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High-excitation luminescence spectra from a highly homogeneous electron-hole system have been in-

vestigated in strained undoped In„Ga, „As/GaAs quantum wells (QW s) with nearly parabolic conduc-

tion and valence bands in magnetic fields H 12 T. The spectra show well pronounced Landau levels

which are shifted to lower energy with respect to separately measured magnetoexciton photoexcitation
maxima in the empty QW. The shift depends on the carrier density, subband, and Landau-level number.

For the dense (n, h & 10"cm ) magnetoplasma with electron temperature of the order of the cyclotron

energy, a simple plasma approximation has been found to describe the Landau-level splitting. The

band-gap shrinkage and reduced effective-mass p '=m, '+m, ' renormalization have been carefully

measured and compared with those in the unstrained Ino 536ao 47As/InP QW's. The difference has been

revealed in the reduced effective-mass renormalization connected with renormalization of mz due to the

change of the light-hole-heavy-hole subband splitting.

I. INTRODUCTION

Recently many-particle effects in the quasi-two-
dimensional (2D) electron-hole system of semiconductor
quantum wells (QW's) have received much attention. For
a low photoexcitation level, the electrons and holes in un-
doped QW's form excitons. With increased carrier densi-

ty, the electron-hole system loses its excitonic properties
because of the screening of the Coulomb interaction and
a neutral electron-hole plasma (EHP) is formed. ' The
interparticle interaction gives rise to a strong renorma1-
ization of the energy gap as well as the energy-
momentum (E-k) dispersion of the carriers. Recently the
renormalization of the band gap has been investigated
both in undoped QW's (Refs. 1 —6) where large densities
of electrons and holes were created using high excitation,
and in modulation doped structures ' where a high
density, usually electrons, was attained by doping. How-
ever, there are only a few studies of the effective-mass re-
normalization ' ' which result in contradictory con-

clusions.
The first investigations of the neutral 2D EHP in a

magnetic field were carried out by Maan and co-
workers. High-quality undoped Al Ga, „As/GaAs
multiple QW structures were used and two striking re-

sults were claimed. ' " These were (i) the coexistence in

the QW of both a dense EHP and excitons having the en-

ergy of free excitons in an empty QW, and (ii) the in-

dependence of the Landau-level transition energies on the

carrier density in the dense plasma. ' These results are

in contradiction with conventional theoretical predic-
tjons 12, 1 3 —1 5

Previously we have studied photoluminescence spectra
for selectively doped In Ga, As/GaAs single-

quantum-well (SQW) structures ' and have found them
to be very sensitive to the magnetoplasma homogeneity.
The spectra were well structured and reproducible only
when special precautions were taken to provide the uni-
formity of the excited carriers over the whole QW plane.
Under this condition all the Landau transition energies
appeared to decrease with carrier density, n, &, up to
5 X 10' cm . A similar behavior was also observed in a
neutral homogeneous plasma in unstrained

Inc»Gao 47As/InP SQW's. ' Below the Fermi level, the
reduced effective mass of electrons and holes,
p=(m, '+m„') ', was found to increase when n, „de-
creased from 5 X 1012 to 1012 cm . The magnitude of
the enhancement depended on the carrier energy and
turned out to be unexpectedly strong, more than 30%,
near the band bottom. This was suggested to be con-
nected with an additional contribution to the hole mass
renormalization which arises in the unstrained QW's
from the renormalization of the small heavy- and light-
hole splitting, AE„.

In the present paper we have studied many-body effects
in a quasi-2D EHP confined in strained

In„Ga„,As/GaAs SQW's. They have a simple, nearly

parabolic, hole band because the strain induces large
splitting of the heavy- and light-hole states. Therefore all
the renormalization effects are due to the direct influence
of many-body effects. We consider only an electron-hole
system which is dense enough (n, t, ) 10' cm ) to
neglect any excitonic effects. The influence of the exci-
tonic correlations on the emission spectra from the
electron-hole system with lower density is discussed in

Ref. 16.
The paper is organized as follows. The experimental

details are described in Sec. II. In Sec. III the magneto-
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luminescence spectra of the EHP are presented in detail.
These spectra are used in Sec. IV to determine the band
gap E and the effective mass p as a function of plasma
density. The values of Eg and p in the case of an empty
(unexcited) QW without plasma were determined from
the free magnetoexciton photoexcitation spectra. Section
IV includes a discussion of the applicability of the simple
plasma approximation for the EHP in a magnetic-field
analysis of the band gap and effective-mass renormaliza-
tion in a dense EHP in the framework of this approxima-
tion.

