x is the Al mole fraction of the Al„Ga& „As barrier, and X is
the number of quantum wells.

Sample
no.

1 (cc643699)

2 ("6438")
3 (cc6432st)

4 ("6433")
5 ("6347")
6 ("6439")

L, (nm)

10.6
10.6
10.6
10.6
10.0
10.6

Lb (nm)

15.8
15.8
15.8
15.8
15.8
15.8

10
25
50

100
200

25

0.36
0.36
0.36
0.36
0.35
0.36

Barrier layer

no
no
no
no
no

1 pm Alp 36Gap 64AS
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the excited spot. A spatial resolution ranging between 20
and 50 pm was obtained by scanning an enlarged image
of the sample surface (magnified by a factor of 10) across
the entrance slit of the monochromator by means of mi-
crometric displacements of the collecting lens. Under
these conditions the spatial resolution is therefore con-
trolled directly by the slit width, which, in turn, depends
on the PL efficiency of the investigated sample. Second,
the optical amplification of the spontaneous emission was
studied in a configuration with the incident laser beam
parallel to the [001] growth axis and the detection along
the MQW plane in the [110]direction. Quantitative mea-
surements of the optical gain have been performed by
varying the excited stripe length on the sample and using
the one-dimensional optical amplificator approxima-
tion. '

III. RESULTS AND DISCUSSION

A. Spontaneous and stimulated emission

The results of the photoluminescence measurements
elucidate the characteristic EHP emission arising from
quasi-2D semiconductors under intense photoexcitation.
The luminescence efficiency grows proportional to the
number of periods constituting the GaAs/AI„Ga, „As
MQW heterostructure. We observe two different mani-
festations of the EHP emission under identical excitation
conditions depending on the MQW configuration. Sam-
ples with more than 100 periods (N ) 100) exhibit a
sharp emission band peaked in the low-energy tail of the
E»z transition. This band shows a red shift as a function
of the excitation intensity, and, above a certain thres-
hold intensity, a sharp stimulated emission is obtained
(analogous to Refs. 7, 16, and 17). Conversely,
GaAs/Al„Ga, „As MQW samples with N & 100 do not
show any separate EHP emission, but only the progres-
sive filling of the high-energy states in the QW, resulting
in the well-known high-energy emission. ' ' In these
cases the luminescence is peaked around the intersub-
band transition energies and does not show any red shift
with the excitation intensity. A distinct improvement of
the emission performance, resulting in very efficient
stimulated emission at room temperature, can be
achieved by growing the MQW on a thick Al„Ga& „As
barrier. This configuration is realized in sample 6, which
exhibits by far the highest luminescence efficiency of the
investigated set of samples.

The characteristic luminescences are exemplified in the
spectra of Figs. 1(a), 1(b), and 2. In Fig. 1(a) we show the
emission spectra of MQW no. 6 obtained at different exci-
tation intensities. The spectra were recorded in the back
scattering configuration, and they are thus virtually
unaffected by the self-absorption in the crystal. At the
lowest power density only the sharp excitonic E&&& line
around 799.0 nm is present. With increasing excitation
intensity a new band (S) arises in the low-energy tail of
the E»& line. This band grows superlinearly with respect
to the excitonic line [see the inset of Fig. 1(a)] and shows
a red shift of about 15 meV in the intensity range between
0. 1Io and Io. In addition, weak contributions to the

luminescence spectra from the GaAs buffer (Eb band)
and from the thick Al Ga& „As barrier layer can be
identified around 820 and 630 nm, respectively. These
weak features indicate an efficient carrier trapping in the
MQW active layers. When we further increase the in-
cident power density, the S band becomes dominant, as
depicted in Fig. 1(b). Very similar spectra have been ob-
tained from samples composed of a large number of
QW's, i.e., with a total MQW thickness much larger than
the penetration depth of the exciting radiation (samples 4
and 5).

When we decrease the number of the QW's in the sam-
ple or remove the barrier layer, we no longer observe the
separate S emission band. A typical example of this situ-
ation is shown in Fig. 2, where the luminescence spectra
from sample 1 (10 QW's) are depicted. Although these
spectra are recorded under identical conditions as the
spectra of Figs. 1(a) and 1(b) and from GaAs quantum
wells of identical well (L ) and barrier (Lb) widths, the
emission line shapes are totally different. First, a strong
emission arises on the high-energy side of the E»z band
as the excitation intensity is increased, which clearly
reflects the effect of the Pauli exclusion principle on the
photogenerated carrier population. Second, a strong
luminescence from the GaAs buffer layer is observed.
This clearly indicates that a large portion of the exciting
light is not absorbed by the MQW, owing to the penetra-
tion depth of the radiation being longer than the MQW
thickness.

