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Abstract— The effect of strain on the band structure of
InxGa1�xP–In0:5Al0:5P multiple quantum wells (MQW’s) has
been investigated from high-pressure and low-temperature
photoluminescence measurements. The biaxial strain in the
wells was varied between+0.6% compressive to�0.85% tensile
strain by changing the well compositionx from 0.57 to 0.37.
Strain increases the valence band offsets in either tensile or
compressively strained structures. Whereas relatively insensitive
to tensile strain, the valence band offsets showed a strong
dependence on the magnitude of the compressive strain. Good
agreement is found between the measured valence band offsets
and those predicted by the model solid theory, except for the
largest compressively strained MQW’s, for which the model
calculations underestimate the measured valence band offset.
Strain and the associated variations in composition also modified
the separation among the well states associated with�1c; L1c,
and X1c. From these results, the bandgaps of each conduction
band extrema were calculated in InxGa1�xP for 0.37< x < 0.57
and compared with the predictions of the model solid theory.

Index Terms— Heterojunctions, photoluminescent materials/
devices, pressure measurements, quantum wells, semiconductor
heterojunctions, strain.

I. INTRODUCTION

T HE MAIN goal in the development of visible In-
GaP–InGaAlP heterostructure lasers has been to reduce

the operating wavelength below 630 nm, without a significant
deterioration of their output characteristics [1]. Several
approaches have been used to achieve short-wavelength
operation, of which the incorporation of biaxial strain in
the laser active medium has yielded encouraging results
[2]. The benefits of strain, which are mainly associated
with the modifications of the valence band structure, have
resulted in a significant reduction of the threshold current
of InGaP–InGaAlP lasers operating at 633 nm [3], [4].
Similar improvements are expected at shorter wavelengths.
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However, the design and optimization of these shorter
wavelength devices is more critical as the expected benefits
of the valence band modification with strain start to compete
with the unwanted effects that arise from changes in the
conduction band as the separation between the indirect and
direct conduction band minima is reduced with strain [5].
Improved laser performance can be realized with a complete
understanding of the band structure and band alignment
modifications which occur with strain.

In this paper, we present the results of a system-
atic study on the effect of strain on the electronic band
structure of gas-source molecular beam epitaxy (GSMBE)
In Ga P–In Al P multiple quantum wells (MQW’s)
grown on [100] GaAs substrates. The [100] biaxial strain in
the well was varied from 0.6% compressive to 0.85%
tensile by changing the In compositionfrom 0.57 to 0.37.
The barrier In composition was selected equal to 0.5 because
it provides the largest bandgap discontinuity with the well
material and it enhances the effect of the indirectextrema.
We focus on the analysis of the changes in the valence band
offsets with strain and also describe the modifications of
the well electronic structure with strain, both of which are
determined directly from the experiments. Based on these
results, we calculate the electronic structure of InGa P for
0.37 0.57 by correcting for confinement and strain
effects. The results of our experiments are compared with the
predictions of the model solid theory [6].

The valence band offsets of the strained InGa P–
In Al P heterostructures were determined from high-
pressure and low-temperature experiments using the method
described by Wolfordet al. [7]. The valence band offsets
increased nonlinearly with compressive strain and remained
almost unchanged with an increase of tensile strain. This
dependence on strain follows the trend predicted by the model
solid theory [6] for the tensile strain but is considerably
larger than that predicted by the model for compressive
strain. As a test of the accuracy of our heterojunction
band offsets values, we calculated the MQW electronic
states using the envelope function approach [8] and found
that these calculations compared well with the results of
photoluminescence excitation (PLE) measurements conducted
on the In Ga P–In Al P MQW’s.

The modifications of the electronic structure of
In Ga P–In Al P MQW’s with strain are well explained
by the changes in the band structure of the bulk alloy with
In composition and the additional contributions of the
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hydrostatic and shear components of the strain [9]–[11].
Below 0.48, the – and – separation in
In Ga P are reduced. As a result, we observed a reduction
in the separation of the well states associated with each band
extrema in tensile strained MQW’s, to the extent that in
highly tensile strained MQW’s, the lowest confined well state
showed an -like behavior [12]. However, in the compressive
strained MQW’s ( 0.48), the well states separate from
those associated with and we do not see any evidence
of , consistent with the measured increase in the–
and – separation in the bulk [9]–[11].

