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The luminescence of wide-modulation (500 A) n-doped multiple quantum wells under high
magnetic fields (up to 23 T) shows the recombination of the electrons and the holes in the lowest
Landau level of the three electronic subbands occupied. The luminescence intensity shows an os-
cillatory behavior with magnetic field corresponding to the depopulation of successive subbands.
At a fixed luminescence frequency, the intensity shows a synchronical behavior with magnetoresis-
tance oscillations when the luminescence energy corresponds to deexcitation of electrons with the
Fermi energy.

The optical properties of undoped quantum wells and
superlattices have been studied extensively, while in
modulation-doped heterostructures mainly transport ex-
periments have been performed. '

In magneto-optical experiments of two-dimensional
(2D) systems, mainly absorption in the far-infrared (FIR)
region by inter-Landau-level transitions and magneto-
luminescence ' experiments have been reported.

The mechanisms responsible for the behavior of the
luminescence in doped quantum wells are only partially
understood. It is one of our goals to contribute to the clar-
ification of this matter by studying the magnetolumines-
cence. Therefore, we report here magnetoluminescence
experiments of modulation-doped GaAs-Al„GaI „As
multiple quantum wells with large well width. Special in-
terest has been paid to the behavior of the luminescence
intensity as a function of the energy at fixed magnetic
field. We also report here simultaneous magnetotransport
and luminescence oscillations, at fixed energy, while
sweeping the magnetic field. The experimental results are
analyzed in the frame of the transition probability of
recombination of electrons coming from the different sub-
bands occupied and the photoexcited holes at the top of the
valence band.

The samples studied here are modulation-doped hetero-
structures with ten alternating GaAs-Al„Ga~ „As lay-
ers with 500-A GaAs-layer thickness, an n-doped
Ga~ „Al„As layer of 200 A. thick, and an undoped
Ga~ „Al„As spacer layer of 100 A. The electronic prop-
erties of these types of samples are basically that of two
weakly coupled heterojunctions. The results shown here
are observed with a sample with 7.5 x 10" cm electron
density per junction and mobility at 4 K of p 61.000
cm /secV, as measured from magnetotransport measure-

ments. Similar results have been obtained in the other
samples. In the luminescence experiments, the samples
were mounted in an immersion cryostat at 1.7 K with the
magnetic field parallel to the superlattice axis. Photo-
luminescence was excited with LD-700 dye laser pumped
with a Kr+ laser. The pumping wavelength was kept close
to the luminescence emission in order to avoid electron
heating by the laser. Negligible differences were found
in the Shubnikov-de Haas oscillations in darkness, and
when the laser was shining on the sample with a power
density of —0. 1 W/cm at energies a few tens of milli-
electron-volts above the luminescence frequency. We also
measured the Raman scattering of a 2D plasma in a
back-scattering configuration with the K vector of the
light parallel to the superlattice axis. We used the red
lines of a Kr+ laser, and the scattered light of the sample
at 4 K was detected with a Jarrell-Ash double monochro-
mator and a photon-counting system.

Figure 1 shows the luminescence profile for different
magnetic fields. At zero magnetic field the luminescence
shows a single peak at 1518 meV. This energy is slightly
smaller than that of the bulk band gap GaAs luminescence
(1519 meV). The width of the luminescence is much less
(2.2 meV) than that reported by Pinczuk and co-
workers and Worlock etal. ' (—20 meV) in GaAs-
Al„Ga& „As 2D electron systems with narrower wells,
which we attribute to the heterojunction character of our
sample, as we will discuss later. The results of lumines-
cence intensity as a function of the fixed magnetic field
can be summarized as follows (see Figs. 1 and 2). From
8 =0 to 6 T the luminescence linewidth becomes narrow,
its maximum intensity increases, and its position shifts to
higher energies. Above 6 T a new peak appears at 5.5
meV at a lower energy than the previous one, which in-
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luminescence intensity measurements at a fixed energy as
a function of magnetic field. The luminescence shows for
low-magnetic-field oscillations similar to the magne-
toresistance oscillations. However, only when the lumines-
cence energy is tuned at @col =1520 meV, the lumines-
cence oscillations behave synchronically with those of the
magnetoresistance and their amplitude is maximal. When
luminescence energy is tuned 1 meV below or above (not
shown in Fig. 3) hrui =1520 meV, the oscillations of light
intensity smear out, and the synchronism with magne-
toresistance is lost. This synchronicity does not depend
essentially on the excitation energy. However, at excita-
tion energies far above the gap, the amplitude of the
luminescence oscillations decreases, probably due to elec-
tron heating. Smith, Petrou, Perry, and Worlock have
also observed oscillations in the luminescence from GaAs-
Al„Ga~ „As samples, but without the synchronical behav-
ior with the magnetotransport measurements reported
here.

