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The miniband structure in strained In„Gai „As-GaAs superlattices is studied using interband
transmission and reAectivity in magnetic fields up to 16 T. Measured in-plane effective masses are in

good agreement with an eight-band k p envelope-function calculation. Significant coupling through
0

barrier layers 100 A thick is demonstrated by the presence of a finite miniband dispersion and a
reduction in the exciton binding energy for samples with thin well layers. The superlattice Landau
levels are observed to saturate in high magnetic fields near the top of the minibands, and this behav-
ior together with the superlattice masses are fitted semiclassically using the envelope-function mod-
el. Landau levels from the n =2 exciton are analyzed in an uncoupled sample, and, as this state
evolves into an unbound miniband, it is predicted to show very anisotropic quasi-one-dimensional
behavior.

INTRODUCTION

The formation of extended miniband structure in semi-
conductor superlattices is a natural consequence of the
imposition of a periodic layered structure on top of the
crystal lattice. ' This not only provides great practical
potential for band-structure engineering, but the model-
ing of coupling between confined states is a valuable test
of theoretical predictions. ' Discrete localized
quantum-well states evolve into extended Bloch-type
minibands when the wave-function overlap between adja-
cent well layers becomes strong enough to overcome
broadening due to fluctuations and collisions. Coherent
electron transport through miniband Bloch states has
been demonstrated by subpicosecond spectroscopy and
by cyclotron motion through the layers in GaAs-
Al Ga& As superlattices.

In this paper, we study the interband optical properties
of a series of strained In Ga& As-GaAs superlattices
and demonstrate the presence of miniband dispersion in
the growth direction for both conduction and valence
bands. The efFects of interwe11 coupling on the exciton
binding energy and miniband effective masses are mea-
sured, and by using a magnetic field, we are able to
characterize the change in behavior from quantum well
to superlattice. An eight-band k.p envelope-function
Landau-level calculation is used to model the magneto-
optical results and incorporates the combined efFects of
strain and magnetic field on the band structure.

SAMPLE AND EXPERIMENTAL DETAILS

The superlattice samples studied were grown by molec-
ular beam epitaxy on undoped (001) GaAs substrates.
The growth sequence consists of a I-pm GaAs bufFer fol-
lowed by 20 periods of In Ga& As wells and GaAs bar-
riers and capped with a thin 200-A layer of GaAs. All

0
four samples have 100-A GaAs layers, but the
In Ga& „As layer thickness was varied between 25 and

0
200 A with a nominal indium content of 12 at. %. X-ray
measurements indicate, however, a lower indium content
in the alloy layers, and a value of -9 at. %%uo isderived
from theoretical fits to the interband transition energies.
The reason for the discrepancy lies in the high substrate
temperature during growth (580 'C), where significant in-
dium reevaporation occurs.

