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Photoluminescence measurements at different temperatures have been performed to investigate the
optical response of a two-dimensional electron gas in n-type wide parabolic quantum wells. A series
of samples with different well widths in the range of 1000–3000 Å was analyzed. Many-body
effects, usually observed in the recombination process of a two-dimensional electron gas, appear as
a strong enhancement in the photoluminescence spectra at the Fermi level at low temperature only
in the thinnest parabolic quantum wells. The suppression of the many-body effect in the thicker
quantum wells was attributed to the decrease of the overlap between the wavefunctions of the
photocreated holes and the two-dimensional electrons belonging to the highest occupied electron
subband. © 2007 American Institute of Physics. �DOI: 10.1063/1.2809418�

I. INTRODUCTION

The realization of systems that can provide a confined
carrier gas with very high mobility represents an important
step in the semiconductor technology. One key ingredient for
the fabrication of such structures is the modulation doping
technique, where dopants and the confined carrier gas are
spatially separated. From the point of view of transport prop-
erties, parabolic quantum wells �PQWs� which are the object
of this paper have properties comparable to many other sys-
tems designed to the development of high performance
devices.1–3 However, AlxGa1−xAs/GaAs PQWs represent
promising systems to the development of spintronics devices
by the effective control and manipulation of the spin of the
electrons since the Landé g factor varies spatially as a func-
tion of the Al content along the growth direction z.4,5 More-
over, modulation of the g factor has been recently demon-
strated by the positioning of the wavefunction in low-
dimensional devices using front and back gates.6 As a
consequence, the spin properties �for instance, the spin life-
time� will be also influenced, which allows to fabricate in
principle a logic gate for quantum computing.

From the fundamental point of view, PQWs represent
interesting systems to investigate collective phenomena such
as charge-density waves and spin-density waves at very low
temperature and intense applied magnetic fields.7,8 Among
the collective phenomena, many-body effects of a two-
dimensional �2D� degenerate electron or hole gas confined in
a large variety of semiconductor structures have attracted
considerable attention in the literature.9–19 Such many-body
effects resulting from the rearrangement in the electron and
hole systems in order to screen the Coulombic interaction
between free carriers cause two major correlation effects,
i.e., the band-gap renormalization9–11 and the Fermi-edge
singularity �FES�.11–13,16 The FES leads to a strong enhance-
ment of the oscillator strength for the transitions involving

states at the Fermi energy, giving rise to a sharp excitonlike
emission in the optical spectra. The FES was predicted
theoretically10,12 and experimentally demonstrated13–19 for an
expressive number of semiconductor heterostructures. Two
dominant mechanisms have been considered in the literature
to be responsible for the FES in III-V quantum wells.13–17

One is the effect of the minority carrier localization due to
alloy fluctuation and interface roughness,13–15 and the other
is the scattering between the electronic states near the Fermi-
edge energy and the next unoccupied subband.12,16,17 Both
mechanisms explain the contribution of the k=0 transitions
to states at the Fermi energy EF.

In the present work, we report on the optical response of
a two-dimensional electron gas �2DEG� in a series of n-type
wide parabolic quantum wells �WPQWs�. We have observed
strong luminescence associated to the confined electron gas
in samples with different well widths �1000, 1500, 2000, and
3000 Å� and a pronounced enhancement in the high-energy
cutoff in the spectrum of the thinnest samples. The analysis
of our data based on self-consistent calculations indicates
that the close position of the Fermi level to the empty elec-
tron subband is the mechanism responsible for the develop-
ment of the FES observed in the thinnest samples. Our find-
ings also indicate that a reduction of the overlap between the
wavefunction of electrons close to the Fermi energy and the
hole wavefunction is responsible for the disappearance of the
FES in the thickest samples.

II. SAMPLE AND EXPERIMENTAL DETAILS

All the samples here investigated were grown in a Gen II
molecular beam epitaxy �MBE� system on top of epiready
semi-insulating GaAs�001� substrates. We used a substrate
temperature of 580 °C and an As4/ �Ga+Al� flux ratio as low
as possible ��1.2� but still consistent with a good epilayer
morphology. The structure of the PQWs is shown in Fig. 1.
First, a 1-�m-thick GaAs buffer was grown with a 20
� �AlAs�5�GaAs�10 superlattice after the growth of the firsta�Electronic mail: euzicfs@if.usp.br
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2000 Å in order to improve the crystal purity and quality.
Then a 500-Å-thick AlGaAs layer was grown with the Al
content varying linearly from 0% to 31% using the digital-
alloy technique, after which it was grown a Al0.31Ga0.69As
layer 1000 Å thick. Then, AlxGa1−xAs parabolic quantum
wells were grown with the Al content varying from x=0 in
the center of the parabola to x=0.20 �x=0.27� at the edges of
the parabola for a well width below 1500 Å �for a well width
equal or larger than 1500 Å�. The parabolic wells were sur-
rounded by Al0.31Ga0.69As barriers containing two Si spikes
symmetrically located at 200 Å �150 Å� from the borders of
the well for the sample�s� with 1000 Å ��1500 Å� well
width�s�. The nominal Si concentration was 1�1012 cm−2