The impact of the discussed luminescence features on
the stimulated-emission spectra of the investigated sam-
ples is exemplified in Figs. 3(a) and 3(b). The spectra are
obtained in the configuration with the exciting laser beam
perpendicular to the sample edge. In Fig. 3(a) the
stimulated-emission spectra at 10 K of sample 5 with 200
periods are shown for pumping-power densities ranging
from 0.002IO to Io (4 kW/cm up to 2 MW/cm ). At an
excitation intensity of about 0.005Io, the S band arises at
802.3 nrn (1.545 eV), about 6 meV below the E„z exci-
tonic emission, and it becomes dominant at the highest
excitation levels. The S linewidth narrows down to 2
meV at 0.01IO (20 kW/cm ). When the excitation level is
increased, its emission intensity grows exponentially up
to 0.05IO (100 kW/cm ). Then it broadens and saturates
as Io is further increased up to 2 MW/cm . An apprecia-
ble red shift of the S line of about 5 meV is observed by
increasing the excitation intensity. The buffer-layer emis-
sion, located at 820 nm, is observed only at the maximum
power intensity. The dependence on the pump intensity
for both the S and E»& bands is shown in the inset of
Fig. 3(a). The stimulated emission S depends exponen-
tially on the excitation intensity, while the excitonic emis-
sion exhibits a sublinear dependence.

The stimulated-emission spectra of sample 6 are very
similar to those measured in sample 5. In particular, in
sample 6 the stimulated-emission threshold is about 1 or-
der of magnitude lower than that of sample 5 and the
stimulated S band is present even at very low excitation
intensity. The lowest-excitation-intensity thresholds for
the occurrence of stimulated emission measured in these
two samples are 0.2 kW/cm for sample 6 and 11.2
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R, (E)[1—exp(E bF)/kT]=N(E—)/t (2)

where AF is the difference in electron and hole quasi-
fermi-levels of the EHP, and kT is the thermal energy of
the carriers. From Eq. (2) we deduce that the condition
at which R„(E)approaches N(E)/t also establishes an
upper limit for the steady-state Fermi level of the
electron-hole plasma, thus giving a saturation of the
spontaneous emission. Under these conditions, any in-
crease of the emission rate occurs in the stimulated-
emission channel.

The mechanisms discussed explain our experimental
findings. MQW structures in which optical losses in the
active layer are large do not show optical amplification,
and the EHP spontaneous luminescence exhibits the
characteristic band-filling behavior. This is the case for
the MQW samples with thin active layers (samples 1—3),

on the basis of magneto-optical measurements performed
under similar excitation conditions. Details of the
magneto-optical results will be given in a forthcoming pa-
per 20

The different luminescence properties obtained from
MQW heterostructures consisting of either a few or a
large number of wells and/or having a confining barrier
layer can be explained on the basis of the photon distribu-
tion in the optical cavity of a semiconductor-laser struc-
ture with cleaved ref(ecting faces. ' The number of quan-
ta M in a single mode of the radiation field within the ac-
tive layer is given by

R,p(E)M=
N (E)/rM —RBt(E)

where R, (E) and R„(E) are the rates of spontaneous
and stimulated transitions at different energies E, respec-
tively, N(E) is the number of modes per unit volume and
unit-energy interval, and 1/t is a term representing the
photon losses in a mode of energy F. due to self-
absorption in the crystal, transmission, and scattering (Q
factor of the mode}. For modes with high losses (small Q
factor}, the value of R „(E)can hardly approach that of
N(E)/t . Therefore, the denominator of Eq. (1) is large,
resulting in a small number of quanta of energy E in the
given mode. This condition is usually achieved when the
spontaneous luminescence emitted in the active layer can
be absorbed by the underlying GaAs buffer layer due to
the poor optical confinement of the structure. On the
contrary, for modes with low losses (large Q factor) even
a small R«rate can approach the N(E)/t factor, result-
ing in a vanishing denominator for Eq. (1), i.e., in a very
large number of photons in the low-loss mode. In this
case a sharp stimulated-emission peak appears in the
luminescence spectrum of the crystal. In a phenomeno-
logical way this means that all the radiative-
recombination transitions in the crystal occur through
the lasing channel owing to the large Q value of the cor-
responding fraction of modes. The limit for the existence
of a large amount of stimulated emission is given when
the condition F(E)/t =R„(E)is fulfilled in Eq. (1). By
using the existing relation between the spontaneous- and
stimulated-emission rates, ' this condition becomes

