
PHYSICAL REVIEW B 15 AUGUST 1998-IIVOLUME 58, NUMBER 8
Direct investigation of localized hole states in pseudomorphic modulation-doped
Al xGa12xAs/InyGa12yAs/GaAs heterostructures by optical detection of quantum oscillations
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The valence-band structure in AlxGa12xAs/InyGa12yAs/GaAs heterostructures (x50.2, y50.1) is inves-
tigated using a magnetic method for probing the electronic structure in two-dimensional~2D! heterostructures
through the optical detection of quantum oscillations~ODQO!. For structures with narrow InyGa12yAs quan-
tum wells (W,15 nm), the quantum oscillations with the Fermi sea reveal two distinct periods in 1/B. This
behavior is attributed to the existence of two classes of hole localization: a shallow one, primarily resulting in
hole scattering, and a deep localization resulting in a 10-meV shift in the ODQO. In wider InyGa12yAs
quantum wells (W515 nm), where the two-period behavior begins to disappear, excitonic luminescence is
observed in addition to the 2D-electron features. This excitonic contribution strongly modifies the development
of photoluminescence signature into Landau-level fan.@S0163-1829~98!04832-2#
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I. INTRODUCTION

High-quality III-V semiconductor heterostructures a
well suited for the study of electrons and holes confined
one spatial direction under both equilibrium and nonequi
rium conditions.1–4 Because the conduction band, also
cluding a quasi-two-dimensional electron gas~2DEG!, is
relatively well understood, data that involve both electro
and holes in a heterostructure can be used to extract in
mation about the structural details of the valence band. Th
details play a decisive role when the optical and transp
phenomena in quantum wells are under investigation;
valence band is especially complex in strained systems s
as the modulation-doped lattice-mismatchedn-type
Al xGa12xAs/InyGa12yAs/GaAs heterosystem. The physic
picture is further complicated when the lattice misma
leads to partial relaxation of the InyGa12yAs through dislo-
cation generation. Depending on composition and the qu
tum well width, edge- and/or surface-propagating misfit d
locations may be generated. For both types of dislocatio
the maximum thickness of the strained InyGa12yAs on the
unstrained GaAs without generating dislocations is refer
to as the critical layer thickness~CLT!.5–7 Two distinct types
PRB 580163-1829/98/58~8!/4733~7!/$15.00
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of photoluminescence~PL! behavior are observed:~i! a
strong, single, and narrow excitonic emission from a hom
geneously strained~not relaxed! InyGa12yAs QW below
CLT and ~ii ! a broad emission attributed to impurities an
interface states can develop above or near CLT.

We have recently observed a characteristically differ
PL in n-type AlxGa12xAs/InyGa12yAs/GaAs heterostruc-
tures (x50.2, y50.1) with width just below CLT.8 For
structures with a InyGa12yAs QW width d520 nm—only
slightly narrower than the expected CLT of 25 nm f
y50.1—the excitonic PL was dominant with a clearly pr
nounced shoulder, presumably due to the 2D electr
acceptor bound hole recombination. When the QW thickn
is reduced to 12 nm, however, the PL feature transforms
broad intersubband emission.

Typically this type of emission is attributed to the recom
bination of high-density electrons throughout the Fermi s
with the low-density holes, which are assumed to be eit
sufficiently localized or can be scattered during the recom
nation. This latter assumption is necessary to break the
mentumk conservation expected for the direct band-to-ba
transitions. Various mechanisms could be responsible for
breakdown of this selection rule, but hole localization caus
4733 © 1998 The American Physical Society
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4734 PRB 58G. G. TARASOVet al.
by alloy fluctuations and/or interface defects probably pla
the most important role. Experimentally one observes an
hancement of the Fermi edge singularity~FES!,9–12 which
strongly modifies the emission line shape due to nonvert
transitions between the 2D electrons at the Fermi energy
thermalized holes. The hole localization favors this proce
A possible mechanism could be that the holes are bo
electrostatically and then their delocalization is expected
a high-density electron gas due to screening. Experiment
however, data that describe how the screening influences
interaction between excitons and longitudinal optic
phonons indicate that the hole localization exists even
lattice-matched InxGa12xAs-InP QW,13 favoring a nonelec-
trostatic explanation for the hole localization.

