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Optical properties of GaAs/GaP strained-layer superlattices

M. Recio, G. Armelles, J. Meléndez, and F. Briones
Centro Nacional de Microelectronica, Consejo Superior de Investigaciones Cientificas, Serrano 144,

28006 Madrid, Spain

(Received 19 July 1989; accepted for publication 4 November 1989)

The optical properties of a novel system, the GaAs/GaP strained-layer superlattice, are
studied and compared with a theoretical model. Photoluminescence and photoreflectance
measurements revealed that among the set of superlattices under study type-I and type-I1
behaviors (similar to those found in the lattice-matched GaAs/AlAs system) are present. The
evolution of the photoluminescence peaks as a function of temperature and excitation density
supported the assignment of the transitions involved. This is to our knowledge the first
observation of direct (type-I) and indirect (type-II) transitions in strained-layer superlattices.
A comparison with a theoretical model has led to an estimation of the conduction-band offset
as 0.4 eV, which is the first value obtained from experiment in a GaAs/GaP heterojunction.

I. INTRODUCTION

Semiconductor heterostructures made of lattice-mis-
matched materials have lately received considerable atten-
tion for several reasons: basic research interest in the role of
the stress on the electronic structure and lattice dynamics'
and technological applications such as enhancing the choice
of materials for heterostructure devices’ and buffers for
growing on Si substrates and new transport properties due to
strain-induced band splitting.*

Recent advances in epitaxial growth techniques have
allowed growth of good-quality sirained-layer superlattices
(SSL), with the restriction that the constituent layers must
be “thin enough” in order to accommodate by elastic defor-
mation the strain due to the mismatch. Therefore optical
studies again become (as in lattice-matched materials) of
primary interest. Theoretical predictions of the reliability of
strained-layer superlattices were proposed and Marzin and
Gerard' in relation to the tailoring of various superlattice
electronic optical and structural properties. In pasticular,
for superlattices containing GaP the only system studied so
far has been GaP/GaAs, P, . (0<x<.6) on GaP sub-
strates where the theoretical predictions have been con-
firmed by measuring optical transitions.’

We have grown and characterized GaAs/GaP strained-
layer superlattices grown on GaAs substrates. In principle,
optical and electrical characteristics of this system should be
similar to those of GaAs/AlAs because both are composed
of one direct and one indirect material. However, strain, as a
new parameter appearing in these superlattices, will modify
substantially the optical properties and band structure.

Again in these SSL one can find that, for certain layer
thicknesses and strain levels, the lowest confined electron
state of the system comes from the X minimum of GaP, and
therefore we will have superlattices with electrons confined
in GaP layers and holes in the GaAs layers, giving rise to
indirect (in real space) transitions. In the following, we will
call them type-II superlattices. On the other hand, we will
call type-I superlattices those in which electrons and holes at
their lowest energy level are located in the GaAs layers, giv-
ing rise to direct transitions.
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For this kind of superlattice in which direct (type 1) and
spatially indirect (type-11) behaviors are expected, the com-
bination of an emission-related technique and an absorption-
related technique has been extensively used® in order to delve
into the origin of the observed transitions.

The reason for this is related mainly to the very small
oscillator strength of the lowest-energy transitions in type-11
superlattices due to the small overlapping of the electron and
hole wave functions. In these type-II superlattices, two dif-
ferent kinds of transitions are observed: The lowest-energy
transition (which is the spatially indirect one) is observed by
means of the emission-related technique, while the lowest
direct transitions are observed with the absorption-related
technique.

The lineup of the bands at the heterointerface that deter-
mines the barrier height for electrons and holes is of extreme
interest from the physical point of view and of importance
for applications based on the GaAs/GaP system. Therefore
we were interested in determining the band offset of the
GaAs/GaP junction.

In the present paper, we report on optical characteriza-
tion of short-period GaAs/GaP strained-layer superlattices
grown by atomic layer molecular-beam epitaxy (ALMBE)
on GaAs substrates. Photoreflectance (PR) (absorption-re-
lated) and photoluminescence (PL) (emission-related)
spectroscopies are used to obtain the energies of the different
transitions. The evolution of the spectra with variable tem-
perature and excitation power was followed in order to iden-
tify the various transitions observed. Moreover, electron
transfer effects assisted by a temperature increase in type-11
superlattices are observed in the PL spectra between the low-
est indirect and the lowest direct transitions, similar to what
occurs in AlAs/GaAs type-1I superlattices.’