in which self-absorption of the spontaneous luminescence
occurs in the GaAs buffer layer (leakages of photogen-
erated carriers in the underlying substrate in samples
whose active layer thickness is shorter than the penetra-
tion depth of the exciting radiation should also be con-
sidered an additional loss mechanism). In fact, in these
samples saturation of the spontaneous emission can hard-
ly occur, and the characteristic EHP luminescence mani-
fests itself mainly through the well-known band-filling
spectra. However, the MQW heterostructures with a
thick active layer provide a large optical confinement of
the emitted luminescence, which reduces the model losses
in the cavity, thus resulting in the sharp stimulated-
emission band. In fact, in the MQW samples with a large
number of wells (samples 4 and 5) the effective penetra-
tion depth of the exciting radiation reasonably involves
only the first 20 periods. Therefore, the underlying slabs
act like an optical confinement layer characterized by the
average refractive index:

n,„=[Nn L +(N —1)nbLb]/[NL +(N —1)Lb], (3)

where n =3.6 and nb=3. 6—0.7x are the refractive
indexes of GaAs and Al„Ga~ As, respectively. In the
case of samples 5 and 4, Eq. (3) results in a refractive-
index discontinuity of the order of 4%, which is sufficient
to give some optical confinement of the luminescence. In
the case of sample 6, this effect is enhanced by the pres-
ence of the thick Al„Ga, „As barrier layer, which pro-
vides a very efficient optical confinement and prevents
self-absorption of the spontaneous luminescence and car-
rier leakage into the GaAs buffer layer. The observation
of the stimulated S band in the luminescence spectra
from the thick MQW configuration can therefore be ex-
plained as a consequence of the reduction of the losses of
the spontaneous-emission photons in the MQW active
layer, resulting in the strong reduction of the denomina-
tor of Eq. (1). Such a condition is mainly achieved in the
edge of the renormalized energy gap, where the self-
absorption is strongly reduced. Therefore, the stimulated
emission is expected to occur at an energy below the fun-
damental E»z transition and to red-shift with increasing
excitation density. This red shift follows the density-
induced band-gap shrinkage, as we do indeed observe for
the S band in the spectra of Figs. 1(a}, 1(b), and 3(a). In
addition, as previously discussed, in these MQW
configurations we do not observe the characteristic
band-filling emission line shape due to the saturation of
the spontaneous emission. It is worth noting that this re-
sult is confirmed by the observation of a shortening of the
luminescence decay time above the stimulation threshold.
Gobel et a/. have shown that in the presence of stirnu-
lated emission the increase of the excitation intensity
leads to a further increase of the optical arnplification and
to a reduction of the carrier lifetime, which indicates the
saturation of the spontaneous emission.

B. Space-resolved luminescence

Another important feature of the photolurninescence
spectra discussed in the preceding subsection is that the
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difFusion of the photogenerated carriers along the QW
basal plane strongly affects the line shape of the emission
spectra under high excitation intensity. The careful
study of the emission spectra by means of spatially
resolved luminescence measurements allows us to demon-
strate that the line shape of the EHP luminescence ob-
served at high carrier density is derived from a spectral
superposition of excitonic and free-carrier luminescence
originating from different lateral regions of the crystal
where the actual e-h density can be totally different.

Under stationary conditions it is expected that the pho-
togeneration of a dense EHP in the crystal results in the
ionization of excitons due the screening of the Coulomb
interaction. Several theoretical investigations of this sub-
ject predict that at an e-h-pair density of the order of
10" cm the excitons are ionized, and this gives rise to
radiative recombination at the edge of the renormalized
band gap. On the other hand, the observed EHP
luminescence spectra clearly exhibit a peak located at the
exciton transition, even at very high excitation intensi-
ties, when the photogenerated e-h density is considerably
larger than 10'2 cm . This can be clearly observed not
only in the spectra of Figs. 1 and 2, but also in many ex-
perimental results published previously. ' The use of
spatially resolved luminescence reveals that this
phenomenon is due to the spectral superposition of
different radiative-recombination processes originating in
different lateral regions of the crystal where the actual
carrier densities differ strongly. This important aspect is
exemplified in the spectra of Figs. 4 and 5.