In order to explain the results obtained we assume that
the photoexcited electrons relax rapidly to the Fermi ener-
gy and the photoexcited holes relax rapidly to the top of
the valence band. At zero field the Fermi energy lies
slightly higher than subband E2 (see Fig. 4), and we con-
sider the recombination of carriers from E2 to the valence
band. Schematically, one can distinguish three possible
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FIG. 4. Schematic band structure and wave function for a
modulation-doped heterostructure of 500-A GaAs thickness.
The arrows A, B, and C denote different types of recombination
processes as discussed in the text. EG is the band-gap energy.
Ep is the Fermi energy, taken as origin of energies. E2= —3
meV, El = —8.5 meV, and Eo= —15 meV are the three sub-
bands obtained from the results (see text).

processes to recombine with valence-band states, at dif-
ferent energies, indicated as A, B, and C in Fig. 4. The
luminescence intensity is proportional to the wave-function
overlap integral which determines the transition-matrix
element and to the occupation of the initial and the final
states. In process A, whose energy corresponds to
Eg+E2, the overlap integral is large but the population of
photoexcited holes is small. To the contrary, in process C,
whose transition energy is below the gap due to the
Franz-Keldish effect, " the overlap integral is small but
the population of photoexcited holes is large. The real pro-
cess should be like B, near the gap, that is a compromise
between a high overlap integral and a large population of
photoexcited holes. This process should be more probable
for electronic states whose wave functions are more ex-
tended toward the center of the well, i.e., the optical
recombination from E2 is more probable than from E~,
and from E& more probable than from Ep. Consequently,
the heterojunction character of our samples would lead to
luminescence near the gap. This effect should depend on
the well width. For narrow wells like those used in Refs. 8,
9, and 10, the effect of the electric field in the interfaces is
much less important than in our case. Therefore, the elec-
trons and photoexcited holes are not so spacially separated
and, as observed, the luminescence band would cover the
energy range from EG to EG+Ez.

The magnetic field splits the subbands into Landau lev-
els, but does not affect the wave function in the z direction.
Therefore, the argument of the overlap integral along the z
direction also stands here. As the magnetic field increases,
luminescence is allowed for hn =0 transition between Lan-
dau levels of elecrons and holes, but thermalization makes
more probable the recombination of electronic states in the
lowest Landau levels (n =0). However, the magnetic field
also changes the Fermi energy and depopulates successive
Landau levels. Therefore, as the magnetic field is in-
creased the Landau levels of E2 subband would be emp-
tied, and then the most probable luminescence comes from
the recombination of the lowest Landau level of the E~
subband due to the overlap-integral argument stated above
(see Fig. 4). At even higher magnetic fields the same pro-
cess is repeated for the Ep subband. In order to prove this
argument we have done a simple calculation of the varia-
tion of the Fermi energy with magnetic field for three sub-
bands occupied like that in Fig. 4. The carrier concentra-
tion has been taken as 7.7 X 10" cm per junction and
the separation between subbands were E2 E & 5.5 meV
and E~ Erj 6.2 meV. As exp—ected, and as proof of con-
fidence, the calculation shows that oscillations of the Fer-
mi energy agree with those of Shubnikov-de Haas mea-
surements. This calculation also shows that at 8 7 T the
Fermi energy changes from the lowest Landau level of the
E2 to the lowest Landau level of the E~ subband. There-
fore at 7 T a quenching of the luminescence coming from
the recombination of electrons at n 0 Landau level of E2
subband is expected. This effect has been observed as
shown in Fig. 2 together with the simultaneous onset of the
luminescence coming from the recombination of the elec-
tron at the lowest Landau level of E ~. At 8 17 T the cal-
culation shows again the depopulation of the lowest Lan-
dau level of the E~ subband that is consistent with the in-
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tensity measurements observed in Fig. 2. It is important to
stress that there is internal consistency between all experi-
mental results [the total carrier density, the relative energy
of the subbands, and the fields at which the subbands are
emptied, determined optically and with resistance maxima
in the Shubnikov-de Haas (SdH) oscillationsl as verified
by calculation of the Fermi energy described above. The
consistency of experimental results precludes other ex-
planations involving impurities, inhomogeneities, and the
like. Finally, within our analysis of the data it is immedi-
ately understandable that we observe only synchronism be-
tween the intensity variation at fixed energy as a function
of the magnetic field and the magnetoresistance when we
tune the spectrometer at 1520 meV. This energy corre-
sponds to the recombination of electrons from the Fermi
energy and, therefore, the synchronicity with the SdH os-
cillations is not surprising. However, this luminescence is
observed close to the fundamental gap despite the fact that
EF lies at least 15 meV above the lowest subband as ob-
tained by the periodicity of the SdH oscillations.

In conclusion, we believe we have given a comprehensive
explanation for the apparently contradictory results, that

the luminescence in wide-doped quantum wells is observed
at energies near Eg and not at EG plus the subband ener-
gy. Our mechanism provides a natural explanation for this
effect based entirely on the one-electron theory and
without recurrence to band-gap renormalization due to
many-body effects. Our results indicate clearly the impor-
tance of the strong electric field responsible for the band
bending in doped heterostructures and may contribute to-
ward a better understanding of the results of this type of
experiments. Furthermore, it is possible to obtain infor-
mation about subb ands energies and their occupation
through optical experiments in such a way that magneto-
luminescence may be a complementary method in the
more usual magnetotransport studies.
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netlabor des Max-Planck-Institut in Grenoble. One of us
(F.M. ) acknowledges the hospitality and assistance re-
ceived from the High Magnet Laboratory staff' and espe-
cially thanks Professor P. Wyder for enthusiastic en-
couragement and M. Krath for the excellent technical as-
sistance.
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