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We report on the optical properties of 150-A-wigeype modulation-doped quantum well®@W’s) with
hole concentrations in the range of 8.70'2-3.1x 10'2 cm™2 under high applied magnetic fields up to 14 T.
The magnetoexciton is clearly observed in undoped QW's, but is affected by the band mixing effect and finally
qguenched in the highly doped samples. The survival of the exciton up to a carrier concentration of 0.7
%X 10* cm™? is confirmed. The free carrier Landau level model including the valence-band mixing effect and
the conduction-band nonparabolicity can nicely describe the electronic transitions in this doping regime.
Moreover, the band-gap renormalization is found to be insensitive to the magnetic field variation. As a
consequence, the values of interband transition energies together with the corresponding many-body shifts are
accurately evaluated. Finally, an anomalous absorption feature near the Fermi edge is found to arise upon the
application of high magnetic fields. This transition is proposed to be associated with a band-tail effect.

[. INTRODUCTION system in addition to that obtained from the 2DEG cases.
Recently, photoluminescence spectroscopy studies of the
The progress of epitaxial growth technology has opene@DHG have been extended into the high-density regime ei-
the possibility to grow very-high-quality low-dimensional ther in modulation-doped quantum well(MDQW) or in
structures, allowing, e.g., an electrtimle) gas system with  well-doped quantum we(WDQW) structure$~° In particu-
nearly perfect quasi-low-dimensional properties. This possitar, novel aspects of the many-body effects such as band-gap
bility has triggered numerous investigations on mainly quasrenormalization(BGR), exciton quenching, and recombina-
two-dimensional (2D) properties, which have resulted in tion at the Fermi edge have been investigated. Significant
many reports focused on various areas demonstrating the diflifferences from the 2DEG case were confirmed in these
ferent properties of a two-dimensional electron or hole gastudies. Moreover, the many-body calculations accounting
(2DEG or 2DHG. The properties of the 2D system are pri- for the valence-band mixing effect seem to agree quite well
marily governed by the density and type of carrier. For in-with the experimental results.
stance, in a system with diluted carriers, the exciton is Magneto-optical measurements are realized as a useful
known to form from a photoexcited electron-hole pair to mean to analyze low-dimensional systems. The perturbation
dominate the radiative recombination. As the 2DEG orfrom the magnetic field is responsible for the modification of
2DHG density increases to a certain level, the binding enthe optical spectra due to the efficient transformation of the
ergy and density of excitons are effectively reduced and th@D density of statgDOS) into a 0D DOS system, which
recombination is replaced by free carrier emission. Besideallows the optical transitions involving a specikiacector to
bleaching of the fundamental exciton, many-body interachbe virtually probed by varying the field strength. However,
tions referred to the exchange correlation and the collectiveuch conditions are not only expected to unfold the optical
effects play a major role in the evolution of the optical properties of the 2DEG or 2DHG in a magnetic field but also
spectrat—® At some circumstances, e.g., upon the localizatiorpotentially render a better understanding of the structure
of photogenerated carriers, the formation of excitons assoctharacteristics at zero field. Usually, the Landau level model
ated with the Fermi level, the so-called Fermi-edge singularusing a single effective mass per subband is employed to
ity (FES, can be simultaneously facilitatéd® For I11-V sys-  undertake the interband transition problem in the presence of
tems, such as the GaAs/AlGaAs system, it is well known that magnetic field due to its simplicity and acceptable synchro-
the valence-band structure is relatively complex and vennism to experiment¥?!In the case of wide heterostructures
different from the conduction-band structure due to the conand quantum wellsQW's), however, the model is no longer
stituent interaction between the light holdk) and heavy nicely applicable, since the non-negligible effect of the
holes(hh). The phenomena found in the 2DHG are consid-valence-band nonparabolicity gives rise to an unequal-
erably complicated, but in turn also more interesting from aenergy splitting of Landau levels. Hence the Landau level
physics point of view when compared to those of the 2DEGcalculation accounting for the coupling between subbands
The physical properties of the 2DHG have recently attractedmultiple-band Landau modebecomes essentit*3So far,
considerable attention due to the fact that they can provide #he information on the magneto-optical properties of the
more general understanding of fundamental physics of a 2RDHG system is limited to the moderate carrier density re-
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gime, where the observed optical transitions are still mixedand transmitted through a quarter-wave plate and detected by
up with a substantial contribution of excitoH§2” In this  a Spex 0.85-m double-grating monochromator implemented