The energies of the transitions are compared with a
four-band-envelope wave-function model in which strain ef-
fects and remote band coupling are taken into account. In
type-1I superlattices a Kronig-Penney model with continu-
ity in effective masses and including stress effects is used for
the calculation of the conduction-band states. The value of
the strain used in this calculation was deduced from Raman
measurements as detailed in Ref. 8. The only adjustable pa-
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rameter is then the band offset and, therefore its value can be
deduced by means of the comparison between calculated and
experimentally observed transitions.

We have also studied and calculated the optical proper-
ties of structures consisting of two GaAs/GaP superlattices
confining GaAs quantum well (16 monolayers thick ). From
the observed transitions originating in the superlattices and
in the quantum well additional experimental data are used to
estimate the band offset.

. EXPERIMENT

Two different sets of samples were grown for this study.
In Table I their parameters (superlattice period, composi-
tion, and accommodated strain in the layers) are presented.
Samples M1, M2, and M3 are GaAs/GaP superlattices with
different slab thicknesses of their constituent materials.
Samples M4, M5, and M6 are structures consisting of two
GaAs/Gap superlattices confining a quantum well of 16
monolayers.

Samples are grown by a new technique developed in our
laboratory (ALMBE),” at a substrate temperature of
425 °C. X-ray diffraction and Auger electron spectroscopy
(AES) measurements provided structural characterization
of the samples (total period d and the thicknesses of the
constituent layers d .., and d ,p ). Raman scattering was
performed to obtain the strain level accommodated in the
GaAs and GaP layers.

All the parameters from the samples are displayed in
Table I. For PL measurements, the samples were placed in a
variable-temperature cryostat cooled by liquid helium, using
as an excitation beam the 488.0-nm line of an Ar™ laser.
Emitted light was analyzed with a double monochromator
and a cooled GaAs photomultiplier, coupled with a photon-
counting system. For PR measurements, which gave infor-
mation on absorption transitions, the samples were illumi-
nated with a halogen lamp, and the reflected light was
analyzed with a 0.3-m focal length spectrometer and a Si
photodiode. Sample reflectivity was modulated by means of
an Ar-laser beam chopped at 510 counts/s. We have used the
three-point method'’ to determine the energies of the PR
transitions.

TABLE L. Superlattice parameters: dg, ., and d,, are slab thicknesses and
€, and ¢, the strains accommodated in the GaAs and GaP layers, respective-
ly. The total thickness of the SSL in samples M1, M2, and M3 is 0.4 um,
while that of the two confining SSL in samples M4, M5, and M6 is 0.2 um.

Period dgans dgap €GaAs €Gap

Sample (A) (A) (A) (%) (%)
M1 22.3 16.7 5.6 0 3.7
M2 27.2 16.2 11.0 0.7 3.0
M3 124 18.4 14.0 1.4 2.3
M4 333 18.6 14.7 0.7 3.0
M35 26.1 16.5 9.6 4] 37
M6 24.5 17.0 7.5 0.3 3.4
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Illl. RESULTS
A. Samples M1, M2, and M3

As exposed, the optical characterization of the samples
has been carried out by PR and PL measurements in the
range 4-300 K. In the PR spectra, several direct (I"-I") tran-
sitions from the superlattice will be observed, namely, con-
duction-band (CB)-heavy-hole band (HH), CB-light-hole
(LH), and CB-split-off band (SO). In some samples, the
transitions of HH and LH are not resolved, and the experi-
mental energy of both cannot be accurately established.

In PL spectra, the lowest-energy transitions are ob-
served, but if the lifetime of the electrons in this lowest level
is high enough, saturation of this level may occur due to an
increase of population assisted by an increase in temperature
or excitation density. In this last situation, higher-energy
transitions with shorter lifetimes may appear in the photolu-
minescence spectrum. This is true for the X transitions in
type-I1 superlattices, because they have lifetimes that are
orders of magnitude longer than the I transitions which are
higher in energy.”

