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The valence-band structure in, &a ,As/In,Ga, _,As/GaAs heterostructurex 0.2, y=0.1) is inves-
tigated using a magnetic method for probing the electronic structure in two-dimeng@haieterostructures
through the optical detection of quantum oscillatig@DQO). For structures with narrow }Ga, _,As quan-
tum wells W<15 nm), the quantum oscillations with the Fermi sea reveal two distinct period8inThis
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 wig8g InAs
quantum wells YW=15 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 f{&0163-182898)04832-3

[. INTRODUCTION of photoluminescencdPL) behavior are observedi) a
strong, single, and narrow excitonic emission from a homo-
High-quality IlI-V semiconductor heterostructures are geneously strainednot relaxed In,Ga_,As QW below
well suited for the study of electrons and holes confined inCLT and (ii) a broad emission attributed to impurities and
one spatial direction under both equilibrium and nonequilib-interface states can develop above or near CLT.
rium conditions:™ Because the conduction band, also in- We have recently observed a characteristically different
cluding a quasi-two-dimensional electron g&2DEG), is  PL in n-type ALGa ,As/In,Ga _,As/GaAs heterostruc-
relatively well understood, data that involve both electronstures &=0.2, y=0.1) with width just below CLT For
and holes in a heterostructure can be used to extract infostructures with a lyGa,_,As QW width d=20 nm—only
mation about the structural details of the valence band. Thesdightly narrower than the expected CLT of 25 nm for
details play a decisive role when the optical and transpory=0.1—the excitonic PL was dominant with a clearly pro-
phenomena in quantum wells are under investigation; th@ounced shoulder, presumably due to the 2D electron-
valence band is especially complex in strained systems sudxceptor bound hole recombination. When the QW thickness
as the modulation-doped lattice-mismatched-type is reduced to 12 nm, however, the PL feature transforms into
Al,Ga _,As/In,Ga _ As/GaAs heterosystem. The physical broad intersubband emission.
picture is further complicated when the lattice mismatch Typically this type of emission is attributed to the recom-
leads to partial relaxation of the /&3 _,As through dislo-  bination of high-density electrons throughout the Fermi sea
cation generation. Depending on composition and the quarwith the low-density holes, which are assumed to be either
tum well width, edge- and/or surface-propagating misfit dis-sufficiently localized or can be scattered during the recombi-
locations may be generated. For both types of dislocationgjation. This latter assumption is necessary to break the mo-
the maximum thickness of the strained®® _,As on the mentumk conservation expected for the direct band-to-band
unstrained GaAs without generating dislocations is referredransitions. Various mechanisms could be responsible for the
to as the critical layer thickne$€LT).>~’ Two distinct types  breakdown of this selection rule, but hole localization caused
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by alloy fluctuations and/or interface defects probably plays
the most important role. Experimentally one observes an en-
hancement of the Fermi edge singularifES,°* 12 which
strongly modifies the emission line shape due to nonvertical
transitions between the 2D electrons at the Fermi energy and
thermalized holes. The hole localization favors this process.
A possible mechanism could be that the holes are bound
electrostatically and then their delocalization is expected for
a high-density electron gas due to screening. Experimentally,
however, data that describe how the screening influences the
interaction between excitons and longitudinal optical
phonons indicate that the hole localization exists even in , ‘

Intensity (Log. scale)

lattice-matched IfGa, _,As-InP QW?2 favoring a nonelec- 2000 1000 0 1000
trostatic explanation for the hole localization. Angle (sec)
Recent magneto-PL experimelfts for

AlLGa _,As/In,Ga _,As/GaAs modulation-doped single  FIG. 1. The xvay rocking curve for the
QW's with high sheet electron densityN(=2.1x10"2  AlGa_xAs/InGa_ As/GaAsk=0.2, y=0.1) PHEMT structure
cm~2) revealed a strong enhancement of PL intensity oscil{UPPer curvéand the result of simulatioflower curve.