for the sample with the 3000-Å-wide parabolic well and 5
�1011 cm−2 for all the remaining ones. Inside the well, the
parabolic potential profile was achieved by the digital-alloy
technique using a 20-Å-period superlattice in which the re-
spective thickness of GaAs and AlAs were varied accord-
ingly. Then it was grown a cap layer consisting of a 400 Å
Al0.31Ga0.69As, a third Si delta-doped layer �2.8
�1012 cm−2� to saturate the surface dangling bonds, fol-
lowed by a 200 Å Al0.31Ga0.69As layer and a final 100 Å
GaAs layer. Reference samples with similar structures were
also grown without the Si spikes in the barriers of the wells.
The low temperature �1.5 K� mobility of the electron gas in
the doped samples was about 80�103 cm2/V s. The Hall
electron concentration �measured under illumination condi-
tion� was 5.8, 5.6, 4.5, and 3.5�1011 cm−2 for the samples
with increasing well width, respectively.2 The reason why the
concentration of the 2DEG varies from sample to sample is
mainly due to the different widths of the quantum wells. By
increasing the width of the quantum well, the energy separa-
tion of the energy levels decreases and the number of occu-
pied levels increases. In this way, the amount of carriers that
will be transferred from the delta-doped layers to the para-
bolic wells changes because of the principle which imposes
that the Fermi level must be constant in the entire hetero-
structure. In other words, the amount of charge transferred
from the Si delta-doped layers is a self-consistent problem: it

depends of the electronic structure of quantum well which
depends on the amount of charge transferred among the dif-
ferent regions of the sample.

Photoluminescence �PL� measurements were performed
in a closed circuit optical cryostat operating with helium
from 8.5 to 30 K. The samples were excited with the 5145 Å
line of an argon laser with a maximum excitation power of
35 mW/cm2. The luminescence signal was analyzed by a
monochromator and detected by a cooled charge coupled de-
vice �CCD�.

In order to analyze our data, calculations of the band
bending, the subband energy, subband occupation, and enve-
lope wavefunctions for the thinnest and thicker quantum
wells were performed. Quantized energy levels were calcu-
lated by simultaneously and self-consistently solving
Schrödinger and Poisson equations within the context of the
effective-mass formalism. The exchange and correlation ef-
fects were included in the self-consistent calculations by
means of a local density approximation.20 The input to the
self-consistent calculations comprises parameters related to
the AlGaAs alloy �effective mass, dielectric constant, and
band gap�, the width of the spacer, and the electron concen-
tration �electron sheet density ns� confined in the wells.

III. RESULTS AND DISCUSSION

Figure 2 shows the low temperature �8.5 K� PL spectra
for an undoped �reference� and a doped sample with 3000 Å
well width. We can see that the PL spectrum of the undoped
sample consists of one main peak with a small shoulder on
the high-energy side. The structure at 1.516 eV with a full
width at half maximum of 0.8 meV is an excitonic emission
of the GaAs material. The figure also shows �indicated by an
arrow� the theoretical position of the fundamental transition
involving photogenerated electrons and holes in the first
electron and hole subbands �the E1H1 energy�, which agrees
with the high-energy side shoulder observed in the PL spec-
trum of the undoped sample. A huge difference can be no-
ticed in the PL spectrum of the doped sample, where a rela-
tively broad ��4.5 meV� band is observed. The figure shows
the expected value of the recombination energy E1H1 as well
as the higher transition energies EiH1, with i=2,3 ,4 ,5, and
the position of the Fermi energy EF. Only the transitions
involving the heavy holes were considered because the ex-
periments were done in low temperature using very low laser

FIG. 1. �Color online� Aluminum concentration profile the samples along
the growth direction. W is the well width, �1 is the depth of the parabolic
profile, and �2 was used to increase the barrier height and is equal to
88.7 meV for the 1000-Å-thick PQW and to 32.7 meV for the other
samples. The sum �1+�2 is constant and equal to 236.16 meV.

