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Conduction band offset in the Al xGayIn1ÀxÀyPÕGa0.52In0.48P system
as studied by luminescence spectroscopy

D. Vignauda) and F. Mollot
Institut d’Electronique, de Microe´lectronique et de Nanotechnologie (IEMN, UMR CNRS 8520),
Av. Poincare´, P. O. Box 69, 59652 Villeneuve d’Ascq Cedex, France

~Received 5 July 2002; accepted 21 October 2002!

The conduction band offsetDEc between the lattice-matched, compressively, or tensilely strained
Al xGayIn12x2yP and Ga0.52In0.48P, grown on GaAs, has been measured by combined
photoluminescence and photoluminescence excitation spectroscopy at 10 K. The goal was to study
the composition of the quaternary barrier for which the maximum offsetDEc is reached in such
heterostructures. Within the limited set of barrier composition studied here, the optimum material
for this purpose is the lattice-matched Al0.31Ga0.21In0.48P, for which DEc5210615 meV.
Comparison with calculations based on the model solid theory allows one to precisely measure the
parameters involved in this model, although a precise determination of all the deformation potentials
is out of reach with the limited set of results presented here. Nevertheless, estimations using this set
of parameters suggest that strained AlxGayIn12x2yP cannot improve the conduction offset compared
to the strain-free material. ©2003 American Institute of Physics.@DOI: 10.1063/1.1528309#

I. INTRODUCTION

Some device applications, such as the high electron mo-
bility transistors, require a material acting as an electron bar-
rier, with the highest possible conduction band offset~CBO!
relative to the channel layer. For example, some of these
devices involve a strained In0.2Ga0.8As well when grown on
a GaAs substrate. Many barrier materials have been tested in
this case: the quaternary AlxGayIn12x2yP ~AlGaInP for
short, in the following! seems to be one of the best choices to
get the highest CBO.1–3 Up until now, the quaternary lattice
matched on GaAs, that is (AlzGa12z)0.52In0.48P, has been
mainly studied.4–14 The best composition, regarding the
CBO, is aroundz50.6 (Al0.31Ga0.21In0.48P), the one for
which theG and X minima are degenerated.15–18 If the tar-
geted application does not require the growth of thick layers,
there is no reason to restrict the composition of the AlGaInP
barrier to strain-free materials, even if this implies an in-
creased complexity of the structure. Some experimental at-
tempts on heterostructures involving strained AlGaInP might
be scarcely found in literature.19–24 Most of these deal with
the strained ternary GayIn12yP,19–22 but lead to rather scat-
tered results. Only one study presents measurements of the
band offsets on the strained ternary AlxIn12xP.23 On the
other hand, a few general models have been developed, with
the aim to predict the band offsets in strained heterostruc-
tures from a set of calculated or measured parameters.25–28If
these models differ on their calculation principle, they all end
up by defining an energy reference level and deformation
potentials.25,26,28For example, Van de Walle has published26

a model solid theory and calculated all the relevant param-
eters for most III–V compounds of interest. Since this
model26 does not require any further tricky calculations, it

might be used to evaluate the CBO in a first step, but a
detailed comparison with experimental measurements is ob-
viously required.

The initial goal of this study was to find the AlGaInP
quaternary, eventually strained, with the highest possible
conduction band minima. For that purpose, it has been de-
cided to measure and to compare the CBO in
AlGaInP/Ga0.52In0.48P heterostructures. The CBO in other re-
lated heterostructures, such as AlGaInP/GaAs or
AlGaInP/In0.2Ga0.8As, might be calculated from the mea-
surements presented here and others published in literature,3

assuming transitivity. These measurements have also been
fitted with calculations performed using the different set of
parameters already published.25–27

