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The reflection �R� and photoluminescence �PL� spectra of several GaAs /AlxGa1−xAs modulation-doped
quantum wells �MDQWs� were studied at T=2 K. The n doping was either on one side of the quantun well
�width of 25 nm� or symmetrically on both sides �width of 20 nm�, and the resulting two-dimensional electron
gas �2DEG� density was in the range of ne= �0.7–2.0��1011 cm−2. The reflection spectra of the two-side
MDQW’s show sharp but weak lines ��R�0.02�, which are attributed to e1-hh1 and e1-lh1 interband transi-
tions at in-plane wave vectors k� =kF. These spectra were analyzed by calculating the dispersion of the lowest
conduction and top valence subbands and the contribution of the 2DEG interband transitions to the MDQW
optical susceptibility. The reflection spectral shape was then calculated as a function of ne and of the layer
widths. This model explains the observed differences between the intensity and line shape of the one-side and
two-side MDQW’s. The PL spectral shape of all the MDQW’s shows a marked dependence on laser excitation
intensity. It was calculated by using the e1 and hh1 dispersion curves and assuming that the interband transi-
tions are k� conserving. The observed PL spectral dependence on laser excitation intensity was analyzed by
assuming that the effective temperature of the photoexcited holes increases with excitation intensity in the
range of Th=4–15 K, while the 2DEG temperature remains unchanged and equal to that of the lattice.
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I. INTRODUCTION

Interband spectroscopy of semiconducting modulation-
doped quantum wells �MDQW’s� is used to study the elec-
tronic properties of the two-dimensional gas of majority car-
riers in the presence of photoexcited minority carriers.1,2 The
nature of interband transitions in n-MDQW’s depends on the
two-dimensional electron gas �2DEG� density. Neutral and
negatively charged exciton lines dominate the interband
spectra at low densities, while no bound electron-hole �e-h�
pair states exist at high densities, and the spectra are due to
holes that are weakly interacting with the entire 2DEG.3–5 In
the latter case, the photoluminescence �PL� spectrum is char-
acterized by a broad band that extends over the energy range
EG� �E�EF, where EG� is the renormalized band-gap energy
and EF is the Fermi energy.6 No absorption or PL excitation
�PLE� occurs in this energy range. The transition between
excitonic spectra and 2DEG-free hole spectra was observed
in GaAs /AlxGa1−xAs n-MDQW’s with 2DEG density in the
range of ne�0.5�1011 cm−2. The density at which this tran-
sition occurs depends on sample quality and on the method
by which ne is varied.7–9

A pronounced intensity enhancement is often observed in
the PL and PLE spectra near EF at low temperatures.10–12

This Fermi edge singularity �FES� arises from electron–
photoexcited hole scattering into unoccupied states having
in-plane wave vectors k� �kF.13–16 The FES intensity was
found to depend on several factors: �1� it increases with in-
creasing hole localization.17–19 The degree of in-plane hole
localization is determined by the quantum well �QW� inter-
face quality and by alloy fluctuations in the QW material.20

�2� The proximity of an unoccupied, higher energy electron

subband to EF. When the 2DEG occupies only the lowest
conduction subband �e1�, the FES is enhanced by the admix-
ture of �e1-hh1� �kF� pair excitations with exciton states that
are formed of the next subbands, namely, �e2-hh2�.11,12,21,22

Recently, circularly polarized absorption spectra of
n-MDQW’s with ne in the range of �0.4–2.4��1011 cm−2

were studied under a perpendicularly applied magnetic field
and at ultralow temperatures.23 The observed FES was inter-
preted as due to a Mahan exciton13 when the spin polariza-
tion is parallel to that of the 2DEG motional polarization and
to a power law enhancement in the antiparallel case.14

