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Optical investigations on indirect-band-gap Al, Ga, ,As/Aly Ga, y As superlattices
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Indirect-band-gap, staggered Al&, Ga, As superlattices with two and three compositions have
been grown by metal-organic vapor-phase epitaxy and studied with a variety of optical means, in-

cluding photoluminescence, photoconductivity, and modulated-reflectance spectroscopy. Photo-
luminescence transitions involving charge carriers localized in different layers are observed. A
value of 5.4-6.2 meV/at. % Al for the valence-band offset can be deduced from the photolumines-
cence measurements. Impurity-related emissions are demonstrated to be of importance in the pho-
toluminescence spectra. Strong illumination induces shift of the I -band states of about 10 meV in
the three-component superlattice, as detected by photoconductivity and electroreflectance. This
effect which is similar to effects seen in doping superlattices, is shown to be strongly affected by a
spacer layer of intermediate composition.

I. INTRODUCTION

The ability to epitaxially grow thin layers of semicon-
ductors has opened a new field of physics and technolo-
gy.

' The best studied system is GaAs/Al, „Ga„As
grown by molecular-beam epitaxy or metal-organic
vapor-phase epitaxy (MOVPE), where single quantum
wells of GaAs, as well as superlattices (SL), have been
grown. Most of the studies have been reports dealing
with direct-band-gap materials. Optical measure-
ments on these systems are based mainly on photo-
luminescence (PL), photoluminescence-excitation (PLE)
spectroscopy, ' and absorption" measurements. Only re-
cently have the powerful techniques of modulated
reflectance, such as electroreflectance (ER)' and
photoreAectance, ' been used for the study of hetero-
structures. ER and PR probe the ground state as well as
excited states of heterostructures and have been shown to
have high sensitivity as well as high resolution when ap-
plied to heterostructures. '

We here report on optical studies, using PL, PLE, ER,
and photoconductivity (PC), of Al, „Ga„As superlat-
tices, where all layers are indirect-band-gap materials.
Two superlattices were measured, one with two alloy
compositions and one with three alloy compositions, to
be described below.

PC and ER, performed with and without additional
laser illumination, show that the band structure changes
as a function of incident light. The shifts of the excited
states with external illumination are discussed with refer-
ence to similar effects seen in doping superlattices. ' The
PL results show that the superlattice is staggered, giving
luminescence with an energy less than that of the band
gaps of the constituent layers. The value of the valence-
band slope as a function of composition is found to agree
with previous PL studies of GaAs/A1~ Ga As where

the alloy is an indirect-band-gap material ' and of
GaAs/Al, Ga, As made indirect by hydrostatic pres-
sure.

In Sec. II we will describe the experimental conditions
including those of growth. In Sec. III we describe the re-
sults with special emphasis on the most important result
of this study —the change in the band structure due to
laser illumination. Finally, Sec. IV contains a summary
and conclusions.

II. EXPERIMENTAL CONDITIONS

The superlattices were grown by MOVPE at atmos-
pheric pressure, using TMA1, TMGa, and AsH3 as pre-
cursors (where TM is trimethyl}. The rf-heated reactor
employs a horizontal quartz cell and was designed for
abrupt interfaces and thickness uniformity, and has been
described previously. ' The growth was continuous at
700'C with 15 l/min of hydrogen-carrier-gas flow. The
growth rate was 3 A/min and the [3 ]/[B"'] ratio was
50. Liquid-encapsulated Czochralski (LEC) grown GaAs
wafers of (100) orientation were used as substrates. PL
studies of single GaAs quantum wells in Al& „Ga,As,
grown in this system, show an excellent optical quality
with PL linewidths of 6 meV (at 2 K} for well widths of
2O A. "