The unique behavior of the , and -like states was
evidenced in the high pressure and low temperature photolumi-
nescence (PL) data from their pressure rate of change, .
The , and states in the MQW’s shifted with
pressure at rates of about 100, 60, and20 meV/GPa, respec-
tively, characteristic of other III–V semiconductor materials
[13]. Upon extrapolating the energy-pressure data of the PL
transitions to atmospheric pressure, the electronic structure of
the MQW’s was obtained. Further corrections for confinement
and strain effects allowed us to obtain the electronic structure
of bulk In Ga P for In compositions 0.37 0.57.

II. EXPERIMENTAL DETAILS

The In Ga P–In Al P MQW’s used in these studies
were grown by GSMBE on a semi-insulating [100] GaAs
substrate with nominally lattice-matched compositions for the
barrier. The growth of the InGa P–In Al P MQW’s
was carried out at 530C at 1.0 m/h, conditions which
produced a disordered random alloy in bulk InGaP samples as
previously determined by PL, PLE, and transmission electron
microscopy [14], [15]. Each sample contained a buffer layer of
GaAs 0.5 m thick, followed by an In Al P buffer layer
0.035 m thick, the MQW region, and an In Al P cap
layer 0.1 m thick. All layers were unintentionally doped.
The MQW’s consisted of 50 periods of 50-Å wells and 150-̊A
barriers. The well indium compositionand the corresponding
strain were selected to be 0.37 (0.85%), 0.41 ( 0.51%),
0.48 (0%), 0.5 (0.11%), 0.53 (0.32%), and 0.57 (0.60%),
with negative strain corresponding to tensile and positive to
compressive relative to the GaAs substrate. An additional
unstrained MQW structure consisting of 50 periods of 30-Å
wells and 150-̊A barriers was also grown. Varying the electron
confinement energy with well width and the composition was
essential for altering the separation among the well states, and
thus observed recombination from [12].

The PLE measurements were performed at 10 K, with
the samples mounted in a He-flow cryostat. PLE spectra
were obtained from the 50̊A unstrained, 0.85% tensile
and 0.60% compressive strain MQW’s. The PLE spectra of
these samples showed the presence of several confined states
above the ground state, indicating the high material quality
of the MQW’s. The high-pressure and low-temperature PL
experiments were conducted using the setup described in [16].
The PL from the MQW’s was excited using the 458-nm (2.7
eV) line of an Ar laser with power levels of 5 mW which
correspond to power densities of100 W/cm at the sample.
Typical PL spectra corresponding to transitions originating

from conduction band states associated with and
are shown in [12], and had FWHM of 17, 20, and

25 meV, respectively. The Stoke’s shift determined from
the PL and PLE peak energy difference was 186 meV for
the unstrained and compressively strained MQW’s, where the
lowest conduction band confined state is-like. For the highly
tensile-strained MQW, the PL and PLE peak energy difference
was 40 meV. This large difference arises because the PL and
PLE transitions originate from states associated with and

, respectively [12].
We next discuss the salient features of the energy-versus-

pressure diagram of each MQW, starting first with the un-
strained system as we refer all other band structure modifica-
tions with strain to this structure. We include for completeness
the analysis of the results from the unstrained and tensile-
strained MQW’s that led us to the identification of the
band [12]. In Section III-B, we show how the valence band
offsets are directly calculated from the energy-versus-pressure
data and vary with strain. In Section III-C, we calculate the
conduction band structure of bulk unstrained InGa P for
0.37 0.57 from the atmospheric pressure values of
the transition energy of well states associated with ,
and by correcting for confinement and strain effects. In
Section III-D, we use the model solid theory to calculate the
valence band offsets of the InGa P–InAlP heterostructures
and the conduction band structure of InGa P with strain
and compare with our experimental results.