The availability of GaAs /AlxGa1−xAs n-MDQW’s having
a 2DEG with very high mobility24 allows the study of inter-
band transitions that are virtually unaffected by electron and
hole localizations. It was demonstrated that in such struc-
tures, the 2DEG density above which no excitons are formed
can be very low �around ne�0.5�1010 cm−2�.25,26 In the
present work, we studied the reflection and PL spectra near
EG� of several �-doped GaAs /AlxGa1−xAs QW’s with various
2DEG densities. All of the studied n-MDQW’s have a very
high mobility �in the range of �e= �2–7��106 cm2 /V s at
T=2 K�. They show narrow reflection features at EF and a
broad PL spectrum in the range EG� �E�EF, with its peak
intensity just above EG� . Reflection spectroscopy was pre-
ferred in this study over PLE or absorption spectroscopy
because the PLE involves intervening hole relaxation pro-
cesses, while absorption requires etching off the GaAs sub-
strate, and this results in strained samples. The main objec-
tive of this paper is to analyze the interband transitions that
are observed in n-MDQW’s where the effects of hole local-
ization are negligible and the interband transitions at kF are
not admixed with excitons formed of higher energy transi-
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tions. The analysis of the energy and band shape of the ob-
served interband transitions was done in three stages: �1�
calculating the dispersion of the lowest conduction subband
�e1� and of the top valence subbands �hh1 and lh1�, including
the 2DEG potential �in the Hartree approximation4,27�; �2�
calculating the energy-dependent optical susceptibility func-
tion for the interband transitions in the �e1-hh1� and �e1-lh1�
spectral range28 �this function was then used for the MDQW
refraction index in the calculation of the reflection spectra by
the method of transfer matrices�;29 and �3� calculating the PL
spectral shape by using the dispersion curves and assuming
k�-conserving interband transitions.30

The paper is laid out as follows: Sec. II details the struc-
ture of the MDQW samples under study and their 2DEG
parameters. It also details the experimental procedures and
presents representative reflection and PL spectra. Section III
explains the assumptions underlying the models and the cal-
culation methods. Section IV describes the model fitting of
the observed spectra. Section V is a summary that lists the
conclusions drawn from the model fittings, pointing out the
particular properties of intrinsic interband transitions
�namely, those observed in n-MDQW’s having a high mobil-
ity 2DEG�.

II. EXPERIMENTAL DETAILS AND REPRESENTATIVE
REFLECTION AND PHOTOLUMINESCENCE

SPECTRA

The MDQW GaAs /AlxGa1−xAs structures studied here
were grown by molecular beam epitaxy on �001�-oriented
GaAs wafers. They were of two types: �1� MDQW’s that are
�-doped on one side of a 25-nm-wide QW �one-side
MDQW’s�. Their layer sequence consists of a wide GaAs
buffer layer, a 100-period GaAs /Al0.3Ga0.7As superlattice,
the 25-nm-wide GaAs QW, a wide Al0.3Ga0.7As layer that
contains a �-doped Si layer, and a GaAs cap layer.31 �2�
MDQW’s that have two wide Al0.1Ga0.9As layers, which
contain �-doped Si layers that were grown symmetrically on
both sides of a 20-nm-wide GaAs QW. The width of the
AlxGa1−xAs spacer layers separating each one of the �-doped
layers from the QW varied in the range of 50–100 nm, de-
pending on the doping level. The 2DEG density range is
ne= �0.7–2.0��1011 cm−2. These MDQW’s are considered
to be of high quality since their measured Hall mobility is in
the range of �e= �2–7��106 cm2 /V s �at T=2 K�.31,32 A
schematic representation of the two MDQW types studied
here is shown in the insets of Figs. 1�b� and 1�d�. An un-
doped GaAs /Al0.18Ga0.82As multiple QW structure was also
studied for a comparison with the MDQW spectra.

Reflection and PL spectra were measured with the sample
immersed in liquid He at T=2 K. It was illuminated with a
tungsten filament lamp for reflection measurements and with
a Ti:sapphire laser for PL excitation. The exciting laser en-
ergy EL was set below the band gap energy of the AlGaAs
barrier �in order to avoid optical depletion� and the laser
intensity was varied �but kept low, IL�0.25 W /cm2�. The
reflection and PL spectra were detected and spectrally ana-
lyzed with a double-grating spectrometer �having a reso-
lution of 0.03 meV� equipped with a cooled charge coupled
device camera.

