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We report the first experimental evidence for the indirect fundamental band gap developed when an
in-plane magnetic field is applied to a modulation-doped quantum well. The observed photolumines-
cence peak for the lowest subband undergoes a large, approximately quadratic shift with field, a conse-
quence of the behavior of the allowed transitions in the increasingly indirect-gap band structure. A good
theoretical fit is obtained by calculating the transition energies using a realistic self-consistent Hartree

potential for the quantum-well profile.

PACS numbers: 78.20.Ls, 73.20.Dx, 75.20.Ck, 78.55.Cr

The behavior of the two-dimensional electron gas in a
modulation-doped quantum well with an in-plane mag-
netic field is a consequence of the interplay of electrostat-
ic, confinement, and magnetic forces. The eigenstates
evolve from bound states of the confining potential at zero
field to Landau levels at high fields, their character being
determined by the relative magnitudes of the cyclotron
radius, ay =(h/eB)"?, and the width of the potential, d
[1]. In the low-field regime (ay > d), the energy of the
bottom of the subband undergoes a diamagnetic shift
determined by the extent of the wave function. At higher
fields, as the magnetic confinement dominates (ay < d),
each subband develops some of the characteristics of a
Landau level: The energy tends asymptotically towards a
linear shift with field, and there is an increase in the
effective mass, and hence density of states. This type of
behavior has been observed in quantum wells and accu-
mulation layers, in transport measurements [2,3], in in-
tersubband magnetoabsorption [4,5], and in photolu-
minescence (PL) [6].

The presence of the in-plane field may also change the
nature of the subband structure, due to the relationship
between k., the in-plane momentum perpendicular to the
field (Blly), and the position of the orbit center on the
growth axis, zo=ahk,. The energy of a state depends on
the location of its orbit center in the structure, so the k.
dispersion is determined by the details of the potential.
In particular, the minimum of a subband will occur at k,
corresponding to an orbit centered where the state is lo-
calized [7]. Thus in a modulation-doped structure, if
electrostatic effects are strong enough to separate the
electron and hole states, the in-plane magnetic field will
cause an indirect band gap. The k-space gap Ak will be
proportional to the spatial separation Az of the electron
and hole and to the magnetic field through Ak =Az/aj.
Such distortions of the dispersion have been widely dis-
cussed theoretically [8-11], but the only experimental
evidence is in the form of additional transitions in inter-
subband magnetoabsorption measurements [5], which do
not probe the nature of the conduction-valence-band gap.

In this Letter, we present PL measurements on a 250-

A, asymmetrically doped quantum well which give the
first experimental verification of a magnetic-field-induced
indirect fundamental band gap. Our results show that
the lowest, n=1, electron-hole recombination peak ener-
gy exhibits a large, quadratic increase with field (0.19
meV/T?), an order of magnitude greater than that ex-
pected for the shift of the band extrema. Since the gap is
indirect in k space, the allowed transitions involving holes
thermalized to the top of the valence band correspond to
electron states above the bottom of the conduction sub-
bands. The energy shift of the transition gives a measure
of the k-space separation, according to AE ~hZ2Ak?/
2m,, if the small diamagnetic shift of the bottom of the
subbands is neglected. Since Ak is proportional to the
field, this leads to the large quadratic variation with field
observed experimentally. Similar behavior has in fact
been reported by some of the present authors in very wide
(700 A) InGaAs-InP quantum wells [12], but without in-
terpretation at the time.

The experiments were carried out at 2 K, with the PL
excited by 0.5 Wem ~2 of radiation from a He-Ne laser.
The PL was dispersed by a 0.75-m grating spectrometer
and detected with a cooled Ge photodiode. The results
discussed here were from a 250-A Ing;;GagsoAs quan-
tum well, with a thick barrier of GaAs on the substrate
side and 350 A of Alg23Gao.77As on the other. The Al-
GaA:s is heavily n doped (n=1.5x10'% cm ~?), except for
a spacer layer of 100 A immediately adjacent to the well.
This structure is particularly suited to the investigation of
the indirect gap because the asymmetry and high doping
lead to strong electric fields and the wide well allows a
large separation of electrons and holes. Further studies
on other samples with the same general design, but well
widths of 150 and 200 A, gave qualitatively very similar
results, though the shift rates were reduced due to the
smaller spatial separations of the electrons and holes.