lations at the Fermi energiassociated with even filling fac- o N )

tor). The reason for these oscillations is still unclear and i2 €W Ar" laser and the excitation densities were in the range
assumed to be a Landau-level-exciton coupling and/or thef 50 mWicnf to 20 Wicnf. The PL signal was dispersed
changes in the Hartree self-consistent potential. Neverthdhrough a 3/4-m Czerny-Turner scanning spectrometer, with
|eSS, the peaks in magneto|uminescence are attributed %Spectral resolution better than 0.1 meV, and detected USing
inter-Landau-level I{) transitions withAN#0. The viola- Phase-sensitive detection with a thermoelectrically cooled
tion of the selection ruleAN=0) is attributed to the alloy Photomultiplier tube[containing a GaAKLs) photocathode
disorder potential or impurities; on the other hand, no veri-Or @ LN, cooled high-purity Ge detector. The samples were
fication of hole localization was found. Thus, the hole local-mounted in an Oxford Spectromag 4000 system, which al-
ization is of utmost importance for the understanding/ows measurements in magnetic fields op/tT and at tem-

of PL behavior in quasi-two-dimensional structures andPeratures from 1.7 to 300 K.

deserves a thorough investigation. In the present work, we

present evidence for such localization based on a magnetolu- Ill. RESULTS AND DISCUSSION

minescence study in pseudomorphic modulation-doped

Al,Ga _,As/In,Ga _ As/GaAs heterostructures. Our results In what follows we focus on the optical properties of
center on the optical detection of quantum oscillations via PLN-YP€ pseudomorphic modulation-doped QW heterostruc-

in magnetic field as described in Ref. 15. The localizationtures similar to those used in high-electron-mobility transis-
energy is determined for specific heterostructures and fountp's (PHEMT). The emission is dominated by a broad band,

to be substantially dependent on the growth conditions. predomi_nantly resulting from the recombination of 2D elec-
trons with heavy holes. For the In content and the QW

Il. EXPERIMENTAL DETAILS TABLE I. Structural and electronic parameters of the two

. .. L samples studied.
The samples used in this investigation are pseudomorphic

In,Ga _yAs modulation-doped quantum wells grown on gamples 1 2
semi-insulating,(100)-oriented GaAs substrates in a Riber -
32-P gas-source MBEGSMBE) system. The typical epitax- GaAs:Si d(nm) 5 5
ial layer sequence consists of a GaAs buffer layer, an uncap layey Np(10%cm3) 2.5 25
doped IgGa _,As strained QW (2DEG channe}l an AlGa,_,As:Si d(nm) 35 35
Al,Ga _,As undoped spacer, an &a_,As heavily Si- ;

. . supplier layer X 0.20 0.20
doped supplier layer, and a Si-doped GaAs cap layer. Thg N (1003 20 20
range of AlGa _,As and InGa _,As layer compositions p(107cm ™) ) :
spreads into 0.15x=<0.20 and 0.0&y=<0.17, respectively. A|.Ga_,As d(nm) 8 75
Double-crystal x-ray diffraction and simulation of the double (spacer layer X 0.20 0.20
x-ray rocking curve were used to verify the samples’ struc
tural parameters. The measurements were carried out using®Ga:-yAs D(nm) 12 15
Bede Q1B x-ray diffractometer using the symmeti@®4)  (quantum well y 0.10 0.10
refle>§. The t.yp|cal X-ray Q|ﬁract|qn curve shown in Fig. 1 is aAs d(nm) 200 500
also indicative of the high quality of the structures under buffer laye)
consideration. The structural parameters of the samples dé- y
termined from this study are listed in Table | together with Hall data(at 12 K):
the electron densitieN and the dc mobilityuy. of the 2D N¢(10Mcm™2) 6.3 2.5
electrons, obtained from the low-field Hall measurements pad 10%cn?/(V s)] 40 3