Figure 1 shows the reflection and PL spectra of several
MDQW’s. The reflection scale of all spectra was determined
by normalizing the measured spectrum with respect to the
reflection of a distributed Bragg reflector �that is virtually
totally reflecting in the studied spectral range�. Figure 2
shows two series of PL spectra of the two-side MDQW’s
with ne=0.9�1011 and 2.0�1011 cm−2, which were mea-
sured with increasing laser excitation intensity IL. It is noted
that no enhancement is observed at EF in all of the PL spec-
tra �Figs. 1 and 2�, except for a slight intensity increase in
Fig. 1�b�. The spectra shown in Figs. 1 and 2 are represen-
tative of those measured for all other MDQW’s �see Sec. IV�.

III. MODEL

The models used for the interpretation of the observed
reflection and PL spectra are based on the following assump-

FIG. 1. ��a�–�d�� Reflection �circles� and PL �solid lines� spectra
of several one-side and two-side MDQW’s measured at T=2 K.
The reflection scale �shown in each figure� was determined by nor-
malizing the measured spectrum with respect to the reflection of a
distributed Bragg reflector �that is, R�1 in the studied spectral
range�. Note that in the reflection spectrum of �d�, only the feature
at EF is due to the presence of a 2DEG. A schematic representation
of the two MDQW structures is shown in �b� and �d� by the energy
dependence of the conduction and valence band edges on z �the
growth direction coordinate�. The energies of the lowest conduction
and top valence subbands are also shown.
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tions: �1� the energies of the electrons and holes involved in
the interband transitions are those of noninteracting particles.
The 2DEG effect on the energies is through the averaged
Coulomb potential, ��z�, calculated in the Hartree
approximation.27 This potential is then incorporated into the
Hamiltonians of both electrons and holes.4 �2� The reflection
spectrum over a wide range of energies above EF is deter-
mined by vertical interband transitions involving unoccupied
electron states. Their energy is calculated from the conduc-
tion and valence subband dispersion curves and their transi-
tion dipole is approximately independent of k�.28 �3� The
weak electron-hole interaction effect is discerned only near
the Fermi edge. This effect is simulated by an enhanced
strength of the interband transition dipole in the range
of k� �kF. �4� The PL spectrum in the energy range
EG� �E�EF is approximately determined by a Boltzmann
distribution of holes within the valence subbands, which is
described by an effective hole temperature.

We begin by calculating the dispersion of the conduction
and valence subbands as a function of the 2DEG density. For
the conduction band, the effect of the MDQW confining po-
tential energy VC�z� and of the Hartree potential energy

�−e���z� can be separated from the in-plane electron motion.
Then, the z-dependent Schrödinger equation is

�−
	2

2

�

�z

1

m
c
*�z�

�

�z
+ Vc�z� − e��z��
�z� = E
�z� . �1�

It is solved simultaneously with the one-dimensional Poisson
equation in a self-consistent way. The first term is the kinetic
energy, with a position-dependent conduction band effective
mass m

c
*�z�. The 2DEG charge distribution in the QW is

given by −�e�ne	
e1�z�	2 �except for the initial iteration, when
it is assumed to be uniformly distributed within the MDQW.�
In all of the MDQW’s studied here, and at T=2 K, the 2DEG
occupies only the lowest conduction subband �e1�, so that
the 2DEG charge distribution is determined only by the
z-dependent part of the e1 subband wave function 
e1�z�.
The in-plane dispersion Ee1�k�� is taken to be parabolic, and
it is computed with the electron effective masses of bulk
GaAs and bulk AlxGa1−xAs in the well and in the barriers,
respectively.33

The valence subbands that are derived from the top �8
band are obtained using the following Hamiltonian:

Hv = Tv + Vv�z� − e��z� . �2�

The hole in-plane motion and its motion along z are admixed
by the kinetic energy term Tv, which is given by the 4�4
Luttinger matrix34,35 �in electron representation�

Tv =

P + Q S R 0

S* P − Q 0 R

R* 0 P − Q − S

0 R* − S* P + Q
� , �3�

P = −
	2

2m0
�1�z�k2, �4�

Q = −
	2

2m0
�2�z��kx

2 + ky
2 − 2kz

2� , �5�

S =
	2

m0

�3�3�z�kz�kx − iky� , �6�

R =
	2

2m0

�3�2�z��kx
2 − ky

2� − i
	2

m0

�3�3�z�kxky . �7�

Here, �1�z�, �2�z�, and �3�z� are the position-dependent Lut-
tinger parameters. At the interface between the QW and its
barrier, the values of the Luttinger parameters are taken as
the average of those of GaAs and AlxGa1−xAs layer materi-
als. The Schrödinger equation is then numerically solved.
For the present study, the calculated Ehh1�k�� and Elh1�k��
dispersions and the corresponding wave functions are
needed.