The zero-field behavior of our structures has been in-
vestigated theoretically [13] by solving self-consistently
the Schrodinger and Poisson equations. The resulting po-
tential in the region of the well is shown in Fig. 1, along
with the wave functions of the hole and two occupied
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FIG. 1. Zero-field self-consistent potential in the region of

the well, and wave functions for the hole and occupied electron
subbands. The origin of energy is the conduction-band edge at
the extreme left-hand side of the well. The curves superim-
posed on the potential are the carrier dispersions, plotted as a
function of orbit center zo (see text). The solid lines correspond
to zero field, long-dashed lines to 7 T, and short-dashed lines to
12T.

electron subbands. The transfer of carriers from the
donors in the barrier to lower-energy states in the well
produces strong local electric fields and thus considerable
band bending. As a result, the lowest-energy n=1 elec-
tron and hole subbands are localized on oppsite sides of
the well, with the second electron subband 27 meV higher
in energy and extended over the whole well. The Fermi
energy is calculated to be about 1 meV above the bottom
of the second subband, giving a total sheet charge density
of 8.4x10'"" cm ™2 in good agreement with Shubni-
kov-de Haas measurements which indicate a value of
9%10'" cm 72

These theoretical results account well for the zero-field
photoluminescence spectrum in Fig. 2. The peaks E,
and E»;, corresponding to recombination of holes in the
n=1 subband with n=1 and 2 electrons, respectively,
have a separation of 27 meV. The actual Fermi energy,
obtained from PL measurements with Bllz, is about 3
meV above the bottom of the second subband. Despite
the much smaller population the E,; peak is ~20 times
stronger than E;;. This principally reflects the large
difference in overlap of electron and hole wave functions
for the two subbands, evident in Fig. 1, which causes both
matrix element and excitonic effects to favor the higher-
energy peak [13]. The E|, peak is asymmetrically
broadened to higher energy by the ‘“forbidden” &k=0
transitions involving electrons further up in the subband,
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FIG. 2. Photoluminescence spectra for a range of in-plane
magnetic fields. The peaks E ;i and E» correspond to allowed
transitions from the » =1 and 2 electron subbands.

made weakly allowed by disorder or a thermal population
of holes away from the valence-band maximum. Extrap-
olation of the Landau-level energies in measurements
with Bllz shows that the E || peak occurs at the bottom of
the subband, indicating that the disorder is weak, so the
peak energies coincide with the allowed transitions. Fig-
ure 2 also shows the PL spectra for a range of in-plane
magnetic fields. The E|, peak shows the anomalously
large quadratic upshift with field, indicative of the in-
direct nature of the gap. Magnetic depopulation of the
n=2 subband only becomes apparent at the highest field
shown (8.75 T), a consequence of the relatively weak
magnetic effects on the density of states and the small
differential diamagnetic shift of the two occupied sub-
bands.

The increase of peak energies with field is shown by the
experimental points in Fig. 3. The quadratic behavior is
very apparent, with shift rates of 0.19+0.02 and 0.07
meV/T? for n=1 and 2 transitions, respectively. These
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FIG. 3. Experimental (points) and theoretical (solid lines)
transition energies as a function of the square of the field. Also
shown (dashed lines) are the diamagnetic shifts of the bottoms
of the subbands.

compare with values of 0.02 and 0.07 meV/T? calculated
for the diamagnetic shifts of the bottom of the subbands
(dashed lines). The observed n=1 transition clearly can-
not be between the band extrema, since the shift rate is
much larger than the calculated value, and is significantly
greater than that for the n =2 peak. It is also an order of
magnitude larger than the value (0.018 meV/T?) ob-
tained in the PL experiments of Ref. [6], involving a nar-
rower (150 A) symmetric well, which remains a direct
gap since the electrostatic forces are insufficient to
separate the electrons and holes. However, allowing for
the indirect gap, even the simple result above
(AE =h>Az?/2m,a;}) gives fair agreement for the transi-
tion energies: The shift rate of 0.19 meV/T? corresponds
to a spatial separation Az of approximately 120 A, very
reasonable for the wave functions in Fig. 1.