This article is organized as follows. The experimental
conditions are detailed in Sec. II. Heterostructures have been
grown by gas-source molecular-beam epitaxy and character-
ized by photoluminescence~PL! and photoluminescence ex-
citation ~PLE! spectroscopy. The principle of measurement
of the CBO is described in Sec. III. It involves PL and PLE
measurements, aimed at determining theG or X character of
the lower conduction state in heterostructures, while varying
the well thickness~type I or II transitions!. Three sets of
samples have been studied, involving either the lattice-
matched quaternary (AlzGa12z)0.52In0.48P, the strained ter-
nary AlxIn12xP, and quaternary Al4xGaxIn125xP. All the
measurements are presented and discussed in Sec. IV. It is
concluded that, within the usable strain range studied here,
the highest CBO is obtained for the strain-free material
Al0.24Ga0.28In0.48P: the expected increase of the CBO in the
strained quaternary does not show up. Although it cannot be
claimed that the parameters required to evaluate the CBO
have been precisely determined, some improvements are ob-
vious. First, theEv,av numerical parameters, initially calcu-
lated by Van de Walle26 have been corrected for GaP and AlP
to fit the CBO measured in strain-free materials. Second, aa!Electronic mail: dominique.vignaud@univ-lille1.fr
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set of deformation potentials, related to the strain-induced
displacement of theX minima, is proposed for the three bi-
naries InP, GaP, and AlP.

II. EPITAXIAL GROWTH AND LUMINESCENCE
DETAILS

Heterostructures have been grown by gas-source
molecular-beam epitaxy in a Riber 32P system on GaAs
~001! substrates. The growth temperature was 520 °C, as
estimated by pyrometer measurements. Arsine and phosphine
were thermally cracked in the same injector cell, whereas the
III elements were obtained from effusion cells~two In
sources!. Reflection high energy electron diffraction oscilla-
tions were recorded on InP and GaAs to adjust the fluxes of
III atoms. The alloy compositions and the layer thicknesses
were deduced from these measurements. All epilayers were
not intentionally doped. Figure 1 shows a typical sample.
After the GaAs buffer, a thick Ga0.52In0.48P layer is grown
lattice matched on GaAs. It is used as a check for the com-
position of the well material~W! and also to absorb any
residual As. The upper layers are the active ones: AlGaInP
barrier layers~B! surround a thin Ga0.52In0.48P well. By mea-
suring heterostructures with one single V element~P!
throughout the main layers, As–P intermixing problems at
the interfaces are avoided. Segregation of elements III must
also be considered, since it should introduce composition
gradients at the interface. Because of the growth temperature,
In segregation might only be a problem:29,30 a 1 monolayer
~ML ! thick In-rich layer is expected to remain at the surface
during the growth of In-containing layers.29 But, since the In
content of all the active layers stands in the limited range
30<@ In#<60%, segregation is not expected to significantly
alter the alloy composition at the interfaces, and should thus
be neglected. Some heterostructures have been grown with
up to three thin wells with decreasing thicknesses toward the
surface, in the 1–7 nm range. In some cases, the well mate-
rial was Al0.16Ga0.36In0.52P, always lattice matched on GaAs.
Barrier materials either lattice matched on GaAs or strained
~in compression or tension! have been studied, with the only
restriction that the absolute value of the lattice mismatch was
lower than 1%. The calculated critical thickness for lattice-
mismatch relaxation by dislocations thus stands in the range
10–15 nm, at least:31 strained pseudomorphic barrier layers
up to 10 nm thick might be grown safely without any relax-
ation.

The PL spectra were measured at 10 K in a closed-cycle
cryostat. An argon laser was used at a wavelength of 488 nm,
with power fluxes in the 12100 W/cm2 range. The lumines-
cence was dispersed in a 32 cm focal length monochromator
and detected by a photomultiplier tube. PLE measurements
were carried out with a 150 W Xe arc lamp combined with a
double 10 cm focal length monochromator, giving power
fluxes in the 1210 mW/cm2.

III. CONDUCTION BAND OFFSET MEASUREMENTS

A. Measurement principle

An imaginary heterostructure is schematized in Fig. 2 to
explain the principle of the determination of the CBO. This
method was already used to measure the CBO in AlAs/GaAs
~Ref. 32! as well as (AlzGa12z)0.52In0.48P/Ga0.52In0.48P
heterostructures.11,12 It involves one thick and two thin wells
W1 and W2, all made of the same material W. The thick-
nesses of the latter two are chosen to obtain an electron
quantized level lower than theX state of the barrier~B! in
one well ~W1! and higher in the thinner one~W2!. Three
radiative recombinations are expected in this case. By order
of increasing energy, they are labeledE0 , ED andEI in Fig.
2. Transitions in the thick well, typical of the band gap in the
‘‘bulk’’ material W, occur at the lower-energyE0 . The PL
peakED involves direct recombinations~type I! of electrons
and holes in the well W1. Since theG electron energy level is
higher in the ‘‘well’’ W2 than theX energy level in the sur-
rounding ‘‘barriers,’’ the electrons created inside W2 first
thermalize to theX state in the barriers: this leads to the type
II luminescence atEI , which is indirect in both real and
reciprocal spaces. The conduction band offsetDEc between
the X state in the barrier and theG state in the material W is
thus given by~see Fig. 2!:

DEc5EI2E02Ehh1 ~1!

whereEhh1 is the confining energy of the heavy holes, cal-
culated in the thinner well W2. It mainly depends on the well
thickness, which is known from the growth parameters, but
also on the valence band offset~VBO! DEv between the
barrier and well materials. Since the sum of the CBO and

FIG. 1. Scheme of a typical heterostructure.

FIG. 2. Energy band extrema and luminescence transitions in an imaginary
heterostructure including one thick~W! and two thin~W1 and W2! wells, all
three lattice matched, surrounded by strained barriers~B!. Ee1 andEhh1 are
the electron and heavy holes fundamental energy levels in the wells.
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VBO is equal to the band gap difference, the problem should
be solved self-consistently if the indirect band gap of the
barrier is accurately known. When this is not the case, no-
ticeably for strained quaternary materials, one must rely on
an estimated value ofDEv, resulting in an increased error on
the experimentally determinedDEc . Fortunately,Ehh1 is a
slowly varying function of the VBO, because of the large
mass of the heavy holes. It has been checked in a few cases
with lattice-matched barriers that the value ofDEc obtained
from an estimatedDEv is close to the one calculated when
the full self-consistent problem is solved. Formally, the PL
peak energies which appear in Eq.~1! should be corrected
for the exciton energy. Since both corrections are small, and
since this equation involves the differenceEI2E0, the as-
measured values have been directly used. One restriction of
this method should be pointed out: only CBO between anX
state in the barrier and aG state in the well can be directly
determined. But, it is far more sensitive on the CBO than the
method of fitting the direct PL transition energies in wells of
different thickness with calculations, as already pointed
out.33,34 All the material parameters required in the calcula-
tions are the one given in the recent review by Vurgaftmanet
al.,3 with the exception of the average valence band and of
the deformation potentials which have been taken from Ref.
26 ~see the reminder on the model solid theory in Sec. IV A!.
Ternary and quaternary parameters have been linearly inter-
polated between the corresponding ones of the related bina-
ries, with the exception of the direct and indirect band gaps
for which quadratic laws have been used, following Ref. 3.

B. Direct Õindirect transition identification

The method described in the preceeding paragraph criti-
cally relies on the identification of the direct or indirect char-
acter of PL bands. This has been achieved through two dif-
ferent and complementary approaches. Both methods were
systematically used for all the samples presented here. The
first one exploits the fact that indirect transitions should be
far less efficient than direct ones. This is illustrated in Fig. 3,
which shows the PL spectra measured on two heterostruc-
tures identical to the typical one schematized in Fig. 1, with
Al0.46In0.54P barriers. The only difference between both het-
erostructures is the thin well thickness, which is, respec-
tively, 3 and 4~MLs!. In the 3 ML sample, the thin well PL
is more than one order of magnitude less intense than in the
4 ML sample, and slightly shifted toward higher energies
~2.258 eV and 2.242 eV, respectively!. At the same time, the
PL from the thick wells (Ga0.52In0.48P reference! present al-
most identical peak energies~1.954 and 1.956 eV! as well as
intensities for both heterostructures. These observations are
fully consistent with an indirect transition in the 3 ML
sample and a direct one in the 4 ML sample. The slight
energy shift between the thin well PL comes from the in-
crease of the confinement energy of the heavy holes when
the well thickness is reduced. With an estimatedDEv
5250 meV, one calculatesEhh15160 meV which gives a
CBO DEc5145630 meV for the heterostructure
Al0.46In0.54P/Ga0.52In0.48P.

