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We report the results of a systematic investigation of the effects of decreasing the A1As layer
thickness from 41 to 5 A on the band alignment of GaAs/A1As quantum wells in which the GaAs

0
thickness was kept constant at nominally 25 A. Combining the techniques of photoluminescence
and photoluminescence excitation spectroscopy we have mapped out both the direct I -related band

gap and the X-I band gap as a function of A1As thickness. We observe a reversal of the band align-
0

ment from the type-II to the type-I arrangement when the A1As thickness is reduced below -13 A.
In addition, we present further evidence which confirms that the type-II emission process is related
to the X,-l pseudodirect band gap. In the structures with very thin ( & 10 A) A1As layers we note a
significant modification of the type-I excitation spectra where the n =1 exciton peak can be hun-
dreds of times stronger than the apparent absorption in the continuum region.

INTRODUCTION

The ability of molecular-beam epitaxy to grow
very-high-quality heterostructures of Al„Ga, „As/
Al Ga& As whose constituent layers are very thin has
led to the study of a range of new physical phenomena
based on quantum confinement. In particular there have
been extensive optical investigations of the subband
structure and valence-band alignment of such quantum-
well or superlattice structures. Detailed studies of the
band alignment at the Al„Ga, „As/Al Ga, As
heterointerface has led to evaluation of the fraction of the
direct energy gap difference Q„accommodated at the
valence-band step to lie in the range 0.3—0.4. For a
comprehensive review of this subject, see the article by
Duggan. ' This range of values for Q„has important
consequences in structures where the Al Ga, As is in-

direct (y &0.45). In particular it is possible to engineer a
type-II quantum-well structure where the lowest-energy
conduction-band minimum and highest valence-band
maximum are not in the same material. Initial
confirmation of this effect was provided by Dawson
et al. who made photoluminescence studies of an
Alp 37Gap 63As/A1As multiple-quantum-well structure
where the high aluminum content of the Al„Ga, „As
was used to push the lowest direct confined electron state
above the X minimum of the A1As. The luminescence
from this structure was assigned to recombination involv-

ing electrons confined at the A1As X point and n=1
heavy holes confined in the Al Ga, „As. Further evi-

dence for such type-II behavior was provided by Wolford
et al. who used hydrostatic pressure to drive the n=1
confined electron state of a GaAs/Alo zsGa0 7&As multi-

ple quantum well above the X minimum of the
Al Gal As. Above a certain critical pressure they ob-
served recombination involving electrons at the X
minimum in the Al Ga& „As with heavy holes in the
GaAs.

Work on type-II systems has been extended to include
purely binary structures of GaAs/A1As. In this system it
has been shown that a type-II band alignment is pro-
duced when the GaAs thickness is less than -35 A, so
that the n=1 electron subband lies above the A1As X val-
leys. In these reports extensive use was made of photo-
luminescence (PL) and photoluminescence excitation
(PLE) spectroscopy to identify not only the pure GaAs I
transitions (type I), but also transitions related to the
type-II band gap. The main conclusion from the work of
Finkman, Sturge, and Tamargo was that in all three
samples they studied the type-II exciton emission was an
indirect transition involving n=1 heavy holes in the
GaAs and electrons in the X„~ valleys of the A1As, i.e.,
those electrons with momenta in the layer planes, along
the [100] and [010] directions. Their assignment of the
type-II emission as an indirect process was based on
fitting the PL decay curve of this line, which was nonex-
ponential, to an expression for the time dependence of the
decay of localized zone-boundary excitons made allowed
by scattering from a random interface potential. Support
for this interpretation was provided by Ihm who predict-
ed that indeed X„can be the lowest minima in some cir-
cumstances.