Once the subband energies and wave functions are ob-
tained as a function of k�, the contribution of the MDQW
interband transitions to the optical susceptibility function is
calculated28 as follows:

FIG. 2. PL spectra �solid lines� of the two two-side MDQW’s
measured at an ambient temperature of T=2 K. The PL was excited
with a laser energy of EL=1.58 eV and with varying intensity as
indicated in the figures. Each spectrum was normalized with respect
to its integrated intensity. The dashed lines are the spectra calcu-
lated by using the model explained in Sec. III. The dotted curve
shown at the bottom spectrum of �a� was calculated by convoluting
the distribution functions of Eq. �11� with a Gaussian broadening
function �width �E=0.8 meV, Th=5 K�.
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e�E� = 

k�,i

	de1,hi�k��	2

SQWLQW
�fc„Ee1�k��… − fv„Ehi�k��…�

�� 1

�Ehi�k�� − Ee1�k�� + E + i��k���

−
1

�Ee1�k�� − Ehi�k�� + E + i��k���
� . �8�

When the interband transitions are studied over a wide
spectral range, the transition dipoles de1,hi �hi=hh1, lh1� are
frequently assumed to be k� independent.28 However, in the
present case, the model must account for the sharp reflection
lines that appear near EF. This requires adding to de1,hi an
enhancement term that originates in the e-h interaction near
kF:

de1,hi�k�� = ai + bi exp�−

	2

2m
c
* �k� − kF�2

�1
2 � . �9�

The photoexcited electron-hole pair dephasing is due to
scattering into unoccupied states with k� �kF, and it is taken
as

��k�� = �0
1 − exp�−

	2

2m
c
* �k� − kF�2

�2
2 ����k� − kF� + �min.

�10�

Here, ��x� is the step function. �min is a fixed rate that rep-
resents scattering of the e-h pair with electrons deep in the
Fermi sea. The term containing the Gaussian function de-
scribes an enhanced dephasing rate for scattering involving
electrons above kF.13,14

The total MDQW optical susceptibility function is given
by 
=
GaAs+
e. From it, the refraction index of the MDQW
layer is calculated: n�E�=Re�n�+Im�n�= �1+4�
�1/2. Fixed
refractive indices are used for each constituent layer. The
reflection spectrum of the entire structure under study is then
calculated by using the transfer matrix method.29

Finally, the low temperature PL spectral shape is inter-
preted by a model that describes the hole distribution along
the dispersion curve of the hh1 valence subband, in the range
k� �kF. In high mobility MDQW’s, such as those studied
here, both electrons and holes are considered free and, thus,
only vertical transitions are considered �k�e=k�h�. The transi-
tion dipole moment de1,hh1 is assumed to be independent of k�

in the entire range 0�k� �kF with no enhancement at EF.
The PL intensity as a function of photon energy
	�=Ee-h�k��=Ee1�k��−Ehh1�k�� is given by30

I�	�� � 

k�

fe1,k�
�1 − fhh1,k�

���� − �e1,hh1�k��� . �11�

fc,k�
is the Fermi–Dirac distribution function of the 2DEG

and fv,k�
is the Boltzmann distribution function of the photo-

excited holes. Both electron and hole distribution functions
are assumed to depend on effective temperatures �Te and Th,
respectively�.36 However, under the low photoexcitation in-

tensities used in the present study, the 2DEG is assumed to
remain at equilibrium with Te slightly higher than the lattice
temperature. The underlying assumption for the photoexcited
holes is that they are heated by phonons emitted by the
2DEG during the 2DEG-free hole radiative lifetime, and this
results in a Boltzmann distribution with Th�T.37

