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Valence-band offsets for pseudomorphically strained In„Ga& „As/Al„Ga& ~As ternary-on-
ternary heterointerfaces have been calculated as a function of both indium and aluminum content.
The unstrained valence-band offsets were considered within the virtual-crystal approximation, ac-
counting for band parabolicity and alloy mixing. Strain was introduced as a perturbation with

composition-dependent material parameters, and is shown to strongly influence the valence-band
offsets. Equivalent conduction-band-offset ratios are shown to be nonconstant and extremely vari-

able as a function of both In and Al content and are compared to recent experimental data. Various
formalisms to calculate the partitioning coeScient for hydrostatic band-gap deformation are
presented and discussed, and our analysis indicates that a significant portion of the band-gap varia-
tion induced by hydrostatic strain resides in the valence band. Investigation of the spin-split light-
hole band level under strain indicates that both type-I and type-II heterointerfaces are achievable
with an appropriate choice of compositions.

I. INTRODUCTION

The nature of band-edge discontinuities —commonly
called band offsets —are of vital interest for a comprehen-
sive understanding of heterointerfaces of semiconductor
materials. For the ever-expanding field of III-V hetero-
structures, optimized (opto)electronic structures may be
achieved by tuning the material properties through ad-
justing the composition of elements. This is only possible
with a detailed understanding of the electronic band
structure of the constituent materials and of their inter-
faces. Moreover, investigations of thin pseudomorphical-
ly grown strained heterostructures have introduced an
additional degree of freedom in tailoring structural, elec-
trical, and optical properties. '

Strained In„Ga& „As/Al Ga& As quantum struc-
tures grown on GaAs are exemplary pseudomorphic sys-
tems with extremely well-suited properties for optical and
electronic microdevices, e.g., index-guided lasers and
high-electron-mobility transistors. Recently, consider-
able attention has been devoted to the band structure of
strained In„Ga, „As/GaAs heterointerfaces. ' This
system, similar to the unstrained Al Ga, As/GaAs sys-
tern, is a classic mix of the two binary compounds, InAs
and GaAs. Extensive theoretical ' and experimental
investigations have presented results for the band-energy
discontinuities with some, though moderate, agreement.
For low alloy compositions (i.e., x (0.30 in
In„Ga& „As/GaAs), where nonlinear variations in the
conduction- and valence-band energies induced by
material-dependent strain-related band shifts and ternary
band-gap parabolicity are relatively small, the body of re-
sults indicates a constant conduction-band-offset ratio
bg,b=6,E,b/bEs, ~, where bE,b is the difference in
conduction-band minima (in eV), and EE,„ is the
difference in band gaps of the two materials. ' However,
it has recently been pointed out, particularly for strained

quantum structures, that it is unreasonable to expect that
b,g,b will be constant over the entire composition range"
owing to energy-gap parabolicity and strain-induced
band-energy shifts that have nonlinear composition
dependence.

Thus, while striving to achieve more advanced struc-
tures incorporating the greater band-gap difference be-
tween Aly Ga] y As barrier material and strained
In„Ga, „As quantum structures, the nature of the inter-
face alters drastically from the simple mix of two binary
constituents to the relatively unexplored region of three
binary compounds where two independent bowing factors
and strain influence the band lineup. In the present
paper the issue of band offsets at strained
In„Ga, „As/Al Ga, As interfaces pseudomorphically
grown on GaAs is addressed from a theoretical point of
view and compared to recent experimental data. In Sec.
II the theoretical formalism based on the virtual-crystal
approximation, or, correspondingly, linear-response
theory (LRT), ' is outlined and strain is introduced as a
perturbative effect in a generalized theory of (100) inter-
faces. Section III introduces various concepts for the
partitioning of the hydrostatic-strain component between
the conduction and valence bands. A comparison of the
calculated band-offset ratios using the different partition-
ing formulas is presented in Sec. IV, and the calculations
are compared to recent experimental data. Conclusions
are presented in Sec. V and further issues related to the
nature of band discontinuities at strained ternary-ternary
interfaces are discussed.