The first approach based on the PL intensity was not
always conclusive, because the intensity drop obtained while
reducing the well thickness was too low. In such cases, tran-
sition identification might nevertheless be achieved through
the study of the PLE spectra. Figure 4 illustrates this method,
with luminescence measurements obtained with an hetero-
structure including three thin wells, respectively, 7, 5, and 2
nm thick with Al0.6In0.4P barriers. The three corresponding
PL peaks are located at 2.014, 2.061, and 2.129 eV. The
threshold of PLE is shifted by 140 meV toward higher en-
ergy compared to the corresponding PL peak for the thinner
well ~see curve c in Fig. 4!, which is characteristic of an
indirect PL transition in the reciprocal space. On the con-
trary, there is no shift between the PLE and PL spectra in the
7 and 5 nm wells~see curves a and b in Fig. 4!. The transi-

FIG. 3. PL spectra measured in two almost identical heterostructures, each
including one 150 nm thick and one thin@3 MLs ~a! or 4 MLs ~b!#
Ga0.52In0.48P wells surrounded by compressively strained Al0.46In0.54P barri-
ers.

FIG. 4. PL ~thin line! measured in an heterostructure, including three
Ga0.52In0.48P wells ~7, 5, and 2 nm thick! surrounded by compressively
strained Al0.46In0.54P barriers. The arrows indicate the energy at which the
corresponding PLE spectra~labeled a, b, and c, thick lines! have been re-
corded.
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tions are direct in the reciprocal space, which means that the
minimum conduction energy level remains aG state in the
two Ga0.52In0.48P thicker wells.

IV. CONDUCTION BAND OFFSETS: RESULTS AND
DISCUSSION

A. Reminder: Model solid theory

This model has been developed by Van de Walle with the
aim to predict band offsets at both lattice-matched and
strained interfaces.26 The relative alignment of the valence
bands of different strain-free materials is described by one
single parameter for each, calledEv,av . Its meaning is the
average of the three valence band maxima~heavy and light
holes, spin–orbit split-off band! relative to a common refer-
ence level. Calculated values ofEv,av have been published,
and appear to predict band offsets consistent with experimen-
tal measurements.26 When a strain is added, the displacement
of the bands relative to the unstrained case is measured by
deformation potentials. One parameter is required for each
band at each extrema for the hydrostatic component of the
strain. Furthermore, additional parameters are needed to de-
scribe the splitting of the degenerated levels induced by the
shear part of the pseudomorphic strain. This is schematized
in Fig. 5. In the case of interest here, the heavy and light hole
bands~valence band! and theG and X bands~conduction
band! are only considered. For the sake of simplicity, theL
minima of the conduction band and the split-off valence
band are not drawn. This means that three hydrostatic defor-
mation potentials,ac

dir , av , andac
ind , and two shear defor-

mation potentials,b and Ju
D , are involved~following the

notation of Ref. 26!. If most of these parameters have been
calculated by Van de Walle26 for the materials concerned
here, theX shear deformation potential is missing. Further-
more, other calculations of the same deformation potentials
ac

dir , av , and ac
ind gave somewhat different values:25–27 for

example,av is always positive26 or negative,25 whereas both
signs are found in Ref. 27. A direct comparison with experi-
ments is not an easy task, since these parameters are not all
experimentally measurable. For example, the hydrostatic

pressure induced changes of the band gaps~direct or indi-
rect! have been determined, which gives values forac

dir2av
andac

ind2av if the bulk modulus is known. But, no accurate
measurements of the relative changes of each band can be
carried out. As for the shear deformation potentials, the value
of b, which is a measure of the splitting of the heavy and
light hole bands, is available for all three binaries InP, GaP,
and AlP.3 On the contrary, measurements related to the split-
ting of theX minimaJu

D are rather uncommon. Values in the
range 5–7 eV have been mentioned for GaAs, GaP, and
AlAs.35,36 Calculations ofJu

D are even more scarce, with
only one work giving numerical values for two III–V com-
pounds only,26 8.6 eV in GaAs and 4.5 eV for InAs. From
these limited data, one might only assume thatJu

D should be
positive for any III–V compound, in the range 4–10 eV.

