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ABSTRACT

We present a. self consistent pseudopotent.ial calculation of the valence band offset (VBO)
at (laAs/lnAs (001) strained iK'terojtnicl.ion, which is chosen as an example of the isova-
li-iii. polar wil.li common anion lattice mismatched heterojunctious. The effects of strain
are si udied by looking at the variation o[ the VBO versus tlie in plane lattice constant,
wliiili is imposed b\ I.lie substrate. Our results show that the VUO can be tuned by about
1). 17 eV going Iruiii CaAs to InAs substritt.es. Comparison of our work with the available
experimental and theoretical results is also discussed.
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1 Introduction

Band discontinuities at semiconductor heterojunctions1 are important

parameters controlling the transport properties in nanostructure devices. It

is of great interest for both fundamental and applied research to understand

the factors and mechanisms restraining the band offsets.3 A lot of experi-

mental as well as theoretical work has been already done for lattice-matched

heterojunctions. From the theoretical point of view, in particular, several

different approaches - even model theories3 - have been successful in deter-

mining correctly the band offset at a large class of systems (namely isovalent

junctions), where they are found to be independent of the interface details.2

For the lattice-mismatched case, conversely, the field is still open and lit-

tle theoretical work has been done. From the experimental point of view,

difficulties arise not only for the determination of the valence band offset

(VBO), but even for the growth of the pseudomorphic epilayer, that should

be restricted to very few layers so that to avoid misfit dislocations.

Recently, there have been some interests in GaAs/InAs superlattices be-

cause of their applications in high-speed and optoelectronic devices. De-

spite of their importance, only a few experiments determining the VBO have

been reported in the literature for such system. It has about 1% of lattice

mismatch and the critical thickness for dislocation generation is as thin as

2 monolayers. Kowalczyk and co-workers4 reported a measurement of the

VBO, in the InAs/GaAs (001) heterojunction grown on GaAs substrate, us-

ing x-ray photoemission spectroscopy (XPS). They found a VBO value of

about 0.17 ± 0-07 eV. However the thickness of the InAs overlayer in their

sample is about 20A, which is much bigger than the critical value for dislo-

cation generation. Therefore, it is believed that their VBO value does not

correspond to the VBO existing at a defect-free interface in pseudomorphic

heteroj unction. In a more recent XPS measurements, reported by Hirakawa



et al.s, more careful considerations have been taken about the overlayer thick-

ness. They have used two different samples: InAs layer pseudomorphically

grown on GaAs substrate (type I) and GaAs layer grown on InAs substrate

(type II). Their band offsets measured between the averages of top valence*

band manifold states were VBOavc = 0.27eV for type I and 0.36eV for type

II (InAs region higher). The authors also reported the VBO of 0.53eV and

-0.16eV, for the previous type I and type II respectively, as referred from

the GaAs top valence band. A much larger band offsets have been pre-

dicted by Menendez et al.6 {VBOavc = 0.49 ± 0.1 eV for type I) through

an extrapolation of the value obtained using the scattering experiment on

/no.osGaoasAs/GaAs quantum wells.

Interface related effects (such as charge transfer and interface states)

might contribute to the band lineups at the strained heterojunction. In

this respect, the self-consistent interface calculations2 |T~n have shown their

superiority over the model theories. Cardona and Cbriatensen1' predicted

VBO= 0.52 eV for type 1, using the dielectric midgap energy theory, which

is in excellent agreement with Hirakawa's value (0.53 eV)5. However, the de-

termination of the midgap point contains some difficulties and ambiguities.13

Priester and co-workers10 obtained VBOave of a value 0.09 eV for type I and

0.19 eV for type II using the self-consistent tight-binding calculations. More

recently, Taguchi and Ohno11 reported VBOavc= 0.02 eV for type I and 0.01

eV for type II using the ab-initio self-consistent pseudopotential method in

the absence of spin-orbit splittings.

This paper is devoted to calculate the VBO at the strained GaAs/InAs

(001) heterojunction using the self-consistent pseudopotential aupercell method

and to investigate the strain effects by varying the substrate (the in-plane

lattice constant). We divide the VBO problem into two parts:

VBO = AEV + AV (1)

The first term (AEV) is the band structure term, which is an intrinsic bulk

property, obtained from two separate standard band-structure calculations

for each of the two bulks in the appropriate strained configurations, and AEV

is the difference between the energies of the two valence band edges when

the average electrostatic potentials are aligned. The second term (AV) is

the electrostatic potential lineup, which contains interface-specific effects,

and can be evaluated only from a supercell calculation. This latter term is

generated by both the valence electronic charge distribution and the charge of

the bare ion cores. The total electrostatic potential consists of the Hartree,

the exchange-correlation and the local part of the ionic potential. More

details about the calculation of lineup will be described in section 4.