Recent magneto-PL experiments14 for
Al xGa12xAs/InyGa12yAs/GaAs modulation-doped singl
QW’s with high sheet electron density (Ns52.131012

cm22) revealed a strong enhancement of PL intensity os
lations at the Fermi energy~associated with even filling fac
tor!. The reason for these oscillations is still unclear and
assumed to be a Landau-level-exciton coupling and/or
changes in the Hartree self-consistent potential. Never
less, the peaks in magnetoluminescence are attribute
inter-Landau-level (N) transitions withDNÞ0. The viola-
tion of the selection rule (DN50) is attributed to the alloy
disorder potential or impurities; on the other hand, no ve
fication of hole localization was found. Thus, the hole loc
ization is of utmost importance for the understandi
of PL behavior in quasi-two-dimensional structures a
deserves a thorough investigation. In the present work,
present evidence for such localization based on a magne
minescence study in pseudomorphic modulation-do
Al xGa12xAs/InyGa12yAs/GaAs heterostructures. Our resu
center on the optical detection of quantum oscillations via
in magnetic field as described in Ref. 15. The localizat
energy is determined for specific heterostructures and fo
to be substantially dependent on the growth conditions.

II. EXPERIMENTAL DETAILS

The samples used in this investigation are pseudomor
InyGa12yAs modulation-doped quantum wells grown o
semi-insulating,~100!-oriented GaAs substrates in a Rib
32-P gas-source MBE~GSMBE! system. The typical epitax
ial layer sequence consists of a GaAs buffer layer, an
doped InyGa12yAs strained QW ~2DEG channel!, an
Al xGa12xAs undoped spacer, an AlxGa12xAs heavily Si-
doped supplier layer, and a Si-doped GaAs cap layer.
range of AlxGa12xAs and InyGa12yAs layer compositions
spreads into 0.15<x<0.20 and 0.08<y<0.17, respectively.
Double-crystal x-ray diffraction and simulation of the doub
x-ray rocking curve were used to verify the samples’ str
tural parameters. The measurements were carried out us
Bede Q1B x-ray diffractometer using the symmetric~004!
reflex. The typical x-ray diffraction curve shown in Fig. 1
also indicative of the high quality of the structures und
consideration. The structural parameters of the samples
termined from this study are listed in Table I together w
the electron densitiesNs and the dc mobilitymdc of the 2D
electrons, obtained from the low-field Hall measureme
down to 4.2 K. The PL was excited by the 514.5-nm line
s
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a cw Ar1 laser and the excitation densities were in the ran
of 50 mW/cm2 to 20 W/cm2. The PL signal was disperse
through a 3/4-m Czerny-Turner scanning spectrometer, w
a spectral resolution better than 0.1 meV, and detected u
phase-sensitive detection with a thermoelectrically coo
photomultiplier tube@containing a GaAs~Cs! photocathode#
or a LN2 cooled high-purity Ge detector. The samples we
mounted in an Oxford Spectromag 4000 system, which
lows measurements in magnetic fields up to 7 T and at tem-
peratures from 1.7 to 300 K.

III. RESULTS AND DISCUSSION

In what follows we focus on the optical properties
n-type pseudomorphic modulation-doped QW heterostr
tures similar to those used in high-electron-mobility trans
tors ~PHEMT!. The emission is dominated by a broad ban
predominantly resulting from the recombination of 2D ele
trons with heavy holes. For the In content and the Q

FIG. 1. The x-ray rocking curve for the
Al xGa12xAs/InyGa12yAs/GaAs(x50.2, y50.1) PHEMT structure
~upper curve! and the result of simulation~lower curve!.

TABLE I. Structural and electronic parameters of the tw
samples studied.