down to 4.2 K. The PL was excited by the 514.5-nm line of
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chemical potentials forjth valence andith conductivity
bands, respectively. The Lorentzidh represents the pro-
cesses including direct transitions allowed knspace and
indirect transitions assisted by impurities. The total linewidth
arises here from the collision-induced broadening of the car-
rier levels, Fermi-level effects due to impurity-assisted pro-
cesses, and temperature effects through the thermal distribu-
tion of the minority carriers. Following the procedure
described in Ref. 16, we have found that the PL feature can
be very well fit with the energy gali;=1.40 eV. The domi-
. nant influence on the PL shape arises from the recombination
t = of the thermalized low-energy holes and electrons with the
1.38 1.40 1.42 1.44 same wave vectors. But &=4 K this contribution alone
Photon energy (eV) would result in luminescence, which rises very steeply above
the band-gap threshold and peaks at lower energies than
what is experimentally measured. When the impurity-
assisted processes are included, they broaden and shift the
_ o spectral profile to the high-energy side due to subtraction of
widths used in this study (0y=0.15 andd~10—15nm)  the intensity from the low-energy side and adding it to the
the strain relaxation caused by the dislocation generation ifigh-energy region. Without further analysis, indirect pro-
essentially absehtand therefore the confined heavy holescesses shift the spectral distribution maximum too far to the
(j,=*3/2) are the only holes that will be taken into consid- high-energy sidgby 12 me\j with respect toE,. By cor-
eration in the analysis of our data. Figure 2 shows the lowrectly including the spacer-layer thicknesf the structure,
temperature PL spectrum for sample 1. The overall width ohowever, an accurate fit of the experimental data is possible.
the PL feature without magnetic field @t=4.2 K is about  The results of the fit as described above are shown in Fig. 2
33 meV when measured from the low-energy side of theby a dashed line. The low-energy tail of the PL feature is
luminescence to the Fermi energy. The Fermi energy is deapproximated by the Urbach form. Thus, the PL profile is
rived from the sheet densit); of the 2DEG, using the re- reasonably explained in terms of ionized-impurity scattering
lation (Eg—Eg;) = mh®Ng/m? for cases with only one oc- of the majority and minority carrier€. The electron-hole
cupied subband. Taking the measuhMedfor sample 1 equal recombination is shown to be accompanied by impurity and
to Ng=6.3x 10" cm™ 2 (see Table)land the electron effec- disorder-assisted processes, which result in broadening and
tive mass in a strained-layer /@a _,As QW with y=0.1  shifting of the PL line. In order to focus on hole-related
equal to 0.068 the Fermi energy is found to be 23 meV aboveerturbations, we augment the study with magnetolumines-
the lowest electron subband. The PL signature width exceedsence.
this value by approximately 10 meV. The PL feature dem- The magnetic field dependence of the PL is depicted in
onstrates clearly the short-wavelength cutoff, indicating theFig. 3. In a magnetic field, the spectrum breaks up into a
position of the Fermi edge. The line shape observed is typiseries of equally spaced Landau lev@lk); the spacing cor-
cal for a QW with comparatively low disorder and a high responds exactly to the electron cyclotron eneeg/m} c.
density of free carriers. In this case the electron-hole recomThese data indicate that the 2DEG states are not significantly
bination is completely allowed only for vertical transitions perturbed by disorder or localizing defects because they are
close tok=0. Being increasingly more strongly forbidden very well described by a simply theory of Landau guantiza-
due to the requirements of wave-vector conservation, the ation. Extrapolation of the curves tB=0 as in Fig. 8b)
lowed transitions decrease in intensity towdie=2x10°  allows a precise determination of the band gap
cm 1, the situation clearly seen in Fig. 2. The presence of=1.401+0.001 eV. At the bottom of Fig.®), the LL even
hole localization in real space introduces the larger Fouriefilling factors (v=Ngh/eB) including spin are shown by ver-
components of the order df: into a hole wave function, tical bars. No electron spin splitting is observed. Electron-
resulting in an increase of recombinationkat; this is not  hole emission is expected to arise primarily from the- 0
the case shown in Fig. 2. Thus the PL feature shape here teansition and secondarily from indirect transitions>0, 2
consistent with weak hole localization and/or comparatively—0, 3—0, etc., as assigned in Fig(l8.
low disorder. The low-temperature peak intensities do not follow a
The analysis has been performed in more detail in term8oltzmann distribution, being determined to a very large ex-
of a theory developed by Lyo and Jones for the PL line shapeent by the off-diagonal matrix elements and resulting in in-
in modulation-doped QW structuré®. In the low- direct transition. As the magnetic field is increased from
temperature limit and for low-intensity cw excitation, the B=3 T, the successive electron LL crosses Be so that
line shape is described by the functigp, atB=7 T only two LL's have a significant populatiafill-
ing factor v=4). At this field, the separation betwedh
=0 andN=1 LL’s takes the value 11.8 meV, whereas the
corresponding PL features widths are 6.8 and 5.1 meV, re-
spectively. The widths of the electron LL's cannot be de-
Heree is the photon energy minus the effective band dap, duced directly from the widths of the observed PL peaks
is the Fermi distribution functionsu,; and u¢; denote the because the latter are determined basically by inhomoge-