IV. MODEL FITTING OF THE REFLECTION AND
PHOTOLUMINESCENCE SPECTRA

A. Luttinger parameters of the modulation-doped
quantum wells

In order to study the effect of the 2DEG potential on the
dispersion of the conduction and valence subbands, the Pois-
son and Schrödinger equations are solved simultaneously, in
a self-consistent way, for electrons occupying the e1 subband
at T=0. Then, the resulting Hartree potential energy
�−e���z� is introduced into the valence band Hamiltonian.
Before doing it, the Luttinger parameters �i, i=1–3, that
define the hole kinetic energy �Eqs. �3�–�7�� are required.
Various sets of Luttinger parameters of GaAs /AlxGa1−xAs
QW’s were reported in the studies of interband
transitions,38,39 intersubband absorption,40 and Raman
scattering.41 In many studies of PLE and absorption spectros-
copy, the energies of excitons associated with the e2-hh2 and
e2-lh2 transitions are determined.42 From these, the electron
and hole confinement energies, namely, the energies of the
conduction and valence subbands at k�=0, were obtained by
using the exciton binding energies.3,43 However, these ener-
gies are determined only by �1 and �2.44 In the present study
of MDQW’s, the observed interband transitions involve un-
bound e-h pairs. Their energies can be compared with those
of the �e1-hh1�2S and �e1-lh1�2S excitonic transitions in un-
doped QW’s. The reason for this is the small binding ener-
gies ��1 meV� of the 2S excitons.43

We therefore compare the reflection spectrum of an un-
doped, 20-nm-wide Al0.18Ga0.82As QW �Fig 3�a�� with the
spectra of the two two-side MDQW’s �Figs 3�b� and 3�c��.
The undoped QW shows sharp lines that are due to the 1S
and 2S excitons associated with the �e1-hh1� and �e1-lh1�
transitions. The energies of the e1, hh1, and lh1 confined
states are calculated by using the following parameter val-
ues: �1=6.9 and �2=1.85. By adding to them the GaAs
band-gap energy, the energies of the �e1-hh1� and �e1-lh1�
transitions at k�=0 are obtained �shown by vertical arrows�.
They fit the measured energies of the �e1:hh1�2S and
�e1:lh1�2S excitons as well as that of the �e2:hh2�2S exciton
�not shown�. The �1 and �2 parameter values used here agree
well with those reported in Refs. 41 and 43. By referring
now to the case of MDQW’s, interband transitions appear in
reflection and absorption spectra only for Ee-h�k��kF� and in
the PL spectrum only for Ee-h�0�k��kF�. We therefore
identify the sharp lines in the reflection spectra of the
MDQW’s �near EF, Figs. 1�a�–1�d�� as e-h transitions at k�
=kF. These transitions are also indicated �by vertical arrows�
in Figs. 3�b� and 3�c� and we use their energy in order to
extract �3. As the Luttinger matrix shows, the value of �3 can
be determined only when hole states with k��0 are involved.
We thus calculated the dispersion curves of the top valence
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subbands by using the Hamiltonian of Eq. �2� with the
value of �3=2.9.33 Figure 4 shows the dispersion curves
calculated for the 20-nm-wide, two-side MDQW with
ne=1.8�1011 cm−2. The in-plane anisotropy of the valence
subbands is demonstrated by showing the dispersion curves
along the �010� and �110� directions �solid and dashed lines,
respectively�. However, in order to compare the measured
interband transition energies with the calculated ones, the
renormalized band-gap energy Eg� is required. It is obtained

from the fitted PL spectra �Fig 2� with an accuracy of 1 meV.
The diagonalization of the valence band Hamiltonian yields
the hole wave function for each subband. As an example, we
show in Figs 5�a� and 5�b� the wave functions 
e1�z ,kF�,

hh1�z ,kF�, and 
lh1�z ,kF�, which are calculated along the
confinement direction z for the two types of MDQW’s stud-
ied here. These were calculated at kF since their overlap in-
tegrals are needed for the analysis of the reflection lines,
which are observed at EF. As these plots show, there are
differences between the wave functions of the MDQW that is
symmetrically doped on two sides and the asymmetrically
doped MDQW.

