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We investigated tlie optical properties of two-dimensional electron gases in modulation-
doped InGaAs/GaAs/AlGaAs single quantum wells. We discuss the results of interband
optical spectroscopies oii highly doped samples in which the Fermi level energy is near
the bottom energy of the second electron subband. Photoluminescence spectra present
unresolved einissioii band which as a strong evidences of second subband exciton transition
as well as I'ermi edge singularity. The coupling of the Fermi edge singularity and the second
subband exciton is also investigated as a function of the temperature and the presence of

the external magnetic field.

I. Introduction

Many-body effects in semiconductor quantum wells,
such as fractional quantum Hall effect!!], band-gap
renormalization!? and Fermi edge singularity!™ are of
great, interest, both in theory and experiment. High
mobility two-dimensional (2-D) electron gases are fun-
damental for device applications. Optical spectroscopy
hasshown to be a powerful tool to investigate these sys-
tems. In this work we used photolumninescence and ex-
citation photoluminescence spectroscopy, including its
dependence with temperature and longitudinal mag-
netic field, to study the properties of 2-D electron gas in
modulation-doped InGaAs/GaAs/AlGaAs single quan-
tunm wells. Tlic investigated structures were grown with
the purpose of fabricating high electron mobility tran-
sistor devices (HEMT), taking advantage of the high
mobility of the 2-D electron gas at the InGaAs chan-
nel.

The luminescence and absorption in modulation-

doped quantum wells are complicated by the presence

of the Fermi sea due to the 2D gas of electrons. De-
spite the strong screening and phase filling at high elec-
tron concentrations, the interaction between the many-
electron system aiid a photogenerated hole induces an
exciton-like effect, similar to the Mahan exciton for de-
Many-body effects

are also present at the edge of tlie Fermi sea. These

generated bulk semiconductors!?,

effects are particularly enhanced for a heavy-hole mass.
This can be achieved by the hole localization, for ex-
ample, by local potential fluctuations due to the alloy
potential. This effect results in the enhancement of the
oscillator strength for optical transitions occurring close
to the Fermi energy, known as Fermi edge singularity

(FES).
The high-density of the 2-D electron gasin our sam-

ples marginally occupies the second subband of the
quantum well. This occupation is critical for the op-
tical properties of the structure. At low temperatures,
when the Fermi level is only afew meV below the sec-
ond subband, the FES is enhanced by the interaction

between the 2D electron gas and the exciton associated
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to tlie second subband. However. when this subband
starts to ke occupied, thc FES loses in importance and
the seconc subband starts to luminesce. These two ef-
fects are extremely sensitive to the energy difference

between the Fermi level and the second subband[®l.

II. Experimental details

We show the results of measurements on two
samples grown with the same structure and nom-
inal parameters, but resulting in slightly differ-
ent 2D electron gas densities. Tlie structure con-
sists of a 13nm GaAs/Ing 2Gag sAs/Alg 25Gag 75As
pseudomorphic-strained single quantum well grown by
molecular heam epitaxy (MBE). The Alg25Gag rsAs
barrier has a planar Si doping concentration of 5 x 1012
em~? distant of 5Snm from the Ing.GapsAs layer.
Shubnikov-de-Haas measurements!®) indicate that the
2D electron gas occupies only the grouiid electron level
for both samples. IFig. | shows schematically the sam-

ple with the important parameters.

40 nm n*-GaAs
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e
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Figure 1: Schematic structure of InGaAs/GaAs/AlGaAs
Modulation Doped Single Quantum Well samples.

Photoluminescence (PL) and photoluminescence ex-
citation (PLE) experiments were performed with a
Ti-Saphire laser pumped by an Ar+ laser as light

source. The emission was analyzed using a0.8 m double
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monochromator and a nitrogen cooled S1 photomulti-
plier coupled to a photon-counter system. The spectra
were obtained at sample temperatures from 2 to 40K.
Magneto-luminescence (ML) experiments were mea-
sured in a superconductor-coil cryostat with an optical
fiber system. The light source and the lurninescence

detection were tlie same as used in PL measurements.