As each superlattice is epitaxially lattice matched to a
GaAs substrate, the —1 at. /o lattice mismatch is accom-
modated by a tetragonal distortion of the In Ga& „As
layers. X-ray studies and fits to the band-edge positions
suggest that there may be some local strain relaxation in
the sample with 200-A In Ga& As layers, but no exten-
sive relaxation was obvious in any of the three other
structures. Perhaps, surprisingly, there is no significant
linewidth broadening as the well thickness is increased to
give a total sample thickness greater than that where
some misfit dislocations begin to form. Shear strain splits
the degenerate valence-band edge' and for a compression
in the plane of the interface the heavy-hole band edge be-
comes higher in energy than the light-hole band edge.
With a strained electron to heavy-hole offset ratio of
67:33 and using the deformation potentials suggested by
Gershoni and co-workers, " we find for 9 at. % indium,
the electrons and heavy holes are confined in the
In Ga& „As layers by potential steps of 64 and 32 meV,
respectively, whereas the light holes are confined in the
GaAs layers by a potential barrier of only 7 meV making
them a type II system with respect to the electrons. Such
a type II configuration for the light holes has been clearly
demonstrated by Gerard and Marzin' using isoelectronic
substitution in each layer; however, the exact size of the
confining potential, though small, is not known exactly
due to.. uncertainties in the offset and the deformation po-
tentials. If we compare this system to the more common-
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ly studied GaAs-AlAs, we note that the confining poten-
tials are over an order of magnitude smaller (in GaAs-
AlAs, ' they are —1000 meV for the electrons and —500
meV for the holes). This makes In„Ga, „As-GaAs an
excellent candidate for studying miniband effects as
strong coupling between confined states occurs for rela-
tively thick layers of well and barrier. Not only does this
avoid the problems involved with characterizing and
modeling layers only a few atoms thick, but this also pro-
vides small superlattice Brillouin zones and hence
measurable miniband masses for minibands as narrow as
10 meV. Furthermore, it is justifiable to use the
effective-mass approximation on these structures as the
superlattice potential is slowly varying on the scale of the
interatomic potential, with superlattice periods over 45
monolayers wide. We can use an envelope-function cal-
culation, which includes the effects of strain on the band
edges and subband effective masses, " to calculate the
band structure: the miniband edges are plotted in Fig. 1

as the In„Gai „As thickness is varied. The four samples
studied have In„Ga& As widths of 25, 50, 100, and 200
0
A and are indicated by arrows along the x axis. For the
thinner In Gai As layers, the electron and hole states
are near the top of the barriers and are strongly coupled
into wide minibands. As the In Ga& As width in-

creases, the states become more confined and the cou-
pling is reduced, such that for 200-A layers, the lowest
states are essentia11y uncoupled. We should thus expect

these samples to show a complete range of behavior, from
isolated quantum well to strongly coupled superlattice.

The interband optical transmission and reAectivity
were measured at 4.2 K in the 16-T superconducting
magnet. The exciting source was chopped light from a
quartz halogen lamp and Czerny-Turner monochroma-
tor, and the transmitted or rejected radiation was detect-
ed using a carbon bolometer or silicon photodiode, re-
spectively. The magnetic field in these experiments is
used to quantize the superlattice band structure. For a
field perpendicular to the layers, the cyclotron motion
probes just the in-plane dispersion, but if the field is
orientated parallel to the layers, the field quantizes both
in-plane and superlattice dispersions into Landau levels
and hence allows us to map out the entire anisotropic su-
perlattice band structure. This technique was originally
used by Belle et al. to measure the minband width of a
GaAs-Gao 6Alo 4As superlattice and has been employed
more recently to demonstrate mass anisotropy ' and the
effect of I -X mixing in GaAs-A1As superlattices.

PERPENDICULAR FIELD RKSULTS-
IN-PLANK DISPERSION

Figure 2 shows a series of typical transmission spectra
for the 200-A In Ga, As well sample in different mag-
netic fields applied perpendicular to the layers. Excitonic
features appear as clear absorption dips in the transmit-
ted intensity. The two strong zero-Geld transitions at
1.415 and 1.448 eV correspond to the E1-hh1 and E2-
hh2 excitons, respectively, and two weaker features are
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FIG. 1. Calculated superlattice miniband edges for 100-A
GaAs layers as a function of In Ga& As thickness (x=9%).
The solid lines show the electrons and heavy holes which form a
type I system. The dashed lines show the light holes which have
type II character as indicated on the right. The arrows show
the In, Gal As thicknesses studied in this work.
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FIG. 2. Experimental traces of transmission for the 200-A
In Ga, As sample in 8 . Dips in the transmission correspond
to excitonic Landau-level transitions. The cutoff above 1.52 eV
is due to the GaAs substrate.
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FIG. 3. Excitonic Landau-level energies as a function of per-
0

pendicular magnetic field for the 200-A In Va& As sample
(see Fig. 2 for spectra). The lines are modeled fits using the
three-dimensional exciton model. The solid lines correspond to
the E l-hh1 exciton and the dashed lines to the E2-hh2 exciton.

present at 1.433 and 1.471 eV, which we assign to the
E1-hh3 and E2-hh4 transitions. The energies of these
transitions are in excellent agreement with photolumines-
cence excitation data on the same sample piece. No
light-hole transitions are visible in this sample, which is
consistent with the light holes being type II with respect
to the electrons: the wave-function overlap is then very
small for an essentially uncoupled system. Light-hole
transitions appear, however, for the more strongly cou-
pled samples due to the increased wave-function overlap.

