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Asymmetric GaAs/Al„Ga& As quantum wells were studied by photoconductivity and photo-
luminescence in magnetic fields up to 15 T. The sample chosen had only one occupied electric subband,

with a high density of 8.2X 10' cm, which allowed a study of the empty E2-81 transitions by photo-
conductivity. This showed that there was a small but finite binding energy of 1.5 0.5 meV for the ls
state, which increased very rapidly at high fields in agreement with theory, due to the changing effects of
the screening on the exciton. No evidence was seen for excitonic contributions to any higher-Landau-
level transitions. Photoluminescence was used to study the E1-H1 transition, which was shown to be
due to free-carrier recombination.

Modulation-doped quantum wells (MDQW's) provide
nearly ideal systems for the study of many-body physical
phenomena, such as band-gap renormalization (BGR)
and Moss-Burstein shift between absorption and emis-
sion, ' Fermi-edge singularities, magneto-optical oscilla-
tory phenomena, and exciton screening at high densi-
ties. The binding energies of screened excitons, which
are formed between empty electric and hole subbands,
have already been estimated for a 250-A MDQW, with a
carrier density of 7.6X10" cm, from magnetophoto-
luminescence excitation spectra, whereby the two-
dimensional approximation was employed to fit the ex-
perimental data, with the exciton binding energy as an
adjustable parameter. Recently, a model for the
screened exciton has been proposed, which allows one to
calculate the screened exciton binding energy with the in-
clusion of the nonzero thickness of the screening charge,
and which requires no adjustable parameters, showing
that the exciton binding energy is strongly dependent on
the QW width and doping level, and this model predicts
correctly the exciton binding energy for a sample with
the same parameters as the one studied in Ref. 7. More-
over, this model allows calculation of the exciton
binding-energy dependence on the intensity of a magnetic
field applied perpendicular to the interfaces, and in the
present work such a theoretical dependence is tested ex-
perimentally.

We report measurements of magnetoresistance, photo-
luminescence (PL), and photoconductivity (PC) of 150-A
GaAs/Al„Ga& „As MDQW's at 4.2 K in magnetic fields
up to 15 T. The sample chosen had only one occupied
subband. The screened exciton binding energy was de-

duced from the magnetophotoconductivity spectra,
whereby the finite thickness of the screening charge was
included in the analysis in the frame of Ref. 8, confirming
that screening reduces the binding energy, but does not
quench the exciton formation, in agreement with Ref. 7.
The magnetic-field dependence of the exciton binding en-
ergy was studied, and it is well reproduced by the theory,
which provides new support for the screened exciton
model described in Ref. 8. Photoluminescence was used
to study the E1-H1 recombination, which showed no ex-
citonic effects. This confirms the earlier conclusion that
phase-space filling is an efficient mechanism of quenching
of the exciton formation.

I. EXPERIMENT

The samples were grown by molecular-beam epitaxy at
Philips Research Laboratories. Sample 1 comprises a
0.5-pm GaAs bufFer on a (100) GaAs substrate, followed
by 0.5 pm of a [GaAs (6 monolayers)]-[A1As (3 mono-
layers)] superlattice, forming one side of the barrier of the
quantum well, 150 A of a GaAs quantum well, a 22-A
spacer of undoped Alo 25Gao 75As, then 400 A of
1 ~ 5 X 10 cm Si-doped Alo 25Gao 75As, and finally a
100-A GaAs capping layer. The structure so formed is
hence asymmetric with respect to doping and also with
respect to the barriers on either side of the GaAs quan-
tum well.

Experiments were carried out in a superconducting
magnet. The sample was placed in He exchange gas in an
insert in thermal contact with liquid He at 4.2 K. Light
was conveyed to the sample, and collected from the sam-

46 4047 1992 The American Physical Society



HENRIQUES, CHIDLEY, NICHOLAS, DAWSON, AND FOXON 46

pie, by a quartz optical fiber bundle. All experiments
were done in the Faraday configuration. Standard lock-
in techniques were employed in the detection. The pho-
toconductivity and Shubnikov —de Haas measurements
were made using a four-contact geometry; the sample it-
self was approximately square, with contacts in the
corners. The photoconductivity was done in constant
current mode, employing currents of —80 pA. A fila-

ment lamp was used as the excitation source for photo-
conductivity. The light was dispersed by a 1-m Spex
monochromator equipped with a 1.6-nm/mm grating.
Photoluminescence was excited by the 488-nm line of an
Ar-ion laser, and detected by a GaAs photomultiplier.