Samples 1 2

GaAs:Si d(nm) 5 5
~cap layer! ND(1018cm23) 2.5 2.5

Al xGa12xAs:Si d(nm) 35 35
~supplier layer! x 0.20 0.20

ND(1018cm23) 2.0 2.0

Al xGa12xAs d(nm) 8 7.5
~spacer layer! x 0.20 0.20

InyGa12yAs D(nm) 12 15
~quantum well! y 0.10 0.10

GaAs d(nm) 200 500
~buffer layer!

Hall data~at 12 K!:
Ns(1011cm22) 6.3 2.5

mdc@103cm2/(V s)# 40 3
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widths used in this study (0.1&y&0.15 andd;10215nm)
the strain relaxation caused by the dislocation generatio
essentially absent5 and therefore the confined heavy hol
( j z563/2) are the only holes that will be taken into cons
eration in the analysis of our data. Figure 2 shows the lo
temperature PL spectrum for sample 1. The overall width
the PL feature without magnetic field atT54.2 K is about
33 meV when measured from the low-energy side of
luminescence to the Fermi energy. The Fermi energy is
rived from the sheet densityNs of the 2DEG, using the re
lation (EF2Ee1)5ph2Ns /me* for cases with only one oc
cupied subband. Taking the measuredNs for sample 1 equa
to Ns56.331011 cm22 ~see Table I! and the electron effec
tive mass in a strained-layer InyGa12yAs QW with y'0.1
equal to 0.068 the Fermi energy is found to be 23 meV ab
the lowest electron subband. The PL signature width exce
this value by approximately 10 meV. The PL feature de
onstrates clearly the short-wavelength cutoff, indicating
position of the Fermi edge. The line shape observed is t
cal for a QW with comparatively low disorder and a hig
density of free carriers. In this case the electron-hole rec
bination is completely allowed only for vertical transition
close tok50. Being increasingly more strongly forbidde
due to the requirements of wave-vector conservation, the
lowed transitions decrease in intensity towardkF'23106

cm21, the situation clearly seen in Fig. 2. The presence
hole localization in real space introduces the larger Fou
components of the order ofkF into a hole wave function,
resulting in an increase of recombination atkF ; this is not
the case shown in Fig. 2. Thus the PL feature shape he
consistent with weak hole localization and/or comparativ
low disorder.

The analysis has been performed in more detail in te
of a theory developed by Lyo and Jones for the PL line sh
in modulation-doped QW structures.16 In the low-
temperature limit and for low-intensity cw excitation, th
line shape is described by the functionSi j ,

Si j ~«!}E
0

v

f ~t2mv j ! f ~«2t2mci!K~vt!dt. ~1!

Here« is the photon energy minus the effective band gapf
is the Fermi distribution function,mv j and mci denote the

FIG. 2. PL spectrum for sample 1 without magnetic field atT
56 K. The dashed line is a fit using Eq.~1!.
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chemical potentials forj th valence andi th conductivity
bands, respectively. The LorentzianK represents the pro
cesses including direct transitions allowed ink space and
indirect transitions assisted by impurities. The total linewid
arises here from the collision-induced broadening of the c
rier levels, Fermi-level effects due to impurity-assisted p
cesses, and temperature effects through the thermal dist
tion of the minority carriers. Following the procedur
described in Ref. 16, we have found that the PL feature
be very well fit with the energy gapEg51.40 eV. The domi-
nant influence on the PL shape arises from the recombina
of the thermalized low-energy holes and electrons with
same wave vectors. But atT54 K this contribution alone
would result in luminescence, which rises very steeply ab
the band-gap threshold and peaks at lower energies
what is experimentally measured. When the impuri
assisted processes are included, they broaden and shif
spectral profile to the high-energy side due to subtraction
the intensity from the low-energy side and adding it to t
high-energy region. Without further analysis, indirect pr
cesses shift the spectral distribution maximum too far to
high-energy side~by 12 meV! with respect toEg . By cor-
rectly including the spacer-layer thicknessd of the structure,
however, an accurate fit of the experimental data is poss
The results of the fit as described above are shown in Fi
by a dashed line. The low-energy tail of the PL feature
approximated by the Urbach form. Thus, the PL profile
reasonably explained in terms of ionized-impurity scatter
of the majority and minority carriers.16 The electron-hole
recombination is shown to be accompanied by impurity a
disorder-assisted processes, which result in broadening
shifting of the PL line. In order to focus on hole-relate
perturbations, we augment the study with magnetolumin
cence.