B. Optical susceptibility and reflection spectrum

The optical susceptibility that is due to near-band-gap in-
terband transitions of the MDQW containing a 2DEG in the
QW is now calculated by using Eqs. �8�–�10� and with the
calculated dispersion curves of the e1, hh1, and lh1 sub-
bands. By using it, the refraction index function is calcu-
lated. Examples are shown in Fig. 6�a� for the two-side
MDQW’s with ne=0.9�1011 cm2 and ne=1.8�1011 cm−2.
They were calculated with the values of ai and bi, which are
given in Table I. The reflection spectrum was calculated for
each one of the studied MDQW structures by using the
transfer matrix method. In order to demonstrate the
2DEG effect on the reflection spectrum, it was calculated for
the two-side MDQW structure, which has 2DEG with
ne=0.9�1011 cm−2, in two cases: �a� the transition dipoles
of the 2DEG interband transitions are taken to be indepen-
dent of k� �namely, bi=0 in Eq. �9��; �b� the transition dipoles
of the 2DEG interband transitions include the enhancement
terms as given in Eq. �9� �bi�0�. In Fig. 6�b�, the results
clearly demonstrate that the 2DEG enhancement terms are

FIG. 3. Reflection spectra measured at T=2 K: �a� an undoped
Al0.18Ga0.82As QW. The calculated energies of the �e1-hh1� and
�e1-lh1� transitions at k�=0 are indicated by vertical arrows. They
coincide with the sharp lines that are usually identified as
�e1:hh1�2S and �e1:lh1�2S excitonic transitions, respectively. ��b�
and �c�� Two-side MDQW’s with indicated 2DEG densities. The
vertical arrows show the calculated energies of the �e1-hh1� and
�e1-lh1� transitions at kF.

FIG. 4. Dispersion curves of the lowest conduction subband �e1�
and top four valence subbands �hh1, lh1, hh2, and hh3�, which are
calculated in the Hartree approximation for the 20-nm-wide, two-
side MDQW with ne=1.8�1011 cm−2. The in-plane anisotropy of
the valence subbands is demonstrated by showing the dispersion
curves along the �010� and �110� directions �solid and dashed lines,
respectively�.

FIG. 5. The calculated dependence of the wave functions

e1�z ,kF�, 
hh1�z ,kF�, and 
lh1�z ,kF� on z �along the confinement
direction� for two MDQW’s: �a� symmetrically doped on two sides,
ne=1.8�1011 cm−2. �b� One-side doped, ne=2.0�1011 cm−2.
Circles, real wave function of e1; solid and dashed lines, real and
imaginary parts of the hh1 and lh1 wave functions, respectively;
thin vertical lines, QW boundaries.
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essential to produce sharp lines at the Fermi edge. The mea-
sured reflection spectra of the MDQW structures that exhibit
sharp features near kF were fitted with the optical suscepti-
bility function that was calculated with the parameter values
given in Table I. We chose to show the values of ai

2 and bi
2

�given in meV� because they allow a meaningful comparison
of the 2DEG transition dipole �squared� with the value of
Ep=2EG

2 m0dcv
2 / �	e�2 �=22 eV for GaAs�.45 This is the energy

associated with the conduction-valence interband transition
dipole, dcv

2 . Similarly, the values of the Gaussian broadening
parameters �i

2 are given in meV because they can then be
compared with the values of EF. The quality of the model
fitting to the measured reflection spectra is examined as fol-
lows. It is known28,46 that the reflection spectrum of a given
layer structure depends on each layer width and on the re-
fraction index of the layer material. We measured the reflec-
tion spectrum of the two two-side MDQW structures at sev-

eral points on the sample surface, which are spaced �3 mm
apart. The layer widths in these structures were measured to
increase from point to point by �1.3% for every 1 mm. By
using this variation and the same 2DEG optical susceptibility
function, the reflection spectrum was calculated for the two
points of measurements and the results are shown in Fig. 7.
The agreement of the calculations with the measured spectra
demonstrates the accuracy of the optical susceptibility
model.