The density of confined electrons was monitored under
the experimental conditions by Shubnikov —de Haas
(SdH) measurements. Good SdH traces were obtained

only when the sample was in darkness or weakly il-

luminated, as for photoconductivity, with oscillations
clearly visible down to around 1 T. Under laser illumina-

tion, the Shubnikov —de Haas oscillations became pro-
gressively less resolved as the laser power was increased,
disappearing into a positive background of magnetoresis-
tance. Under the experimental conditions for photo-
luminescence, the oscillation s are barely discernable,
though they may be seen in the second derivative of the
signal. In complete darkness, we obtain a carrier density
of n, =5.7 X 10"cm, in good agreement with previous-

ly published data on this sample, which also report a
4.2-K maximum mobility of 150000 cm /V s. Under the
illumination conditions of PC and PL experiments, n, in-

creases to 8.2X10" cm and 9.3X10" cm, respec-
tively. This allows the position of the Fermi level relative
to the bottom of the E1 subband, F =M n, /m*, to be

calculated, where m *=0.0735m o is the electron effective

mass, measured by far-infrared transmission' for this
sample. This gives F =26—30 meV, implying that only
the fundamental E1 subband is occupied under the exper-
imental conditions.

A second sample (No. 2) was also studied by magneto-

transport, photoluminescence, and photoconductivity in

the 0—15-T field range. This sample is identical to No. 1,
apart from the inverted interface, which in sample 2 is

bulk Alo 33Ga067As instead of the Al-As superlattice.
For this sample, however, the Shubnikov —de Haas oscil-
lations were not so well defined as for sample 1. PC spec-
tra were also less well resolved, although the same gen-

eral features as for sample 1 could be seen. However,
since resolution was poorer for sample 2, no extensive

study was made. This illustrates the point that growing
the quantum well on a short-period superlattice does,
indeed, reduce the scattering at the inverted interface,
thus improving the optical and electrical quality of the
sample. "

II. INTERBAND TRANSITIONS IN ZERO
MAGNETIC FIELD

Figure 1 shows the zero-field photoconductivity and
photoluminescence spectra. The PL shows two transi-
tions which it is assumed are associated with the bulk
GaAs —one unresolved free electron to neutral carbon
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FIG. 1. PC and PL spectra (solid curves) at B =0 and B = 10
T. The dashed curve is the calculated absorption spectrum at
B =0 T; the adjustable parameters were c =1.9 and a BGR of
—13.7 meV. The energy position of the Moss-Burstein edge
(marked by an asterisk) and excitonic transitions are indicated.

acceptor and corresponding donor-acceptor pair transi-
tion (these are partially resolved under excitation at 1.727
eV), and a bulk GaAs exciton. A broadband peaking at
1.45 eV was also detected and is attributed to the quartz
fiber bundle.

The energy offset between the PL and the onset of the
PC response ( —30 meV) occurs due to the blocking of
absorption up to the Fermi wave vector —the Moss-
Burstein shift. At high fields, when the magnetic quan-

tum limit is approached, such an energy shift is partially
quenched. This is illustrated in Fig. 1, which shows that
at 10 T there is an overlap between the PL and PC spec-

tra; absorption becomes permitted in the N=1 Landau-
level state just below the Fermi energy through finite-

temperature effects. The overlapping transitions in Fig. 1

correspond to an E1-H1 Landau-level transition, show-

ing a Stokes' shift of -3 meV.
It is to be noted that, apart from the substrate-related

emissions, the zero-field PL spectrum does not present

any sharp features in the spectral region of QW lumines-

cence, indicating the absence of strong excitonic features.
Since the PL spectrum is expected to show transitions
originating from the E1 subband, we interpret this result

as being due to the phase-space filling (PSF) mechanism

of exciton quenching. ' In contrast, the zero-field PC
spectrum displays sharp features, such as peaks at 1.562
and 1.573 eV, which are a clear indication of exciton for-
mation between hole and empty electronic subbands.
These excitons are transitions to higher-lying states and

are also expected to be described by a binding energy
which is reduced from the undoped value on account of
the screening charge, present in the E1 subband.
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TABLE I. Measured and calculated energies of the strongest
transitions in sample 1, and deduced values of BGR.