In our earlier work we reported similar features in the
PL and PLE spectra as observed by Finkman and co-
workers from samples consisting of 60 periods of 70 A of
A1As with either 28 or 22 A of GaAs. However, we
presented a different interpretation of the emission data.
We ascribed the type-II process as zero-phonon and
phonon-assisted recombination of excitons involving
n=1 heavy holes in the GaAs and X, electrons in the
A1As, i.e., those electrons with momentum parallel to the
growth direction, along [001]. This has the important
consequence that because only the X, state is mixed with

by the superlattice potential, we believe the type-II
emission process is a pseudodirect transition and not an
indirect transition arising from the unmixed X„states.
More recently, Minami et al. , who have studied the
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time dependence of the type-II emission, have questioned
the analysis of Finkman and co-workers. They conclude
that the nonexponential character of the decay could be
explained by the recombination of excitons involving X,
electrons, in agreement with our interpretation of the
emission data. The assignment of the lowest-lying
conduction-band state as being the X, valley is also in
line with the theoretical predictions of Ruden, En-
glehardt, and Abrokwah' and Duggan and Ralph. "

In this paper we report the results of a systematic in-
vestigation of the e6'ects of electronic coupling of the
GaAs I states on the band alignment of type-II
GaAs/A1As multiple-quantum-well structures. We have
studied a series of samples in which the thickness of the
GaAs layers was fixed at -25 A and the A1As thickness
varied between samples from 41 to 5 A. Using the tech-
niques of PL and PLE spectroscopy we have followed the
positions of both the I -related direct gap and the X-I
type-II band gap as a function of A1As thickness. We
also present further evidence to support our original as-
signment of the type-II emission as a pseudodirect pro-
cess involving electrons at the X, minimum. In addition,
we note a significant modification of the PLE spectra in
samples in which the A1As thickness is less than about 10
A.

EXPERIMENTAL RESULTS

The samples reported on in this study were grown by
molecular-beam epitaxy in a Varian Associates Gen II
system; full details of the procedures used have been pub-
lished elsewhere. ' The layers were deposited on (001)
orientated semi-insulating GaAs substrates at a tempera-
ture of 630'C. The growth sequence was as follows: (a)
1.0 p,m of GaAs buff'er material; (b) 60 periods of nomi-
nally 25 A of GaAs and A1As layers varying in thickness
from sample to sample but nominally 42.5, 25.5, 17, 8.5,
and 5.7 A as given in Table I; and (c) a capping layer of
1000 A of GaAs. The samples were undoped, GaAs sam-
ples grown under the same conditions have background
donor and acceptor concentrations of about 2X10'

—3 12

The samples were mounted in a variable temperature
(4—300 K) continuous-flow cryostat. The lumine-
scence was excited by either a Kr-ion laser or an Ar-ion-
laser-pumped dye [4-dicyanomethylene-2-methyl-6-p-
dimethylaminostyryl-48-pyran (DCM) or pyridene] laser.
The luminescence was analyzed by a Spex Industries 1404
spectrometer and detected by a GaAs photomultiplier

(C31034) and associated photon-counting system. The
photoluminescence-excitation-spectroscopy (PLE) experi-
ments were performed by exciting the samples with light
from either a lamp and scanning spectrometer or the tun-
able dye laser and monitoring the luminescence intensity
as a function of excitation energy. The period d of each
superlattice was measured by x-ray diff'raction and the
GaAs thickness d

&
was determined by comparison of the

type-I exciton peaks in the PLE spectra with e6'ective
mass calculations. Details of both these procedures are
described by Orton et al. ' The values of d, d&, and the
deduced A1As layer thickness d2 are all given in Table I.
We note the excellent agreement, to within one mono-
layer, between the nominal growth parameters and the
measured values of layer thickness.

The results of our photoluminescence (PL) and PLE in-
vestigations are presented in Figs. 1, 2, and 3. A prelimi-
nary report showing some of this data can be found in
Ref. 7. First, consider the low-temperature PL (Fig. 1)
from the quantum-well structures in which the thickness
of the A1As layers are 41, 28, and 19 A. We identify the
main PL transition labeled as (E1X-HH1) in these three
samples as zero-phonon recombination of type-II exci-
tons involving electrons confined at the lowest X point of
the A1As and holes at the I point in the GaAs. The side-
bands on the low-energy side of the main line we assign
as phonon replicas of the same transition. In our earlier
work on this subject we reported the observation of
three phonon replicas in samples with A1As layers -70
A. In those samples the strengths of the phonon replicas
were comparable to the strength of the zero-phonon line.
Reducing the A1As thickness to 41 A has produced a
significant decrease in the relative intensity of the
phonon-assisted transitions and this trend continues as
the A1As thickness is reduced further to 28 and 19 A. In
these samples only two replicas are resolvable in the
emission spectrum. We measure the splitting of these
lines with respect to the zero-phonon line as 30+2 meV
and 50+2 meV for all these samples and identify the pho-
nons involved to be LA and LO A1As X-point phonons,
respectively. ' We have found that the decrease in
strength of the phonon assisted transitions with decreas-
ing A1As thickness can be correlated with an increase in
the radiative decay rate of the zero-phonon line. Con-
trary to other reports, our lifetime measurements on
these samples show that the type-II emission has an ex-
ponential decay at 4 K. At the lowest temperatures the
decay is slow, -0. 1 —7 ps, but becomes faster as the tem-
perature is increased. A detailed analysis of the decay