In a magnetic field, Landau-level transitions are clearly
visible and the energies of these levels are plotted as a
function of applied field in Fig. 3. The excitonic Landau
levels evolve out of the zero-field bound exciton states
and one of two models can be adapted to fit the data: ei-
ther a purely three-dimensional' (3D) or a purely two-
dimensional' (2D) excitonic system (a superlattice exci-
ton lies somewhere between these two extremes). The ex-
citon binding energy and cyclotron mass are treated in-
dependently when modeling superlattice excitons to ac-
count for the anisotropic band structure. Although the
2D exciton binding energy is four times the equivalent
3D case, when the binding energies and cyclotron masses
are scaled equally, the differences between these two
models are relatively slight. Most notably the 1s-2s zero-
field splitting is 0.75A * for a 3D exciton and 0.89A for
a 2D exciton, and the low-field diamagnetic shift of the 1s
state is 25% smaller in the 2D limit. Both these
differences are relatively hard to detect, leaving the bind-

ing energy as the most sensitive measure of dimensionali-
ty. This is greatest for the sample with 100 A
In„Ga& As layers where it is only two times the 3D
In Ga, As limit of -3.8 meV (see Fig. 6). We there-
fore use the 3D model for all samples and estimate any
error thereby introduced to be less than -0.5 meV.

The fan diagram in Fig. 3 appears complicated at
higher energies due to the presence of transitions crossing
over each other in the spectra. However, two sets of
Landau levels can be resolved, one originating from the
E1-hh1 exciton and the other from the E2-hh2 exciton.
The E1-hh1 Landau levels can be seen down to 2 T, giv-
ing an exciton binding energy of 6.5 meV. This is con-
sistent with an enhancement over the bulk value due to
confinement in a wide 200-A well. The E2-hh2 exciton is
fitted with a slightly smaller binding energy (S.S meV) in
line with theoretical predictions. ' Smith and co-
workers' have recently published reAectivity data on un-
coupled 100-A GaAs-AlAs quantum wells in which they
observed Landau levels up to 8 T from both the n = 1 and
2 excitons. They fitted their data by extending the
effective-mass theory of Duggan, ' however a consider-
able discrepancy was noted for the E2-hh2 exciton, with
the measured splitting between the two lowest Landau
levels being half their theoretical estimate, giving an un-
realisticaHy small exciton binding energy. Our results,
however, clearly give an E2-hh2 binding energy (from the
n = 1 Landau level at low fields) which is intermediate be-
tween the bulk, 3D value and the strongly confined El-
hh1 exciton and this is probably due to the finite band-
width (4 meV) of the n =2 electron subband. The fit to
the 1s diamagnetic shift is about 15% too small. The
reason for the discrepancy in the model is probably that
the shape of a hydrogenic magnetoexciton is a much
better approximation to an n = 1 than an n =2 exciton,
particularly in that an n =2 exciton has a broader spatial
extent giving the greater shift. Unfortunately, the calcu-
lations of Smith for an n =2 exciton are only valid for
modest fields (Duggan estimates 0—4 T) and so it is not
possible to make a valid comparison with high-field data
up to 15 T.