work, we have proceeded with the photoluminescei®le  with a cooled-GaAs photomultiplier detector. The unpolar-
spectroscopic investigations of the high-density 2DHG inized and circularly polarized luminescence signals were ana-
wide-MDQW structures in the presence of high applied magiyzed separately using the lock-in technique and the photon
netic fields. The validity of the multiple-band Landau level counting technique, respectively. For every studied sample,
model is tested and discussed for this high-doping regime. the PL spectra were measured with an excitation photon en-

ergy of 1.6301 eV, while PLE spectra were measured with

II. SAMPLES AND EXPERIMENTAL SETUP the detection energy at the low-energy tail of the main emis-

i . sion peak.
The samples used in our study are symmetric MDQW's

grown by molecular-beam epitaxy. On top of a semi-

insulating GaAs substrate and a GaAs buffer layer, 50 peri-

ods of 150-A-wide undoped GaAs wells were sandwiched |n this section, the optical transition energies of a 150-A-

between 150-A-thick AJsGa -As barriers, and the structure wide MDQW in the presence of a magnetic field are deter-

was completed with a GaAs capping layer. In the center ofnined. The envelope-function formalism is employed

each AlGa,_,As barrier, a 50-A-thick Be-doped layer was throughout the calculations. With this approach, the motion

grown. A series of samples was prepared with varying acof the hole in the structure is described by employing the

ceptor concentration, together with an undoped referencgur-band Luttinger Hamiltonialt'® The approach is rea-

sample. The hole sheet densities, as derived from Hall-effegionably accurate, since the split-off bands are several hun-

measurements, are presented in Table I. dred meV below the hh and Ih bands for GaAs so that the
The low-temperature PL and PL excitatioRLE) mea-  perturbation effects from the split-off band can be neglected.

surements were carried out in an Oxford cryostat equippedinder the presence of a magnetic field directed along the

with a 16-T solenoid-type superconducting magnet. The QWyrowth axis of the QW, the carriers possess circular motion

structure mounted with the sample plad®0 oriented per- in the plane of the QW. A suitable form of the Hamiltonian

pendicularly to the magnetic field was cooled by liquid he-is obtained by replacing the in-plane wave vectkys by

lium pumped below thex point, so the sample temperature k, ,+eA/%, where the vector potential corresponding to the

could be maintained below 1.8 K during the measurements.andau gaugeA=(—yB,0,0), is chosen. With the introduc-

The magnetic-field-dependent measurements were arrangéign of the lowering and raising operator

in the Faraday configuration. A tunable titanium-doped sap-

phire solid-state laser pumped by an*Aion laser was used 3 _ h _

as an excitation light source. The laser beam was modulated a= ﬁ(kx_lky) and a'= ﬁ(kx_l'lky)

using either a chopper or a photoelastic modulator prior to (1)

perpendicular focusing onto the sample. The integrated in-

tensity of the excitation on the sample was kept belowtogether with the commutation relatipa,a’]=1, the effec-

5 Wi/cn?. The emitted light from the samples was collectedtive Hamiltonian in an arbitrary magnetic field reads

Ill. THEORETICAL METHODS
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hh3
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TABLE I. Acceptor concentrations and estimated hole sheet

concentrations.
0.030 1

0.010

Sample No. N, (cm™3) p (cm™2)
Ref. Undoped -
ENNRN Undoped
193 1x10'® 0.7x 10% goo0y @ Undoped_ |
194 2x 108 1.3x 10%2 2 ) ‘ Ihi
195 4x 10t 2.2<10% ¥ \ i
196 8x 108 3.1x 10 = N o -

Y1, Y2, 7Yz are the Luttinger parameters, is the holeg
factor, ands=2eB/#. 0.000 - . . ' '

We restrict ourselves in the present calculations to the 4 12 1 8 6 4 2 o 1 2 3 a4
axial approximation in whichy, and y3 in the R matrix B (Tesla) k (10° emr)
element are set toyh+ y3)/2. With this achievement the
Hamiltonian is assumed to have rotational symmetry arounc
the z axis. Accordingly, the four-component envelope func-
tion can be expressed in a separable form of