0
TABLE I. Sample parameters (nominal GaAs thickness is 25 A, nominal AlAs thickness is given in

brackets) and energy positions of peaks measured from Figs. 1, 2, and 3.

Total
period

d+1.5 A

63
50.5
42
33
30

GaAs
thickness
di+0.5 A

22
22.5
23
25
25

AlAs
thickness
dp+2 A

41(42.5 )

28(25. 5 )

19( 17.0)
8(8.5)
5(5.7)

PL (eV)

1.792
1 ~ 819
1 ~ 845
1.803
1.751

PLE (eV)
E1I -HH1

1.947
1.932
1.897
1.804
1.751

PLE (eV)
E1X-HH1

1.809
1.835
1.860
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exciton peak, observed in the excitation spectrum, moves
to lower energy by a few meV within the range 4—40 K.
For example, for the sample with 28 A A1As, the energy
difference between the type-II PL and PLE peaks at 4 K
is 16 meV. Between 4 and 40 K we observe the emission
peak moves to higher energy by 7 meV while the excita-
tion peak moves by 3 meV to lower energy. Therefore at
40 K the energy difference between the type-II emission
and excitation features is only 6 meV. The significance of
this result will be explained in the discussion section.

Consistent with our identification of the emission pro-
cess in samples with A1As layers 41, 28, and 19 A as
type-II recombination, we note the continuous shift to
higher energy of the type-II PL and PLE peaks with de-
creasing A1As thickness. This reflects the increase in the
electron confinement at the X minimum in the A1As. We
can follow the position of the I -related direct gap as a
function of A1As thickness from the energy of the type-I
peaks in the PLE spectra as shown in Fig. 2. Initially, as
we reduce the A1As thickness the type-I exciton transi-
tions are virtually constant in energy, as we would expect
for isolated quantum wells with approximately the same
GaAs thickness. However, when the A1As thickness is
reduced to 19 A we observe a shift of the type-I transi-
tions to lower energy and also a decrease in the splitting
of the heavy- and light-hole exciton peaks. We believe
this perturbation of the I confinement energies is a result
of electronically coupling adjacent GaAs layers through
thin A1As layers. This reduces the energy of all the
confined particle states and thus decreases the I transi-
tion energies. Since the effect is greater on the particles
of smaller effective mass, i.e., the electrons and light
holes, the n = 1 light-hole subband moves closer to the
heavy-hole subband and as a result, the splitting between
the lowest I -related exciton peaks is reduced.

When the A1As thickness is reduced still further to 8
and 5 A the I states become extensively coupled and we
observe a dramatic shift of the PL to lower energy. In
these samples the nature of the emission has changed.
We assign the PL peak to be type-I exciton recombina-
tion of GaAs I -state electrons and holes. This is a result
of the continued lowering of the GaAs I -point subband
minima such that the GaAs n=1 electron states now
represent the lowest-energy electron states of the super-
lattice. " In both samples this assignment is confirmed by
the coincidence of the E1I -HH1 exciton peaks in the
PLE spectra (Fig. 2) with the energy of the emission lines.
Turning our attention to the details of the PLE spectra in
Fig. 2 of the samples with A1As layers only 8 and 5 A
thick, we note a dramatic modification of their spectral
shape. There is a well-defined peak representing the
lowest exciton state of the system E1I -HH1; however, to
higher energy there appears only to be very weak absorp-
tion in the continuum region. We will outline a possible
explanation for these observations in the discussion sec-
tion.