In the three narrower well samples, higher excitonic
Landau levels are only observed originating from the
E1-hh1 transition. These are plotted as a function of
magnetic field for the 25-A In Ga, As sample in Fig. 4.
In zero field, there are two sharp absorption features at
1.493 and 1.500 eV, which correspond to the E1-hh1 and
E1-lh1 excitons. As these lie only -20 meV below the
bulk GaAs band edge, the refIectivity rather than
transmission is measured, allowing the band structure
above the top of the GaAs barriers to be investigated.
The refIectivity line shapes are modeled by taking a
Lorentzian dielectric response for the excitons and us-
ing a transfer-matrix technique to account for the layered
structure. In contrast to previous studies on GaAs-AlAs,
where the line shape was found to be asymmetric both ex-
perimentally and theoretically, the line shape in these
samples is very similar in form to the transmission: a
sharp dip in the rejected intensity occurs at the transi-
tion position. The lack of strong asymmetry is probably
due to the short optical path across the capping layer
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FIG. 4. Excitonic Landau levels for the 2S-A In Ga& As
sample in 8 . ReAectivity is used to measure above the GaAs
band edge. The solid lines show fits using a "heavy-"hole mass
of 0.36mo, which is appropriate at high energies once the
valence bands are strongly. mixed. At low energies, a lighter
decoupled hole mass of 0.19mo gives a better fit (dashed lines).

-20-

hh1

(-y/10) and a weak modulation of the real part of the
refractive index by the layered superlattice. This mini-
mizes interference effects near the surface so that the
changes in reAectivity are dominated by the imaginary
part of the refractive index, i.e., the absorption.

The gap in the fan diagram (Fig. 4) in the energy range
1.515—1.520 eV is where the bulk GaAs 1s exciton dom-
inates the spectrum. Above the GaAs band edge, two
sets of Landau levels are observed, one originating from
bulk GaAs and the other from the superlattice. The bulk
Landau levels are visible for low fields (2 —4 T), producing
a modulation of the refiectivity of -0.5%%uo, but as the field
increases, stronger superlattice levels start to pass
through such that above 6 T it is no longer possible to
identify bulk levels. The reason for the dominance of the
superlattice levels is the thin capping layer: the greatest
change in refractive index occurs at the air interface and
the short optical path across the capping layer makes it
optically translucent to the incoming radiation. Only
transitions originating from the superlattice are plotted in
Fig. 4, and these are fitted using the 3D exciton model
(solid lines). The binding energy (4.5 meV) is determined
from low-field extrapolation of the n =1 level down to
1.5 T. A heavy-hole mass of 0.19mo (dashed lines) is re-
quired to fit the levels at low energies, but this gives a
poor fit above about 1.54 eV. At higher energies, even
taking into account the effect of the electron subband
nonparabolicity, a much heavier hole mass of 0.36mo is
required (solid lines), indicating that the valence-band
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FIG. 5. (a) Six-band k.p envelope-function calculation of the
0

valence in-plane dispersion for the 25-A sample in zero magnet-
ic field. The interaction between the hh1 and lh1 subbands
mixes the character and increases the hh1 mass away from

k~~
=0. The open circles indicate the radii of the semiclassical

cyclotron orbits observed experimentally in 6 T and are labeled
with the Landau index n. (b) Eight band k p envelope-function
calculation of the valence-band Landau-level structure for the

0
25-A In„Ga& „As sample. The quantum numbers
—2, —1, —0, . . . , follow the standard notation (see, for exam-
ple, Ref. 21).
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TABLE I. Variation of high field value hh1 efFective mass
with energy separation of heavy- and light-hole subbands.

d In Ga Asx 1 x
0

(A)
+hh +1h

(meV)

25
50

100
200

12
26
32
34

0.36
0.25
0.23
0.19

PARALLEL FIELD RESULTS-
INTERWELL COUPI. ING

structure is very nonparabolic. Such behavior is well
known and arises from the mixing of heavy- and light-
hole states away from k~~

=0. ' In GaAs-Al Ga& As
quantum wells, similar behavior has been observed at
very low magnetic fields; however, in strained
In„Ga, As-GaAs structures, the heavy- and light-hole
splitting is much greater and a decoupled (unmixed) mass
can be observed over a wider range of energy (or field).
Indeed, cyclotron resonance on a p-type sample with 14
at. % indium content has measured a mass of 0.155mo
close to k~~