Our calculations have been performed using the state-of-the-art density

functional theory (DFT)14 in the local density approximation (LDA) and ap-

plied in the momentum space formalism.15 We use a plane wave (PW) basis

set up to a kinetic energy cutoff of 20 Ry for the band structure term and

12 Ry for the potential lineup term (i.e.: about 112 plane waves per atom

in the calculation of the potential lineup term), norm-conserving nonlocal

pseudopotentials,18 and Ceperely-Alder form17 for the exchange-correlation

potential. Special-point technique18 has been used to perform the fc-space

integrations. We have used the (333) Monkhorst-Pack cubic mesh appropri-

ately folded for various aupercells. Convergence tests have been carried out

to guarantee the quality of the chosen ^-points.

In the next section, we will describe the atomic-scale structure of some

systems studied here, in their equilibrium configurations, as imposed by the

substrate. Sections 3 and 4 describe the calculation of the band structure

term, AEV, and the potential lineup term, AV, respectively. The last section

summarizes our results and findings.



2 Determination of the atomic-scale struc-

tures

The growth of a perfect pseudomorphic heterostructure is possible only if

the epilayer do not exceed certain critical thickness characteristic of the mate-

rial and dependent on the degree of mismatch. In the case of the pseudomor-

phic growth, the substrate controls the in-plane lattice constant (<j|| = oJuj,).

The biaxial strain due to the lattice mismatch make the epilayer expand or

compress along the growth direction and accommodate a new inter-plane

lattice constant a±. In the unstrained configurations, the equilibrium lattice

parameters calculated with a cutoff of 12 Ry are: a.G*At- 10.63 a.u. and

o/nx,= 10.25 a.u. These values give a lattice mismatch of 5.7%, which is

a little less than the experimental one. The elastic constants18 have also

been calculated and are listed in table 1, where the square brackets con-

tain the experimental data20 for comparison. It was shown21 that for many

lattice-mismatched heterostructures the equilibrium interplanar spacing can

be determined to a good approximation using the macroscopic theory of elas-

ticity, which predicts (for a pure epitaxially strained material grown along

the (001) direction) the following:

c=< =
Cll ' tlr. \fl»(r.

fl.fr.

An

* n

a.tr.
(2)

where £ is the strain tensor, fi is the equilibrium bulk volume of the material

deposited, Afl is the change due to the strain, c^ are the elastic constants,

the label subs, refers to the cubic substrate and str. to the strained epi-

layer. 2,(r. is an effective lattice constant of a cubic material with the same

volume of the strained configuration. In table 2 we report the structural pa-

rameters for GaAs and In As grown on different substrates, calculated using

the macroscopic theory of elasticity, Eqs.(2), and the theoretical parameters

reported in table 1. Three substrates are considered in the study of strain

effects on the VBO: (i) InAs epilayer pseudomorphic?lly grown on a GaAs

substrate (supercell 1); (ii) Both GaAs and InAs are strained as being grown

on Gao.sIn0.5As substrate (supercell 2). The lattice constant (10.98 a.u.)

of this substrate was calculated by using the virtual crystal approximation

(VCA). This value is very close to the average (10.94 a.u.) between aflo/l,

and ajnA,; (iii) GaAs epilayer grown on an InAs substrate (supercell 3).

Since the macroscopic theory of elasticity cannot predict the interface

atomic-scale structure, we calculated the total electrostatic potential lineup

(see section 4) using the supercell 1 with various atomic configurations, which

were obtained by moving the interfacial As-atomic plane in the z-direction

(from -0.0016 fl|| to 0.0016 ay around the initial As plan position, as predicted

by the macroscopic theory of elasticity). We found that this has a negligible

effect on the band lineup within our numerical accuracy (which is estimated

to 40 meV). This problem of interface effects will be discussed further in

section 4. Throughout the rest of this paper only perfect heterojunctions are

considered.



3 Band structure term

In the three supercells considered here, the composants InAs and GaAs

are in different strain conditions. It is known that each of these two mate-

rials possesses a direct bandgap at F-point regardless of the strain state."

Neglecting the spin-orbit splittings, which will be added in a posteriori, we

performed a self-consistent pseudopotential calculation on each strained or

unstrained configuration using a kinetic energy cutoff of 20 Ry to evaluate the

valence band eigen-energies at the F-point.2 When a uniaxial strain is intro-

duced in the (001) direction, the crystal point-group symmetry changes from

Td into Did. This symmetry reduction causes the 3-fold topmost valence-

band states to split into 2 degenerate states and one-fold state separated by

an energy gap of |4£JOOJ. In the uniaxially expanded (biaxially compressed)

InAs, the one-fold state is lower in energy; but in the uniaxially compressed

(biaxially expanded) GaAs, this state is higher in energy. The correspond-

ing energies for each of these three states of GaAs and InAs are shown in

Fig.lal and Fig.l.a2 respectively (together with their average —solid line—)

versus the in-plane lattice constants in absence of spin-orbit coupling effects.