We can briefly summarize the results described above.
We have observed that uncoupled GaAs/A1As quantum
wells with GaAs layers of -25 A have a type-II band
alignment. However, as we reduce the thickness of the
AlAs layer the system reverts to a type-I alignment when

there is sufficient coupling between the GaAs layers to
pull the lowest GaAs I electron state below the X
minimum in the A1As. Although the coupling between
the GaAs layers for very thin A1As layers provides the
more interesting physics, the X minimum is also rising
with reduced AlAs thickness as its energy levels are
pushed up in the squeezed square well. We estimate that
for these structures this type-II —type-I crossover occurs
between 10—15 A of A1As.

DISCUSSION

First we turn to what is the subject of some controver-
sy in the study of type-II GaAs/A1As quantum wells. As
describe in the Introduction, there is considerable
disagreement on whether the lowest-lying conduction-
band state is at the X, minimum as predicted by envelope
function calculations' '" or the X minima as concluded
by Ihm. The theoretical results of Ruden and co-
workers' and Duggan and Ralph" are based on similar
effective-mass approaches where the relevant effective
masses for the A1As X electron states' at X, and Xzy
were taken to be 1.1mo and 0.19mo, respectively. Thus
consideration of the confinement effects on electrons with
these effective masses clearly predicts that the X, state
will always be at a lower confinement energy than the X
states in any unstrained GaAs/A1As quantum-well or su-
perlattice system. It has been demonstrated that even
when the effects of X,-I and X„-X mixing are taken into
account' a lowering of the X state only occurs if the
A1As thickness is an odd number of monolayers and
would not predict a reversal of X, and X

y
for the sam-

ples discussed here. All these treatments have ignored
the effect of the small but finite lattice mismatch between
A1As and GaAs which results in the A1As being under bi-
axial compression when deposited on a GaAs substrate.
This lifts the degeneracy of the X minima and X, is then
predicted to be the lowest-lying electron state' in bulk
A1As. However, the strain splitting is only a few meV so
that in a quantum-well system confinement effects dom-
inate and X, is still predicted to be the lowest
conduction-band minimum in A1As.

As previously noted we can gain some information
about the assignment of the electron state involved in the
absorption process by considering the shape of the type-
II features in the PLE spectra. If the transition involves
X, electrons, then because the X, minimum is mixed with
1 by the superlattice and has momentum allowed transi-
tions, a peaked structure would be observed in absorp-
tion. Conversely since the unmixed X minima still
strictly maintain their indirect character, transitions are
made allowed by random scattering and include all wave
vectors. In this case a stepped feature following the
change in the density of states would be observed in an
absorption measurement. The type-II excitation feature
observed experimentally is clearly a peaked structure,
supporting the assignment of the excitonic absorption as
involving X, electrons. This is in agreement with our
earlier publication and also with the interpretation of
other workers.

We can now address the problem of assigning the elec-
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tron state involved in the emission process. In all the
type-II samples we have studied the PL line appears at
lower energy than the type-II exciton peak. Finkman
and co-workers assign the emission as indirect recom-
bination of electrons at the X„minima and claim that in

the samples they have studied the X„„minima lie at lower

energy than the X, minimum. Envelope function calcula-
tions' '" in which the X, state is always at a lower
confinement energy than Xzy predict that the splitting
between the X, and X„subband edges is expected to be a
strong function of the AlAs thickness. For the samples
we have studied the X,-X„~ splitting is calculated to in-
crease from 40 to 66 meV as the A1As thickness is re-
duced from 41 to 19 A. From our data, the difference in
energy between the emission line and the type-II exciton
peak in the PLE spectra is remarkably constant at 15+2
meV. This argues strongly against the interpretation of
Finkman and co-workers and supports our argument that
the emission and absorption processes involve a common
electron state.