PL intensity

E,

FIG. 2. PL spectrum for sample 1 without magnetic fieldTat
=6 K. The dashed line is a fit using E€).

sij(:-:)ocf:f(r—u,,pf(s—r—ucoK(m)dr. D)
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FIG. 3. PL spectrum transformation for sample 1 in magnetic FIG. 4. ODQO data obtained at different energies within the PL
fields: (a) Magnetic field assisted transformation of PL signature.spectrum from sample 1a) Monitor positions within the PL spec-
(b) Landau level fan plotP; corresponds to the-80 transitions,  trum.(b) The PL intensity minus a constant offset shows the ODQO
P, to 1-0, P3to 2—0, andP, to 3—0, respectively. The filing  patterns for selected monitor positions. SdH data are also plotted for
factors are shown by vertical bars. comparison.

neous processes such as the QW width and alloy fluctugposition coincides with the LL energy. In this case, it is
tions. The PL component widthd'] are found to be as possible to independently study the filling of different quan-
follows: for N=0, '=6.4 meV; for N=1, '=4.9 meV; tum subbands by monitoring the corresponding PL transi-
and forN=2, '=3.8 meV; consistent with broadening by tions. This new technique was successfully applied to the
long-range potential fluctuations of the order of the cyclotronstudy of the Si-modulation-doped InP/Ba _,As/InP QW
radius evaluated to be 97 A Bt=7 T. and InP/IgGa | As heterostructure. Following the tech-

In order to investigate the relative contribution producednique described in Ref. 15, we have used this sensitive
by the hole localization, we compare SdH and PL measuremethod of optical detection of quantum oscillations compli-
ments of the same samples. The magneto-optical studies amentary to SdH and magneto-luminescence riftype
based on optical detection of quantum oscillatig@®Q0O)  Al,Ga _As/In,Ga _ As/GaAs PHEMT structures in order
in a continuously variedswep) magnetic field. Similar os- to explore the valence band.
cillatory behavior of the PL intensity at the Fermi energy has The 2D electron-hole recombination in a magnetic field
been widely used in investigations of the 2D conduction-results in emission at
band behaviot’~'° The behavior is associated with the in-
teraction between the optically excited hole and the electron
of the 2DEG at the Fermi energy. The Fermi level of a
2DEG system is pinned at the highest occupied LL in mag-
netic field. When the field is swept up, the density of statedereE, is the energy separation between the lowest electron
per LL increases. Since the electron concentration remainsnd hole subbands.
essentially constant, the LL's become depopulated as the The PL intensity oscillates with respect to the inverse
magnetic field increases. Each time a LL is totally emptiedmagnetic field with period
the Fermi level moves to the next successively lower LL.