=0 for the hh1 band indicating the decou-
pled nature. A calculation of the valence-band structure
and corresponding Landau levels for the 25-A sample us-
ing six- and eight-band k p envelope-function models, re-
spectively, are shown in Figs. 5(a) and 5(b). In the in-
plane dispersion, the increase in hole mass is due to the
interaction between the hhl and lh1 states away from

k~~
=0. The radii of the semiclassical orbits in k space for

the nine Landau levels observed experimentally in 6 T
(Fig. 4) are indicted in Fig. 5(a) and clearly sample both
the light and heavy values of the hhl mass. The calculat-
ed interband transition energies using the Landau levels
in Fig. 5(b) and an analogous set for the conduction band
agree well with the experimental results over the whole
field range used.

There is a clear trend of decreasing high-energy hh1
mass with increasing In Ga, As width over the four
samples (see Table I). The linewidths in the 50- and 100-
A samples are not so sharp as the 25-A sample, and it is
not possible to see strong nonparabolicities due to the un-
coupled mass at low fields. However, the decrease in
mass at large k~~ fits in with a progressive decoupling of
the hh1 and lh1 subbands as their separation increases.

Fig. 6 (solid circles) as a function of In Gai As width
together with the bulk GaAs value, which corresponds to
the zero thickness limit. Also shown (open squares) are
some binding energies measured by photoluminescence
excitation spectroscopy in samples with much thicker
barrier layers. These are eff'ectively uncoupled wells
and the energies show good agreement with calculations
for an isolated well (solid line). In contrast, the exciton
binding energies in the strongly coupled samples lie sub-
stantially below the isolated well values. For 25 A, the
energy of 4.5 meV is little more than that of bulk GaAs,
consistent with the structure acting as a weakly aniso-
tropic three-dimensional solid. The binding energy then
increases rapidly towards the iolated well value as the
states become more confined into the well layers. For
wider In Ga, As layers, the exciton spreads out within
the well leading to a gradual decrease in the binding ener-

gy towards the three-dimensional limit (estimated value
for bulk In Gai As is —3.8 meV). The peak in the ex-

0

citon binding energy at the 100-A sample indicates the
strong eAect of coupling in these structures for even rela-
tively thick layers. For the isolated wells the confinement
is stronger leading to a peak binding energy for much
narrower wells, around 50 A.

A more definitive demonstration of electronic coupling
in a superlattice is the presence of a finite miniband
dispersion in the growth direction. This may be probed
by orientating the magnetic field parallel to the sample
layers so that the cyclotron orbits involve both in-plane
and superlattice motion. Landau levels are only observed
if there are extended Bloch states through the superlat-
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The exciton binding energy in a semiconductor super-
lattice is a very sensitive measure of the exciton dimen-
sionality and hence also of the lateral extent of the exci-
tonic wave function. In the two-dimensional limit, it is
enhanced by a factor of 4 over its three-dimensional

0
value. Hence the binding energy iz a 22-A GaAs-
Al Ga& As quantum well has been measured to be
13+3 meV„which compares with a bulk GaAs band-
edge value of 4.2 meV (Ref. 25) (though part of the
enhancement is due to band nonparabolicities). The mea-
sured binding energies of the four samples are shown in

50 100 150
In„Go, „As width (A)