The structure of the three-component sample, hereaf-
ter called sample 1, is shown in Fig. 1. A buffer layer of
Alo6Gao4As was grown first and then the superlattice
with layer thicknesses of 58 and 28 A, as illustrated. final
capping layers of Alo 6Gao 4As and GaAs completed the
growth. The two-component sample, hereafter called
sample 2, had exactly the same structure except that the
28 A layers of A106Gao4As were absent. The average
composition was determined by x-ray diffraction. A
transparent gold film was evaporated onto the surface in
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FIG. 1. The structure of sample 1 (not drawn to scale). The
composition of the various layers and their thicknesses are given

0

on the right. Sample 2 has the same structure but the 28-A
Alo 6Gao 4As layers are absent.

order to make a Schottky contact for the ER and PC ex-
periments and Sn, Au, and Cr were alloyed through the
structure to form an ohmic contact to the bottom buffer
layer.

For the PL measurements the samples were immersed
in pumped liquid helium at about 2 K and excited with
the 5145-A line of an Ar+-ion laser with a focused power
of typically 20 mW. The emitted light was dispersed
through a double monochromator, collected with a GaAs
photomultiplier and subsequently amplified. A dye laser
using Rhodamine-6G dye was used for the PLE measure-
ments with the same detection system. The PLE spec-
trurn was normalized with respect to the dye-laser inten-
sity.

A halogen lamp and the monochromator were used for
the reflectance measurements with a silicon p-i-n diode to
detect the reflected light. A bias voltage of —0.5 V and
an applied modulation voltage of 0.5 V were used for the
ER rneasurernents.

III. EXPERIMENTAL RESULTS

Figure 2 shows PL and ER spectra from sample 2.
The PL signal is strong and has an energy which is 70
meV less than the band gap of the A1056ao 5As layer.
Previous PL measurements on bulk indirect-band-gap
Al& „Ga„As grown under similar conditions showed no
PL. We attribute this to impurity-related effects since the
change in transition probability due to band folding' is
not expected to be strong in this sample due to the large
superlattice period. Indeed, the separation of charges in
this staggered SL should decrease the transition probabil-
ity. The PL shape is unusual with a sharp high-energy
cutoff similar to the Mo peak seen in indirect-band-gap
GaAs, „P ' but dissimilar to the Gaussian line shape
occurring in direct- and indirect-band-gap
Al, Ga As. ' ' However, an emission with this

asymmetrical line shape has previously been predicted to
occur in indirect Al, „Ga„As.' Curves (i) and (ii) show
the PL at two different excitation intensities. It can be
seen that the high-energy peak at about 617 nm and the
band peaking at about 635 nm have different excitation-
intensity dependences. This proves that the low-energy
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FIG. 2. Photoluminescence spectra and electroreflectance
spectra of sample 2. The band gaps of the All „Ga„As layers
in the sample are indicated by arrows. In this sample the
electroreflectance starts at the same energy as the high-energy
photoluminescence peak, thus indicating that this peak (at 617
nm) is not related to impurities but is a band-to-band transition,
though possibly including excitonic effects. At lower excitation
power the impurity-related PL emission at about 635 nm be-

comes more prominent.

band at 635 nm is not a phonon replica of the high-
energy peak but more probably an impurity-related emis-
sion. The ER oscillations, curve (iii), start at the same
energy as the high-energy PL peak, but no ER signal is
seen from the impurity-related low-energy peak. Impuri-
ties are known to be able to cause ER, but the absence
of ER in the impurity-related peak seen in PL indicates
that the high-energy peak is a band-to-band transition,
with possible excitonic contributions. The ER spectrum
is remarkably strong considering that the SL is indirect in
k space as well as in real space.