0.065 ., b) 0.7x10/* cm™

dn(X,Y)To(2) _oessd
b= %

br 6 13(2) | @2

Dni2(X,Y)a(2) g

0.045

$n-1(Xy)f1(2) = -
whereg,(X,y) are the in-plane harmonic oscillator functions

satisfying the relationa’ag,=n¢, and f(z) is a spin-

dependent wave function along theaxis. This means that

bha
Ep
the effect of anticrossing between two levels with indices 0.035

differing by a multiple of 4 has been subsequently aban- oo ;(Tesl:) 4 2 0 1 kﬂf)ﬁcm_lf 4
doned.

The calculations started from eigenvalues solved for zero-
field conditions. The procedure is self-consistent using the
standard diagonalization technique and acquiring the materi  e.14s
als parameter specified in the work of Ekenbetal!? Due S
to a very small leakage of the wave functions into the Al- R, S N
GaAs barrier, no difference is assumed for the Luttinger pa-
rameters and the dielectric constant between the barrier an %135 13

. . : -

the well materials. Using the valence-band implementation&
from this step, the BGR shift due to many-body interactions
can be determined by the procedure ascribed in the previou,;;lg
work.>"® However, we shall simply abandon this step and
instead take this parameter as field independent. Subse
quently, the valence-band Landau levels were computed witl
the initial potential profile obtained from the zero-field cal- . . -
culations. The redistribution of the hole wave function due to 4 12 1 8 6 4 2 0o 1 2 3 4
the magnetic field is taken into account by self-consistently B (Tesla) K (10° em™)
solving the Poisson equation

hh3|

c) 3.1x10'%cm™

FIG. 1. Theoretical predictions for the Landau levels in the va-
lence bandleft figureg and the dispersion curvésght figures for

€ 2 q)i‘fq)ini(B) +Ny(2) (4) three different acceptor concentrations. Solid lines and dashed lines

V2V =

€0€¢| i occupied in the left figures denote spin up and spin down subbands, respec-

) ] ) ) tively.
where Vg, is self-consistent potentiaN,(z) is the volume

density of the ionized acceptor in the AlGaAs barrier, andthe conduction-band nonparabolicity was taken into account
n;(B) is the number of holes per unit area filling thén  via the correction relatiodE,(B)=K/Eg E,(B)]?. E,(B)
Landau level. The computational iterations were performeds the nth electron Landau level measured relatively to the
until the accuracy of the self-consistent potential was renminimum of the conduction-band profile, where the correc-
dered below 0.3%. tion factor K=—1.2 was chosen from the work of Rogers
Next, the conduction-band Landau level was separatelgt al?° Finally, the allowed Landau level transition energies
calculated with inclusion of the spin splitting. The effect of between the valence band and the conduction band for dif-
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ferent hole concentrations as a function of magnetic field up
to 14 T were evaluated, based on the selection'tuler=
+1.

For the case of undoped samples, the excitonic transitior
is dominant over the Landau level transitions. MacDonald
and Ritchié! have proposed a model, in which 2D magne-
toexcitons are analyzed in two extremal regim@sin the
weak-field limit, where the Coulomb interaction is important.
The perturbation due to the cyclotron energy gives rise to a
guadratic evolution of the magnetoexciton binding energy.
(ii) In the strong-field limit, where the cyclotron energy is /
important, the exciton behaves like free carriers with a bind-
ing energy proportional te=\/B. In their work, in order to
calculate a binding energy at an arbitrary field strength, these
two extreme regimes are smoothly connected by means o
the Pade’ approximant. Although the model loses its sense
for the interaction between excitons, the so-called exciton T
mixing,? it still provides accurate values for the reduced
effective mass and the effective Rydbetgnding energy.
Thus, this approach in the calculations shall be adopted foi Lol 2 .
the undoped structure in the following section. - 2;1h21l et J,.;i---.