This description pertains to the even filling facter If, on A( 1) _(mz(Em— Eg)) o
0oDQO

Em=Eq+

1\eB 1
N+§ F:Eg—’_ N+E ﬁwc. (2)
e

()

the other hand, the observation eneftiye monitor position B he
E.) is kept fixed(similarly to the PL excitation spectra mea-

surementand the magnetic field scanned, the PL intensity isEquations(2) and(3), following Ref. 15, are used for deter-
expected to become enhanced whenever the selected enemjination of E; and sheet densiti. Figure 4a) shows the
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R =1.401*+0.001 eV, thereby coinciding exactly with tHg,
= i“‘f‘g'}‘(’l . value determined above. The upper set of data points also
20T - ,’ falls onto a single straight line, which crosses the abscissa at
i - . Em, shifted by approximately 10 meV with respectig.
g ',-' ,.’ We believe that such behavior of ODQO reflects the exis-
2 i £ tence of localized hole states within the energy gap. The
E 10 + ." .," localization energy can under this assumption be derived
) () from Fig. 5a) and equal\E =10 meV.
8 .:' A given energy selects two states within the energy bands
© - for which the emission of light quanta are possible. If this

0 b f f

1.38 1.40 1.42 1.4

PL Detection Energy (eV)

energy is fixed to a filled LL of 2D electrons whose energy

shifts with magnetic field, the measured luminescence peaks
each time the successive energy states of the valence band
are approached. Some of them are located near the top of the

8T valence band and describe the holes with small localization
'r’E‘ i - . energy and are most strongly scattered by large inhomoge-
Zast® neities and potential fluctuations. These holes primarily de-
S i termine the energy gap and are responsible for the lower set
2 i of data plotted in Fig. &). The other holes are trapped at a
= deeper energy. This characteristic depth is determined by
£ alloy fluctuations and has the value about of 10 meV in the
p= 654 structure described here. Both of the states described above
£ pomsan (b are allowed to be populated at low temperature.
= - For energies within the intervaty<E<Eg+Eg—Ey,

6 R e we observe two ODQO periods because the localized hole

0 10 20 30 40 50

Excitation Density (W c¢m2)

state can be reached when the selected LL is still filled. For
larger energie€>E +Er—E|,c, however, there is only

_ . one ODQO period due to fact that the LL is empty when the

FIG. 5. (@) The dependence of the inverse ODQO period on thecglized hole state is approaching. This behavior is clearly
monitor position within the _PL feature, as extracted fr_dmL_/d B; seen in Fig. &). The second period is not detectable starting
the data are also resolved in the raw data as plotted in Hig. ) from E,=1.435 meV. A more complicated situation should
Nonequilibrium 2DEG density in sample 1 vs the excitation den- L i s .
sity. The point on the vertical axis was derived from SdH measure-:_:)h(:"e eéfsgéid tgl tihse irﬁl\?(;\e/e\(ljlmlnr:tx[hﬁg (?ar\]sde b?/\llce)woll;,s;vrtllgnthe
ments. ODQO strongly broadened and an additional period seems to
arise. The nature of this state detected by means of ODQO is
not yet clear.

Our data are in general agreement with the results of sev-

PL spectrum of sample 1 8t=6 K and two monitor ener-
gies within theEy andE4+ E¢ spacing scanned by magnetic
field. Quantum oscillation patterns are shown in Fign4or ./ iher optical investigations of B3, _,As QW's both in
luminescence at the two monitored energies. The oscillationssined and in lattice-matched structuyres. Skolretkal 13
are clearly observed at comparatively low magnetic fieldsfOr example deduced the hole localization in doped
(down to 1.5 T, whereas the LL splitting is detectable in In,Ga_ ,As-InP QW's from Stokes shift of 123 meV

y oA -y '

magl?etichfieldi as Zma]l az S(EgebFig. 3 OsciIIIatié)nbs comparing the PL and photoconductivity data. Similar re-
weaker than those depicted in Figlj were resolved by 15" \vere also obtained for undoped QW<Calculations

measuringdlp /dB; by measuring the derivative, the in- paye shown that the likely hole-binding potential persists at
verse period can be extracted even with weak oscﬂlauonshigh N.. The 2D electron gas was shown to give poor
s