A valence-band offset of 5.4—6.2 meV/at. %Al can be
calculated from the PL peak energy of sample 2, where
the uncertainty is due to different values for the band gap
versus composition, as found in the literature. ' For a
recent recalibration of this function of the direct side see
Ref. 21. We made use of Bastard's envelope-function ap-
proximation (EFA), as applied to direct-band-gap SL s, in
calculating the superlattice minibands, and assumed an
exciton binding energy of 10 meV. We used the
valence-band offset as a parameter to fit the experiment.
The use of EFA is not entirely justified here since there
are three X valleys in each material that may interact.
However, a more sophisticated treatment of the band
structure in indirect Si/SiGe SL's, with the exception of a
small splitting of the conduction band, gives very close
agreement with the simple EFA. A comparison be-
tween the calculated minibands and the ER spectrum is
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not meaningful in this system since the X, L, and I" bands
are closely spaced, giving many possible transitions in the
relevant spectral region.

Figure 3 shows PL, ER, PC, PLE, and resonantly ex-

cited PL of sample 1. The PL has a different shape than
that for sample 2 but the sharp high-energy cutoff is simi-
lar. The PL emission was much weaker for this sample,
which is not surprising since the charge carriers are more
separated, as illustrated in Fig. 5. The ER spectrum,
curve (ii), starts at a considerably higher energy in this
sample showing that the absorption cross section for the
lowest-energy transition is reduced, as expected, in com-
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FIG. 3. A set of optical spectra from sample 1. The band

gaps of the Al~ „Ga„As layers in the sample are indicated by
arrows. Curve (i) shows the photoluminescence and curve (ii)
the electroreflectance spectrum. In contrast to sample 2, the
electroreflectance spectrum starts at a considerably higher ener-

gy in this sample, showing the effect of the increased charge sep-
aration due to the extra spacer layer in this sample. Curve (iii)

shows the photoconductivity spectrum. Curve (iv) shows the
photoluminescence excitation spectrum which exhibits the same
structure as the photoconductivity spectrum within the wave-

length range of the dye. Selective excitation at 570 nm gives a
somewhat different photoluminescence spectrum, curve (v),
than the corresponding spectrum with excitation above the
band gap, demonstrating that the photoluminescence band con-
sists of several emissions. The calculated heavy-hole to I -band
transition energies, E» and E», are indicated by arrows for the
two lowest-energy transitions, in good agreement with the states
seen in photoconductivity.

parison with sample 1. PC measurements, curve (iii),
show absorption starting at about the same energy as the
ER oscillations. The PC shows two peaks, at 570 and
548 nm. Conventional oscillating PC in the SL or the
buffer layer cannot be the cause since the separation be-
tween the peaks (about 90 meV) is much larger than the
LO phonon energy. A calculation of the energy levels,
using the spacer-layer potential as a perturbation, gives
absorption energies, indicated in Fig. 3, corresponding to
transitions between the heavy hole and the ground state
and the first-excited state of the I band. We thus ascribe
the peaks to transitions involving heavy holes (first and
second minibands) and the first and second minibands in

the I band of the SL, and use the designations E» and

E22. PLE, curve (iv), also shows a peak at 570 nm thus
confirming that the corresponding peak seen in PC is not
due to strong mobility variations of the states but rather
to different absorption cross sections of the higher-lying
SL states. Resonant excitation at 570 nm gives the PL
shown by curve (v). The shape of the PL in this case is
somewhat different from the PL obtained with above
band-gap excitation, see curve (i). This proves that also
in sample 2, the PL emission consists of at least two over-
lapping emissions. Resonant excitation at 620 nm did not
give any detectable PL. Excitation-power-density varia-
tions also showed a change in the PL line shape. A small
shift (4 meV) towards lower energy was seen at the lowest
excitation density. Due to the uncertain cause of the PL
emissions in this sample it was not clear if this was due to
a change in the band gap or a change in the nature of the
PL emission at different excitation power densities.

