
Photoluminescence measurements of tensile-strained GaAs/In 0.07Al0.93As
quantum wells

C. N. Yeha) and L. E. McNeil
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599-3255

T. Daniels-Race
Department of Electrical Engineering, Duke University, Durham, North Carolina 27708-0291

L. J. Blue
Department of Physics, Box 90305, Duke University, Durham, North Carolina 27708-0305

~Received 6 November 1995; accepted for publication 4 December 1995!

GaAs/In0.07Al0.93As tensile-strained quantum wells were grown on@001# GaAs substrates using
molecular-beam epitaxy. The incorporation of tensile strain is made possible by preparing a
1-mm-thick In0.07Al0.93As relaxed buffer which is followed by the growth of quantum wells. The
strain of the GaAs was measured using Raman spectroscopy and photoluminescence. The
photoluminescence measurements from wells ranging in thickness from 25 to 100 Å reveal that the
observed optical transition originates from the electron–light hole recombination for a 100 Å well
and from the electron–heavy hole recombination if the well thickness is less than 40 Å. Therefore,
a thick Al-rich InxAl12xAs relaxed buffer on the GaAs substrate can be used to engineer the relative
energy position of the light and heavy holes for GaAs-based quantum wells. ©1996 American
Institute of Physics.@S0021-8979~96!01906-X#

INTRODUCTION

Strained-layer heterostructures offer advantages over
lattice-matched heterostructures in the choice of materials
and performance of optoelectronic devices. Detailed studies
of semiconductor quantum-well lasers made of
InxGa12xAs/AlGaAs

1 and InxGa12xAs/InGaAsP
2 have dem-

onstrated that the incorporation of compressive strain into
the quantum wells can provide benefits of lower threshold
current density and higher gain. This is because the compres-
sive strain reduces the in-plane (xy) effective mass of the top
valence bandu3/2,63/2& ~heavy hole! and consequently the
lower density of states in the hole band results in a smaller
current density being needed to achieve the population inver-
sion condition.3 For tensile-strained quantum wells, the strain
raises the energy ofu3/2,61/2& ~light hole! valence band.
Theoretical calculations4,5 indicate that the in-plane (xy) ef-
fective mass of the tensile-strained light-hole~lh! valence
band is larger than that of the compressive-strained heavy
hole valence band. However, it has been demonstrated6–8

that incorporation of tensile strain can also reduce the thresh-
old current density of the quantum-well laser if a larger strain
or thicker well is employed.

The top valence band of a compressive-strained quantum
well is always the heavy hole~hh! no matter what the well
thickness is. This is because the compressive strain raises the
energy of the hh, which has a larger effective mass than that
of the lh in the@001# direction, and the confinement effect
splits the energy separation between the hh and lh further in
a thinner well. For the tensile-strained quantum well, the top
valence band is the lh in a wider well due to the strain effect.
However, the hh can be at the top of the valence band if the

well is thin enough that the difference in confinement ener-
gies of the hh and the lh exceeds their strain-induced split-
ting. Due to the nature of the hh and the lh, the photon
polarization of the in-plane optical transition, for which the
photon propagates along the quantum-well plane, is different
for the e–hh ande–lh transitions. Only the TE polarization
~the electric field perpendicular to the@001# direction! is al-
lowed for thee–hh transition, while both TE and TM modes
are allowed for thee–lh transition.9 In essence, the polariza-
tion of the in-plane interband optical transition of an un-
strained or compressive-strained quantum well is
anisotropic.10–12 Polarization-insensitive devices utilizing
tensile-strained quantum wells have been reported, including
an electroabsorption modulator,13,14 a dual-polarization laser
diode,15 and a semiconductor photodetector.6 Most of the
work in tensile-strained quantum wells is based on InGaAs/
InGaAsP and InGaAlP/InGaP16,17 quantum wells. The
tensile-strained GaAs quantum well has been less
studied.18,19 For the realization of a tensile-strained GaAs
quantum well grown on a GaAs substrate, it is necessary to
prepare a thick, relaxed, and high band-gap ternary alloy,
such as Al-rich InxAl12xAs, with a larger lattice constant to
strain the GaAs quantum well. In this work, we report pho-
toluminescence ~PL! measurements of tensile-strained
GaAs/In0.07Al0.93As quantum wells. The data are analyzed
using the four-bandk•p theory to reveal the origins of PL
peaks. The strain of the GaAs is also determined from the
analysis and compared with the Raman measurement.