FIG. 2. Low temperature PL spectra of the undoped �reference� and doped
WPQWs with geometric well width of 3000 Å. Indicated by arrows are
shown the calculated values of the recombination energies of electrons in
the ith subband with photogenerated holes in the first hole subband, i.e., the
recombination energies EiH1.
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excitation power. Another reason why only the first hole sub-
band was considered in our analysis is because, due to va-
lence band mixing effects and the small spacing in energy
between confined levels, a very efficient thermalization pro-
cess of photogenerated holes is expected. Based on these
arguments and also on the self-consistent results, we ascribe
the high-energy side of the spectrum to transitions involving
the different subbands populated by the 2DEG and holes in
the first hole subband. As we shall see latter �in Fig. 4�, the
behavior of the low-energy side broadening as a function of
temperature observed in the spectrum of the 3000 Å doped
sample suggests an extrinsic origin.

Figure 3 shows the low temperature PL spectra for the
doped parabolic quantum wells with different well thick-
nesses from 1000 to 3000 Å. The arrows indicate the theo-
retical values of EF for each sample. In all samples, the GaAs
emission is present at 1.516 eV. For some samples, an emis-
sion below the GaAs excitonic emission is observed at
1.513 eV �see in Fig. 3 the broadband in the PL spectra of
the sample with 1000 Å well width�. Measurements of PL as
a function of temperature and photoexcitation intensity show
that this emission has a typical extrinsic behavior: it disap-
pears at high temperatures and saturates with increasing ex-
citation intensity. The energy of this peak suggests that it can
be interpreted as arising from the recombination of electrons
trapped by residual donors �silicon atoms� inside the para-
bolic quantum well and confined photogenerated holes. Al-
though there exist other recombination processes which
could be assigned to this peak �see, for instance, the H band
described in Ref. 21�, our interpretation is based on the fact
that, during the growth process, Si atoms in the atmosphere
of the growth chamber can be incorporated as a residual
impurity inside the PQWs as already observed for the growth
of samples with similar structure to the ones analyzed here.22

Moreover, it is important to notice that the PL spectra of the
undoped samples �see Fig. 2� does not show any emission
peak or any low energy broadening around the energy of
1.513 eV �with exception of the intrinsic emission of the
GaAs�, which reinforces the hypothesis that this peak has
extrinsic origin.

Before continuing our analysis, we would like to discuss
the shape of the spectra of the thinnest sample �the PQW
with 1000 Å�. For this purpose, we performed PL measure-
ments as a function of temperature �from 8.5 to 30 K� and
the obtained spectra are shown in Fig. 4. At low temperature,

the dominant peak at 1.513 eV corresponds to the recombi-
nation of electrons trapped by residual donors and photoge-
nerated free holes. As mentioned before, this emission satu-
rates with the increase of the excitation power �not shown
here� in agreement with extrinsic impurity behavior. The re-
maining broad luminescence is interpreted as follows: ac-
cording to our self-consistent calculations, three electron
subbands are occupied for this sample. So, we ascribe the
broad emission band to the recombination processes of elec-
trons from the 2DEG with holes at the first hole subband.
Moreover, this broad luminescence at low temperature con-
dition is only possible if k conservation does not restrict the
participation of all the electrons of the Fermi gas in the re-
combination process. This condition is ensured because the
holes are strongly localized in real space and have sufficient
spread of k vector to enable electron up to k=kF to recom-
bine without significant restriction due to k conservation. In
the present case the holes in the AlGaAs parabolic wells are
sufficiently localized, probably due to alloy fluctuations of
the digital alloy and/or interface roughness.

We also observe in Fig. 4 that, at low temperature, the
broad band has a sharp high-side cutoff and an enhanced
recombination near the Fermi edge, which is a characteristic
feature of the well reported FES due to many-body effects.13

The enhancement effect associated to the FES can be
strongly reduced with increasing temperature, as depicted in
Fig. 4. This thermal quenching behavior is characteristic for
the FES due to the thermal broadening of the Fermi edge and
well documented for III-V modulation doped quantum
wells.12–17

The FES is not observed on the thickest samples, as can
be seen in Fig. 3. Theory predicts12 that the FES can be
largely suppressed if the overlap between the wavefunction
of the electron of the Fermi sea and the photogenerated hole
is weak. To examine whether this is the case for the wider
PQWs, we performed theoretical calculations in order to ob-
tain the electronic structure of the PQWs. Figure 5 shows
these theoretical results �potential profile, the electron distri-
bution function, and the envelope wavefunctions� for the
thinnest �1000 Å� and the thickest �3000 Å� samples. We
can see that, for the 1000-Å-thick well, the electron distribu-
tion is almost constant in the central part of the well and the
bottom of the conduction band is almost flat as a square well
�Fig. 5�a��. In this case, the electrons in the conduction band
screen very effectively the parabolic potential forming a

FIG. 3. Low temperature PL spectra of doped PQWs with different well
thicknesses. The arrows indicate the theoretical position of the Fermi level.