~~0.28GaQ 7,As/GaAs SQW
~ +

L = 75 nm
T = 4.2 K

Az=2

GaAs

II. EXPERIMENT

The measurements were performed on undoped
In„Ga, „As/GaAs SQW's grown by solid source
molecular-beam epitaxy (MBE) on a GaAs substrate.
QW's with x =0.18 and thickness L =10 nm as well as
with x =0.28 and I =9 and 7.5 nm were investigated.
The sample was immersed in liquid helium in a cryostat
having a superconducting coil. The plane of the SQW
was oriented normally to the magnetic field whose
strength 8 varied from 0 to 12 T. A 0.8-mm-quartz fiber
was applied to transmit both the excitation and lumines-
cence light. The latter, after passing a grating monochro-
mator, was detected by a cooled photomultipler with an
S-1 photocathode. The e-h pairs were excited by a Cu-
vapor laser (A, =510.5 nm) with a pulse duration of 20 ns
and repetition rate of 10 kHz. Photoluminescence excita-
tion spectra were recorded using a tungsten glow lamp
and a grating monochromator as the excitation source.

Special precautions were taken to obtain luminescence
from a spatially as well as temporally homogeneous EHP,
which is essential for correct interpretations of the re-
sults. Thus we abandoned the use of a multiple-
quantum-well (MQW) structure where the excitation of
various quantum wells would necessarily be difFerent. In
order to oppose the lateral inhomogeneity due to fast
diffusion of photoexcited electrons and holes, a sample
with a surface of 0.4 X0.4 mm was cut and placed near
the edge of the 0.8-mm fiber without additional focusing.
Due to low surface recombination ' of In„Ga

&
As, this

configuration facilitated a high spatial uniformity of the
carrier density. By using a boxcar integrator with a gate
width of 4 ns we were able to choose a time interval such
that n, h was nearly constant (near the signal maximum).
The luminescence spectra of the highly excited electron-
hole system obtained under such conditions had a step-
like shape mirroring the density of states of 2D carriers.
Any disturbance of the temporal or spatial uniformity of
the electron-hole system resulted in additional emission
in the excitonic region of the spectrum

III. PHOTOLUMINESCENCK
AND PHOTOEXCITATION SPECTRA

A. Excitons and electron-hole plasma
in a zero magnetic field

Figure 1 displays the luminescence spectra from a
homogeneous neutral electron-hole (e-h) system in an
Inp psGap 7~As/GaAs SQW (L =7.5 nm) at 4.2 K for ex-

1 23 1 33 1 43 1 53
ENERGY (eV)

FIG. 1. Photoluminescence spectra from a 7.5-nm-thick

Inp z,Ga&&,&As/GaAs SQW at 4.2 K for various excitation inten-

sities.

citation intensities from 10 to 10 W/cm . The relative
intensities of the spectra are maintained in the figure. A
narrow exciton line was observed at low excitation inten-
sity. Its intensity increased with excitation power
whereas the linewidth remained nearly constant up to
30-60 W/cm~

At higher densities the line transformed into a broad
emission band from the e-I plasma. The line broadened
mainly to the high-energy side due to filling of the
conduction- and valence-band states in the QW, whereas
the line intensity was saturated. The saturation indicated
filling of the states near the n, = 1 subband edges, as ex-
pected for free electrons and holes because of the Pauli
principle. Note that the high-energy edge of the line was
not sharp despite the low lattice temperature. The es-
timated electron temperature in the dense electron-hole
plasma P is 150—250 K. As a consequence, the Fermi-
edge singularity is very weak. The shape of the emission
band corresponds to the steplike density of electron and
hole states in the QW that broadens at the low-energy
side due to damping of one-particle states.

B. Measurements in a magnetic Aeld

Figure 2(a) shows emission spectra from an
Inp zsGap 7&As/GaAs SQW (L =7.5 nm) recorded at 4.2
K and 1 1.5 T for various excitation densities. Also in
this case the relative intensities of the spectra were main-
tained. At P & 100 W/cm, only the lowest Landau levels
in the conduction and valence bands were occupied and
the single line 0, -0& was observed. With increased n, z

additional peaks appeared, indicating occupation of
upper Landau levels. The dominating lines correspond to
the allowed j,=j„ transitions between the electron (j, )

and hole (jh ) Landau levels. The spectra are well struc-
tured, which is the main advantage of using a magnetic
field. It enabled us to obtain the following important
physical parameters: ' (i) the band-gap renormalization
from the redshift of the 0, -0& emission line, (ii) the cyclo-
tron effective masses from the energy spacing between the
adjacent spectral maxima, and (iii) the damping of the
one-particle states from the linewidths.
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near the Fermi level but increases far from the Fermi sur-
face. '