The magnetic field dependence of the PL is depicted
Fig. 3. In a magnetic fieldB, the spectrum breaks up into
series of equally spaced Landau levels~LL !; the spacing cor-
responds exactly to the electron cyclotron energyeB/me* c.
These data indicate that the 2DEG states are not significa
perturbed by disorder or localizing defects because they
very well described by a simply theory of Landau quantiz
tion. Extrapolation of the curves toB50 as in Fig. 3~b!
allows a precise determination of the band gap ofEg
51.40160.001 eV. At the bottom of Fig. 3~b!, the LL even
filling factors (n5Nsh/eB) including spin are shown by ver
tical bars. No electron spin splitting is observed. Electro
hole emission is expected to arise primarily from the 0→0
transition and secondarily from indirect transitions 1→0, 2
→0, 3→0, etc., as assigned in Fig. 3~b!.

The low-temperature peak intensities do not follow
Boltzmann distribution, being determined to a very large e
tent by the off-diagonal matrix elements and resulting in
direct transitions.2 As the magnetic field is increased from
B53 T, the successive electron LL crosses theEF , so that
at B57 T only two LL’s have a significant population~fill-
ing factor n54). At this field, the separation betweenN
50 andN51 LL’s takes the value 11.8 meV, whereas t
corresponding PL features widths are 6.8 and 5.1 meV,
spectively. The widths of the electron LL’s cannot be d
duced directly from the widths of the observed PL pea
because the latter are determined basically by inhomo
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4736 PRB 58G. G. TARASOVet al.
neous processes such as the QW width and alloy fluc
tions. The PL component widths (G) are found to be as
follows: for N50, G56.4 meV; for N51, G54.9 meV;
and for N52, G53.8 meV; consistent with broadening b
long-range potential fluctuations of the order of the cyclotr
radius evaluated to be 97 Å atB57 T.

In order to investigate the relative contribution produc
by the hole localization, we compare SdH and PL measu
ments of the same samples. The magneto-optical studie
based on optical detection of quantum oscillations~ODQO!
in a continuously varied~swept! magnetic field. Similar os-
cillatory behavior of the PL intensity at the Fermi energy h
been widely used in investigations of the 2D conductio
band behavior.17–19 The behavior is associated with the i
teraction between the optically excited hole and the elec
of the 2DEG at the Fermi energy. The Fermi level of
2DEG system is pinned at the highest occupied LL in m
netic field. When the field is swept up, the density of sta
per LL increases. Since the electron concentration rem
essentially constant, the LL’s become depopulated as
magnetic field increases. Each time a LL is totally empti
the Fermi level moves to the next successively lower L
This description pertains to the even filling factorn. If, on
the other hand, the observation energy~the monitor position
Em) is kept fixed~similarly to the PL excitation spectra mea
surement! and the magnetic field scanned, the PL intensity
expected to become enhanced whenever the selected e

FIG. 3. PL spectrum transformation for sample 1 in magne
fields: ~a! Magnetic field assisted transformation of PL signatu
~b! Landau level fan plot.P1 corresponds to the 0→0 transitions,
P2 to 1→0, P3 to 2→0, andP4 to 3→0, respectively. The filling
factors are shown by vertical bars.
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position coincides with the LL energy. In this case, it
possible to independently study the filling of different qua
tum subbands by monitoring the corresponding PL tran
tions. This new technique was successfully applied to
study of the Si-modulation-doped InP/InyGa12yAs/InP QW
and InP/InyGa12yAs heterostructures.15 Following the tech-
nique described in Ref. 15, we have used this sensi
method of optical detection of quantum oscillations comp
mentary to SdH and magneto-luminescence inn-type
Al xGa12xAs/InyGa12yAs/GaAs PHEMT structures in orde
to explore the valence band.

The 2D electron-hole recombination in a magnetic fie
results in emission at

Em5Eg1S N1
1

2D eB

me*
5Eg1S N1

1

2D\vc . ~2!