III. RESULTS AND DISCUSSION

A. Experimental Results

The energy-pressure diagram of unstrained InGa P–
In Al P is shown in Fig. 1. The pressure behavior of both
the 50- and 30-̊A MQW’s is very similar. Four PL transi-
tions were observed, one with a positive pressure coefficient
( ) and three with negative . The labeling of
these transitions is consistent with the analysis of [12]. The
transitions with negative , labeled E2, E3, and E4,
were associated with recombination from and shifted with
pressure at a rate 20 meV/GPa [10]. Since E3
and E4 were observed over the whole pressure range of the
experiments, we assigned them to the indirect recombination
of photoexcited carriers from in the well ( hh) and
in the barrier ( ), respectively [12]. E2, however, is
only observed at high pressures after the lowest confined well
state ( ) becomes resonant with . The onset of E2 takes
place at 1.4 GPa in the 50-Å sample and at a lower pressure
of 0.8 GPa in the 30-̊A sample, due to the increase in electron
confinement.

The PL transition with a positive , labeled E1 in
the 50-̊A MQW’s, shifted at a rate (92 3)
meV/GPa, a value typical of a -like behavior [10]. By
contrast, in the 30-̊A MQW was measured to be (60

5) meV/GPa. This lower transition in the 30-̊A
MQW’s originates from a conduction band state with an-
like behavior [12]. Recombination from , labeled L1, is
observed in the 30-̊A MQW’s since is shifted above

due to the increased electron confinement. Using the
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Fig. 1. Energy-versus-pressure diagram for the unstrained MQW’s with (a)
50-Å and (b) 30-̊A well width. A linear fit to the data yielded the pressure
coefficient and the atmospheric pressure value of each PL transition. The
pressure behavior of E1 in the 30-Å MQW and that of L1 in the 50-̊A MQW
where these transitions were not observed is shown by the solid line in (b)
and the dash–dotted line in (a).

atmospheric pressure values of L1 and E1 measured in the
30- and 50-̊A MQW’s, respectively, and accounting for the
changes in carrier confinement with well width, we estimate
that becomes the lowest conduction band state for well
widths of less than 36̊A.

The energy-pressure diagrams of Fig. 1 also show an
interesting behavior at a pressure close to the onset of E2,
which reveals the importance of state mixing between the
well and the barrier states. In the 50-̊A MQW, E1
essentially disappears when E2 becomes the conduction band
minima. In the 30-̊A MQW, L1 also disappears at the onset
of E2, although L1 is still at a lower energy than E2. This
behavior is speculated to be the result of the competition
between and transfer processes, the latter
becoming dominant in the 30-Å MQW due to increased state
mixing [17].

The energy-pressure data of the0.51% and 0.85% tensile
strain MQW’s are shown in Fig. 2(a) and (b), respectively.
The behavior of the PL transitions is similar to that measured
in the unstrained MQW’s. We identified the indirect E2, E3,
and E4 transitions, which in these samples also shift at a
rate 20 meV/GPa. We note, however, that with
increased tensile strain, the E1–E3 separation was reduced as
the bandgap increased with decreasingbelow 0.48 and

was split and lowered by the built-in [100] biaxial strain
[5]. The E1–E2 separation was also decreased in the tensile
structures compared to the 50-Å unstrained MQW’s, reflecting
the changes in the valence band offsets with strain.

The transition characterized by a positive shifted at
a rate of (60 5) meV/GPa in the 0.85% strain MQW’s,

Fig. 2. Pressure dependence of the PL transitions in the (a)�0.51% and (b)
�0.85% tensile strain MQW’s.

identical to that of L1 in the 30-̊A unstrained MQW’s. In the
0.51% strain MQW’s it increased at a rate of (110
5) meV/GPa to 0.5 GPa and at a slower rate

(60 5) meV/GPa at higher pressures, as shown by the solid
and dash-dotted line of Fig. 2(a). The change in the slope is
indicative of a pressure induced E1–L1 crossover occurring
at 0.5 GPa.

As it will be shown in Section III-C, the atmospheric
pressure values of L1 in the 0.51% and 0.85% tensile-
strained MQW’s are within 10% of those calculated from the

-bandgap variation with composition of Bugaskiet al. [11],
and by adding the electron and hole confinement energies. It
is important to mention, however, that in our experiments we
could not discern if recombination occurs from or from an
impurity state associated with , a situation that would lead
to a larger uncertainty in the determination of the bandgap.