The plasma approximation remains to be valid for very
small magnetic fields when the cyclotron energy is negli-
gible as compared to the Fermi energy or plasma temper-
ature. ' In this case one can relate the wave vector corre-
sponding to electrons and holes at the nth Landau level
according to

( k }=eH (2n + 1 ) /A'c, (3)

1.46
Inp 2pGap 72As/GaAs SQW

L=9 nm

+ 1.41
5—5

4—4
0' —0'

3—3

and thus determine the quasiparticle dispersion e(k). For
larger magnetic fields a well-defined discrete energy spec-
trum of both electrons and holes is developed that can re-
sult in strong exciton effects. ' ' These appear first at
low temperatures. Electrons and holes in Landau levels
closest to the conduction- and valence-band Fermi levels
form excitonlike states. ' ' These are well defined even
in a dense magnetoplasma with several filled Landau lev-
els. However, the excitonic approximation fails for Lan-
dau levels below the Fermi energy. Thus, the choice of
the model for the description of the quasi-2D magneto-
plasma depends on its density, temperature, and strength
of the magnetic field.

We assume that the plasma approximation describes a
dense magnetoplasma at temperatures which are compa-
rable with the cyclotron energy, Ace, . It should also be
applicable at moderate magnetic fields when the Landau-
level broadening is larger than the excitonic binding ener-

gy but of the order of A'co, . In our case the EHP satisfies

these conditions when n, z &10' cm . First, as was
mentioned in Sec. III, the effective electron temperature
reaches above 200 K (i.e., comparable to fico, ) despite the
fact that the sample is placed in liquid He. Second, the
Landau levels in the EHP are strongly broadened [cf. Fig.
2(a}]. Their half-width I' is of the order of i)ico, and
markedly exceeds the excitonic energy ( —10 meV).

The validity of the plasma approximation at these con-
ditions is further strongly supported by the following two
results. First, the envelope of the emission spectrum
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FIG. 5. Reduced carrier c,-k dispersion in a 7.5-nm-thick
Inp ysGap 7iAs/GaAs QW at the e-h densities 0, 0.9, and
3.8X 10' cm . Data points taken from the different Landau-
level transitions are shown by different labels.

recorded at a magnetic field giving %co, -I nearly coin-
cides with the spectrum recorded at H =0, cf. Figs. 1 and
2. Second, the magnetic-field dependence of the transi-
tion energies in the dense plasma (with several filled Lan-
dau levels} is approximately linear in a wide range of
H &12 T. This is illustrated in Fig. 4. The linear depen-
dence indicates that the carriers below the Fermi level
can be described in the framework of a simple effective-
mass approximation.

Figure 5 displays the reduced c-k dispersion
(e =E, + ei, ) for carriers in the QW filled to n, i, =0.9 and
3.8X10' cm . They were determined using Eq. (3) and
the Landau transition energies in the range 5—12 T. For
both densities the scattering in data extracted from
different Landau levels is within the experimental error.
The small scattering also indicates the weak influence
from excitonic effects in the magnetoplasma with
n, I,

)0.9X10' cm . The excitonic effects were found
to increase with reduced n, z and T, and increasing H.
In particular, for the magnetoplasma with
n, & &0.5 X 10' cm and T, -50 K, the excitonic
corrections became too large to be neglected already at
H —8 T. Therefore only the dense plasma, with
n, &

~0.9X10' cm, will be further discussed.

2—2 B. Band-gap renormalization

1.31
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0 4 8 12
NA GNETIC FIELD (T)

FIG. 4. The Landau fan for allowed interband transitions in
a quasi-2D EHP, n, z =1.7X10' cm, confined in a 9-nm-
thick Inp „Gap,2As/GaAs SQW. Experimental data are shown
by dots.