III. Results and discussions

a. PL and PLE measurement

Fig. 2 shows tlie PL spectra at 2 K for samples
#A and #B. PL spectra.for both samples present two
peaks. The first peak is easily associated to the transi-
tion involving the ground conduction and valence sub-
bands (el - hh1). The second PL pealis present strongly
asymmetric lineshapes, with atail at the small-energy
side for both samples. This peak may he attributed to
either the FES or to the transition associated tothesec-
ond conduction subband and the ground valence sub-
band (€2 - hhl).

The forbidden €2 - hhl transition for syinmetric
wells becoines allowed for tlie asymmetric case. In our
samples only the AlGaAs barrier is doped with donors,
enhancing tlie asymmetry in the InGaAs well. The PL
peaks for sample #A are shifted to lower energies as
compared to sample #B. The shift is attributed to the
smaller 2-D electron gas density of sample #B which
changes the potential profile of the sample, resulting in
an increase of the interband transition energy.

We also observe a significant variation of the PL
peak intensities. There is an inversion of the intensity
ratio between the el - hhl and €2 - hh1 transition peaks:
tlie €2 - hhl emission is dominant for sample #A and
becomes relatively weak for sample #B. This changing
may be related to tlieincreasing of the €2 subband occu-
pation in sample #A in comparison tosample #B. The
luminescence intensity is proportional to the electronic
subband occupation. Also, higher 2D electron gas con-

centration increase the asymmetry in the well. This
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Figure 22 PL (continuous) and PLE (dotted) spectra at 2 K of a InGaAs/GaAs/AlGaAs MDSQW for (a) sample #A and
(h) sample #DB.

increases the oscillator strength for the e2-hhl transi-

tion and decreases it for tlie e1-hhl transition!™.

An alternative explanation is related to the FES,
giving an additional emission hand which may be
present iii tliis range. Chen et all®] observed an en-
hancement of the FES emission band due to its cou-
pling with the €2 - hh1 exciton which depends on the
separation between tlie Fermi level and second electron
subband. Since sample #A has a higher 2-D electron
gas density than sample #B, the Fermi energy is closer
to the second electron subband for sample #A. As a
consequence, the coupling between the Fermi level and
the second subband exciton should be stronger for this
sample, resulting in an increase of the PL intensity, as
observed in our PL spectra (Fig. 2). On tlie other way,
the eventual occupation of the secoiid conduction sub-
band plays against tlie FES: as a consequence of tlie
phase filling and screening effects, the exciton associ-
ated to the e2-hhl transition is weakened, decreasing
its Interaction with the electrons at the Fermi edge.

The liey factor in our experiments istlie second sub-

band occupation. The Shubnikov-de-Haas results show
no occupation for this subband. However, the opti-
cal experimental results does not rule out this possi-
bility. If the second subband is occupied, as the lumi-
nesceiice spectra seems to indicate, it is marginal and
quite scnsitive to the experimental conditions. Never-
theless, the two effects, FES and direct luminescence
from the e2-hhl transition, cannot be resolved in our
samples. Both transitions are marginally separated in
energy nnd within the peak broadening. In what fol-
lows, we give further evidences of the presence of both
transitions in the second luminescence peak. The PLE
spectrum (Fig. 2, clotted lines) for sample #A shows
two peaks while sample #B shows only one. Since the
PLE spectrum isrelated to the absorption at the exci-
tation energy, the signal will start for photon energies
just above tlie Fermi level, where tlie density of empty
states at the conduction band is non-zero. The small
Stoke shift may be related to the small occupation of
the second subband.