In Fig. 1, the numerical results for the Landau levels at
different hole concentrations with the indaximited to four |
hole subbands are shown and compared with the valence
band dispersion at zero field. As can be seen, a strong norg
parabolic effect is clearly reflected in all cases. It is particu-
larly obvious for the second and fourth subbands with
electronlike curvature near the zone center. In the undopet
structure, the second subband exhibits Ih charadience
being labeled as Ihlaccording to its wave-function behavior
at the zone center. The mass reversal effect of the |h1 is du
to a strong repulsive coupling between the Ihl and hh2 via 5
the lineark term in the off-diagonal elements of the zero- 1.55
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limit, however, the Landau levels from the first and second 0 2 4 6 8 10 12
subbands begin to approach and repel each other, resulting i B (Tesla)

an anticrossing behavior between each couple of Landau

states and a redirection of most Landau levels into a holelike FIG. 2. (a) The low-temperature unpolarized PL and PLE spec-
manner at high fields. This is analogous to the zero-fieldra for the undoped sample in a varying magnetic field strerigih.
dispersion far away from the zone centat approximately ~Fan diagram with the peaks extracted from the polarization-
1x10° cm™1), where the Ihl begins to repel the htelso dependen_t Pl(circles ar_1d PLE(squarey spectra shown in com-
hh2 and hhBvia the quadratik term in the off-diagonal parison with the t_heqrehcally gengrated result_s f_orcthle (dashed
element in the Hamiltonian and finally retain the hoIeIikel",]eS) a}nda— (solid lineg polarization states with input parameters
curvature. By gradually adjusting the acceptor density, hole§/Ven in Table II.

become spatially separated by introducing the electrostatic o

field. The localization of the hole wave functions near the? — components extracted from the polarization-dependent
interfaces gives rise to the hh2 level being gradually pushed€asurements are depicted in Figb)2 At zero magnetic
towards the hhl as well as an increasing zone-center effeé€ld, the observed PL peak with a linewidth of about 2 meV
tive mass. We find that, as the doping level exceeds 6.5 interpreted as the recombination related to the transition
x 10t cm3 (just below our doping regimethe ordering Petween the ground state electron and holelhhl). In-
between the second and third subbands is interchanged, gige€d. this main emission is of excitonic origin, as is evident
ing rise to a sharp reduction and increase of the Ih1 and hhby the nonlinear blueshift behavior when increasing the mag-

zone-center effective mass, respectively. netic field, with a measurable quadratic shift rate of
26 u eV/T?. This exciton line is also observed in the PLE
IV. EXPERIMENTAL RESULTS AND DISCUSSION spectra monitoring the low-energy tail of the PL peak with a

Stoke shift smaller than 1.3 meV. The excitation spectra are

dominated by the onset of the sharp enhancement of the
The unpolarized PL and PLE spectra of the undopedyround-state exciton associated with the different subbands

sample are shown in Fig.(®. The fan plots ofe+ and such asXellhh, Xelhh3, Xe2hh2, etc. Furthermore, the

A. Undoped sample
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TABLE II. Excitons parameters for the undoped 150 A QW’s.

Exciton Subband Binding Exciton reduced
position (eV) energy(meV) effective masses for+/o—
Xelhhl 1.545 9.2 0.070/0.062
Xellhl 1.553 8.4 0.102/0.050
Xelhh3 1.577 6.4 0.340/0.065
Xe2hh2 1.611 6.0 0.040/0.065

excited % exciton states can be weakly observed about 7—%icularly in highly doped samples, another sharp and well-
meV above the corresponding ground-state peaks, denoteléfined recombination peak, labeled B, is seen on the high-
with arrows in Fig. 2b), e.g., 1.547 eV forXelhhl and energy side of the main PL peak, where the Fermi edge is
1.553 eV for Xellhl. With increasing magnetic fields expected. This peak is more pronounced withra polar-
(within the moderate regimethe ground-state excitons in jzation and is interpreted to be of |h character. The zero-field
PLE SpeCtra exhibit a quadratic blueshift similar to the one irhspects have recenﬂy been experimenta”y and theoretica”y
PL, while the broad excitation parts split into a series ofascribed to many-body effectS. The exchange-correlation
interband Landau-like levels and are typically denoted agffect enhances the shrinkage of the effective band gap, the
2s, 3s, etc. The overlapping between Landau fans from dif-g4_cajled band-gap renormalization, resulting in a redshift of
ferent subbands makes the Landau levels with higher indey,o main PL peak and a broadening of the energy levels in
less pronounced. Nevertheless, higher states upst@ré o o4 called band-tail effect. By this implement, the new
clearly revealed foXelhhl. At higher fields, where the en- |, 05104 feature peak B has been interpreted as the recom-

ergy levels are even better resolvedz iF be_comes ObVious.th%nation between electrons in the lowest conduction band
each level undergoes a Zeeman splitting into two essentlallgmd holes populating the Ih1 band tail

circularly polarized states with approximately equal oscilla- e .