The underlying physical mechanism that causes the ap-
pearance of Fermi edge enhancement in PL spectra is 2DEG-
photexcited hole scattering.13–16 It has been shown that this
enhancement increases with hole localization17–19 and when
the e-h pair transitions near kF interact resonantly with an
exciton that is associated with transitions between higher en-
ergy subbands.11,12,21,22 In the MDQW studied here, neither
situation exists, and the observed reflection intensity of the
sharp lines at kF is very small: �R�0.02. We thus conclude
that the Fermi edge enhancement is due to 2DEG-free hole
scattering near kF. The transition dipole functional depen-
dence on k� �Eq. �9�� is chosen to model the Fermi edge
enhancement. Support for this choice is derived from exam-
ining the calculated overlap integral of the electron and hole
wave functions at kF, Se1-hi, for e1 and hi=hh1, 1h1 as fol-
lows:

Se1-hi = �� �
hi
* �z��e1�z�dz�2

. �12�

The calculated Se1-hi values are given in Table II. It is noted
that the S�e1-hh1� /S�e1-lh1� ratio is in reasonable agree-
ment with the ratio of the reflection line intensities
I�e1-hh1� / I�e1-lh1� as measured for the MDQW’s studied
here.

C. Photoluminescence spectral shape and hole energy
distribution

The additional experimental method that we used in order
to examine the calculated dispersion of the top valence sub-
bands was a modulation of the PL spectral shape by varying

TABLE I. Optical susceptibility model parameters for two-side
MDQW’s. All values are in meV.

ne 0.9�1011 cm−2 1.8�1011 cm−2

�ae1-hh1�2 31 19

�ae1-lh1�2 6.9 3.5

�be1-hh1�2 6200 3800

b�e1-lh1�2 1400 600

��1,e1-hh1�2 9.7 15.3

��1,e1-lh1�2 8.6 14.6

�0,e1-hh1 5 5

�0,e1-lh1 5 5

�min,e1-hh1 0.05 0.05

�min,e1-lh1 0.05 0.05

��2,e1-hh1�2 1.1 1.8

��2,e1-lh1�2 0.9 1.2

FIG. 6. �a� The refraction index function calculated for two
two-side MDQW’s with the indicated ne. �b� Calculated reflection
spectra for a two-side MDQW with ne=0.9�1011 cm−2. Dashed
line, transition dipoles of the 2DEG interband transitions that are
independent of k� �namely, bi=0 in Eq. �9��; solid line, transition
dipoles containing an enhancement near kF as described in Eq. �9�.
The values of ai and bi are given in Table I.

FIG. 7. Reflection spectra measured at two points on the sample
surface that are separated by 3 mm �circles�. The calculated spectra
�solid lines� use the same optical susceptibility function as for the
2DEG layer. The layer widths between the two measured points
differ by 4%. �a� Two-side MDQW with ne=0.9�1011 cm−2. �b�
Two-side MDQW with ne=1.8�1011 cm−2.
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the effective hole temperature Th. In a previous study,37 mi-
crowave modulation was employed. In the present study, PL
excitation was done by illuminating with a Ti: sapphire laser
and varying its intensity IL. We measured the total PL inten-
sity as a function of the exciting laser intensity and found it
to be strictly linear over the range of 2� IL�250 mW /cm2

�the only exception is the two-side MDQW with
ne=1.8�1011 cm−2 that shows an intensity saturation
for IL�150 mW /cm2 when EL=1.584 eV�. This means that
nonradiative, saturable processes are virtually ineffective.
The experimental PL spectra that are shown in Figs. 2�a� and
2�b� were thus normalized to the integrated intensity. This
allows a direct comparison of line shape variation with in-
creasing IL. It is noted that the high energy cutoff of all PL
spectra does not vary with increasing IL. This means that the
effective electron temperature changes only slightly �so that
this change cannot be resolved in the PL spectra excited with
the highest IL� and it can be taken to be equal to that of the
lattice:37 Te� T. The photoexcited holes are assumed to re-
lax into the hh1 subband at a faster rate than the radiative
recombination rate.36 According to the PL intensity model
�Eq. �11��, the spectral variations that are observed with in-
creasing IL reflect increasing Th. By using this model, the
calculated curves are obtained �dashed lines in Fig. 2�. The
good fit of the model to the high energy part of the PL
spectra means that the model based on a Boltzmann distri-
bution of the holes in the hh1 subband provides an additional
verification of the accuracy of the calculated valence sub-
band dispersion curves. The effective hole temperature de-
pendence on IL, which is extracted from the PL spectral fit-
tings, is shown in Fig. 8 for the two-side MDQW’s.