II. THEORETICAL FORMALISM

The starting point for the present formalism begins
with adequate knowledge of the binary constituents.
Most recently published values have been adopted for
this work and are summarized in Table I. Where
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discrepancies have been found in the literature (e.g., de-
formation potentials for InAs), calculations were per-
formed over the range of values and the results were com-
pared. Only minor variations of the calculated band
discontinuities were observed, and the constants most re-
cently reported in the literature were adopted as listed in
Table I. All parameters related to the strain response of
the system were linearly interpolated between the binary
compounds.

The band-offset values for GaAs/A1As and unstrained
InAs/GaAs have been recently published and are given
in Table I. Though some discrepancy exists over AEvB
for the InAs/GaAs interface, we have adopted the aver-
age value (EEvn =0.17+0.07 eV) found in a large num-

ber of publications. Adequate knowledge of the
valence-band offset for InAs/A1As is more problematical
due to the lack of experimental results and theoretical
calculations for this specific interface (strained or un-
strained). Consequently, we have adapted two methods
to estimate this value. First, the transitivity rule' was
applied to the values quoted in Table I and those recently
compiled in Ref. 5, resulting in AEvz =0.71+0.1 eV for
the unstrained InAs/A1As interface. Correspondingly,
results from investigations on lattice-matched
Ino 53Gao 47As/Ino 52Alo 4sAs heterostructures ' are ex-14, 15

trapolated to yield
'

a valence-band offset of

EEvB =0.75+0.04 eV for the binary interface, in general
agreement with the value predicted by the model solid
theory (EEvB=0.78+0.2 eV) in Ref. 6. The average
value of these results is reflected in Table I with a rela-
tively high error of +0.2 eV and represents the most un-

reliable data on which the calculations are based.
The general valence-band interface at k=O is depicted

in Fig. 1. The quantity of interest, AEvn (or corre-
spondingly, bEca ~Qcs and b'Qva where

AEca+ EEva =b Es,~ and b Qva =b Evs /hE s,~) for a
ternary-ternary interface is derived from knowledge of
the unstrained binary interfaces (i.e., InAs/GaAs,
InAs/A1As, and GaAs/A1As) and the behavior of the
band gaps and spin-orbit band (Eo+bo) with composi-
tion and strain.

The unstrained nonrelativistic valence-band offset

AEvB „,for the binary interfaces is then calculated as '
EEva „„=bEva+—,'b, 0 3 Q

where EEv~ is given in Table I and the Ao's are the cor-
responding energies of the spin-orbit bands in semicon-
ductors I and II (see Fig. 1). Considering the mixed ter-
nary interface in the virtual-crystal approximation, the
unstrained In„Ga

&
„As/Als Ga& y

As valence-band
offset is then ' '

TABLE I. Material parameters used in the calculations. All values are listed for 2 K. Values are
from Ref. 11 and references therein unless otherwise noted.

Parameter (units)

Eg(2 K) (eV)
60 (eV)
ao (A)
C» (10" dyn/cm )

C12 (10 dyn/cm )

a, (eV)
b„(eV)
dE /dp (10 eVcm /kg)
d {E+50)/dP (10 eV cm /kg)
AEvg relative to GaAs (eV)

AEyFJ relative to InAs (eV)

Eg A] G A {y) (eV)

~0, Al G A (y )(eV)

A(X) ( )

~0 I G A (X)
x 1 —x

GaAs

1.519
0.34
5.6536

12.11
5.48

—7.1

—1.7
11.3
1.27

1.519+1.36y +0.22y' '
0.341 0.281y +0.22y2 a

1.519—1.603x +0.50x

0.341 —0. 101x +0.14x

InAs

0.416
0.37
6.059
8.54
4.66

—54
—1.8

9.8
1.08
0.16'
0 73'

AlAs

3.099'
0.28b

5.6611'

0 576

'C. Basio, J. L. Staehli, M. Guzzi, G. Burri, and R. A. Logan, Phys. Rev. B 38, 3263 {1988).
Semiconductors, Vol. 17a of Landolt-Bornstein, Functional Relationships in Science and Technology,

New Series, edited by O. Madelung, M. Schulz, and H. gneiss {Springer-Verlag, Berlin, 1982), Gp. 3.
'Reference 7, and references therein.
Reference 5.