- In the presence of a magnetic field up to 14 T, the main
tor strengtfisee the polarization-dependent measurement d%L for ths doped sam Iesgexhibits Iineapr blueshifts with a
picted in Fig. Zb)]. For Xellh1(1s), it is obvious that the P P

size of splitting is negative, rather nonlinear and considered!!gnt broadening _bUt no La_ndau _Ievel splitting can be re-
large (i.e., measures up to 3.5 meV at 12When compared splved for.the doping levels mvgsugated. F.rom the observed
with Xelhh1(ls). Our observation is consistent with the linéar shift rate of the main PL emission of 0.86
work of Timofeevet al?* in which the anomalous splitting =0.05 meV/T, a reduced effective mass of 0.0673
of these ground-state excitons was described in terms of & 0-0035 can be evaluated. Such a remarkable difference
mixing between $(Xellh1) and 3i(Xelhhl) states, follow- from what is _observe_d_ for the u_ndoped sample is |nd|cat|\_/e
ing the theoretical predictions based on the mixing ofo_fafree carrier trar?smon as belng responsible for the emis-
magnetoexciton& However, our experimental data can al- Sion processes, while the quenching of the hhl-related exci-
ternatively be interpreted by the model mentioned in the preton occurs at slightly lower doping levels than studied here.
vious section by representing different reduced-effective-The so-obtained reduced-effective-mass value is accordingly
mass values for excitons with different polarizations. FigureSignificantly larger than the theoretically predicted value near
2(b) shows that the experimental results are nicely reprotheé GaAs band edge0.058. This deviation implies a flat-
duced by the accurate values of binding energy, reduced efening of the hhl subband, which is essentially due to the
fective mass, and the corresponding band-to-band energi€éfect of valance-band mixing, nonparabolicity of the con-
as presented in Table 1. Note the clearly seen anticrossinguc'fIon band, and probably also the exchange-correlation ef-
between theXelhhl andXellhl Landau level transitions. Tect. Thus, it is constructive to take these effects into consid-
This is useful input information for fitting of th&ellhl  €ration in order to analyze the structures accurately. The
covering the states up tos4since these transitions are asso-&Mmission peak B is found to shift with an increasing mag-
ciated with a weak oscillator strength. It should also behetic field at a constant rate of about 0.60 meV/T and to
pointed out that the obtained large difference for the reduce@rogressively disappear in the vicinity of an applied field of
effective masses of the+ ando— components oKellhl 3—4 T. On the low-energy side of the main PL, three addi-
is consistent with the large energy difference between thdonal features are observed below the band @&pks C, D,

spin up and down Landau levels seen in Figg)1 and E in Fig. 3 in the presence of an applied magnetic field,
with identical patterns for different samples. Moreover, they

display an obvious dependence on the acceptor concentration
which concerns the energy position and intensity with re-
The effect caused by the introduction of an increasingspect to the main Plespecially for peak L This behavior,
hole density on the optical properties of MDQW'’s is shown combined with the linear shift in a magnetic field with a rate
in Fig. 3. In the zero-field PL spectra for all doped samplespf about 0.65—0.70 meV/T, slightly smaller than that of the
a strong emission peak, similar to what is seen in undopecdhain PL and PL peak energy downshifted by 14-23 meV
structures, is observed together with additional features ofrom the main PL, suggests that the emission peaks are due
the low-energy side. An increase in the acceptor concentrao the recombination between electrons in the conduction
tion gives rise to a progressive redshift of the main emissiorand or bound at residual donor and holes bound at Be ac-
(denoted as Atogether with an asymmetric broadening. Par-ceptors from different regions in the QW’s structdre.

B. Modulation-doped samples
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PL

a) #193

N,= 1x10" em™?

b) #194

N,=2x10" em™

c) #195

N,= 4x10" em™

5
A

d) #196

N,= 8x10" em™

FIG. 3. The low-temperature unpolarized PL and PLE spectra for the doped MDQW samples displayed as a function of the applied
magnetic field for different acceptor concentrations.