PC
transition

Measured Calculated
(eV) t,eV)

Calculated
exciton

binding energy
Required

BGR

In order to identify the features which appear in the
zero-field spectra, the energies, and oscillator strengths,
of the intersubband optical transitions were calculated in
the self-consistent Hartree approximation as described in
Ref. 12. In these calculations, the nominal sample pa-
rameters and carrier density in the QW under the condi-
tions of the PC experiment (n, =8.2X 10" cm ) were
used. The dielectric constant was taken to be 12.6
throughout the structure, and m' as (0.0735+0.08x)mo.
The band-edge transverse H1 and L 1 hole masses were
taken as 0.25mo (Refs. 12 and 13) and 0.21mo, ' respec-
tively, and the K1 and L 1 hole masses along the growth
direction were taken as (0.38+0.1x)m o and
(0.087+0.06x )mo, respectively. The conduction-band
offset was taken to be 0.656E, where EEg =1.247x eV,
and the bulk GaAs band gap is 1.519 eV. In all expres-
sions, x denotes the local aluminum molar fraction. We
have also calculated the zero-field binding energies of the
screened E2-H1 and E2-L1 transitions by the method of
Ref. 8. Following Ref. 15, the energy of the Burstein-
Moss-shifted E 1 Hl" ab-sorption (the asterisk meaning a
direct transition at the Fermi wave vector) was calculated
by adding (1+m 'Imz, )F to the E1-H 1 I -point transi-
tion energy, where m&& is the transverse H1 effective
mass and F=27 meV as for the PC experiment.

With the calculated intersubband transition energies
and oscillator strengths, the theoretical absorption spec-
trum was generated, and is shown in Fig. 1 by the dashed
curve. In this procedure, we followed the prescription of
Ref. 16: each transition is described by a smooth step
function and an excitonic satellite —a Lorentzian of half
width cN, N&(meV), where c is of the order of unity and

N„N& are the electron and subband indexes for a given
transition. To obtain agreement between the measured
and the calculated spectra, it was necessary to add a
band-gap renormalization energy to the bulk GaAs band
gap (see Table I).

The theoretical absorption spectrum in Fig. 1 was ob-
tained by adding a constant BGR of —13.7 meV to the
calculated transition energies, giving a reasonable agree-
ment with the experiment. The only other adjustable pa-
rameter is c, which describes the smoothness of the step
in the combined density of states and the half width of
the exciton peaks. The fixed value of BGR for intersub-
band transitions involving both filled and empty electron-
ic subbands supports early BGR measurements, which
report a BGR of —18 meV for either filled or empty sub-
bands (for a QW of width L, = 130 A and a carrier densi-
ty of n, =7 X 10" cm ), but disagrees with more recent
results, which find a BGR of —10 meV for the El-H1

energy gap, but only —3 meV for E2 H-l (for L, =250 A
and n, =7.6X10" cm }.However, the obtained BGR
for the E1-H1 energy gap from the PC analysis must be
regarded only as an estimate, since the exact position of
the El-H1* transition is not well defined in the PC spec-
trum. Nevertheless, the obtained BGR is significantly
lower than the —34 meV as estimated from Bauer's cal-
culations' and similar values from Schmitt-Rink' and
Trankle' and co-workers for a sample with the parame-
ters of sample 1.

III. MAGNETOPHOTOCONDUCTIVITY

Photoconductivity spectra were measured as a function
of the magnetic field. The signal obtained was highly
field dependent, and spectra obtained at some fields were
very poor. The reason for this may be understood by
considering the contribution of the photoexcited carriers
to the resistivity. The number of these carriers is small
compared to the total number present, so the dc magne-
toresistance is little changed. When the field is such that
the Fermi level lies between two Landau levels (or in the
localized states}, the photoexcited carriers cannot con-
tribute to the photoconductivity, and so the signal is
small compared to when the Fermi level lies in the mid-
dle of a Landau level. This generates oscillations in the
intensity of the PC signal of the same periodicity as the
Shubnikov —de Haas oscillations. The phase of the pho-
toconductivity signal also changed with field, which
necessitated rephasing the ac detection apparatus for
each field.

To improve the resolution, second derivatives of the
low-pass filtered photoconductivity spectra were comput-
ed and are shown in Fig. 2. Note that in the second
derivative some artificial peaks may appear (this is the
case for the Moss-Burstein shifted absorption at B=O T,
as can be seen from a comparison of Figs. 1 and 2). The
positions of the peaks which could be clearly identified in
both the original spectra and the second derivatives are
plotted in Fig. 3. Above 5 T, the fan diagram shows that
the E2-H1 magnetoexciton transitions dominate the
spectra. In contrast to the E2-H 1( ls) magnetoexciton,
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FIG. 2. Second derivative of PC spectra as a function of
magnetic field. The B-field value corresponding to each curve is
obtained by following the spectrum base line to the scale on the
left-hand side.
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FIG. 4. E2-H1(1s) exciton binding as a function of magnetic
field. The points represent the difference between the calculated
unbound Landau-level transition and the experimental
E2-H1(1s) energies. The solid line is the theoretical result. The
filling factors are also shown by arrows.