EXPERIMENT

The samples studied in this work were grown on@001#-
oriented GaAs substrates using molecular-beam epitaxy. The
growth rate was one monolayer/s for GaAs quantum wells
and 0.7 monolayer/s for In0.07Al0.93As. The substrate tem-a!Electronic mail: yeh@physics.unc.edu
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perature was 600 and 540 °C for the growth of GaAs and
In0.07Al0.93As, respectively. A 1000 Å GaAs buffer was first
grown on the substrate and it was followed by a 1mm
In0.07Al0.93As layer. GaAs/In0.07Al0.93As quantum wells were
then grown on the thick In0.07Al0.93As layer and capped with
100 Å of GaAs. Other sample information is listed in Table I.
The PL measurements were excited by the 488 nm line of an
Ar1 laser. The luminescence was dispersed through a double
monochromator and detected with a photomultiplier and
photon-counting electronics.

RESULTS AND ANALYSIS

The PL spectra are shown in Figs. 1–3. For the multiple-
quantum-well samples, the thinnest well is closest to the sur-
face upon which the laser is incident and the thickest well
~100 Å! is inner most~see Table I!. It is expected that the 100
Å well would experience a lower excitation intensity than the
outer wells because of the absorption effect. As shown in
Fig. 1, the PL intensity of the 40 Å well is much larger than
that of the 100 Å well. The full width at half-maximum
~FWHM! of the PL peaks in Figs. 1 and 2 is 8 meV. It can
also be seen that a weak-intensity peak also exists 10 meV
below the main peak for the 60 Å well. The PL spectrum of
a 25 Å quantum well is shown in Fig. 3. On the log scale, it
can be seen that there are two peaks of energies 1.743 and

1.787 eV. It is known from PL measurements of a thin GaAs/
AlAs quantum well20,21 that a type-II transition, which arises
from the recombination of the electron from AlAs and the hh
from GaAs, can be observed in addition to the type-I transi-
tion, which arises from the recombination of the electron and
hh both in GaAs. A feature of the type-II transition is that its
PL peak energy increases as the excitation intensity is
increased22,23due to the spatially separated electron and hole.
As shown in Fig. 4, the PL peak at 1.743 eV moves to higher
energy as the excitation intensity increases from 2 to 100
W/cm2. This indicates that the 1.743 and 1.787 eV peaks are
related to the type-II and type-I transitions, respectively.

In order to analyze the PL spectra, the
GaAs/In0.07Al0.93As band offset and strain of GaAs have to
be known. The strained hh band offset of GaAs/In0.07Al0.93As
is determined from the type-I and type-II transitions of the
25 Å quantum well, employing an iterative analysis as de-
scribed in Ref. 21. In the iterative analysis, the electron and
hh confinement energies are calculated from the energy-
dependent effective-mass model,24 which is derived from the
four-bandk•p theory with the inclusion of strain.25 The ma-
terial parameters are listed in Table II.26–31 The intrinsic

TABLE I. Tensile-strained GaAs/In0.07Al0.93As quantum wells on GaAs sub-
strates.

Sample Structure

1
100 Å/70 Å/40 Å GaAs wells separated by 200 Å
In0.07Al0.93As barriers1500 Å In0.07Al0.93As1100 Å GaAs
cap

2
100 Å/60 Å GaAs wells separated by a 200 Å In0.07Al0.93As
barrier1500 Å In0.07Al0.93As1100 Å GaAs cap

3 80 Å GaAs well1500 Å In0.07Al0.93As1100 Å GaAs cap

4
25 Å/25 Å GaAs wells separated by a 50 Å In0.07Al0.93As
barrier1500 Å In0.07Al0.93As1100 Å GaAs cap

FIG. 1. PL spectrum of 40, 70, and 100 Å GaAs/In0.07Al0.93As quantum
wells at 25 K.

FIG. 2. PL spectrum of 60, 80, and 100 Å GaAs/In0.07Al0.93As quantum
wells at 25 K.

FIG. 3. PL spectrum of a 25 Å GaAs/In0.07Al0.93As quantum well at 29 K.
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valence-band offset of GaAs/In0.07Al0.93As is obtained from
the strained hh band offset and the corresponding strain-
induced band-edge shift25 of GaAs

DEhh52avS 12
c12
c11

D e1bS 112
c12
c11

D e, ~1!