We believe that the emission appears at slightly lower
energy than the free-exciton peak in the type-II PLE
spectra because the excitons are localized, probably as a
result of fluctuations in the layer thicknesses. In these
samples the effect of well width fluctuations is quite
dramatic, for example, changing the GaAs thickness by
just one monolayer in 25A changes the heavy-hole
confinement energy by —14 meV. This interpretation is
confirmed by the temperature dependence of the energy
of the type-II zero-phonon line. As already discussed, we
observe that the emission shifts to higher energy with in-
creasing temperature between 4-40 K and then follows
the temperature dependence of the X gap for T &40 K.
This upward energy shift is due to the progressive
thermal delocalization of the excitons. Furthermore, the
temperature dependence of the type-II PLE spectrum,
which shows the expected decrease in exciton energy
with increasing temperature, provides additional evi-
dence to support our assignment of the excitation peak as
the free exciton associated with the localized exciton ob-
served in emission. Our lifetime measurements on these
same samples, "show that at 4 K the emission has a slow
and exponential decay which becomes faster when the
temperature is increased. These observations can be
correlated with the temperature dependence of the
luminescence described above. At low temperatures we
measure the radiative lifetime of the system, then as the
excitons become free the probability of the exciton mi-
grating to nonradiative centers increases and the decay
becomes much faster.

In summary of these arguments, combining our obser-
vation of a Stokes shift, which is constant with varying
AlAs thickness, with the temperature dependence of the
PL and PLE, we believe that the emission and the ab-
sorption processes must be due to the same electron state.
As already discussed, the peaked shape of the exciton
feature in the PLE spectra can only be explained in terms
of electron states with a well-defined k vector. Therefore
we conclude that the features in both the PL and PLE are
associated with type-II recombination arising from exci-
tations involving electrons at the A1As X, minimum.

Hence, while the electrons and holes are spatially
separated, the type-II recombination is a pseudodirect
transition. Furthermore, it follows that for the range of
samples we have studied, X, is always the lowest-energy
state, as one would intuitively expect, and in accord with
the simplest calculations.

The parameter which most strongly influences the size
of the type-II energy gap is the value of the fractional
valence-band offset Q„. Using the energy of the type-II
free exciton measured in a sample with A1As layer -70
A, in which the X electron confinement effects are small,
has allowed us to determine Q, to lie in the range
0.33-0.34. Assuming Q„ takes this value for all these
samples, we can now make further comparisons between
our experimental data and the simple models. Our inves-
tigations are summarized in Fig. 4 where we plot both the
lowest direct I -related exciton energy (E1I -HHl) and
the pseudodirect X,-I exciton energy (E1X-HH1), mea-
sured from the PLE spectra, as a function of A1As thick-
ness. The A1As thickness was determined by taking the
total period, measured by x-ray diffraction, and subtract-
ing the GaAs thickness derived by comparison of the I -I
exciton peaks in the PLE spectra with effective-mass cal-
culations. The theoretical curves, calculated within the
envelope function approximation, represent the band-
band transition energies associated with the lowest I -I,
X,-I, and X„-I band gaps. The calculations were made
using a fractional valence-band offset of 0.33 and bulk
longitudinal and transverse X-point masses of 1.3mo and
0.19mo, respectively, for GaAs and 1.1mo and 0.19mo
for A1As. Other details of this calculation are described
elsewhere. " To compare the calculated band-band tran-
sitions with our measurements of the free-exciton peak

1,96

1.92

1.88

1.80

1.76
I

1.72
5 10 15 20 25 30 35 40 45

AIAs width (A)

FIG. 4. Calculated band-band transition energies of
GaAs/AlAs quantum-well structures. Each band gap is calcu-
lated for two fixed thicknesses of GaAs and plotted as a func-
tion of AlAs layer thickness. In each case the upper and lower
curves represent GaAs thicknesses of 22.2 and 25 A, respective-
ly. The lowest-energy exciton peaks associated with the type-I
(S) and the type-II (~ ) gaps are plotted, as measured in the
PLE spectra.
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positions from the PLE spectra, we should correct the ex-
perimental data by an amount corresponding to the exci-
ton binding energy. This is of the order of 10 meV for
both the type-I (Refs. 19 and 20) and type-II (Ref. 21)
case.