HereEg is the energy separation between the lowest elec
and hole subbands.

The PL intensity oscillates with respect to the inver
magnetic field with period

DS 1

BD
ODQO

5S me* ~Em2Eg!

\e D 21

. ~3!

Equations~2! and~3!, following Ref. 15, are used for deter
mination ofEg and sheet densityNs . Figure 4~a! shows the

c
.

FIG. 4. ODQO data obtained at different energies within the
spectrum from sample 1:~a! Monitor positions within the PL spec
trum. ~b! The PL intensity minus a constant offset shows the ODQ
patterns for selected monitor positions. SdH data are also plotte
comparison.
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PL spectrum of sample 1 atT56 K and two monitor ener-
gies within theEg andEg1EF spacing scanned by magnet
field. Quantum oscillation patterns are shown in Fig. 4~b! for
luminescence at the two monitored energies. The oscillat
are clearly observed at comparatively low magnetic fie
~down to 1.5 T!, whereas the LL splitting is detectable
magnetic fields as small as 3 T~see Fig. 3!. Oscillations
weaker than those depicted in Fig. 4~b! were resolved by
measuringdIPL /dB; by measuring the derivative, the in
verse period can be extracted even with weak oscillatio
When the PL is monitored nearEF , the shape of ODQO is
remarkably similar to that of the SdH oscillations@Fig. 4~b!#
measured in the same samples. The total concentration o
electrons was derived from the relation

Ns5
2e

\ FDS 1

BD G
ODQO

21

~4!

due to coincidence of the ODQO period and the period
SdH oscillations: D(1/B)ODQO5D(1/B)SdH. From these
data,Ns was calculated to beNs56.5131011cm22. The in-
verse ODQO period is a linear function of the monitor po
tion Em @see Eq.~3!#. Figure 5~a! depicts the experimenta
dependenceD21 ~points! on Em . Two sets of data can easil
be distinguished. The lower one is well approximated by
straight line, which crosses the energy axis atEm5Eg

FIG. 5. ~a! The dependence of the inverse ODQO period on
monitor position within the PL feature, as extracted fromdIPL /dB;
the data are also resolved in the raw data as plotted in Fig. 4~b!. ~b!
Nonequilibrium 2DEG density in sample 1 vs the excitation de
sity. The point on the vertical axis was derived from SdH measu
ments.
ns
s

s.

2D

f

-

e

51.40160.001 eV, thereby coinciding exactly with theEg

value determined above. The upper set of data points
falls onto a single straight line, which crosses the absciss
Em , shifted by approximately 10 meV with respect toEg .
We believe that such behavior of ODQO reflects the ex
tence of localized hole states within the energy gap. T
localization energy can under this assumption be deri
from Fig. 5~a! and equalsDEloc510 meV.

A given energy selects two states within the energy ba
for which the emission of light quanta are possible. If th
energy is fixed to a filled LL of 2D electrons whose ener
shifts with magnetic field, the measured luminescence pe
each time the successive energy states of the valence
are approached. Some of them are located near the top o
valence band and describe the holes with small localiza
energy and are most strongly scattered by large inhomo
neities and potential fluctuations. These holes primarily
termine the energy gap and are responsible for the lower
of data plotted in Fig. 5~a!. The other holes are trapped at
deeper energy. This characteristic depth is determined
alloy fluctuations and has the value about of 10 meV in
structure described here. Both of the states described a
are allowed to be populated at low temperature.

For energies within the intervalEg,E,Eg1EF2Eloc ,
we observe two ODQO periods because the localized h
state can be reached when the selected LL is still filled.
larger energiesE.Eg1EF2Eloc , however, there is only
one ODQO period due to fact that the LL is empty when t
localized hole state is approaching. This behavior is clea
seen in Fig. 5~a!. The second period is not detectable starti
from Eg51.435 meV. A more complicated situation shou
be expected in the close vicinity ofEg and below it, when
the Urbach tail is involved. In this case, we observe
ODQO strongly broadened and an additional period seem
arise. The nature of this state detected by means of ODQ
not yet clear.