The pressure behavior of the different optical transitions
observed in the 0.32% and 0.60% compressive strain
structures is shown in Fig. 3. The equivalent diagram for
the 0.11% strain MQW is omitted as it is very similar to
that of the unstrained 50-Å MQW shown in Fig. 1(a). In
the 0.32% and 0.60% compressively strained samples, the
lowest energy transition identified as E1 shifted with pressure
at a rate (78 3) meV/GPa and (71 3) meV/GPa,
respectively, considerably lower than those determined in the
unstrained and tensile strained MQW’s. In the0.60% sample,
a weak PL transition (E5) at a higher energy than E1 and
shifting at the same rate was also observed.1 We argued before
that a reduction of about 50% in was indicative of
an -transition, however this is unlikely to be the case, as
in the 50-̊A compressively strained MQW’s is predicted
to be at a higher energy with respect to than in the
50-Å unstrained MQW’s where the E1–L1 crossover is not
observed. The origin of the dependence of with strain

1E5 is a well transition possibly arising from recombination between the
conduction band ground state and the split-off band.
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Fig. 3. Energy-versus-pressure diagram for the (a)+0.32% and (b)+0.60%
compressive strain MQW’s.

in the In Ga P–In Al P MQW’s will be discussed in a
separate publication.

The energy-pressure diagram of Fig. 3 also shows the-
like transitions E2, E3, and E4. With increased compressive
strain the E1–E3 separation increased, as the bandgap
of In Ga P is reduced in the In-rich alloys for 0.48.
In spite of this bandgap reduction, the E1–E2 crossover was
observed at a pressure of 1.2 GPa in the0.32% strain
MQW’s and at 0.8 GPa in the 0.60% strain MQW’s. The
low pressure at which this crossover occurred indicates that
most of the bandgap discontinuity has been accommodated in
the valence band.

B. Determination of the Valence Band Offset

The valence band offset of the heterostructures was de-
termined from the difference in the atmospheric pressure
values of E4 and E2 and by adding the hole confinement
energy E, Ev E4 E2 E . E corresponds to the
heavy hole confinement energy in the 50-Å unstrained and
compressively strained MQW’s, and to the light hole in the
tensile-strained MQW’s [18] and was calculated using the
finite well approximation [8]. The electron and the heavy hole
effective masses were obtained from a linear interpolation with
alloy composition. The light hole effective mass was estimated
from the analytical theory of People and Sputz, which is based
on the Luthinger–Kohn 6 6 Hamiltonian [19]. The hole
effective mass in the barrier material was taken to be equal to

[20]. Ev was calculated self-consistently by varying
E until the E4–E2 energy difference equaled the measured
value. The error in Ev was determined by taking into account
the uncertainty in the E4 and E2 peak energies and that of
the localization and excitonic energy associated with these
transitions. Ev is a measure of the light hole valence band

offset in the tensile-strained MQW’s in which the light hole
band is the top most confined state and of the heavy hole band
offset in compressively strained MQW’s in which the heavy
hole is the valence band ground state.

The conduction band offset was calculated from E1 using
the relationship E E1 Ev e1 E , where
is the direct bandgap energy of InAl P, e1 is the electron
confinement energy, and E( 18 meV) is a correction term
to account for localization and excitonic effects [21]. was
taken to be equal to 2.6 eV, as determined separately from low-
temperature absorption measurements in a bulk epilayer grown
as a reference in our laboratory. A similar value of the InAlP
direct bandgap has been reported by Prinset al. [22], although
it is 0.08 eV lower than that measured by Mowbrayet al. [23].
The value of E1 in the 0.85% MQW where this transition
was not observed was taken from the PLE experiments.

In Table I, we have compiled the measuredEv and Ec
and the conduction to valence band offset ratios (Ec/ Ev)
for the strained and unstrained MQW’s. Increasing tensile
strain appears to increaseEv by an amount comparable to
our measurement error which is only12%, and thus Ev
is not very sensitive to the magnitude of the tensile strain
used in our experiments. In compressively strained MQW’s,

Ev was found to vary more drastically with strain.Ec, on
the other hand, decreases with either tensile or compressive
strain. In spite of its decrease with strain, the electron potential
discontinuity remains large in excess of 300 meV. Such a
large conduction band discontinuity would be advantageous
to reduce electron thermal leakage, identified as the limiting
factor in obtaining short-wavelength operation in InGaP lasers
[2]. However, in the InGa P–In Al P heterostructures,
the electron confinement is modified by the presence of the
barrier states, which provide an additional leakage path
[24]. The data of Figs. 2 and 3 show that in the 50-Å MQW’s
increased tensile or compressive strain reduces the E2–E1
separation considerably compared to the unstrained structure,
reaching values as low as 30 meV for the0.85% MQW’s
and 80 meV for the 0.60% MQW’s.