At 4 K only one peak (labeled A) in the spectra from
samples M2 and M3 could be observed in the PL spectra at
any excitation intensity. The energy of the transition asso-
ciated with peak A does not correspond with the lowest ob-
served PR transition. Consequently, we started thinking
about type-1I behavior in these particular samples (the re-
combination is spatially indirect, the electron and hole wave-
function overlapping is small, and therefore the associated
transition will not appear in the PR spectrum).

In Fig. 1 we present the PR and PL spectra for each
sample M1, M2, and M3 at 70 K. A second peak (labeled B)
is clearly observed in the PL spectra of samples M2 and M3.
As can be seen from Fig. 1, in sample M1 the energy of the
observed PR superlattice transition corresponds to the low-
est transition observed in PL, so that it must have a direct
character, and thus the GaAs layers are well for both elec-
trons and holes at the same time.

On the other hand, in samples M2 and M3 we observe
with PL a transition at 1.73 eV in both samples (peak A),
while with PR the lowest SL transition lies at 1.81 eV (peak
B in sample M2) and 1.865 eV (peak B in sample M3).
Therefore in these samples, the transitions associated with
peaks A must have a very small probability, as would corre-
spond to type-II transitions as indicated before. The peaks
labeled B in PL and the lowest superlattice transitions ob-
served by PR lie at the same energy, and must have a high
probability, which would correspond to a direct type-I tran-
sition in the GaAs layers. All these facts support the assign-
ment of type-I superlattice to sample M1 and type-1I super-
lattices to samples M2 and M3.

In order to test the possible type-II origin of peak A in
samples M2 and M3 we have studied the PL dependence
with temperature and excitation power. Similar studies have
been already reported for the unstrained GaAs/AlAs sys-
tem.'' In Fig. 2, we present the evolution of the PL spectra
from sample M2 when the temperature is raised (at constant
excitation power) from 4 to 160 K. At 4 K only peak A is
observed, but as we raise the temperature, a second peak
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From the evolution energy of the peaks as a function of
the temperature, more information about the origin of the
transitions can be achieved. The rate of increase (g) in the
emission energy is different for different transitions. Peak A
shifts much more slowly (g~2KT) with increasing tem-
perature than peak B, which has a rate of increase in emis-
sion energy (g~ 1/2 KT) equivalent to that of the GaAs
direct band of the band gap. Similar results have recently
been found for type-I1 GaAs/AlAs superlattices.''

In Fig. 3, we present several PL spectra at different exci-
tation intensity conditions. Peak A saturates and peak B is
only observed when the power is high enough. Again this
effect is attributed to population of the I" level in GaAs lay-
ers and to the filling of X-levels of GaP. The shift in the
energy of peak B is related to a local heating of the sample
(temperature effects) that would also contribute to a faster
evolution in the filling of the I" state.

Similar behavior for the dependence with temperature
and excitation intensity is found in sample M3, but in this
sample, peak B does not grow as quickly as in sample M2.
The cause of this can be found in the higher energy distance
between the two involved conduction-band states. The ener-
gy distance between peaks A and Bis ~ 130 meV for sample
M3 and ~ 80 meV for sample M2.

All these facts are in good agreement with the assign-
ment of a type-1 transition to the peaks labeled B and a type-
II transition to the peaks labeled A.

The broadness of the peaks observed in the PL spectra of
all three samples is affected by monolayer fluctuations in the
layer thickness and strain gradients in the growth direction
due to the relaxation from the substrate. Analogously. the
PR spectra show broad peaks in which the direct transitions
to the light-hole and heavy-hole bands cannot be accurately
determined, and only an approximated estimation can be
made. The transition to the split-off band of the superlattice
is observed by PR in all three samples (see Fig. 4).