In order to further study possible optically pumped
band-gap variations affecting the higher-energy transi-
tions seen in PLE, PC, and ER, we performed PC and
ER with and without laser excitation. The spectra ob-
tained are displayed in Fig. 4. Application of external il-
lumination consisting of about 20 mW of light with a
wavelength of 363 nm from the laser, results in the peaks
seen in PC being shifted about 10 meV towards higher
energy. There are also changes in the ER spectrum. Due
to the complexity of the ER signal the interpretation of
these signal changes is not straightforward. However, in
a more suitable SL, with larger separation of the mini-
bands, ER has the advantage of higher resolution. A
change in the built-in surface electric field produced by
the photoexcited carriers is unlikely to be the cause of the
shift since this would give a rather small shift in the op-
posite direction. We attribute the shifts to a light-
induced change in the band structure, as illustrated in
Fig. 5. When measuring PC without illumination the sit-
uation is as illustrated in Fig. 5(a), with only a few charge
carriers in the SL, remembering that the light intensity in
this case is only a few pW. With illumination consisting
about 20 mW of uv light, charge carriers accumulate in
their respective wells, the x =0.7 layers for electrons and
the x =0.5 layers for holes. This effect, which is some-
what similar to the photopumping effect in doping super-
lattices, ' is illustrated in Fig. 5(b), and effectively causes
an increase in the band gap of the SL. The subsequent in-
crease in the barriers in the I" band increases the energy
levels of the I minibands, and it is this increase which is
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FIG. 5. The band structure of sample 1 without, (a), and with

(b) illumination. The energy level of the lowest-I -band state is

indicated (a) and (b). (a) Drawn to scale, except that the band

gap has been decreased for clarity. The transitions seen in PL
and PC are indicated by arrows, solid and dashed, respectively,
(b). With illumination, the conduction-band wells (i.e., the

Alp 7Gap 3As layers) become filled with electrons, filled circles,
and the valence-band wells for holes (i.e., the Alp 5Gap 5As lay-
ers) become filled with holes, open circles. The electrostatic
effects of the charge carriers will then give the approximate
band structure (b). Note that the barriers for the I electrons in-

crease causing an increase in their energies. The Alp 6Gap4As
spacer layer provides an extra separation between electrons and

holes, compared with sample 2. (c) The band structure of sam-

ple 2 for comparison. In this sample the charge. carriers are less

separated.

IV. SUMMARY AND CONCLUSIONS
FIG. 4. The effect of additional laser illumination on sample

1. Curves (i) and (ii) show the shift of the photoconductivity
when the sample is laser illuminated with curve (i) correspond-
ing to no extra illumination. Curves (iii) and (iv) show the effect
on the electroreflectance spectrum where curve (iii) is the
"nonilluminated" spectrum.

seen in PC with laser illumination. Such effects were very
weak in sample 2 demonstrating that the 28-A

Alo 6Gao 4As spacer layer is very important for this effect.
Previous PL measurements on similar, staggered, two-
component Al, Ga, „As/A1~Ga, As SL's with one lay-
er being direct, showed no shift in the PL as a function of
the excitation density, in agreement with our results.
Due to the limited set of data we do not want to speculate
about the role played by the spacer layer for this effect to
occur.

Due to this change in the band structure with illumina-
tion, it is necessary to exercise caution when measuring
band offsets in staggered superlattices by optical means
such as PL. It is evidently necessary in PL measurements
to go to very low-excitation densities and carefully check
that the emission is a band-to-band emission.

Using MOVPE we have grown indirect Al, „Ga,As
superlattices with two and three compositions which
have subsequently been studied with a variety of optical-
spectroscopic methods. PL shows that the SL's are stag-
gered and the value of the valence-band slope is found to
be 5.4—6.2 meV/at. %A1. The strong PL signal shows
that the SL quenches the nonradiative recombination in
this system. ER shows quite a strong signal and a com-
parison of ER and PL shows that the absorption, as mea-
sured by ER, is strongly dependent on intermediate
spacer layers in the SL. PC and PLE show that SL excit-
ed states in the I band can be measured in this system
and that the excited states shift as a result of about 20
mW of external illumination with an argon-ion laser.
This is interpreted as being the consequence of a change
of the band structure, similar to the photoinduced change
in band structure in doping superlattices. Irnpurity-
related ernissions are found to be important features of
the PL emission in these indirect superlattices.
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