Our data are in general agreement with the results of s
eral other optical investigations of InyGa12yAs QW’s both in
strained and in lattice-matched structures. Skolnicket al.13

for example deduced the hole localization in dop
InyGa12yAs-InP QW’s from Stokes shift of 1263 meV,
comparing the PL and photoconductivity data. Similar
sults were also obtained for undoped QW’s.20 Calculations
have shown that the likely hole-binding potential persists
high Ns . The 2D electron gas was shown to give po
screening at the length scale of hole-binding poten
(,80Å). The hole localization in Ref. 13 is assumed to ar
either from well width fluctuations or from the microscop
fluctuation in alloy composition. Evidence for alloy fluctua
tions ~so-called ‘‘spinodal decomposition’’! on the 10-20-nm
scale has been found in thick layers of InyGa12yAs.21 A
further support for the idea of alloy fluctuations being r
sponsible for the hole localization is due to Anderssonet al.5

where it was shown that high-quality strained single a
multiple QW structures can be grown only provided t
thickness of the strained layers is kept small enough~less
than CLT! to avoid misfit dislocation generation. This CL
was found to be approximately inversely proportional to
content. Even in these high-quality structures, howeve
low-energy tail of PL was related to the emission of excit
bound to impurity centers in the QW or localized at potent

e

-
-



n
th

en
id
c
h
le

th

r
c-

o
b

a

ol

na

e
d
is

y
o

y
e

he
to

th
ty
.

ive
hi

en
o
n

y
n.
c
lo
n
s

pr
Q
ca

t
n

-
ing
y

ita-
the
re-

ur
t
n-
of

V
gly
l
t
t-

as
6
ec-
he
hat
ere

e

e
ich
ws

tic
he

4738 PRB 58G. G. TARASOVet al.
minima due to inhomogeneities in the In concentratio
Studying the localization effects, energy relaxation, and
electron and hole dispersion in selectively dopedn-type
Al xGa12xAs/InyGa12yAs/GaAs quantum wells6 it was con-
cluded that at low temperatures and at low excitation int
sities, the thermal distribution of holes does not prov
enough free holes with sufficient momentum to allow dire
transitions of the Fermi electrons. In order to provide t
large emission recombination of Fermi electrons, the ho
have to be localized due to spatial fluctuations of
valence-band edge, which is of the order ofkF

21 . The results
cited above provide further support to our hypothesis rega
ing the interpretation of ODQO study in the HEMT stru
tures in terms of hole localization.

An important question is to what extent the two sorts
localized holes observed by means of ODQO can also
observed in the data of Fig. 2 and/or in the plot of PL pe
positions versus magnetic field in Fig. 3~b!. The description
of the PL line shape~of Fig. 2! without magnetic field does
not take into consideration a more strongly localized h
state as is observed in the ODQO data of Fig. 5~a!, but fits
the luminescence data quite well. A more careful exami
tion of Fig. 2, however, reveals that in the vicinity ofEF , the
fit is not especially good. Although fairly weak, an enhanc
PL signal nearEF is clearly evident, similar to data reporte
in similar systems.16,22,23The same majority of hole states
responsible for the nominally forbiddenNe2Nh51,2,3
(Ne andNh label LL for the electron and hole, respectivel!
transitions seen in Fig. 3. Being determined by the weak h
perturbation the Landau level fan plot@Fig. 3~b!# converges
to a single point,Eg . A LL series related to the strongl
localized hole cannot be seen here because it is far too w
as in theB50 T case.

The ODQO technique, on the other hand, offers a hig
sensitivity in comparison with a conventional magne
optical spectroscopy and allows detection and extraction
the low-density excitations even when they are hidden in
other signal. Figure 4~b! depicts the measured PL intensi
(I PL) ~minus a constant offset! versus inverse magnetic field
Even more sensitivity is obtained when the derivat
dIPL /dB is detected experimentally and analyzed. In t
case, the small variations ofI PL are transformed into large
changes of derivative and the period can be measured ev
weak signals.15 The oscillation frequencies of these sets
data are determined using the derivative of the luminesce
data and plotted in Fig. 5~a!. @The points obtained from the
data presented in Fig. 4~b! can also be extracted directl
from the raw data without the necessity of differentiatio#
As one clearly sees, two types of hole localization are ac
rately measured by means of ODQO, while the strongly
calized holes of low density are observed only weakly a
indirectly in PL and in the magneto-optical investigation
There is, however, no contradiction between these two
sentations of the data, but only a realization that the OD
presentation is much more sensitive for extracting the lo
ized hole states.