The band-gap renormalization hE in a quasi-2D EHP
has been widely discussed based on line-shape analysis of
emission spectra at H =0 from unstrained
GaAs/Al„Ga, „As and Ino ~3Gap 47As/InP QW's. '

The value of b,Eg weakly depends on the QW thickness.
An increase in hE with n, & was found to agree with cal-
culations' using the random-phase approximation (RPA)
for n, &

=0.8 —2X10' cm but unexpectedly large for
higher n, I, . This is illustrated in Fig. 6. The dashed line
represents the calculated dependence' while the mea-
sured values of hE for the Ino 53Gao47As/InP QW are
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C)

W —20-
Ino &6Gao 8+s/GaAs QW

L=10 nm

~~—40-

Ino s&Gao ~~As/InP QW

Q L=8 nm
0

—60
0 1 2 3

DENSITY ($0 cm, )
FIG. 6. The band-gap renorrnalization in a strained 10-nm-

thick Ino»Ga0, 2As/GaAs SQW and an unstrained 8-nm-thick
Ino 536ao 47As/InP SQW determined from spectra recorded at 2
K. The dashed line represents the band-gap renormalization for
the 8-nm QW calculated in the full RPA approximation [fram
C. Ell and H. Haug, Phys. Status Solidi B 159, 117 (1990)].

These facts indicate that the lattice temperature in-
creased markedly in this excitation range.

For P (10 W/cm lattice heating was found to be
negligible. First, no change in the GaAs free exciton
transition energy was observed in this excitation range.
Hence, the lattice temperature of the GaAs cladding lay-
ers is not greater than 20 K. In addition, contrary to the
high excitation range, the shift of the highest energy QW
emission line was negligible at P (10 W/cm . As the
corresponding Landau-level energies c are smaller than
0.1E, their temperature-induced shift should coincide
approximately with the temperature-induced band-gap
shrinkage, similarly to what is observed at higher excita-
tion level. Therefore the strong shift of the lowest elec-
tron and hole Landau levels should be due to many-body
effects. The data presented in Fig. 6 were obtained at
P (10 W/cm (n, h-4. 2 Xl 0' crn ) when the tem-
perature induced shift was negligible.

Systematic deviations between theory and experiment
that occur at high plasma densities could be' due to
neglected intersubband scattering contributions to the
screening in band-gap renormalization calculations.
They can also be due to a contribution to self-energy ar-
isen from increased carrier temperature, T, . For EHP
with n, &

—3X10' cm, T, reached 200—500 K, com-
parable with the hole Fermi level.

shown by circles.
In the present paper we have used magnetolumines-

cence spectra which provide a higher accuracy. The ex-
perimental dependence of EEg on n, h in the case of
QW's with x =0.16, L = 10 nm is shown in Fig. 6 by tri-
angles. The energy gap (at k =0) in the empty and occu-
pied QW was extracted from the s-k dispersion shown in
Fig. 5. For the empty QW, the transition energies were
taken from the 0-0 magnetoexciton photoluminescence
excitation spectra and corrected by the magnetoexciton
binding energy. Figure 6 shows that the dependence of
b.E for both the strained and unstrained QW's is very
similar. At high plasma densities there is some deviation
between theory and experiment. This could be due to a
temperature-induced shrinkage of the energy gap under
high laser intensity. '

With the use of magnetoluminescence measurements
one can separate between the density- and temperature-
induced shrinkage of the band gap. The temperature-
induced Landau-level shift is nearly independent of the
quantum number j until the energy of Landau level is
small as compared with energy gap E . On the contrary,
the density-induced renormalization of the occupied
Landau-level energy strongly decreases with j. Indeed we
found in our experiments that the transition-energy be-
havior changed qualitatively when the excitation density
P was increased above 10 W/cm (the average input
power about 30 mW). When P exceeded 10 W/cm
(n, h

-4.2 X 10' cm ) the highest energy QW emission
line [labeled as H in Fig. 2(a)] moved markedly to low en-
ergies, and at P )2X10 W/cm &he magnitude of its
shift became close to the shift of the 0-0 emission line. At
P & 3 X 10 W/cm a redshift of the free exciton emission
line from the GaAs cladding layers was also observed.

C. Renormalization of carrier eft'ective masses

Strained In„Ga, „As/GaAs QW's are very suitable
for studies of many-body effects because the strain causes
a strong splitting of the light- and heavy-hole subbands.
The strain also gives rise to a nondegenerate and nearly
parabolic valence band. This is clearly seen from the re-
duced s-k dispersion of the empty QW displayed in Fig.
5. A change of the c-k dispersion for increased plasma
density is shown in Fig. 5. It is seen that the slope of the
c-k dispersion below the Fermi energy markedly varies
with plasma density revealing a density dependence of
the reduced effective mass, p '=m, '+mz '.