In Fig. 4 we depict the spatially resolved luminescence
of sample 6, taken at several difFerent distances d from
the center of the excited spot. The lateral resolution is 20
pm in this case. As shown in a previous paper, ' the
EHP emission can be observed only in the center of the
excited spot, where the actual carrier density is the larg-
est. By displacing the detection far away from the center
of the spot, we observe an overall decrease of the total in-
tegrated emission intensity and a dramatic decrease of
the EHP emission, which reduces to about 10% of the
d =0 value at a distance of about 500 pm from the spot
center. However, the E»z line does not show significant
changes, even 700 pm away from the spot center. From
these findings we deduce that the exciton luminescence
comes from the unexcited part of the samples surround-
ing the excitation region, where the carrier density is
strongly reduced. Similar effects are also observed for the
band-filling luminescence of MQW sample 2 with the
small number of wells shown in Fig. 5. Again, we ob-
serve a sharp excitonic emission in the space-integrated
measurement which overlaps the band-filling spectrum
originating from free-carrier recombination involving
different subbands. By selecting the center of the spot
with a pin hole of 200 pm diameter, we observe the sharp
decrease of the exciton recombination, while no changes
occur in the free-carrier emission spectrum.

The observation of luminescence up to 800 pm away
from the excited spot (whose diameter is about 100 pm}
indicates a strong in-plane EHP expansion. Many
theoretical models have been proposed to explain the car-
rier drift in dense electron-hole —plasma states, and re-
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cently a direct measurement of the expansion of a
relatively-low-density EHP in GaAs quantum wells has
been reported. The main conclusion of those studies is
that the carrier transport is thermodiffusive and occurs
along the layer plane. The measured drift of the order of
tens of IMm has been monitored with a time-resolved prob-
ing technique. In our experiments, however, the photo-
generation rate is under quasistationary conditions and
the detection is time integrated. The observation of the
large EHP expansion is probably related to some addi-
tional drift mechanism which depends on the e-h density.
In fact, the purely diffusive drift length of carriers in
GaAs is of the order of &Dr=3. 5 Jum (D is the GaAs
diffusion coefficient equal to 120 cm /s, and r is the
electron recombination time of the order of 1 ns), which
cannot account for our experimental observation. A pos-
sible mechanism which explains the observed strong car-
rier expansion is increase of the Fermi pressure in the
nonequilibrium EHP. Under these conditions the con-
tinuity equation for the charge density n (x, t) in space
and time of the EHP can be written as

dn Dd n+ dn n

dt dx~ dx

where g(x) is the carrier-photogeneration rate, U is the
drift velocity of the plasma, and v is the recombination
time. The analytical solution of Eq. (4) is a Gaussian car-
rier distribution centered at x(t)=ut, with amplitude
[g(0)/(2&nDt )]exp( t/r) dec—reasing in time. 2 It is
therefore evident that this additional carrier-drift mecha-
nism displaces the carrier distribution at distance Ut from
the center of the excited spot. This effect can usually be
neglected at low carrier density, but it becomes important
at the EHP densities involved in the present experiments.
Under these conditions, we can assume a velocity of the
order of the Fermi velocity for both carrier species
(U ) 10 cm/s). ' The result of this rough estimate is
that the carrier distribution can easily be displaced by
100 pm from the spot within one carrier lifetime.

An additional spatial inhomogeneity in the EHP densi-
ty can arise from intercarrier scattering processes which
broaden the carrier distribution. The expansion and
broadening of the carrier population causes an inhomo-
geneous carrier distribution with a density profile de-
creasing at large distances from the exciting spot. At the
external edge of the expanding EHP region, the carrier
density is hence much lo~er. This causes a reduction of
the screening and allows for the formation of excitons at
large d values. The above arguments imply that the spa-
tial expansion and inhomogeneity of the carrier distribu-
tion strongly affect the luminescence line shape of the
electron-hale plasma. The description of this effect made
by means of Eq. (4) allows us to explain qualitatively
most of the observed spectral features of Figs. 4 and 5.

relation existing between the actual configuration of the
MQW heterostructure and the radiative-recombination
processes in the confined electron-hole plasma. An
efficient optical amplification of the spontaneous emission
can easily be achieved in MQW heterostructures having a
large number of wells or grown on a barrier layer. In or-
der to account quantitatively for the optical amplification
capability of the samples investigated, we have performed
optical-gain measurements by varying the length of the
exciting stripe on the sample surface.