Comparison of our values of Ec/ Ev with those de-
termined in the InGa P–In (Ga Al ) P system for
similar In compositions shows that Ec/ Ev is smaller for
the MQW’s with ternary barriers than in the case where qua-
ternary barriers are used [25], [26]. This behavior indicates that

Ec/ Ev varies with barrier composition in a fashion similar
to that determined by Meneyet al. [27] in unstrained and 1%
strained InGa P–In (Ga Al ) P heterostructures.

C. Band Structure of Unstrained Bulk InGa P

The relevance of the results discussed above is that, besides
providing a complete characterization of the band structure
and band alignments of the InGa P—In Al P MQW’s,
it allows us to infer the conduction band structure of bulk
unstrained InGa P as a function of composition. We can
calculate the and bandgaps from the atmo-
spheric pressure values of E1, L1, and E3 by correcting for
confinement and strain effects. The electron and hole con-
finement energies were calculated with the envelope function
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TABLE I
CONDUCTION AND VALENCE BAND OFFSETS AND OFFSET RATIO OF InxGa1�xP–In0:5Al0:5P MQW’S

approach [8] using the measured band offsets and taking into
account the variation of the electron and hole effective mass
with strain. The hydrostatic and shear strain energy shifts of the
valence and conduction band extrema were calculated using
values of the hydrostatic and shear deformation potentials
interpolated from the binary constituents taken from [6]. We
ignored the electron confinement energy of L1 and E3 since
they are small, due to the large effective mass of theand

extrema, respectively.
We have plotted in Fig. 4 the – and –

separation determined from our experiments and that predicted
by Bugaski et al. [11]. Fig. 4 shows that becomes
the conduction band minima around 0.33 and that for

is the conduction band minima. Increasing
the In composition above 0.48 increases the –
separation. A similar behavior is expected for ; however,
the behavior was not identifiable from the experiments as
the E1–L1 transition was preceded by E1–E2 which occurred
at lower pressures for 0.48. Similar values for the

– and – crossover compositions had been also
determined from Hall measurements at high pressure [28] and
piezomodulated reflectance measurements in bulk InGa P
alloys [9]. The agreement of our data and that of the band
structure calculations of [10] is remarkable, considering that
the determination of our bandgaps involves the use of param-
eters such as the hydrostatic and shear deformation potentials,
which have not been directly measured for InGa P and
were interpolated from the binary constituents. However, we
find that our measured bandgap is approximately 60 meV
smaller than that predicted by Bugaskiet al. [11] and also
reported by Merleet al. [9]. Of the 60-meV difference between
our values and those of Merleet al., 20 meV can be
accounted for by the localization energy, and the rest is likely
to arise from differences between the solution growth method
employed by Merleet al. [9] and the GSMBE used in this
work.

D. Comparisons to the Model Solid Theory

The bandgap energies and valence band offset energies for
the In Ga P–In Al P heterostructure were calculated as
a function of coherent strain in the InGa P layer using the
model solid theory of Van de Walle [7]. For the unstrained
bandgaps at low temperature, the compositional dependence of
In Ga P was taken to be 1.41 0.73 ( ) 0.7

Fig. 4. �1c–L1c and�1c–X1c separation as a function of composition for
unstrained InxGa1�xP. The�1c–L1c and�1c–X1c separations determined
from the experiment are shown by the solid diamonds and circles, respectively.
The solid lines are the predictions of the band structure calculations of [11].

[10], [11], and for In Al P, 2.60 0.03 eV.
The values of the elastic constants and deformation potentials
for the binary compounds InP, GaP, and AlP were those given
in [6]. For the absolute energy level needed in the
model solid theory, values of 8.04, 7.6, and 7.74 eV
were used for InP, GaP, and AlP, respectively. These values
correspond to the values given by Van de Walle [6] after a
slight adjustment for GaP and AlP to bring the theoretical
values of Ev into agreement with previously measured
values for unstrained GaAs–InGaP [29] and InGaP–InAlP [16]
heterojunctions. In InGaP, the spin-orbit split-off energy
is small and thus the coupling of the spin-orbit and light hole
valence bands can be significant. The valence band coupling
was taken into account by using a Luttinger–Kohn
Hamiltonian for a strained semiconductor [30]. The calculated
transition energies from the conduction band to the heavy hole
band and to the light hole band
for InGaP alloys coherently strained to GaAs, along with the
bandgap energy for unstrained bulk InGa P, are shown
in Fig. 5(a). Also plotted in this figure are the dependence
with strain of the singlet and doublet bandgaps
of the strained InGa P alloys. Our experimental and