We next consider the unpolarized PLE spectra of thesteplike absorption band. In the presence of a sufficiently
doped samples in Fig. 3. The zero-field PLE spectra aréigh magnetic field &5 T in sample 198 the evolution of
rather featureless and all sharp excitonic structures observede broad PLE band breaking into a series of more well-
in the undoped sample are smeared out and only weakly se@efined features, attributed to interband transitions between
in sample 193 and 194. All spectra are dominated by dandau levels in the conduction band and the valence band,
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FIG. 4. The polarization-dependent Landau level transitions for different acceptor concentrations under the same measurement conditions
as shown in Fig. 3. Circular and square marks represent the peaks from PL and PLE spectra, respectively. Solid and open markers show their

o+ and o— polarization properties, respectively. Thin solid lines and dashed lines represent the theoretically generated results for the
o+ ando— polarization states, respectively.

becomes discernible. However, the appearance of these fedensity and magnetic field which concerns both the oscillator
tures is perturbed by the increasing hole concentration as wstrength and energy position. Moreover, a smooth increment
can see from relatively fewer and broader Landau levels abf the oscillator strength together with a blueshift with a
higher hole density. The main mechanisms behind this variagonstant rate of about 0.60 meV/T is seen in all cases.

tion are many-body level broadening and phase-space filling. In Fig. 4, the maxima of each transition as evaluated from
The level broadening makes it difficult to resolve the transi-different polarization components in PL and PLE are pre-
tions between high-index Landau levels, while the filling ef-sented as a function of the magnetic field. The size of each
fect prohibits monitoring that part of the Landau level which marker correlates with the strength of the transition. The
is populated in the spectra. In particular, the low-fieldhhl  theoretically generated results of allowed transitions, based
and e2hh?2 transitions are seen to suffer from this effect. Inon the free carrier model according to the method described
all doped samples, one also finds a marked feafateeled above, are superimposed for comparison in the same figure.
as B) superimposed on the absorption edge. The absorptiolm every sample, a nearly perfect agreement between the cal-
peak B displays a significant dependence on the acceptoculated and experimental results is achieved for most of the
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FIG. 5. Interband transition energies for the modulation-doped Y
samples at different hole densities. \,
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transitions, in particular for the PL peaks provided that the . . .
correction due_to the conducnqn—ba_nd nonparabolicity is in- 1,500 ‘|‘1.520‘|"|‘ 1540 1560 1550
corporated. This enables us to identify most of the transitions elhl Eg elil
[ i . ntly, this indicat
by their predominant character. Consequently, this indicates Photon energy (eV)