When the PL is monitored ned, the shape of ODQO i grreening at the length scale of hole-binding potential

remarkably similar to that of the SdH oscillatiofsig. 4(_b)] <80A). The hole localization in Ref. 13 is assumed to arise
measured in the same samples. The total concentration of 2R o trom well width fluctuations or from the microscopic

electrons was derived from the relation fluctuation in alloy composition. Evidence for alloy fluctua-

1 tions (so-called “spinodal decomposition’dn the 10-20-nm
N _2¢ A<£> (4  scale has been found in thick layers of @g_,As.”t A
S h B 0DQO further support for the idea of alloy fluctuations being re-

sponsible for the hole localization is due to Anderssoal>®
due to coincidence of the ODQO period and the period olwhere it was shown that high-quality strained single and
SdH oscillations: A(1/B)opgo=A(1/B)sgn. From these multiple QW structures can be grown only provided the
data,Ng was calculated to bbl;=6.51x 10*'cm 2. The in-  thickness of the strained layers is kept small eno(ghs
verse ODQO period is a linear function of the monitor posi-than CLT) to avoid misfit dislocation generation. This CLT
tion E,, [see Eq.(3)]. Figure %a) depicts the experimental was found to be approximately inversely proportional to In
dependenca ~* (points on E,,. Two sets of data can easily content. Even in these high-quality structures, however, a
be distinguished. The lower one is well approximated by thdow-energy tail of PL was related to the emission of exciton
straight line, which crosses the energy axis BBt=E,  bound to impurity centers in the QW or localized at potential
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minima due to inhomogeneities in the In concentration.
Studying the localization effects, energy relaxation, and the
electron and hole dispersion in selectively dopedype
AlL,Ga _(As/In,Ga _yAs/GaAs quantum welfsit was con-
cluded that at low temperatures and at low excitation inten-
sities, the thermal distribution of holes does not provide
enough free holes with sufficient momentum to allow direct
transitions of the Fermi electrons. In order to provide the
large emission recombination of Fermi electrons, the holes
have to be localized due to spatial fluctuations of the
valence-band edge, which is of the ordekgf . The results
cited above provide further support to our hypothesis regard-
ing the interpretation of ODQO study in the HEMT struc-
tures in terms of hole localization.

An important question is to what extent the two sorts of
localized holes observed by means of ODQO can also be
observed in the data of Fig. 2 and/or in the plot of PL peak
positions versus magnetic field in Figtb3. The description
of the PL line shapéof Fig. 2) without magnetic field does
not take into consideration a more strongly localized hole
state as is observed in the ODQO data of Fi@),5out fits
the luminescence data quite well. A more careful examina-

G. G. TARASOVet al.
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tion of Fig. 2, however, reveals that in the vicinityBf , the

fit is not especially good. Although fairly weak, an enhanced
PL signal neaEg is clearly evident, similar to data reported
in similar systems®222The same majority of hole states is
responsible for the nominally forbiddeM.—N,=1,2,3
(Ne andNy, label LL for the electron and hole, respectively

transitions seen in Fig. 3. Being determined by the weak hole k|G, 6. (a) PL spectra from sample 2 under various magnetic
perturbation the Landau level fan pldtig. 3(b)] converges fields. The strong modification of low-energy tail results from the
to a single pointE,. A LL series related to the strongly participation of exciton recombinatiotb) Landau level fan plot for
localized hole cannot be seen here because it is far too weakample 2.P; corresponds to the-80 transition,P, to the forbid-
as in theB=0 T case. den 1—0 transition, andP; to the 1—1 transition.