FIG. 4. PL spectra as a function of temperature of the WPQW with 1000 Å
well width.
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2DEG. However, for the 3000-Å-thick well, the self-
consistent potential shows dips �with an almost triangular
shape� at the interfaces of the well �see Fig. 5�b��. As the
Fermi level is located just few meV above the flat part of the
potential well, part of the electrons drift to the interfaces.
This is inferred from the self-consistent calculations which
show maxima on the electron distribution profile close to the
interfaces, as can be seen by the dashed line in Fig. 5�b�.
Thus, for this sample there is a considerable part of electrons
localized at the interfaces. We also verified that the envelope
wavefunction of the holes in the first subband has an almost
Gaussian shape with a half-width �z=200 Å for the
3000-Å-thick well and �z=160 Å for the 1000-Å-thick well
and with a maximum located in the center of the well.

The self-consistent solutions for the lowest subbands
�three occupied and one empty� for the 1000-Å-thick well
with ns=5.8�1011 cm−2 are E1=0.854 meV, E2=3.23 meV,
E3=6.96 meV, E4=10.846 meV, and EF=9.85 meV. We
adopted the origin of the energy scale at the bottom of the
potential well at z=0. The calculated occupancies for the
three occupied subbands are n1=2.71�1011 cm−2, n2=2.06
�1011 cm−2, and n3=1.03�1011 cm−2. For the
3000-Å-thick well with ns=3.5�1011 cm−2, we obtained
E1=0.09 meV, E2=0.24 meV, E3=0.52 meV, E4

=0.98 meV, E5=1,60 meV, E6=2,37 meV, n1=8.25
�1010 cm−2, n2=7.83�1010 cm−2, n3=7.07�1010 cm−2, n4

=5.79�1010 cm−2, n5=4.08�1010 cm−2, and n6=1.99
�1011 cm−2 for the six occupied subbands. We also found
EF=3.09 meV, and for the first empty subband E7

=3.23 meV. We observe that the Fermi level in each struc-
ture lies very close to the next unpopulated electron subband.

In order to understand why the spatial separation of elec-
trons and holes leads to the suppression of the FES, it is
important to look in more details the electron wavefunctions
of the PQWs. Two dominant mechanisms have been consid-
ered in the literature to be responsible for the FES in
modulation-doped III-V quantum wells: �i� localization of
the minority carriers or �ii� a small energy separation be-
tween the Fermi level and the next unoccupied electron sub-
band providing a resonant condition for efficient scattering

of the 2DEG. The former condition is realized for all the
samples here analyzed since the holes can be localized either
by alloy fluctuation or heterointerface roughness of the digi-
tal alloy. The later condition is also fulfilled for all the
samples analyzed in this work since the quantum wells are so
wide that the Fermi level EF is always close to the next
empty electron subband within a few meV, where the scat-
tering of electrons at the Fermi level by holes is enhanced
due to interaction with nearly resonant excitons related to the
empty subband. However, the FES is not observed for the
thicker parabolic wells where the reduction in the energy
separation between EF and the next unoccupied subband is
more pronounced. Thus, we can conclude that even the si-
multaneous fulfillment of the two aforementioned conditions
is insufficient for the observation of the FES in the PL spec-
tra of the thickest samples. The reason why the FES does not
develop in the thickest PQWs is because the expected en-
hanced interaction between the 2DEG and photogenerated
holes is not only ensured by the close distance between the
Fermi level and the empty upper subband. The enhancement
is large when the overlap between the wavefunctions of the
photocreated holes and the 2D electrons belonging to the
highest occupied electron subband is strong. That is just the
opposite condition we find in the 3000-Å-thick PQW, where
the wavefunction of the highest occupied subband �the sixth
subband� has a node in the center of the well. So, we at-
tribute the reduction of the overlap between the wavefunc-
tion of electrons close to the Fermi energy and the hole
wavefunctions as being responsible for the disappearance of
the FES in the thickest samples.

IV. CONCLUSION

We have investigated the influence of the many-body
effects on the PL properties of a series of wide parabolic
quantum wells with different well widths and electron con-
centrations. The PL spectra showed broad emission bands
related to the recombination process of the Fermi gas with
photogenerated holes. An increase of the luminescence inten-
sity near the quasi-Fermi level was only observed in the
samples with the thinnest parabolic wells. Our results indi-
cate that the mechanism responsible for the observed FES is
the efficient scattering between the states at the Fermi energy
and the adjacent unoccupied subband since the requirement
of hole localization is realized in all the structures here ana-
lyzed. The FES was not observed in the thickest samples. We
attributed the disappearance of the FES with increasing well
width to a reduction of the overlap between the wavefunc-
tions of the photocreated holes and the two-dimensional
electrons belonging to the highest occupied electron sub-
band.
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