Th is found to increase monotonically and it is higher for
the same IL but higher laser excitation energy EL. It should
be noted that in the lower density case, the fit required us to
assume an electron density ne=0.7�1011 cm−2, while the
density determined by the freeze-out of the second Landau
level is ne=0.9�1011 cm−2. Also, there is a deviation of the
fitted lines from the experimental spectra in the low energy
part �Fig. 2�a��. These findings point at the limitation of the
model of a Boltzmann distribution of holes.

We note that the spectra calculated by using Eq. �11� de-
viate from the corresponding experimental spectra in the low
energy range. In particular, the PL intensity decreases mono-
tonically for E�EG� . It is customary to account for this tail
by introducing a Gaussian broadening function.30 Thus, the
spectra can be better fitted as shown by the example at the
bottom spectrum of Fig. 2�a�. We note that the same param-
eters were used for the fittings, except for Th that is found to

be higher by 1.0 K in the fitting without broadening. Intro-
ducing broadening has a negligible effect on the calculated
PL spectral shape in the high energy part of the spectrum
�E�EF�. Since this part is most sensitive to the hh1 disper-
sion and as the origin of the broadening is still unknown, we
fitted the PL spectra with Eq. �11�, namely, without broaden-
ing.

V. SUMMARY

The reflection and PL spectra of several
GaAs /AlxGa1−xAs MDQW’s, which are n doped either on
one side of the QW or symmetrically on both its sides, were
studied at T=2 K. Sharp �but weak� reflection lines are ob-
served and are attributed to e1-hh1 and e1-lh1 interband tran-
sitions near kF of the 2DEG. The energies of these lines were
analyzed by calculating the dispersion of the e1, hh1, and lh1
subbands, which include the effect of the Hartree potential of
the 2DEG. The analysis of their line shape indicate that there
is a weak electron-hole interaction only near kF. The effect of
this interaction is simulated by an enhanced strength of the
interband transition dipole in a narrow range around k��kF.
Furthermore, the relative intensity of the reflection lines ob-
served in the one-side MDQW’s and in the two-side
MDQW’s reveals that the intrinsic Fermi edge singularity is
mostly determined by the overlap integral of the electron and
free hole wave functions at kF. It should be noted that reflec-
tion spectra depend solely on the properties of the photoex-
cited electron-hole. In the more commonly used method of
photoexcitation spectroscopy,42 relaxation processes are in-
volved and, thus, direct information on the electron-hole pair
is more difficult to extract.

The PL spectral shape of both one-side and two-side
MDQW’s was observed to depend on laser excitation inten-
sity in the same way: the intensity of the higher energy part
of the PL band increases with increasing laser excitation in-
tensity. The PL spectra were calculated by using the e1 and
hh1 dispersion curves and assuming that the interband tran-
sitions conserve the in-plane momentum. The spectral depen-
dence on laser intensity was interpreted by assuming that the

TABLE II. Squared overlap integrals and measured relative
intensities.

ne �cm−2� Se1-hh1 Se1-lh1 Ie1-hh1 / Ie1-lh1

Two-side 0.9�1011 1.21 0.55 4.5

MDQW 1.8�1011 1.37 0.22

One-side 0.7�1011 1.18 0.62 1.8

MDQW 2.0�1011 0.71 0.38

FIG. 8. The effective hole temperature dependence on laser ex-
citation intensity, which is extracted from PL spectral fittings such
as those shown in Fig. 2. Square symbols, ne=0.9�1011 cm−2; tri-
angular symbols, ne=1.8�1011 cm−2. Two excitation energies were
used for each two-side MDQW density, as indicated.
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photoexcited holes have a Boltzmann distribution within the
hh1 subband, with an effective hole temperature that in-
creases with laser excitation intensity in the range of
4–15 K. The 2DEG heating is negligible and the electron
temperature remains unchanged and equal to that of the
lattice.
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