'Calculated using the transitivity rule from values in Refs. 5 and 6 and extrapolating the latticed-
matched valence-band offsets reported in Refs. 14 and 15 to the binary constituents.
K. H. Goetz, D. Bimberg, H. Jur, J. Selders, A. V. Solomonov, G. F. Glinskii, M. Razeghi, and J. J.
Robin, J. Appl. Phys. 54, 4543 (1983}.
sO. Berolo and J. C. Wooley, in Proceedings of the 11th International Conference on the Physics ofSemi
conductors, 8 arsaw, 1972 (Polish Scientific, %'arsaw, 1972), p. 1420.
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bEvB „„„„;„,d
=x [yb Evz „„(InAs/A1As)+(1 —y)EEva „,(InAs/GaAs)]

+(1—x)[y EEvB „,(A1As/GaAs)]+ —,tbo(x)(ln„Ga, „As)——,tbo(y)(A1 Ga, As)

hao
+3x (1—x)(b,a„)

ao x

where the last term is due to strain correction when
considering the alloy as a superposition of atoms in
the virtual crystal, ' ba„=a„(GaAs) —a, (InAs),
a, =dE/dP —a„dao =ao(lnAs) —ao(GaAs), ao(x)
=xao(lnAs)+(I —x)ap(GaAs), ao is the lattice con-
stant, and the 6's contain the appropriate bowing factors.

Strain is calculated according to our recent work and
is summarized below. For thin In„Ga, „As layers pseu-
domorphically grown to Al Ga& As, we assume that a11

the strain is incorporated in the In„Ga& As. For
growth in the [001] direction, the In„Ga, „As layer is
thus biaxially compressed in the [100] and [010] direc-
tions and exhibits a corresponding expansion along the
(001) plane. The strain e of the sandwiched In„Ga, „As
layer is de6ned as

gn„Ga& „As Al Qa& As
E, =

Al Gal As
(3)

~strain ( exx + Syy + ass )

—3b[(L„——,'L )e„„+c.p. ]
—~3d [(L„L +L L„) „e+c.p. ], (4)

where a represents the lattice constant. Pollak and Car-
dona' have developed an accurate description of the
valence-band manifolds under strain which is given by
the 6 X 6 Hamiltonian:
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FIG. 1. Energy-band diagram at k=0 for a generic type-I
unstrained heterointerface between semiconductors I and II,
where E» represents the top of the degenerate I, valence
bands and hp is the spin-orbit band. hE» is the energy
difference in the valence-band maxima, whereas AE» „, is the
difference between the nonrelativistic valence-band maxima,
where E» „,=EvB-—,'5p for each material. The conduction-
band positions are found by adding the band-gap energies to the
respective valence-band maxima, and the conduction-band
discontinuity EEcB is calculated accordingly.

Unstrained Strained

FIG. 2. Energy-band diagram outlining the infiuence of biax-
ial compressive strain and uniaxial tension on the band posi-
tions. EvB is the top of the degenerate I, valence bands, E» „,
is the nonrelativistic or average valence-band position, and hp is
the spin-orbit band. 5Ep(1) and 5Ep(2) are the now spin-split
nondegenerate valence bands and 5Ep+hp the spin-split spin-
orbit band. 5Ep(2) can lie below or above the unstrained
valence-band level, depending on the amount of strain (indium
concentration) and the unstrained valence-band discontinuity
(i.e., aluminum concentration). The conduction-band minima
shift by an amount (1) given by (1-bQH)EH. 5Ep(1) 5Ep(2),
and 5Ep+ b,p shift by the amounts (2), (3), and (4) given by Eqs.
(6a), (6b), and (6c), respectively. E» „, is relatively insensitive
to strain and is thus shown not to vary.
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FIG. 4. Strained conduction-band-offset ratio EQcB as
a function of indium mole fraction x for In„Ga, „As/
Ala &Ga08As interfaces calculated with the three di6'erent hy-
drostatic partitioning coefficients: (a) EQH„(b) bgH2, and (c)
AQ». Recent experimental data from Ref. 18 (e) and the cor-
responding least-squares fit (dashed line) are also shown.