Following Ref. 15, we also used the ODQO technique
distinguish between the equilibrium and nonequilibrium co
centration of the 2D carriers. Figure 5~b! shows the depen
dence of the 2DEG concentration on the light pump
(I pump). The equilibrium~dark! concentration is obtained b
.
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extrapolating the nonequilibrium concentration to an exc
tion density of zero. The point on the vertical axis shows
equilibrium 2DEG concentration derived from SdH measu
ments.

A similar set of experiments was carried out for o
sample 2. Following our previous results,8 one should expec
the narrowing of the PL feature with a large excitonic co
tribution. What we observe is a PL signature with width
about 15 meV. Using the sheet concentrationNs52.5
31011cm22, the Fermi energy is calculated to lie 9 me
above the subband. The profile of the PL peak is stron
distorted due to low-energy tail at low excitation leve
(,1W/cm2). When the intensity of the exciting ligh
reaches the value of 30 W/cm2, the profile becomes symme
ric. The behavior in sample 2 becomes more complicated
the magnetic field and temperature increase. Figure~a!
shows the transformation of the low-temperature PL sp
trum when the magnetic field is swept from 0 up to 7 T. T
high-energy side of the PL peak behaves similarly to t
observed for sample 1, where the spectral peculiarities w
determined by degenerate 2DEG. Figure 6~b! shows the LL
fan plot from the data of Fig. 6~a! and demonstrates th
presence of 0→0, 1→0, and 1→1 transitions, including
both quantum-number-allowed (DN50) as well as nomi-
nally forbidden (DN51) transitions. The presence of th
latter transitions is related to the residual disorder, wh
breaks the translational symmetry and thereby weakly allo

FIG. 6. ~a! PL spectra from sample 2 under various magne
fields. The strong modification of low-energy tail results from t
participation of exciton recombination.~b! Landau level fan plot for
sample 2.P1 corresponds to the 0→0 transition,P2 to the forbid-
den 1→0 transition, andP3 to the 1→1 transition.
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DNÞ0 transitions. The extrapolation toB50 T gives en-
ergy gapEg51.394 eV. The low-energy side of the PL r
veals an additional peak, which strongly overlaps with
inter-LL 0→0 transition. Being shifted in energy by ap
proximately 4 meV, it can be assigned to an exciton tran
tion, an assignment that is also consistent with our previ
data.8 The excitonic nature also explains the strong redis
bution of the magnitudes of magnetic-field-assisted PL f
tures. The relative magnitudes of the PL components are
dependent on temperature. The high-energy peak beco
strongly enhanced in comparison with the foregoing pe
from the side of lower energy at temperatureT*50 K. Un-
fortunately the ODQO shows only smeared peaks indica
an absence of preferable localization near the valence b

IV. CONCLUSIONS

A magnetoluminescence study was carried out in pseu
morphic modulation-doped AlxGa12xAs/InyGa12yAs/GaAs
quantum-well structures with the QW widths less the criti
J
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layer thickness and therefore without the generation of m
dislocations. The data show that the structure of PL spe
in magnetic fields is determined both by the 2DEG behav
and by the presence of localized holes. The conditions
hole localization have been explored by means of opt
detection of quantum oscillations via PL in a magnetic fie
Using this technique, the presence of localized hole sta
separated by 10 meV from the valence band, were cle
observed. This localization is assumed to be caused by a
fluctuations, probably in In content. An alternative explan
tion given by Hawrylak, Pulsford, and Ploog24 involves the
changes in the Hartree self-consistent potential, which co
also result in changes of the wave-function overlap. In t
latter case, the holes could be localized in the acceptor le
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