FIG. 3. Plot of the peaks in the PC spectra as a function of
magnetic field. Solid lines represent the theoretical fan diagram
for the E2-H1 transitions. The dashed line is the calculated
El-L1(1s) magnetoexciton state. The points used in the simul-

taneous fit of the E2-H1 Landau-level transitions are depicted
by solid circles. The sawtooth curve is the computed position of
the Fermi level.

which displays a distinct nonlinear diamagnetic shift, the
2s, . . . , 5s transitions were resolved only above 5 T, and
in the detected range showed an almost linear depen-
dence on the magnetic field. The theoretical calculations
give a vanishing E2-H 1(2s) binding energy on account of
the screening, suggesting that all excited magnetoexciton-
ic transitions can equally well be described as free-
interband Landau-level recombinations. Fitting the
magnetic-field dependence of each E2-H1 Landau-level
transition individually, with an in-plane H1 mass and a
zero-field E2-H1 free-carrier transition energy as adjust-
able parameters, gives scattered values, suggesting that
these parameters are approximately the same for all
Landau-level transitions. The Landau-level transitions in
the 5 —15-T range were therefore fitted simultaneously,
and this is shown in Fig. 3; the solid lines in the figure
neglect exciton effects but include nonparabolicity using
the method discussed in Ref. 20, with a parameter
E2 = —1.2. The deviation of the theoretical fan diagram
from the experimental one was found to be very insensi-
tive to a Hl hole mass in the range (0.3—0.7)m~. We
therefore chose to use a heavy-hole mass in the high-field
range of 0.45m&, close to the bulk value, which then
determines the E2-H1 continuum edge as 1.5635 meV.
The zero-field E2-H1 binding energy was obtained by
subtracting the experimental value for the E2-Hl(ls) ex-
citonic transition at B=O T from the zero-field E2-Hl
continuum edge energy. This gives a zero-field binding
energy of 1.5+0.5 meV, as predicted by the theoretical
calculations (see Table I). Thus, the binding energy has

been significantly reduced (by screening) from the calcu-
lated 7.3 meV in an undoped well.

The exact zero-field 1s binding energy is not an accu-
rate absolute value, due to the experimental error, but
will provide a self-consistent reference point for the cal-
culation of the field dependence of the binding energy of
the 1s state, which is defined relative to the N=O free-
carrier transition energy, which is only weakly dependent
on the heavy-hole mass. The field dependence of the 1s
binding energy is thus deduced from the difference from
the N=O free-carrier transition, and is shown in Fig. 4.
This shows an excellent agreement with theory, indicat-
ing an almost fivefold increase in binding energy upon ap-
plication of fields of 15 T. This is much larger than for
the unscreened exciton in undoped wells, due to the
reduction in the importance in screening as the exciton
radius decreases in field. The large H1 mass required to
fit the excited hole states at high fields is a consequence of
the strong nonparabolic valence-band dispersion relations
(see, for instance, Ref. 21), and for undoped
GaAs/Al, Ga, „As QW's previous studies have shown
that the H1 in-plane mass can attain a value as large as
0.85m p at high fields.

IV. MAGNETOLUMINESCENCE

In order to determine the E1-H1 energy gap with
greater precision, the PL spectrum was studied as a func-
tion of the applied magnetic field. At zero field no clear
transition could be resolved which could be assigned to
the E1-H1 recombination. This occurs due to the over-
lap of the QW luminescence with the GaAs band-edge
PL signal. In addition, a broad emission band with a
peak at 1.45 eV was detected in the low-energy side of the
PL spectrum, and this emission is attributed to the opti-
cal fiber bundle, which was used to conduct the excitation
light to the sample, and collect the light emitted by the
sample. On applying a magnetic field, the PL signal from
the E I Hl transition splits -into several lines (each corre-
sponding to a different Landau-level recombination),
which move rapidly to higher energies, and thus can be
conveniently separated from the unwanted emissions (see
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Fig. 5). As the intensity of the applied magnetic field is
increased, the higher Landau levels are progressively
depopulated, the luminescence which they originate
weakens, and the luminescence from a given Landau level
disappears from the PL spectrum when the energy of
such a Landau level becomes larger than the Fermi ener-