GaAs/Al Ga, As component as a constant percentage
of the band-gap difference, consistent with the majority
of observations that, at low y, AEvB for
GaAs/Al Ga, ~As varies linearly with y. The observed

spacing between two curves is approximately the
difference in band gap of the Al„Ga& As for the corre-
sponding Al contents y. For Al content y & 0.4 (indirect
region), the I conduction-band minimum was chosen as
the reference level. Relative to the unstrained band
discontinuity, the valence-band maxima rise to -0.15 eV,
whereas the total shift in the band gap can be as great as
0.37 eV. The corresponding valence-band-offset ratios
AQvB vary from 0.15 to greater than 0.40 for InAs/GaAs
and from 0.10 to 0.25 for InAs/Alo 3Ga 0 7As.

Furthermore, the band-offset ratios are found to vary
widely as a function of indium composition, as shown for
the conduction-band-offset ratio b, Qca in Fig. 4. Here,
the strained conduction-band ratio b,QcB is plotted as a
function of indium mole fraction x for a given aluminum
content y=0.2. Curves (a), (b), and (c) are calculated ac-
cording to the hydrostatic partitioning coefficients b, QH3,
b, QH2, and hQ», respectively. For comparison, the only
experimental data available (solid dots), ' to our
knowledge, are also plotted. Within the accuracy of the
experimental findings, which are reported with errors of
+ (10-15) meV, ' it is quite clear from the comparison
between the calculated and experimental values that
EQH3 is the most appropriate formalism to calculate the
amount of hydrostatic deformation occurring in the
valence bands. Additionally, the extrapolated strained
valence-band offset for InAs/A1As is found to be 0.77 eV,
in good agreement with the experimental findings of
Moisin et al. ,

'9 who report bEvB=O 72+0 .07 eV., and
with the value of 0.95+0.2 eV predicted by the model
solid theory. The experimental b,Qca of Ref. 18 are re-

ported to follow a linear dependence on x. This is most
probably an artifact arising from the limited composition
region investigated. Extrapolation of these values to high
indium content would lead to EQcii greater than 1, con-
trary to previous experimental findings ' and theoretical
predictions. More appropriately, when material param-
eters are treated as composition dependent, and the un-
strained valence-band discontinuities are calculated
within the virtual-crystal approximation, the band-offset
ratios are found to saturate as x increases for the case of
EQH3 or reach a maximum and then decline for the cases
of b, QH, and b, QH, .

In comparison to curve (a) of Fig. 4, the behavior of
b, Q&B when calculated with EQ» and b, QHz is qualita-
tively similar, though distinctly different in absolute vari-
ation. The b, Qcn calculated using b,Q» is dramatically
higher since the hydrostatic deformation induces a down-
ward shift of the valence-band manifolds, thus reducing
the effective potential height of the valence-band discon-
tinuity. The greater hydrostatic deformation of the
valence band is due to a larger partitioning coefficient.
EQH3 is found to vary between 0.37 and 0.45 with in-

creasing x and is 3—4 times greater than the correspond-
ing values of b, QH, and b, QH2. The behavior at higher x
reflects the relative difference between the hydrostatic-
and uniaxial-strain contributions to the (heavy-hole)
valence-band movement. At higher strain values, the
stress-related elongation along the growth direction in-
duces almost equivalent, or sometimes greater, band
shifts than the hydrostatic deformation. This, in turn, in-
creases the effective valence-band discontinuity or,
equivalently, decreases b, Qcn.

Within the general theoretical framework of Sec. II,
and the comparisons presented specifically for the
strained In„Gai „As/Al Gai As interface above, the
sensitivity of the I 8 valence bands to pressure is most ac-
curately described by the simple difference between the
band gap and conduction-band deformation potentials
without additional stiffness tensor factors. The
composition-dependent stiffness tensor components are
fully accounted for in Eqs. (3—6), and, in fact, when rein-
troduced, as in Eq. (8), underestimate the hydrostatic-
pressure-induced change of the I 8 valence band. Addi-
tionally, the deformation of the I"

~ bands is not
equivalent to that of the spin-orbit band (ED+ b,o), as can
be appreciated by comparing curves (a) and (b) in Fig. 4.
It is worth noting that the theory developed in Sec. II is
general and may be applied to any heterointerface with
similar symmetry properties.