200

FIG. 6. Solid circles show the measured El-hh1 exciton
binding energy as a function of In Ga& As well thickness in
these samples. The open squares and solid line are taken from
Ref. 26 and show the measured and calculated binding energy in
isolated well samples. The difference between the two sets of
data for thin wells illustrates the eA'ect of interwell coupling on
the binding energy in this region.
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tice and the corresponding Landau-level separation is
now smaller due to the heavier cyclotron mass. Figure 7
shows the experimentally measured Landau levels in the
25-A In„Ga& As sample. An envelope-function calcu-
lation predicts miniband widths of 20.3 and 1.6 meV for
the electron and heavy-hole minibands, respectively, so
any structure associated with the top of the electron
miniband is not visible due to the dominance of the GaAs
1s exciton in that part of the spectrum. In contrast to B,
no superlattice levels are seen above the GaAs exciton,
indicating a finite superlattice miniband width which is
less than —30 meV wide. However, levels below 1.510
eV are visible and these are fitted using the 30 exciton
model. The cyclotron mass is calculated by taking a
geometric average of the in-plane and superlattice masses
for each particle and then taking the usual reduced mass.
The in-plane masses and binding energy are then taken
from the perpendicular field data and the superlattice
masses are calculated using an envelope-function calcula-
tion. The fit is good at low energies and confirms the cal-
culated reduced mass anisotropy of p /p~~=1. 29. How-
ever, the fit at higher energies is poor, considerably
overestimating the transition energies even when the elec-
tron miniband nonparabolicity is taken into account
(dashed line). The reason for this discrepancy is due to
the heavy-hole miniband saturating.

The heavy-hole miniband is narrow due to the heavy
tunneling mass in the growth direction and, when com-

1510

E 1500

lt 90

2 4 6
Magnetic field (T)

FIG. 7. Excitonic Landau levels for the 25-A In Ga& As
sample in the parallel field orientation. No levels are observed
above the range of the bulk GaAs exciton (1.51—1.52 eV), indi-

cating the finite minband width in this sample. The solid lines
show fits including the full miniband structure, while the dashed
lines assume a constant hole mass. The arrows indicate the
change in gradient due to the hole miniband saturating.

bined with the light decoupled in-plane mass (0.19mo),
the superlattice Landau levels reach the top of the
heavy-hole miniband well before the top of the electron
miniband. The saturation of the hole miniband reduces
the cyclotron energy increase —the low-energy gradient
is due to the combined electron-hole reduced mass,
whereas the gradient at higher energies is just due to the
electron mass alone. From the miniband width, we can
estimate semiclassically the "fundamental" field at which
the n =0 heavy-hole Landau level reaches the miniband
top to be 13.8 T; hence the n =1 and 2 levels are predict-
ed to saturate at 4.6 and 2.8 T, respectively, and these are
indicated by arrows in Fig. 7. In their original experi-
ments, Belle and Maan found that no sharp parallel field
Landau levels are observed when the miniband width is
exceeded. Indeed, any discrete levels above the top of the
miniband are not possible in a semiclassical picture as
they lead to open orbits which cannot satisfy the usual
quantization conditions. Mann's calculation showed
that for levels both near the top and above the miniband,
the Landau-level energy depends on the orbit position (in
real space) which makes transitions very broad and weak.
This does not happen for the holes in this case due to the
narrow-hole miniband width (1.6 meV), though it
remains unclear exactly which hole states are combining
with the discrete electron Landau levels. Intuitively,
however, the mass gets very heavy near the top of the
miniband and the solid lines in Fig. 7 are calculated using
a semiclassical quantization of both the electron and hole
band structures assuming no further increase in energy
once the miniband top is reached. The data fit much
better with the change in gradient at fields where the
heavy holes saturate (indicated by arrows). Berezh-
kovskii and Suris have shown that strong fields (about
twice the saturation field) localize the extended miniband
states into single wells, i.e., actually change the band
structure. As Maan pointed out, the crucial assumption
of a semiclassical approach is that the magnetic field does
not alter the band structure but only allows certain values
of energy in the existing band structure. However, Maan
also showed that within the miniband, a semiclassical
quantization gives essentially the same results as a full
calculation involving electrical and magnetic quantiza-
tion together, and the use of a semiclassical model not
only gives a clearer picture but allows the inclusion of ex-
citon effects which are important at low fields.