whereav andb are the valence-band hydrostatic and shear
deformation potentials;ci j ande are the elastic constants and
the in-plane strain. Using the determined intrinsic valence-
band offset of GaAs/In0.07Al0.93As, the electron–hh and
electron–lh transition energies of strained GaAs/
In0.07Al0.93As quantum wells are calculated from the energy-
dependent effective-mass model. The result is compared to
the measured PL peak energies of various quantum-well
thicknesses. It is found that the strain of the GaAs is best
fitted with 0.005 as shown in Fig. 5, in which the exciton
binding energy of 15 or 10 meV is added to the PL peak
energy if the well thickness is smaller or larger than 70 Å,
respectively.~The exciton binding energy is estimated from
that of GaAs/AlAs quantum wells.!32 The intrinsic valence-
band offset of GaAs/In0.07Al0.93As is found to be 0.56 eV

from the iterative analysis. The GaAs well thickness is also
determined to be 27.2 Å as a result of the iterative analysis.
This value differs from the nominal thickness~25 Å! by ;1
monolayer~2.8 Å!. It can be seen in Fig. 5 that the observed
PL peak originates from the electron–lh transition at a well
thickness of 100 Å and from the electron–hh transition for
well thicknesses less than 40 Å. For the PL spectrum of the
60 Å GaAs/In0.07Al0.93As quantum well in Fig. 2, there is
another PL peak 10 meV below the main PL peak. The main
PL peak is attributed to thee–lh transition and the lower-
energy peak to thee–hh transition as indicated in Fig. 5.

The strain of the GaAs was also measured using Raman
spectroscopy for the 100 Å/70 Å/40 Å sample. The Raman
measurement was performed in the@001# backscattering ge-
ometry. The LO phonon frequency of tensile-strained GaAs
is 290 cm21 which is compared with that of unstrained GaAs

FIG. 4. PL spectrum of a 25 Å GaAs/In0.07Al0.93As quantum well at 29 K
under different excitation intensities.

TABLE II. ~a! Elastic constantsci j , conduction-band and valence-band deformation potentials of GaAs.~b! k–p parametersc ~s, gi , andEp!, band-gap
energies~EG andEX!, and spin–orbit splitting~Dso! of GaAs and In0.07Al0.93As.

a c11 ~Mbar! c12 ~Mbar! ac ~eV! av ~eV! b ~eV!

1.18 0.54 29.3b 21.0b 21.7

b s g1 g2

Ep

~eV!
EG

d

~eV!
Dso

d

~eV!
EX

~eV!

GaAs 20.940 1.894 20.482 25.7e 1.519 0.341 1.979d

In0.07Al0.93As
f 21.184 0.977 20.580 23.9 2.895g 0.277g 2.205h

aReference 26.
bReference 27.
cs, gi , andEp(52mP2/\2) are related to the band-edge effective masses as described in Ref. 24. The band-edge effective masses~me/m, mhh/m, mlh/m,
mso/m! are~0.067, 0.35, 0.082, 0.154! ~Refs. 26, 28!, ~0.015, 0.48, 0.20, 0.30! ~Ref. 29!, and~0.023, 0.35, 0.026, 0.09! ~Refs. 28, 30! for GaAs, AlAs, and
InAs, respectively, wherem is the free electron mass.
dReference 28.
eReference 31.
fs, gi , andEp of In0.07Al0.93As are linearly interpolated from those of AlAs and InAs.
gQuadratic interpolation from those of AlAs and InAs as in Ref. 26.
hMeasured from low-temperature~25 K! PL.

FIG. 5. Comparison of calculated and measured quantum-well transition
energies at different well thicknesses for GaAs/In0.07Al0.93As. The strain of
the GaAs is best fitted with 0.005.
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~292 cm21! in Fig. 6. Because of the tensile strain, the
strained LO phonon frequency decreases as expected from
the elastic model.33 The strain-induced shift of the GaAs LO
phonon frequency is34,35

DvLO5
e

vLO
S p S12

S111S12
1qD52485e, ~2!

wherevLO and e are the unstrained LO phonon frequency
and the strain;p(q) andSi j are the LO phonon deformation
potentials and the elastic compliance. The strain of the GaAs
is determined to be 0.004 which agrees with the value from
PL measurements.

CONCLUSION

GaAs/In0.07Al0.93As tensile-strained quantum wells were
grown on@001# GaAs substrates buffered with a 1-mm-thick
In0.07Al0.93As relaxed layer using molecular-beam epitaxy.
The strain of the GaAs from Raman and PL measurements is
0.004 and 0.005, respectively. From thek•p theory and PL
measurements, it is demonstrated that the PL peak originates
from the e–lh transition for the 100 Å well and from the
e–hh transition if the well thickness is less than 40 Å. The
introduction of tensile strain into the GaAs quantum well
through a thick Al-rich InxAl12xAs buffer can be useful to
engineer the relative energy position of the hh and the lh for
the GaAs quantum well. This feature is necessary for the
in-plane polarization-insensitive electroabsorption or photo-
detection devices utilizing GaAs quantum wells.
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