that the free carrier Landau level transition model is success-

fully applicable in this doping regime despite minor discrep-  gG. 6. Overlapping PL and PLE spectra indicating the expected
ancies found in the low-field regime of the low-doped position of the Fermi edge relative to the hhi- and Ihl-related tran-
sample. The reason for this discrepancy is, in principle, dugition energiesta0 T and 14 T for samples 193 and 196.
to the existence of excitons as confirmed by the observed
diamagnetic shift ofellhl ande2hh2. At higher doping, more limited slope than theoretically predicted. A similar
these excitons become quenched and also the second suehavior has been reported by Kemerétkal 1° in which an
band begins to be populated. This is consistent with our earexciton model was instead proposed. However, such an ex-
lier reported conclusion that the exciton can survive up to artitonic model is only applicable to our low-doped sample,
acceptor density of % 10'® cm™2 according to the investi- 193, as mentioned above. For the samples with higher dop-
gation of the zero-field PLE specttaMoreover, it is clearly ing (194—196, the exciton oscillator strength and binding
seen that there is no simple linear relationship between thenergy are reduced dramatically by several effects, e.g.,
energy shifts of the peaks and the magnetic field as seen jphase-space filling and short-range exchange interattion.
the narrow wells. This complicated picture arises from theCombining these facts, together with the calculation results
effect of band mixing, in which the complexity is due to the in which the occupation of the second hole subband is initi-
proximity of the adjacent bands. Therefore, the conventionahted already for sample 194, the above inconsistency is more
way of extrapolating the high-field data to the zero-field axislikely due to a collective effect than originating from an ex-
may not be an accurate method to determine transition enecitonic effect. Accordingly, the observed peak is actually a
gies in this wide-well structure, as can be seen from, e.g., thBroadenede2hh?2 transition, being partially restricted to the
elhhl andelhh3 transitions. In Fig. 5, we present accurateempty states above the Fermi sea. This is confirmed by the
values of the subband positions obtained from the adjustablachieved agreement for the transition shift rate between the
parameters described above. This provides the possibility ttheoretically generated data taking the phase-space filling
study the dimension of the BGR shift in different subbandsinto accountthick dashed lines in Fig.)4and the experimen-
from the lowering of these energies as a function of the holeal peak trends.
density. The slight difference between these transitions is We next focus on the interpretation of peak, Bhe o+
related to the characteristics and the occupation of holes ipolarized feature developing at the edge of the PLE spectra
the related subbands. This was partly discussed in our earliésr every doped sample. Such an anomalous feature is usu-
work® where a good agreement with our calculations wasally observed in wide MDQW's as was reported
found. elsewheré?1426One may assign this peak to the transition
Regarding thee2hh?2 transition in particular for all doped associated with another Zeeman component of the Ih1 mag-
structures, the theoretically predicted band-to-band energiesetoexciton but thg value evaluated from the corresponding
could not be well fitted to the experimental results due to &Zeeman splitting is unrealistically large for these highly
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doped samples. On the other hand, the magnetoexciton doease is very close to the empty Ih1 and hence the band-tail
not survive in these highly doped samples which means thatansition appears as@a— peak in PL at low fields.

this interpretation can be ruled out. Attempts have been
made to explain a similar anomalous feature in terms of for-
bidden transitions between the lowest electron and the upper
empty hole band Landau levétsOn the basis of our calcu- We have studied the 2DHG in 150-A-wide modulation-
lations, such an interpretation is possible only for low-dopeddoped quantum wells with hole concentration in the range of
samples, while the linear shift rate of the observed peaisB 0.7x 10%-3.1x 10*? cm™ 2 in comparison with undoped ref-
much larger than the predicted values in highly doped strucerence QW'’s, under high applied magnetic fields up to 14 T.
tures. Indeed, there is a noticeable correlation what concerria the magneto-optical investigations, the magnetoexciton is
the variation of the peak intensity and position for peaks Bclearly observed in the undoped QW's, but is complicated by
and B at different magnetic fields. Both peaks behave inthe band mixing effect and finally quenched as the doping
guantitative agreement with a transition between a groundevel increases. The survival of the excitons up to doping
state electron and a hole at the Fermi le(sde thick solid levels above X 10® cm™2, corresponding to a hole sheet
lines in Fig. 4. The interpretation of the peak as the FESconcentration of 0.2 10> cm™?2, is confirmed. In the theo-
(Refs. 1-3is unlikely in our case for several reasons statedretical investigations, the free carrier Landau level model
earlier® Alternatively, the similar behavior of peaks B and including the valence-band mixing effect and the
B’ suggests that the transitions are of the same origin, aonduction-band nonparabolicity is nicely applicable to de-
band-tail-related transition. While peak B arises from a transcribe the electronic transitions in this doping regime. More-
sition between the electron ground state in the conductioover, the BGR, a many-body effect, is found to be insensitive
band and the occupied states of the 1lh band tail, p€ak Bto magnetic field variations. As a consequence, the values of
originates from the transition between the ground-state elednterband transition energies together with the corresponding
tron and the empty states of the 1hh band tail. On the othemany-body shifts are accurately evaluated. Finally, an
hand, both the effects of the level broadening and the proxanomalous absorption feature near the Fermi edge is found to
imity between the Fermi level and the corresponding bandirise by application of a high magnetic field. A transition
edge play an important role on the appearances of the bandssociated with the band-tail effect is proposed.

tail transitions, as illustrated in Fig. 6. In the low-doped
sample, the Fermi level becomes closer to the occupied hhl
at higher fields and hence the band-tail transition appears
with o+ polarization with a rather strong intensity in PLE at ~ S.W. gratefully acknowledges financial support from the
high fields. Conversely, the Fermi level in the highly dopedMinistry of University Affairs, Thailand.
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