All the energies experimentally obtained in PL and PR
of the different transitions are displayed in Table I1. PL ex-

Sample M2 B 10 (|

>
©
z —
n
=z
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—
z
-
a \\\\
P \ |
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FIG. 3. Excitation density dependence of the PL spectrum of sample M2.
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FIG 4. PR spectra from samples M1, M2, and M3. Arrows indicate the
calculated energies for the HH, LLH, and SO transitions (translated to 300 K
by substracting 96 meV).

periments under hydrostatic pressure are currently being
carried out for these samples, and preliminary results are in
good agreement with type-1 and type-1I assignments for
peaks B and A, respectively.

B. Samples M4, M5, and M6

In this set of samples, a 16-monolayer-thick GaAs quan-
tum well (QW) is confined by two GaAs/GaP superlattices

TABLE I1. Energies of the PL and PR observed transitions together with
the results of the calculations for conduction-band offsets (CBQO) of 0.3,
0.4, and 0.5 eV. HH is the conduction-band—heavy-hole transition, LH the
conduction-band-light-hole transition, SO the conduction-band—spin-orbit
split-off band transition, and II the lowest type-1I transition. The tempera-
tureis4 K. PR values correspond to the energy of the transitions obtained at
300 K plus the 96-meV thermal gap shift of GaAs from 300 to 4 K.

Calculation

PL PR CBO=03 CBO=04 CBO=0S5

Sample (eV) (eV) (eV) (eV) (eV)
M1 1.690 1.705 HH 1.699 HH 1.714 HH 1.727
2.000 LH1.713 LH1.717 LH 1.717
SO 2.016 SO 2.021 SO 2.023
II 1.653 I1 1.750 I11.838
M2 1.730 1830 HH 1.800 HH 1.830 HH 1.849
1.810 2.170 LH 1.909 LH 1918 LH 1.920
SO 2.164 SO 2.175 SO 2.181
1 1.660 I 1.750 1 1.857
M3 1.730 1.867 HH 1.837 HH 1.856 HH 1.887
1.860 2.250 LH 2.009 LH 2.019 LH 2.019
SO 2.224 SO 2.240 SO 2.249
I11.672 11 1.740 I11.832
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TABLE III. Energies of the PL and PR observed transitions together with
the results of the calculations for a conduction-band offset (CBO) of 0.4 eV.
QW denotes the quantum well, SL the superlattice, HH the conduction-
band-heavy-hole band transition, LH the conduction-band-light-hole
band transition, II the lowest type-11 transition. The temperature is 4 K. PR
values are obtained as described in Table I1.

Calculation
PL PR CBO =04¢eV
Sample (eV) (eV) (eV)

M4 QW 1.675 QW 1.665 QW L.661
HH 1.8166
SL 1.748 SL 1.830 SL LH 1.928
II 1.744
MS QW 1.657 QW 1.655 QW 1.640
HH 1.770
SL 1.765 SL 1.768 SL LH 1,795
I 1.792
Mé QW 1.649 QW 1.655 QW 1.648
HH 1.759
SL 1.770 SL 1.756 SL LH 1.800
I 1817

with different thicknesses of the constituent layers from
sample to sample. Our interest is twofold: On one hand, we
wish to obtain more information on the superlattice band
structure and on the GaAs/GaP band alignment from the
transitions originating in the SL and in the QW, since both
must be fitted with the same offset value. On the other hand,
we wish to study the possibility of using the GaAs/GaP sys-
tem for QW-based structures. The PL and PR spectra from
these samples have behavior similar to that of samples M1,
M2, and M3, but with the presence of a new transition origi-
nating in the QW. The superlattice in sample M4 has type-II
behavior as described previously in samples M2 and M3. On
the other hand, the superlattices in samples M5 and M6 have
type-I behavior, analogous to sample M1.

In Table III the energies of the SL and QW observed in
PL and PR spectra in these three samples are displayed.

In Fig. 5, we present a typical PL spectrum from sample
M6 at 150 K. The peak labeled QW in the PL spectrum
corresponds to the transition from the first confined QW
state, and the peak labeled SL corresponds to the lowest su-

FWHM=9meV

PL INTENSITY {a.u.)