We now turn our attention to the 50-A In„Ga& „As
sample where the coupling and hence the miniband
widths are reduced. The Landau-level diagrams for 8
and B ~ are shown in Figs. 8 and 9. In the experimental
spectra, there are two distinct contributions to the E1-
hh1 exciton transmission line shape at zero field, though
the lower-energy feature gradually dominates as the field
is increased. The presence of multiple lines in the
luminescence of these and other samples indicates indium
fluctuations across the superlattice which localize the
heavy-hole states into a few well layers. The hole states
are particularly sensitive to localization effects because of
their narrow bandwidth. This interpretation is supported
by the reAectivity on the same sample piece which picks
out the lower-energy feature much more strongly; the
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FIG. 9. Excitonic Landau levels for the 50-A In, Ga, As

sample in the parallel field orientation. The solid lines are cal-
culated using a semiclassical quantization of the full band struc-
ture, while the dashed lines assume a constant electron mass
and hence ignore the effect of the miniband gap.

0
FIG. 8. Excitonic Landau levels for the 50-A In Ga& As

sample in B . The zero-field transitions at 1.454 and 1.480 eV
are the E1-hh1 and E1-lh1 excitons, respectively.

reAectivity is more heavily influenced by the top layers
near the air interface (presumably where the lower-energy
exciton is localized) compared with the transmission,
which takes a more even average throughout the whole
structure. In addition, in the 25-A In„Ga& „As sample,
about 3 meV below the main E1-hhl feature, there is a
weaker transition which has a 15% smaller B~' diamag-
netic shift indicating a more tightly localized exciton.
The presence of two lines in the 50-A In Ga, „As sam-
ple coupled with the increase in linewidth due to alloy
broadening ( —4 meV) allows only the lowest two exci-
tonic Landau levels (Is and 2p) to be observed. This is
sufhcient though to obtain a value for the exciton binding
energy (7 meV) and the in-plane hole mass (0.25mo). In
the parallel magnetic field orientation (Fig. 9), again two
E1-hhl exciton levels are observed allowing a calculated
value of 1.56 for the band-edge reduced mass anisotropy
(p /ru, '~) to be confirmed. The n =1 Landau level weak-
ens and dies out around 10 T, which appears consistent
with a finite miniband width. However, a semiclassical
quantization of the band structure considerably underes-
timates the energy at which the saturation occurs even if
the GaAs barriers are reduced to 90 A (solid lines), giving
miniband widths of 13 and 0.5 meV for the electrons and
heavy holes, respectively. In contrast, the fit for the 1s
shift is good, indicating that the miniband masses and
hence widths are fairly accurate. One possible reason for
the discrepancy is that the enhanced magnetoexciton
binding energy is being overestimated near the top of the
miniband where the differential mass is negative. This is
unlikely, as reducing the binding energy would just in-
crease the slope of the excitonic line and not extend it as
is required. Instead, we attribute this behavior to the su-
perlattice miniband structure breaking down. This may
be due either to imperfections in the superlattice periodi-
city due to tluctuations in indium content (the linewidth-5 meV is at its widest in this sample), weakening the q
quantum number conservation rule, or possibly due to
the miniband width and exciton binding energy being of a
similar size and hence modifying the magneto-band-
structure. The dashed line in Fig. 9 is calculated using
a constant electron mass (i.e., ignoring the superlattice
miniband gap) and the experimental points lie intermedi-
ate between the two limits.

No higher excitonic Landau levels are observed in the
parallel field configuration for the two weakly coupled
samples with 100- and 200-A In Ga& As layers. How-
ever, it is possible to trace the complete change in exciton
behavior from superlattice to quantum well by comparing
the diamagnetic shifts of the E1-hhl 1s exciton states. In
a perpendicular field [Fig. 10(a)], the shifts for all four
samples are similar, reQecting the relatively weak depen-
dence of the high-field diamagnetic shift on the exciton
binding energy (the reduced masses do not vary much).
In a parallel magnetic field [Fig. 10(b)], the variation is
much greater. There is a rapid decrease in shift as the
coupling is reduced and the exciton becomes confined to
a single well. The shape of the curve also changes from
being subparabolic, almost linear, which is characteristic
of a three-dimensional exciton, to a purely parabolic shift
which is characteristic of an isolated quantum well.
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FIG. 10. (a) Diamagnetic shifts of the E1-hhl exciton for the
four different samples in B . (b) Diamagnetic shifts in B ~~. The
shift becomes strongly parabolic for the uncoupled samples.