B. Lattice-matched „AlzGa1Àz…0.52In0.48PÕGa0.52In0.48P
heterostructures

CBO measurements have been first carried out on a set
of lattice-matched (AlzGa12z)0.52In0.48P/Ga0.52In0.48P hetero-
structures. The goal was to validate the method by compari-
son with data published in literature,4–12 obtained after PL
experiments combined with either hydrostatic pressures4–8 or
PLE.9–11 It was also aimed at determining the maximum
CBO in the lattice-matched case. The measurements are
drawn in Fig. 6, together with previously published data.4–12

The largest measured offset is 210615 meV for the
Al0.31Ga0.21In0.48P/Ga0.52In0.48P heterostructure, which rea-
sonably fits previously measured data also shown in Fig. 6.
Calculations of the band offset using the set of parameters
computed by Van de Walle26 are also drawn in Fig. 6~thin
line!. They obviously underestimate the CBO. Because these
calculations are related to unstrained materials, the only rel-
evant parameter which might be adjusted isEv,av for each of

FIG. 5. Scheme of the strain induced changes of the band structure, limited
to theG andX conduction band minima and light and heavy holes valence
band maxima. From the left- to right-hand side, the extrema are shown
unstrained, then submitted to an hydrostatic strain, then with a shear strain
added~corresponding to the full pseudomorphic case!.

FIG. 6. The measured conduction band offset in
(Al zGa12z)0.52In0.48P/Ga0.52ln0.48P heterostructures lattice matched on GaAs
~filled squares!. Data from literature~Refs. 4–12! are also shown for com-
parison: this includes theG2G ~empty triangles! and theX2G offsets
~empty squares!. Continuous lines are calculations based on the model solid
theory, with Ev,av(AlP)528.09 eV ~thin line! or Ev,av(AlP)527.77 eV
~thick line!. The G or X character of the conduction band minimum of the
barrier is also indicated.
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the three binaries involved. Furthermore, since the@In# con-
tent is almost constant on both sides of lattice-matched
(Al zGa12z)0.52In0.48P/Ga0.52In0.48P heterostructures, the fit
cannot be significantly improved by modifyingEv,av for
the binary InP. Figure 6 shows the best fit of the CBO
with a thick line, using Ev,av(AlP)527.77 eV instead
of 28.09 eV.26 An opposite change ofEv,av(GaP)
(27.74 eV instead of27.4 eV26!, or an appropriate combi-
nation of both would have led to the same curve. Further-
more, if one takes into account the VBO of 0.6 eV deduced
after measurements in GaP/InP strained-layer superlattices,37

the problem now has an unique solution: one obtains
Ev,av(AlP)527.92 eV and Ev,av(GaP)527.56 eV ~see
Table I!. The largest calculated CBO is found for the
Al0.24Ga0.28In0.48P material, for which theG andX states are
degenerate. This composition agrees with previously pub-
lished measurements,15–18within experimental errors. Let us
finally mention that with the numerical values ofEv,av men-
tioned herein, one finds a VBO of 0.36 eV for the AlP/GaP
heterostructure. This is in better agreement with
experiments38 (DEv50.43 eV) than the one calculated from
the initial parameters of Ref. 26~leading toDEv50.69 V).

C. Strained Al xIn1ÀxPÕGa0.52In0.48P and
AlGaInP ÕGa0.52In0.48P heterostructures

A first set of strained heterostructures have been studied,
with the ternary AlxIn12xP as the barrier material. Both com-
pressive and tensile strained layers have been measured, the
results of which being shown in Fig. 7. Previously published
data, measured over a smaller composition range, are also
shown in this Fig. 7: both sets of measurements agree. The
maximum CBO is found for the lattice-matched composi-
tion, although all the measured values on the compressive
side ~with 0.4<@Al #<0.53) are almost identical within ex-
perimental errors. A change of slope of the CBO versus@Al #
content on both sides of the lattice-matched composition is
obvious. This implies that theX-band six-fold degeneracy is
partially raised by the shear part of the strain~compare to the
thin line in Fig. 7, for whichJu

D was set equal to 0 for all
binaries, see also Fig. 5!. Figure 7 also shows the calculated
CBO for different set of parameters. Assuming that the val-
ues ofEv,av are determined after the measurements on strain-
free heterostructures, the relevant parameters in this case are
theX-band related deformation potentialsac

ind andJu
D for the

binaries AlP and InP. A first set ofac
ind has been used~see

Table I!, as calculated by Van de Walle.26 It leads to a good

fit with the experimental data, assumingJu
D56 eV for both

binaries AlP and InP~a value consistent with the rare deter-
minations of this deformation potential in other III–V
compounds.35,36 Using identical values ofJu