A decrease in the slope of the s(k ) dependence when
the QW is filled with —10' cm carriers indicates a
strong increase of p in the diluted EHP. A similar effect
was found in recent magneto-optical studies of the EHP
in GaAs/Al„Ga, „As QW's. ' As shown in Fig. 5(a),
further increase of the carrier density gave rise to the op-
posite effect. For n, h

—3.8X10' cm the net influence
of the many-body interactions on p is negligible. This is
connected with enhanced screening of the Coulomb po-
tential and is in qualitative agreement with theoretical
predictions. '

A more detailed description of the renormalization of
p due to the many-particle interaction is found in Figs. 7
and 8, showing the dependence of p on the wave vector
and plasma density both for strained In Ga, As/GaAs
and unstrained Ina 53Gao 47/InP QW's. The reduced
mass strongly increased with the wave vector for the un-
strained QW. It is rather diScult to extract the contribu-
tion from the many-body effects in this dependence be-
cause of the strong valence-band nonparabolicity. How-
ever, Fig. 7 shows that in strained (both empty and occu-
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FIG. 7. The reduced carrier effective mass as a function of
square-wave vector for different EHP densities. The depen-
dence is shown for both a strained 7.5-nm-thick

Inp 28Gap 72As/GaAs and an unstrained 15-nm-thick

In5 53GRO 47As/InP SQW's.

FIG. 8. Reduced carrier effective mass in two SQW's as a
function of the carrier density with the wave vector as parame-
ter. The SQW's are strained 7.5-nm-thick In03IGao 72As/GaAs
and unstrained 15-nm-thick Inp 53Gap 47As/InP.

pied) QW's, p, only weakly increased with k. It means
that the many-body interaction itself does not lead to any
strong k dependence of p. Therefore we conclude that
the observed band nonparabolicity in the unstrained QW
is originated from its valence-band complex structure.

For strained QW's, the dependence of (n, z, k) on the
density is nearly independent of the k values below the
Fermi momentum. This is illustrated in Fig. 8 for
k =1.5 and 2. 1X10 cm '. Figure 8 also shows a simi-
lar density dependence of p for both the strained and un-
strained QW's at k =2. 1 X 10 cm '. This result was ex-
pected. The unstrained QW has a small heavy-
hole-light-hole subband splitting EE,. For k & 2X10
cm ' the hole mass in this QW is large as compared to
m, and, hence, the hole contribution in p is negligible.
Thus, a similar dependence of (n, & ) originates from elec-
tron mass renormalization in these QW's. Further, Fig. 8
shows that for the unstrained QW's the dependence
(n, h ) qualitatively changes with decreasing k. This
occurs at k & 1.7X 10 cm ', when the hole mass strong-
ly decreases and becomes comparable to m, . Therefore,
it is natural to relate the strong reduction in p, observed
in unstrained QW's, to the additional hole mass renor-
malization which comes from the small heavy-
hole —light-hole subband splitting. In particular, this
could be due to an indirect influence of electron-hole in-
teractions on the hole mass through the renormalization
of the splitting AE, . Obviously, such an influence has to
disappear in strained QW s with large AE„, in agreement
with the experimental data in Fig. 8.

Recent RPA calculations have predicted a strong de-
crease of the density of states near the band edge in a 2D
EHP due to electron-electron and electron-phonon in-
teractions. ' This effect was not observed in our

magneto-optical studies of the EHP in QW's with para-
bolic bands. However, this cannot be considered as the
evidence of the absence of the predicted effect since the
magnetic field renormalizes both the electron-electron
and electron-phonon interactions.

V. CONCLUSION

The magneto-optical measurements enabled us to in-
vestigate the properties of a quasi-2D EHP in strained
In„Ga, „As/GaAs SQW's with high accuracy. Reliable
data were obtained by realizing an EHP with a high
homogeneity in space and time. The plasma approxima-
tion was found to satisfactorily describe the Landau-level
splitting in a dense EHP with its electron temperature
comparable to the cyclotron energy and its one-particle
state damping above the direct Coulomb (exciton) energy.

The band-gap shrinkage and effective-mass renormal-
ization in the strained QW's with a nondegenerate, weak-
ly nonparabolic valence band were measured and com-
pared with those in unstrained QW's with a complex
valence band. The band-gap renormalization was found
to be similar in both cases, whereas the mass renormal-
ization was significantly different. We assigned this to
the additional hole mass change appearing in the un-
strained QW's due to renormalization of the small light-
hole —heavy-hole subband splitting.

In strained SQW's, the effective-mass renormalization
due to the many-particle interaction in the dense plasma
is strong when n, t,

—10' cm (the enhancement of p
reaches 20%) but decreases at higher densities. For
n, I, -4X10' cm the effective mass is close to that of
the empty QW, which agrees with theoretical expecta-
tlons.
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