Fig. 3 shows the (a) PL and the(b) PLE spec-
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tra as a function of tlie temperature for sample #A.
We observe a slightly decreasing in tlie PL intensity

Previous
3,7—9]

ratio of tlie c2 - hhl and el - 111 peaks.
works On he subject have experimentallyl and
theoretically!%1] shown that tlie Fermi edge singular-
ity effect docreases as the temperature increases, being
a very sensitive effect. On the other way, the e2-hhl
photolumir escence sliould be enhanced by the thermal
occupation Tliat may explain the observation of a
strong second peak even at temperature as high as 40
K, when tlir FES should be already smeared out.

We observe that the PLE linesliape changes with
temperatur:. At 2 K, tlie features correspond to well
defined peaks, but as tlie temperature is increased tlie
lineshape b:comes less resolved and above 30 K it as-
sumes a step-like sliape. This behavior is explained
by tlie occupation of tlie second conduction subband.
Tlic phase filling hampers the exciton formation and the
PLE reflects the step-like density of state, characteris-
tic of tlie 2-D system. The same features are observed
in PLE spectra for excitons involving €2 electron and
M12 hole suobands. This is expected, since tlie major
effect is in tt e occupation of the second conduction sub-
band. We sliould also mention that the quenching of
the exciton state also plays against tlie FES.

Similar effects with the temperature are observed

for sample #:B.
b. Magneto-luminescence measurements

Typical 2 K magneto-luminescence spectrafor sam-
ple #B are shown in Fig. 4 for different magnetic fields.
As tlie magnetic field iSincreased, aseries of peaks due
to the Landau level inter-band transitions becomes well
resolved. Without magnetic field the 2-D electron gas
can OCCUPY states with k varying continuously froin 0
to k¥, where kI is the wave vector corresponding to tlie
Fermi level. In tlie presence of the magnetic field, tlie
2-D electron zas will tlien fill tlie discrete Landau levels
up to Fermi level, which is pinned at a given Landaun

level. Tlie PL peak corresponding to tlie lowest Lan-
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Figure 3: (a) PL and (b) PLE spectra of sample #A at

different temperatures.
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Figure 4 PL spectra at 2K for sample #R at different mag-
iietic fields.

dau level n = 0 is the strongest one, because most of
the photo excited holes relaxes to the top of tlic ground

statc.

The magneto-luminescence peak positions are plot-
ted as a function of the magnetic field in Fig. 5. We
observe that tlie peak positions cotresponding to small
values Of n reasonably follow a linear behavior. How-
ever, as n increases, the peaks are iii aliigli energy re-
gion where the lowest €2 subband Landau level crosses
the Landau levels associated to the el subband. In tliis
region tlic strong mixing of states of the two subband
Landau levels alter the simple linear behavior. The cou-
pling effect is relevant in this case, asshown by Chen et
al.l]. Tlie straight lines shown in Fig. 5 are given by:
E = (n+1/2)hv where hv = eh/2mpc, € is the electron
charge, I is Planck’s constant. ¢ is the velocity of light
and p is flie recluced effective mass of the electron-hole
pair. The reduced mass calculated using bulk material
parameters, 0.052 my, can only be used to explain the
experimental data corresponding to n = 1. For n > 1,
the best fitting iS achieved with an effective mass of
i = 0.065 mgy. The reduced mass discrepancy for high

value of nisconsistent with tlic non-parabolicity of tlie
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Figure 5: PL energy peak as afunction of the magnetic field
for sample #13.

conduction band and the inixing between tlie two tran-

sitions. FOi. n = 0, we obtain p = 0.04mg, and this
value is not yet understood at present.

For sample #A, the Lanclau level transitions show
similar behavior but are not as well resolved asfor sam-

ple #B.

IV. Conclusions

lii conclusion, we studied the optical properties of
high quality two-dimensional electron gases. A second
peak at tlic PL spectrum was observed. Mixed effects
dite to the FES and the occupation of the second con-
duction subband were reportecl. At the present mo-
ment, it iS not yet possible to resolve the origin of this
transition. Most likely, tlie present situation shows a
Fermi level quite close to the second subband. That
allows tlie manifestation of both effects. At the same

time, it prevents the resolution between therri.
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