In order to put the theory on a more accurate footing,
it is necessary to include the magnetic field with the elec-
trostatic well potential in the self-consistent solution.
This problem has been considered by a number of authors
[1,8-11], with various degrees of sophistication in the
treatment of the potential, band structure [10], self-
consistency [8-11], and more complicated many-body
effects [9]. The approach adopted here is to treat
electron-electron interactions only in the Hartree approx-
imation, but to include the modification of the dispersion
and wave functions by the magnetic field in the self-
consistency loop. In fact, the effects of the relatively low
fields used here in the self-consistency procedure turn out
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FIG. 4. Theoretical dispersions for the occupied subands at
various fields, plotted as a function of k.. The origin of energy
is chosen as in Fig. 1. Allowed transitions for a thermalized
hole are indicated by the vertical solid line.

to be of little importance: The Hartree potential varies
only slightly with field, and the calculated transition ener-
gies are changed by <1 meV.

In solving the Schrddinger equation, the conduction-
band offset at the edges of the wells is taken to be 70% of
the total discontinuity. Since the In content is small, the
InGaAs carrier masses are assumed to be the same as in
GaAs. The in-plane hole dispersion is treated as parabol-
ic, with mass 0.15m,. Although this is unrealistic, the
hole diamagnetism contributes < 10% of the total up-
shift, so even sizable errors can be tolerated.

In Fig. 1 the calculated electron and hole dispersions
plotted as a function of orbit center z( are superimposed
on the zero-field potential. By using z( instead of k,, the
relationship between the indirect gap and the form of the
potential is made clear. Although the orbit center sepa-
ration Azg of the extrema remains roughly constant, as
determined by the potential, the k-space gap increases in
proportion to the field, since Azo=ajAk. This may be
seen in Fig. 4 where the calculated band structure is plot-
ted in the more usual way as a function of k.. The zero
of z, which determines the point k, =0, is chosen to be
the low-field maximum of the hole dispersion. Since this
point shifts very little in z with field (<5 A), its shift in
k space is also small.

The k-space gaps in Fig. 4 appear to be much larger
than those calculated by Oliveira et al. [11] for similar
structures. However, the allowed transitions with their
sign conventions have k, = — kj, so to make a direct com-
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parison it is necessary to reflect one of the bands in Fig.
11 of Ref. [11] around k=0, upon which the gaps be-
come similar in magnitude to those calculated here. One
consequence of this is that, for asymmetric wells, the
effects of the indirect gap are much greater than is sug-
gested in Ref. [11], as is demonstrated by the present re-
sults.

In Fig. 3, the experimental peak energies are compared
with the calculated direct transitions (solid lines) [14].
Also shown (dashed lines) is the behavior of the indirect
gaps, corresponding to the change in separation of the
subband extrema with field. The agreement for the n=1
transition with the solid curve is very good, and clearly
shows that the fundamental band gap is indeed indirect.
The situation for the n=2 transition is less clear, as it
seems to follow closely the indirect gap, though the dif-
ference between direct and indirect transitions is much
smaller than for n=1 (~2 meV at 9.6 T). However,
such behavior is not unreasonable, since at the higher
fields, where the difference becomes significant, the n=2
subband is depopulating. When few electrons remain
with sufficient k& to recombine in a direct transition, the
peak must move to lower energy.

To conclude, by measuring the shift rate with field of
the allowed photoluminescence transitions, we have dem-
onstrated that an in-plane magnetic field produces an in-
direct band gap in an asymmetric modulation-doped
quantum well. This verifies previous theoretical predic-
tions. The experimental results are in good quantitative
agreement with self-consistent calculations for the struc-
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ture considered.
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