In Fig. 6 we show the unsaturated optical-gain spectra
of MQW sample 5 with 200 periods obtained at 10 and
300 K. The gain bands are located almost at the energy
of the S band, showing a maximum g value of about 1600
and 30 cm ' at 10 and 300 K, respectively. Similar
optical-gain spectra have been obtained from sample 4
( N = 100}, which shows a less efficient optical
arnplification at low temperature. A very efficient optical
gain is, however, observed in sample 6 (grown on an
Al„Ga, „As barrier layer), as expected from the con-
clusion of Sec. III A.

The unsaturated optical-gain spectra of sample 6 ob-
tained at 10 K for different photogeneration rates are de-
picted in Fig. 7. The electron-hole —pair densities n are
calculated from the width of the gain spectra according
to

n =(kT/%co) g m lnI 1+exp[(F& EJ )/kT]I—, (5)
J
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where j indicates the light- and heavy-hole contributions,
EJ are the subband energies, and F& is the quasi-Fermi-
level of the hole population (a similar formula is valid for
the electrons). The maximum gain value is peaked al-
most at the energy of the S band and it reaches 5600
cm ' at 10 K and becomes 250 cm ' at 300 K.

Inspection of the data of Fig. 7 implies that the energy
position of the maximum g value is almost independent of

C. Optical-gain spectroscopy
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The results of the photoluminescence measurements
discussed in the preceding subsections evidence the close

FIG. 6. Unsaturated optical-gain spectra of sample 5 (200
wells) obtained at 10 and 300 K. The spectrum at 300 K has
been multiplied by a constant factor indicated in the figure.
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I(g,f )= dE;~(E)/2~ 1 (E)/4+(~'co —E)'
and

comparable with the excited stripe length (about 100
I'm). In Fig. 8 we show the results of a least-squares fit
carried out on the experimental unsaturated optical-gain
spectrum obtained from a small optical cavity (150
I'm X2 mm surface size) cleaved from sample 6. The gain
curve peaks almost at the energy of the Sband and exhib-
its a maximum g value of 7860 cm '. The optical-gain
spectrum g(fico) is given by

I(g', Ace), fico&F,
g(%co) = I(g', %co)+g'(fico) fico&F,

I I

1.53 1.54 1.55
PHOTON ENERGY (eV)

FIG. 7. Unsaturated optical-gain spectrum of sample 6 (25
wells and A1Q36GaQ64As barrier layer) obtained at 10 K and
different carrier densities n. Neglecting broadening effects in
the spectra, the crossovers indicate the energy positions of the
renormalized energy gap (Eg in the low-energy side) and of the
chemical potential (p in the high-energy side). The dashed lines
are guides for the eyes, indicating the density-dependent shift of
the crossovers.

the e-h density, whereas the crossover points (where the
optical gain changes to absorption} shift in opposite
directions. In particular, by increasing the carrier densi-
ty, the chemical potential p, (the high-energy crossover)
shifts to higher energy and the renormalized energy gapE' (the low-energy crossover) shifts to lower energy. The
estimated band-gap shrinkage ranges from 27 rneV at
3 X 10" cm to 36 meV at 7 X 10" cm . These values
are in quantitative agreement with the experimental re-
sults of Weber et al. ' obtained in pump-and-probe ab-
sorption experiments, and they are only slightly larger
than the theoretical values calculated by Haug et al. and
Das Sarma et al. in Ref. 2. The present results indicate
that the band-gap renormalization can easily be studied
by means of simple luminescence measurements in sam-
ples having a configuration suitable for high optical gain.
This opens up the possibility of systematic experimental
investigations of the well-width dependence of the band-
gap renormalization without experimental complications
arising from the application of pump-and-probe methods.

More detailed information on the ground-level parame-
ters of the EHP in the QW can be obtained by the line-
shape analysis of the optical-gain spectra. The calcula-
tion of the two-dimensional EHP luminescence line shape
can be performed by using a band-to-band recombination
model accounting for momentum conservation. In addi-
tion, energy- and density-dependent lifetime broadening
is taken into account. The quantitative analysis has
been carried out on the unsaturated optical-gain spectra
measured in sample specimens whose dimensions are

g'(E}=(A/2) g g(4nmo/f )