All three band gaps have been calculated for two fixed
thicknesses of GaAs, differing by a single monolayer,
where the upper line of each pair is for 22.2 A of GaAs
and the lower line is for 25 A of GaAs. Notice that al-
though there is only a total thickness variation of one
monolayer over the five samples, this can cause
significant shifts in the I -electron confinement energies.
This illustrates the high degree of sensitivity of the direct
I -related transitions to the GaAs thickness and has al-
lowed us to determine the values of d, given in Table I to
+0.5 A. The X-I band gap is much less sensitive to the
GaAs thickness but has a much greater dependence on
the valence-band offset. Within the tolerance limits we
have defined for the GaAs thickness, the experimentally
determined peaks in the type-II PLE spectra of samples
with A1As layers of 41 and 28 A are clearly well de-
scribed by the calculation in terms of recombination asso-
ciated with electrons at the X, minimum. The type-II

0
transition in the 19-A sample falls marginally outside the
bounds we have created. While this may represent a
shortcoming of the simple model it should be noted that
an error of only 1.5 A in the determination of the super-
lattice period would bring the measurement into agree-
ment with the calculation.

Finally, we return to the details of the PLE spectra of
the samples with 8 and 5 A of A1As. Both these samples
have a type-I band alignment and the peaks labeled as
E1I -HH1 in Fig. 2 represent the lowest exciton state in
each structure. However, the spectral shape to higher
energy is quite startling since there appears to be virtual-
ly no absorption in the continuum region. We believe
that we can offer a simple explanation for these observa-
tions in terms of the band structure which arises in sam-
ples where there is extensive coupling of the I states.
Crucial to our explanation is the fact that the superlattice
regions in our structures are only clad by layers of GaAs.
Therefore the effective direct band gap of the superlattice
is actually greater than the band gap of the surrounding
material. When we perform an excitation measurement
we create free electron-hole pairs which thermalize rapid-
ly down to the lowest conduction-band and valence-band
states, form excitons, and recombine. The weak continu-
um could be explained if we were losing free carriers via
an alternative nonradiative path. In the case of the sam-

0
ples with 8 and 5 A of A1As we suggest that when we
pump into the continuum region, the carriers tunnel easi-
ly through the A1As layers to recombine in the GaAs,
most probably nonradiatively at the free surface, before
forming excitons. However, when we pump directly into
the exciton state we create only excitons and therefore

expect to lose fewer carriers to the GaAs, leading to an
increase in luminescence efficiency at this energy.

CONCLUSIONS

Detailed spectroscopic investigations have provided
evidence which confirms that the type-II exciton features
observed in both emission and excitation measurements
arise from the same transition and involve electrons at
the A1As X, minimum. Therefore we conclude that in all
the type-II structures we have studied, the emission is a
pseudodirect transition and that the X, minimum always
lies at a lower energy than the X„minima.

We have made a systematic investigation of the effects
of electronic coupling of the GaAs I states on the band
alignment of GaAs/A1As quantum-we11 structures.
Combining the techniques of PL and PLE we have
mapped out both the direct I -related band gap and the
X,-I band gap as a function of A1As thickness. We have
demonstrated that structures with GaAs layers -25 A
and relatively thick A1As layers have a type-II band
alignment. Reducing the A1As thickness allows the
GaAs I states to become coupled and we have observed
a significant lowering of the I subband energies when the
A1As thickness is decreased below -25 A. Eventually,
for sufficiently thin A1As layers, the lowest I -electron
state is pulled below the rising X, minimum and we have
observed type-I recombination in samples with 8 and 5 A
of A1As. Therefore we conclude that by introducing cou-
pling of the GaAs I states we have forced a reversal of
the band alignment. For a GaAs thickness -25 A this
type-II —type-I crossover occurs between 10—15 A A1As.

Comparison of our experimental data with envelope
function calculations has been made using a band offset
ratio of 67:33. We have used the energy of the I transi-
tions to fix the GaAs thickness for each sample, and the
period, determined by x-ray diffraction, to fix the A1As
thickness in a self-consistent manner. The type-II pro-
cess is then well described by the calculation in terms of
X,-I recombination in all but one sample where the
agreement is marginally less good. In addition the calcu-
lation predicts a reversal of the band alignment in excel-
lent agreement with our experimental observations.
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