D for both InP
and AlP is a simplification, but only measurements on each
binary would allow an accurate fit for each material. On the
contrary, the sets of deformation potentials calculated in
Refs. 25 or 27 give less satisfactory fits, since they compel
one to use unexpectedly high (Ju

D512 eV for InP! and low
(Ju

D50 eV for AlP! values~see the dashed line in Fig. 7!.
This discrepancy appears to come mainly from the low value
of ac

ind andav calculated in both Refs. 25 and 27 for InP. So,
the solution of the CBO problem in terms of Van de Walle’s
model,26 combined with the numerical parameters gathered
in Table I, agrees well with the limited set of experimental
results shown here.

A third set of samples, characterized by compressively
strained barriers with@Al #/@Ga#54, has been also studied.
This particular range of composition of the barriers has been
chosen because initial simulations with a ‘‘reasonable’’ set of
parameters showed that large CBO could be expected in this
range. The corresponding CBO, not shown here, leads to the
conclusion similar to the one reached after measurements on
Al xIn12xP/Ga0.52In0.48P heterostructures. Once again, the
maximum CBO measured is for the lattice-matched hetero-
structure (Al0.42Ga0.11In0.47P/Ga0.52In0.48P): a significant in-
crease of the CBO cannot be achieved in such compressively
strained layers in comparison to the strain-free case.

Even if the deformation potentials could not be precisely
fitted by the measurements presented here, the set of param-
eters gathered in Table I can be used to extrapolate the CBO
for any AlGaInP/Ga0.52In0.48P heterostructure. The error
made obviously grows as the strain increases, since uncer-
tainties remain mainly on the strain-related corrections. But
it seems significant that the evaluated CBO never exceeds
the one calculated for the lattice-matched barriers. Notice-

TABLE I. The parameters used for the calculations of the conduction band
offset based on the model solid theory.

Ev,av ac
ind Ju

D

InP 27.04a 3.5a,c 6b

GaP 27.56b 3.26a 6.5d

AlP 27.92b 5.12a 6b

aSee reference 26.
bThis work.
cValue obtained using the experimentally measuredac

ind2av52.2eV ~Ref.
39! and the calculatedav of Ref. 26.

dSee reference 35.

FIG. 7. The measured conduction band offset in AlxIn12xP/Ga0.52In0.48P
heterostructures~filled squares!. Data from literature~see Ref. 23! are also
shown for comparison~empty squares!. Lines are calculations based on the
model solid theory, using theac

ind deformation potentials@from Ref. 26
~continuous lines! or Ref. 25~dashed line!#, with Ju

D50 ~thin line! or 6 eV
~thick line!.
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ably, the large value of theX-band splitting deformation po-
tentialsJu

D seems responsible for this effect. So, the initial
assumption that the CBO might be increased by the strain is
not confirmed.

V. CONCLUSIONS

The CBO has been measured in strain-free, compres-
sively, and tensile-strained AlGaInP/Ga0.52In0.48P hetero-
structures, by combined PL–PLE experiments. A maximum
CBO of 210615 meV has been found for the barrier
Al0.31Ga0.21In0.48P, lattice matched on GaAs. Assuming tran-
sitivity of the band offsets and a CBO of 180 meV for the
heterostructure Ga0.52In0.48P/GaAs,3 the maximum CBO at
the AlGaInP/GaAs is 390 meV: this is significantly larger
than the highest CBO in the AlGaAs/GaAs system of 300
meV.3 None of the strained AlGaInP/Ga0.52In0.48P hetero-
structures has shown a measured CBO larger than 210 meV.
Fitting this limited set of experimental results with the model
solid theory leads to an improvement of theEv,av parameters
initially calculated in Ref. 26. Although the deformation po-
tentials required to model the full problem could not be pre-
cisely adjusted, approximate calculations combined with
those measurements suggest that one reject the assumption
that the CBO could be increased by using strained quaternary
layers AlGaInP.
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