15 16 17 18 19
ENERGY {eV)

FIG. 5. PL spectrum from sample M6 (150 K ). The quantum-well (QW)
and superlattice (SL) transitions are clearly observed.
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perlattice transition. It must be pointed out that, in spite of
the broadness of the SL peak (the growth of GaAs/GaP by
ALMBE is not yet optimized), the QW-related peak has a
full width at half maximum (FWHM) of 9 meV, which im-
plies that good-quality strained QW-based structures can be
grown by ALMBE. Also, the PL intensity of the QW peak is
comparable to that obtained in analogous structures where
the two confining superiattices were short-period GaAs/
AlAs.'" This fact means that the charge transport to the
QW, which takes place across the superlattice, has a high
efficiency.

V. THEORETICAL APPROACH

In this section we present the theoretical approach that
has been used in the calculations. The goal is to obtain a good
fit to all the type-I and type-II transitions observed in the
different SL and QW whose parameters are given in Table L.
The only adjustable parameter needed in the calculations is
the band offset. This parameter has not been, as of yet, ex-
perimentally obtained and only some predictions have been
made. """

GuaAs/GaP being a strained-layer superlattice, a de-

lUNDER BIAXIAL |
| (CO1JEXTENSION
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tailed consideration of the effects of strain on GaAs and GaP
band structure is needed. In Fig. 6 a schematic description of
the effects of the stress in the two constituent bulk materials
is presented. In an unstrained zinc-blende-type material at
the I point, the valence-band states are comprised of a four-
fold P,,, multiplet (J=3/2, mj= +3/2,+1/2) and a
P, doublet (J = 1/2, mj = + 1/2). The application of a
biaxial stress shifts Py, ,and P, ,, in energy with respect to the
conduction band, splits the P,,, multiplet in two doublets
(J=3/2,mji= +3/2andJ=3/2,mj= + 1/2), and cou-
ples light-hole and split-off bands.'*

Strain effects in the X states have to be taken into ac-
count for the type-Il superlattices. Under a biaxial stress in
the (001) plane the degeneracy of the three equivalent X
minima in the [001], [010], and [ 100] directions is lifted,
and the band is shifted as a whole'? (see Fig. 6).

Deformation potentials have been taken for GaAs from
Ref. 16 and for GaP from Ref. 17.

In order to describe the observed transitions we wanted
a simple model that still accounted for the very strong va-
lence-band mixing effects caused by stress.

Our starting point was the standard Kane model.'® This
model includes directly the coupling of the conduction band
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and heavy-hole, light-hole, and split-off bands, and pertur-
batively (via terms arising from Léwdin renormalization),
the coupling of the remaining bands. A 4 X4 matrix de-
scribes each bulk material in the k, = k, = O direction, in
which the HH band is decoupled from the other bands.

The strain effects are incorporated by adding the stress-
related matrix described in Ref. 15. The HH band is still
decoupled and therefore can be treated separately, but the
SO and LH bands are coupled by one Lowdin term and by a
stress term. These terms could be neglected if they were
much smaller than the spin-orbit splitting A. In the case of
GaP, A is very small and thus the stress term must be re-
tained in the model. Léwdin terms have been neglected in a
model proposed by Marzin,'” but we cannot do this in order
to describe superlattice SO states without encountering sin-
gularities. However, a great simplification can still be
achieved, following a treatment developed by Schuurmans
and ’t Hooft.?* Both GaAs and GaP are large-band-gap ma-
terials, and the coupling of the CB with the LH or SO bands
is much smaller than the coupling between the LH and SO
bands, making a separate treatment of the CB possible.

Thus we end up with a Kronig—Penney type problem for
the CB, with energy-dependent effective masses. Boundary
conditions at the interfaces are the continuity of the CB-
related envelope function and the continuity of its derivative
divided by the corresponding effective mass. Separate
Kronig-Penney calculations with analogous boundary con-
ditions have been performed for superlattice states built with
bulk X states, as has already been done for the AlAs/GaAs
system.?!

For the valence band, only I'-related states are meaning-
ful. The HH states are obtained in the same way as CB states
but with constant effective masses, because they are decou-
pled from the other bands in z direction. The LH and SO
bands are fully coupled, both in each material and by the
boundary conditions, and thus our problem is not of
Kronig—Penney type anymore. We obtain the SL states es-
sentially as described in Ref. 20. Quantum-well states have
been obtained in the same way as SL states.