Figure 5 shows the variation of the strained
conduction-band-offset ratio b,Qcn as a function of indi-
um mole fraction x for various aluminum contents y. Re-
call that for y & 0.4 the conduction band of the strained
In„Ga& „As is referenced to the now higher-lying I
band of the Al Ga& As. The striking nonconstant be-
havior of the y=0.05 curve is somewhat surprising and is
currently under investigation. In general, however,
b,QcB displays distinctly nonconstant behavior as a func-
tion of x, in agreement with earlier predictions, " and is
extremely variable at low y values and becomes more
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FIG. 5. Strained conduction-band-offset ratio EQca as
a. function of indium mole fraction x for In„Ga& „As/
AI~Ga~ As interfaces calculated with EQH3 and compared to
recent experimental data (0) for y=0.2 (Ref. 18) and the corre-
sponding least-squares fit (dashed line).
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FIG. 6. Strained light-hole valence-band discontinuity
AE&z as a function of indium mole fraction x for
In„Ga, „As/AI~Ga, „As interfaces calculated with EQH, and
presented for various aluminum contents y. The data lying un-

der the dashed horizontal line at AE»=0 indicate that the
light-hole band will be confined in the barrier valence bands,
and result in a type-II heterostructure for electron —light-hole
transitions.

linear as y increases. Of particular interest for heteroin-
terfaces, where the band discontinuity plays a crucial role
in carrier confinement, is that increasing the Al content
gives the added benefit of increased differences in the
band gaps of the materials, but only at the expense of a
reduction in the conduction-band-offset ratio. This could
be of significant importance in the design of strained-
layer, high-electron-mobility transistors and quantum-
well lasers where the band discontinuities directly
inhuence carrier confinement and device performance.

Owing to the stress-induced splitting of the highest-
lying valence bands, the light-hole band lies lower than
the heavy-hole band for compressive biaxial strain and
uniaxial tension. Thus, under proper conditions, the
light-hole band may reside below the valence-band maxi-
ma of the barrier material, e.g., a type-II heterostructure.
This case is well known for a number of semiconductors '

and has recently been shown to be also possible in
strained In„Ga, As/GaAs quantum wells and superlat-
tices. Figure 6 shows the corresponding strained light-
hole valence-band discontinuity AE~z plotted as a func-
tion of indium mole fraction x and aluminum content y.
The dashed horizontal line at EE~b =0 indicates the tran-
sition from type-I to type-II interfaces. When AE~& &0,
the light-hole band resides in the barrier valence band, re-
sulting in a type-II interface. This case is only possible
for strained In„Ga, „As/GaAs (e.g., y=O) structures
with x & -0.60. With increasing Al content, the strain-
induced band changes are smaller than the unstrained
valence-band discontinuity which increases with y, prohi-
biting the formation of a type-II interface. The extreme
nonlinear behavior of b E&z follows from the spin-splitting
interaction described by Eq. (6b}.

V. CONCLUSIONS

The band-edge discontinuities of strained
In„Ga, „As/Al„Ga, As heter ointerfaces have been
calculated within the virtual-crystal approximation as a
function of indium and aluminum content, accounting for
band parabolicity and incorporating composition-
dependent material parameters. Three formalisrns for the
partitioning of the hydrostatic-pressure-induced band
shifts between the conduction and valence bands were in-
vestigated and calculated results were compared to recent
experimental data. Our results indicate that the pressure
sensitivity of the I 8 valence bands is simply the difference
between the pressure sensitivity of the band gap and the
conduction-band deformation potential, without addi-
tional modification by ternary stiffness components, and
that more than 30% of the hydrostatic band-gap defor-
mation affects the valence bands for strained
In„Ga& „As. The strained band-offset ratios are found
to be variable and nonlinear over the entire composition
range and vary dramatically with aluminum content.
Type-II heterostructures formed with the strained spin-
split light-hole valence band are found to be possible, but
only in the case of In„Ga, „As/GaAs heterostructures
with indium content x & -0.60. Our findings suggest
that the incorporation of strain in ternary-ternary hetero-
structures adds a new dimension to achieving desired
electronic band structure and new quantum devices.
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