bandgaps shown by the solid circles and diamonds,
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Fig. 5. Comparison of the measured (a)�1c andX1c bandgaps and (b)
valence band offsets of strained InxGa1�xP, with the predictions of the
model solid theory. In (a), the circles are the experimental�1c bandgap
obtained by subtracting the electron and hole confinement energy from
the atmospheric pressure value of E1. The diamonds are the measured
X1c bandgap obtained from the atmospheric pressure value of E3 and by
subtracting the hole confinement energy. The predictions of the model solid
theory for the�1c–�1vhh and�1c–�1vlh bandgaps are shown by the dotted
and dash–dotted lines, respectively. TheXz

1c andXxy

1c bandgaps calculated
from the unstrained value ofX1c using a deformation potential of 7 eV are
represented by the dashed and dash–dotted lines, respectively.

respectively, closely follows the trend predicted by the model.
The valence band offset energies at the InGa P–

In Al P interface as a function of calculated with the
model solid theory are shown in Fig. 5(b). The increase of
the heavy hole valence band offsetEvhh with is due
to a decrease of the -bandgap. The light hole valence
band offset Evlh, on the other hand, is almost constant
with because the spin-orbit coupling increasesEvlh in
tensile strain. The experimental values of the valence band
offsets have also been plotted in Fig. 5(b) for comparison.
The general trend of the experimental results agrees with
the model, however, we find that the model underestimates

Evhh for the highly compressively strained structures.
To estimate how significant the differences between the

measured band offsets and those predicted by the model
solid theory are, we calculated the confined energy levels in

Fig. 6. Interband transition energies for�0.85, 0, and+0.6% strained
InxGa1�xP–InAlP MQW’s. The solid circles are the transition energies
determined from PLE experiments. The heavy and light hole transition
energies calculated with the values of the band offsets from this paper
are represented by the thick solid and dotted lines, respectively, and those
predicted by the model solid theory are represented by the thin solid and
dotted lines, respectively.

the biaxially strained InGa P–In Al P MQW’s [8] and
compared them with the results of the PLE measurements. This
is shown in Fig. 6. Focusing on the higher energy transitions
that are more sensitive to changes in the band offsets, we find
that for the tensile-strained MQW’s both our measured and the
predicted band offsets can be used to estimate the transitions.
For the 0.60% compressively strained MQW’s, where our
band offsets are 50% larger than those predicted by the model
solid theory, we find that transition energies calculated using
our value of the heavy hole band offset provides a slightly
better fit to the data. However, a more extensive comparison
on the differences between our band offsets and those predicted
by the model solid theory requires the fitting of PLE interband
transition energies obtained in MQW’s with fixed strain and
variable well width.

IV. CONCLUSION

We have studied the changes in the band structure of
In Ga P–In Al P MQW’s with strain. Strain modi-
fied the valence band offsets, which were found to increase
with either tensile or compressive strain with respect to the
unstrained value. The valence band offsets were relatively
insensitive to an increase of tensile strain, while they increased
nonlinearly with compressive strain. The trend in the valence
band offset with strain was predicted by the model solid theory.
While in good agreement with our results for the tensile and
moderately compressively strained heterostructures, the model
underestimated the strain dependence of the valence band
offset in the highest compressively strained structures. The
band offset changes with strain are accompanied by changes
in the relative position of the well conduction band states,
such that in narrow unstrained and highly tensile-strained
MQW’s the well ground state is associated with . From
the simultaneous identification of MQW states associated with

, and , the band structure of unstrained InGa P
with 0.37 0.57 was determined by correcting for
confinement and strain effects. In bulk unstrained InGa P,

was identified as the conduction band minima up to an In
composition 0.33, at which becomes the conduction
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band minima. The – crossover was followed by that of
– which occurred at 0.3.
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