The ODQO technique, on the other hand, offers a higher
sensitivity in comparison with a conventional magneto-extrapolating the nonequilibrium concentration to an excita-
optical spectroscopy and allows detection and extraction ofion density of zero. The point on the vertical axis shows the
the low-density excitations even when they are hidden in thequilibrium 2DEG concentration derived from SdH measure-
other signal. Figure ) depicts the measured PL intensity ments.
(Is) (minus a constant offsgversus inverse magnetic field. A similar set of experiments was carried out for our
Even more sensitivity is obtained when the derivativesample 2. Following our previous resuftene should expect
dlp /dB is detected experimentally and analyzed. In thisthe narrowing of the PL feature with a large excitonic con-
case, the small variations of, are transformed into large tribution. What we observe is a PL signature with width of
changes of derivative and the period can be measured evenapout 15 meV. Using the sheet concentratibh=2.5
weak signal$® The oscillation frequencies of these sets of X 10''cm™2, the Fermi energy is calculated to lie 9 meV
data are determined using the derivative of the luminescencgbove the subband. The profile of the PL peak is strongly
data and plotted in Fig.(8). [The points obtained from the distorted due to low-energy tail at low excitation level
data presented in Fig.(# can also be extracted directly (<1W/cn?). When the intensity of the exciting light
from the raw data without the necessity of differentiafion. reaches the value of 30 W/énthe profile becomes symmet-
As one clearly sees, two types of hole localization are accuric. The behavior in sample 2 becomes more complicated as
rately measured by means of ODQO, while the strongly lothe magnetic field and temperature increase. Figus 6
calized holes of low density are observed only weakly andshows the transformation of the low-temperature PL spec-
indirectly in PL and in the magneto-optical investigations.trum when the magnetic field is swept from Oup to 7 T. The
There is, however, no contradiction between these two prehigh-energy side of the PL peak behaves similarly to that
sentations of the data, but only a realization that the ODQ®bserved for sample 1, where the spectral peculiarities were
presentation is much more sensitive for extracting the localdetermined by degenerate 2DEG. Figutb)&hows the LL
ized hole states. fan plot from the data of Fig. (8 and demonstrates the

Following Ref. 15, we also used the ODQO technique topresence of 6-0, 1—0, and -1 transitions, including
distinguish between the equilibrium and nonequilibrium con-both quantum-number-allowedAN=0) as well as nomi-
centration of the 2D carriers. Figurél shows the depen- nally forbidden AN=1) transitions. The presence of the
dence of the 2DEG concentration on the light pumpinglatter transitions is related to the residual disorder, which
(I'oump - The equilibrium(dark) concentration is obtained by breaks the translational symmetry and thereby weakly allows

1.39 —t—+—t+—+—
0 1 2 3 4 5 6 7
Magnetic field B (T)
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AN=#0 transitions. The extrapolation =0 T gives en- layer thickness and therefore without the generation of misfit
ergy gapE,=1.394 eV. The low-energy side of the PL re- dislocations. The data show that the structure of PL spectra
veals an additional peak, which strongly overlaps with thdn magnetic fields is determined both by the 2DEG behavior
inter-LL 0—0 transition. Being shifted in energy by ap- and by the presence of localized holes. The conditions for
proximately 4 meV, it can be assigned to an exciton transih©le localization have been explored by means of optical
tion, an assignment that is also consistent with our previoug€tection of quantum oscillations via PL in a magnetic field.
data® The excitonic nature also explains the strong redistri-USing this technique, the presence of localized hole states,
bution of the magnitudes of magnetic-field-assisted PL feaS€Parated by 10 meV from the valence band, were clearly
tures. The relative magnitudes of the PL components are als*Served. This localization is assumed to be caused by alloy
dependent on temperature. The high-energy peak becomggctuz_atlons, probably in In content. An alter_na'uve explana-
strongly enhanced in comparison with the foregoing pealion given by Hawrylak, Pulsford, and Plo%ﬁ‘gr_wolves the
from the side of lower energy at temperatie 50 K. Un- changes in the Hartree self-consistent potential, which could
fortunately the ODQO shows only smeared peaks indicatin Iso result in changes of the wave.—func.'uon overlap. In this
an absence of preferable localization near the valence banfitter case, the holes could be localized in the acceptor level.
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