gy. For instance, at a field of 15 T, only the luminescence
from the N=O and N=1 Landau levels remain, as shown
in Fig. 5; as can be seen, at this field the N=1 Landau-
level emission is much weaker than the N=O one. This
occurs because only a fraction of the N=1 Landau level
is occupied at 15 T, whereas the N=O Landau level is
still fully populated. The overall density of carriers being
n, = 8. 2X1 0" cm, of these 2eB/h =7.3X10" cm
electrons will be in the N=O Landau level at B=15 T,
and only the remaining 9X10' cm in the N=1 Lan-
dau level, which corresponds to approximately ]p of the
total electron density. If the oscillator strength is as-
sumed approximately constant for all Landau-level tran-
sitions, then the N=O emission is expected to be 10 times
stronger than the N= 1 one at B= 15 T.

The peak energies of the emission lines which are attri-
buted to QW luminescence are plotted against magnetic
field in Fig. 6. The lines plotted in the fan diagram of
Fig. 6 neglect exciton effects, but include nonparabolicity
using the method described in Ref. 20, with a nonpara-
bolicity parameter E2 = —1.2. The H1 hole mass was set
to a fixed value of 0.45mo, as obtained from the analysis
of the magnetophotoconductivity spectra. Thus, the only
adjustable parameter is the zero-field transition energy; a
value of and 1.511 meV gave the best fit. Independent
time-resolved spectroscopic measurements made on this
sample at low temperatures also locate the El Hl I'--
point transitions at 1.510 eV. With use of the value of
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FIG. 5. Photoluminescence spectra at 1-T intervals (field in-
creasing upwards).
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FIG. 6. Plot of transition energies for photoluminescence as

a function of applied field. The solid lines correspond to the
theoretical model, which includes E1 nonparabolicity.

1.511 eV for the E1-H1 transition, the corresponding
BGR turns out to be —18 meV (see Table I), i.e., larger
(by 5 meV) than estimated from the PC experiment.
Again, the accuracy of this value is compromised because
of the overlapping unwanted luminescence with the
quantum-well luminescence in the low-field range.

The fan diagram in Fig. 6 has several interesting
features. The most important is that exciton effects are
absent; notice especially that the E 1-H 1(N=0) branch is
not flattened due to excitonic effects. This is to be expect-
ed in light of the high carrier density in the fundamental
electronic subband. Another feature worthy of comment
is the splitting of the E 1 Hl(N=1) tra-nsition above 12 T,
which can be seen in the spectra of Fig. 5; it is believed
that this is due to spin splitting in the valence band,
which is, neglecting coupling to other bands, 6mB for the
H1 band, where ~ is the parameter that characterizes
spin splitting in the valence band. With use of the same
value for ~ as Ancilotto and co-workers, ' —1.02, it is
found that the splitting should be about 5 meV, in ap-
proximate agreement with the observed value. Such a
splitting, however, could not be resolved for the other
branches of the E1-H1 transition.

The fan diagram in Fig. 6 also shows, like those of
some other authors, oscillations in the transition ener-
gy, most noticeably the 2s branch. Careful examination
of the spectra near 6 T indicate that the corresponding
emission intensity seems to undergo a weakening, starting
at 5.5 T, but recovers significantly by about 6.5 T, coin-
cidental with the shift in position. Weaker changes in
slope can also be distinguished in the 1s and 2s branches
at around 10 T. In samples with two populated sub-
bands, the kinks in the fan diagram and the oscillations in
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the luminescence intensity are explained in terms of a
field-induced charge exchange between the fundamental
and excited electronic subbands, and the consequent
e8'ect on the band bending and hence subband-edge ener-
gies. ' It is plausible that the magnetodependence of the
dielectric function is sufficient to give these kinks; how-
ever, the oscillations in the transition energies do not
correlate we11 with the SdH-oscillation minima, as in Ref.
4

the excited exciton states are not bound due to the
screening effect. Under an applied magnetic field, the
E2-H1 binding energy increases very rapidly, due to the
changing effects of the screening on the exciton, and its
field dependence is very well reproduced by the screened
exciton model, which includes the finite thickness of the
screening charge. In contrast, photoluminescence
showed no evidence of E1-H1 excitons for a density of
8.2 X 10' cm carriers in the E1 subband.

V. CONCLUSION

In summary, our photoconductivity study showed that
the E2-H1 transitions are described by a small but finite
binding energy of 1.5+0.5 meV for the 1s state, whereas
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