In this calculation we do not take into account the non-
linear contribution to the deformation potential. A rough
estimation can be done of the type-I transition dependence
with those nonlinear strain terms. In particular, for sample
M1 (with €5,p = 3.7%) the variation in the type-I transi-
tion energy induced by the nonlinearities is smaller than 5
meV.*

V. DISCUSSION

The transitions associated with the different peaks ob-
served in the PL spectrum have been largely discussed in Sec.
1V, identifying type-I and type-II transitions. In the PR
spectra (samples M1, M2, and M3), as mentioned before,
the peaks are too broad to resolve the conduction-band-
light-hole transition from the conduction-band—heavy-hole
transition. In the spectra in Fig. 4, peaks labeled SL corre-
spond both to the light-hole and heavy-hole transitions. The
spin-orbit transition is clearly observed in the three samples.

The only adjustable parameter in our calculations is the
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band offset. The comparison of experiments and theory is
made for both type-I and type-1I transitions. The sensitivity
of the transition energy to the band-offset value is especially
high for type-II transitions. A change in the offset has a
small effect in both the confinement energy of the X-like
conduction band and the lowest valence-band levels, because
their effective masses are quite large (notice that, as shown
in Tables IT and I1I, the heavy-hole band is the lowest in our
type-11 superlattices). This implies that for a certain vari-
ation of the offset (see Fig. 6), the induced variation in type-
II transitions has a magnitude analogous to the offset
change. This is not the case of the type-1 transitions where
the variation in the transition energy induced by an offset
modification is only due to the difference in confinement
energies of electrons and holes. These arguments make the
observation of type-1I transition heterostructures a very ac-
curate method for band-offset determination. This reason-
ing can be investigated by looking at the calculated type-1
and type-II transitions for different offsets in Table II.

In comparing experimental and theoretical results, all
the transitions must be properly fitted for a unique value of
the band offset. In the calculations, the value of the conduc-
tion-band offset was varied in the range 0.1-1.1 eV. We have
found the best fit to all the observed PL and PR transitions
by using a conduction-band offset of 0.4 eV. This is to our
knowledge the first direct determination of the band offset in
the GaAs/GaP heterojunction, and the value obtained is
close to the predictions of Refs. 13 and 14. In Table I, we
present the energies of the transitions experimentally ob-
served in samples M1, M2, and M3, together with the calcu-
lated ones, for three different conduction-band offsets
around the final optimum choice of 0.4 eV. It must be em-
phasized how good the agreement between experiment and
theory is, taking into account the simplicity of the theoreti-
cal model used.

The values of the heavy-hole and light-hole transition
energies, as obtained in the calculation for an offset value of
0.4 eV, are marked in Fig. 4 by arrows for each superlattice.
It must be noticed that the PR signal extends over the region
in which both transitions are predicted theoretically in all
three samples, which means that although not resolved ex-
perimentally, they contribute to the broad signal labeled SL
in the spectra.

In Table II1, all the superlattice and the QW-associated
transition energies from samples M4, M5, and M6 are com-
pared with the calculation using a conduction-band offset of
0.4 eV, and the agreement found confirms the choice made
for the offset.

Vi. CONCLUSION

We have studied the optical properties of a new mis-
matched system, the GaAs/GaP strained-layer superlattice,
in which the lattice mismatch is 3.7%. By using an absorp-
tion-related technique (PR) and an emission-related tech-
nique (PL) we have been able to study, Yor the first time,
type-I and type-11 transitions in these strained superlattices,
which show a behavior similar to that found for the lattice-
matched GaAs/AlAs superlattices. The temperature and
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excitation density dependence of the PL signal assured us of
the assignment of the origin of the different peaks. Also,
carrier transfer from the type-I to the type-1I transition, as-
sisted by a temperature increase, has been found for type-II
superlattices. Calculations have been performed in order to
fit all the transitions observed, with the only free parameter
being the band offset. An optimum fit to all the observed
transitions is found for a value of the conduction-band offset
of 0.4 eV, which is the first estimation made from experimen-
tal measurements in this GaAs/GaP heterostructure.
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