XH(E E E—„' E„')(—f„'—f„"), —

where A is a constant, f„' and f„' are the occupation fac-
tors of the nth subband, H(x) is the Heaviside unit-step
function, I is the broadening parameter, and the other
symbols have their usual meanings. The calculation
reproduces the experimental spectrum very well, with
best-fit parameters I =20 meV and the renormalized
band gap E'=1.532 eV. The total quasi-Fermi-level of
the three-component electron —heavy-hole and —light-hole
population obtained by the fitting procedure amounts to
17 meV, which corresponds to a carrier density of
4.7X10" cm at the effective temperature of 20 K.
From these data we derive a band-gap reduction of 29
meV at the e-h density of 4.7X10"cm, in agreement
with the results of Fig. 7. These calculations demonstrate
that the unsaturated optical gain of the highly excited

sample No. 6
8000 —T =10K
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FIG. 8. Experimental (dots) and theoretical (solid line) unsa-
turated optical-gain spectra of an optical cavity cleaved from
sample 6 (25 wells and A1Q 36GaQ 64As barrier layer).
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quantum wells originates from the optical amplification
of the luminescence emitted by interband transitions (i.e.,

radiative-recombination processes by free carriers in the
EHP). In addition, the application of the simple theoreti-
cal model of Eqs. (6)—(8) allows us to determine the
ground-level parameters of the EHP state in the QW,
which provides important information on the carrier dis-
tribution responsible for laser action in the semiconduc-
tor. It should be noted that this interband recombination
model describes the observed optical-gain spectra well in
a wide range of e-h densities and/or lengths of the excited
stripe on the sample surface. Deviations from the inter-
band recombination mechanism are observed only at very
large lengths of the excited stripe when the optical gain
saturates.

IV. CONCLUSIONS

We have discussed several fundamental aspects of the
radiative-recombination processes occurring in highly ex-
cited quantum wells. The systematic investigation of the
EHP luminescence and optical gain in a set of
GaAs/Al„Ga, „As MQW heterostructures of different
configuration allows us to draw the following con-
clusions: First, the characterized luminescence of the
electron-hole plasma in MQW samples depends on the
actual heterostructure configuration. In particular,
band-filling luminescence caused by the progressive popu-
lation of higher-energy subbands in the well is observed
in MQW samples consisting of only a few periods. Con-
versely, sharp EHP luminescence occurring below the
fundamental E»z interband transition is observed in

MQW samples consisting of 100 periods or more or
grown on a thick Al Ga&, As barrier layer. The latter
configuration is also most advantageous in obtaining
stimulated emission. This apparent discrepancy in the
manifestation of the EHP luminescence is due to the de-
gree of optical confinement of the luminescence inside the
heterostructure. A qualitative explanation of this effect
has been given in terms of statistical distribution of pho-
ton modes inside the optical cavity of a semiconductor
laser. In thick MQW heterostructures providing high op-
tical confinement of the luminescence, the spontaneous
emission saturates at relatively low excitation intensity,
resulting in sharp stimulated emission at an energy where
the self-absorption losses are negligible (i.e., around the
edge of the band gap). On the contrary, in thin MQW
samples providing low optical confinement the saturation
of the spontaneous emission hardly occurs, resulting in

the well-known band-filling luminescence arising on the
high-energy side of the E»& transition. These findings al-
low us to understand apparent discrepancies existing in
the literature among the results of different spectroscopic
investigations of the EHP in MQW heterostructures.

The second interesting result concerns the correct in-
terpretation of the EHP luminescence line shape obtained
from the experimental spectra. Our measurements of the
space-resolved luminescence indicate that in standard
luminescence experiments the EHP luminescence is given
by the spectral superposition of free-carrier and excitonic
emission originating in different regions of the crystal
surface, where the density of carriers is totally different.
In particular, the free-carrier luminescence arises from
the center of the excited spot where the carrier density is
the highest, while the excitonic emission originates far
away from the spot center, where the actual carrier densi-
ty is reduced by the strong EHP expansion. At the car-
rier densities of our experiments this phenomenon can be
described by a diffusion model taking into account the
carriers' drift in the nonequilibrium plasma.

Finally, the ground-level parameters of the electron-
hole plasma confined in the MQW heterostructure (renor-
malized band gap, chemical potential, and carrier tem-
perature) have been determined by studying the optical-
gain spectra of the EHP. The dependence of the optical
gain on the e-h —pair density provides quantitative infor-
mation on the band-gap renormalization in the presence
of a dense carrier population. The ground-level parame-
ters of the carrier distribution have been determined by
calculating the optical-gain line shape with an interband
recombination model. The results of the calculations
confirm that the main radiative-recombination channel is
the interband free-carrier recombination in the dense
electron-hole plasma.
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