The increase in shift for the wide 200-A In Ga, As
sample is due to the exciton spreading out in the well and
regaining some of its three-dimensional character. The
parabolic shifts are modeled by using a perturbation ap-
proach on the envelope functions, where

e2g2 2 2g2 2

+
2m 2m), '

is the perturbing potential and m," and m), ' are the in-

plane effective masses. Both the first- and second-order
shifts are calculated, but even at 16 T, the quartic
second-order shift is typically only —10% of the quadra-
tic first-order shift. For the 200-A well sample, a hydro-
genic excitonic envelope with a Bohr radius of 150 A is
included on top of the envelope functions to mimic the
additional confining effect of the Coulomb potential and
this reduces the calculated shift by about 15%. As with
previous parallel field studies, the exciton binding energy
is taken to be independent of the magnetic field. ' ' Us-
ing the in-plane effective masses from the perpendicular
field Landau-level fits, the calculated diamagnetic shifts
are in good agreement with the experimental data.

The shift of the n =2 exciton in the 200-A
In„Ga, „As is —60% larger in the parallel field than in

the perpendicular field orientation. This is expected as
the state evolves into an n = 1 Landau level in the limit of
a very strong magnetic field. It is interesting to study
this behavior when the n =2 level evolves from being an
uncoupled quantum-well state to an unbound miniband.
In the 25-A In Ga, As sample (most strongly coupled),
the lowest two electron miniband widths are 20.3 and
68.8 meV, respectively, separated by a miniband gap of
25.3 meV. In the nearly-free-electron approximation, the
band-edge mass is inversely proportional to the band gap
and a similar argument applies to minbands leading to
very light superlattice masses for the higher bands. In
this case, an envelope-function calculation predicts an
n =2 band-edge mass of 0.003mo in the growth direction,
which rises to a value of 0.005mo at 10 meV into the
miniband. This represents an inverted mass anisotropy of
about 20, which is much larger than the mass anisotropy
measured in the n =1 minibands and should lead to the
formation of a very anisotropic prolate exciton, which is
quasi-one-dimensional. A decrease in the binding energy
due to the change in effective mass is expected, but much
more striking would be the Landau-level separation in
8 ~~, increased by about a factor of 4 over the 8 behavior.
Unfortunately, no modulation of the reAectivity is visible
around the n =2 exciton position in this sample; the
reason probably being that only 20 superlattice periods
are not enough to form a true miniband, which is 70 meV
wide. However, a measurement of the n =2 miniband
mass would provide an elegant demonstration of the
effect of the periodic superlattice potential and is the
basis of a present study in this system.

SUMMARY

In conclusion, we have studied the formation of mini-
bands in strained In„Ga, ,As-o-aAs superlattices as the
coupling between confined states is increased. This leads
to a decrease in the exciton binding energy and the for-
mation of a finite miniband dispersion and miniband
mass. A magnetic field is used to measure the superlat-
tice band structure and the effects of strain and interwell
coupling on the subbands are demonstrated. The result-
ing masses, both in-plane and superlattice, are in good
agreement with an eight-band k p envelope-function cal-
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culation. However, such good agreement is not always
found with the saturation of the minibands due to their
finite energy width, and this is thought to be either due to
inhomogeneity in the superlattice structure or to a failure

of the semiclassical model for narrow miniband widths.
The n =2 exciton is studied in an uncoupled sample and
this is predicted to become very anisotropic as the cou-
pling is increased.
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