The dotted line corresponds to the one-fold state. Taking into account also

the spin degeneracy, the valence-band top edge at F-point which includes

six states would be divided into a quadruplet and a doublet (which is called

the spin-off (so) state) separated by en energy Ao because of the spin-orbit

interaction. Moving away from the F point, the quadruplet is further split

into 2 doublets, light-hole (lh) and heavy-hole (hh).

The top of the valence band of zinc blend (or diamond) structure is located

at the F-point. Neglecting the spin degeneracy, it contains 3 states which are

degenerate at F-point in the absence of strain effects. In case of the combined

effects of strain and spin-orbit coupling, the following shifts are calculated

with respect to the average (.£„,,,„) of the valence-band top-edge manifolds:

~A 0 + -
i

+ j
9 I1 '3

+ A^iJoo! + - (6.E001) 1 (3)
4 J

The inclusion of the spin-orbit effect in our band structure calculation is

done a posteriori using the experimental data20 (AD= 0.34 eV for GaAs and

0.38 eV for InAs). The values of 6 Eon are extracted from our calculations

on the strained 4-atom tetragonal cells. We emphasize that 6E001 is positive

in case of uniaxially compressed cell (such as the strained GaAs on InAs

substrate) and is negative in case of uniaxially expanded cell (such as the

strained InAs on GaAs substrate).

In table 3, we report the values of £„,„„ and SEQOX obtained from our

standard band-structure calculations using a kinetic energy cutoff of 20 Ry.

In these calculations, cubic cells containing 2 atoms and tetragonal cells con-

taining 4 atoms have been used to represent the unstrained and strained

configurations respectively. We summarize our results, after the inclusion of

spin-orbit interaction, for the GaAs in Fig.l.bl and for the InAs in Fig.l.b2.

In all figures 1 the solid line corresponds to the weighted average {EVAV) of

the split manifolds; the dotted and the dashed lines to the split states. One

can see in Fig.l that the variation A£,,im is very small (as 0.05eV) when

the substrate changes from GaAs to InAs. However the difference between

the topmost states A£"( 'jp is very sensitive to the effects of bulk "macro-

scopic" strain, and is changing by about 0.4eV between the two extreme

stress configurations. The latter consists of the first term of the right hand side

of Eq.(l). To get information about band discontinuities, we still have to

perform the potential lineup (AV) calculation, which will be described in



the next section.

4 Potential lineup term

Self-consistent calculations have been performed on three different pseu-

domorphic (GaAs)3/(InAs)3 (001) supercells constrained to different sub-

strates as described in section 2. In this type of calculation we used a kinetic

energy cutoff of 12 Ry. Figures 2a and 2b display the contour plots of the

valence electronic density in the (110) and (100) planes respectively in case

of supercelf I. The atomic positions are also indicated. Since the electron

density n(r) and the electrostatic potential V(r) are periodic in the planes

nominal to the growth direction (z-axis) and since we are interested in their

z-dependence, we show in figure 2c (solid line) the (xy) planar average of the

electron density n(z). The density is normalized to eight electrons per unit

cell. Moreover, in order to get rid of the microscopic bulk oscillations and to

blow up the interface features, we apply to n(z) (the solid curve in Fig.2c)

the double macroscopic average procedure described in reference 8a, to get

n(z) (the dotted curve in Fig.2c). The latter curve reflects the effectiveness

of the macroscopic averaging and also that our supercell is long enough to

recover the bulk feature at midway between the two interfaces. Then we

solved the one-dimensional (ID) Poisson equation using the charge density

n(z) to obtain the electronic potential. Similarly, we calculated the electro-

static potential generated by the bare ionic cores. Figure 2d shows the total

(electronic plus ionic) electrostatic potential, \?(z], whose difference between

the values in InAs and GaAs regions gives the potential lineup AV. A similar

calculation has been performed at lower energy cutoff of 8 Ry to assess the

convergence of AV. We found that the difference is within our numerical

accuracy. The 12 Ry energy cutoff is chosen, however, because it describes

the bulk properties better.

5 Discussion and conclusions

The previous calculations, presented in sections 3 and 4, have been re-

peated for the supercells 2 and 3 whose substrates are Gao.s,lTt0^A3 and InAs

respectively. Figure 3 presents the results of electrostatic potentials V{z) for

all the 3 supercells. We emphasize that the three supercells do have different

lengths, but the corresponding figures are differently scaled in z-direction in

order to be shown on the same panel. In table 4 the values of lineups AV are

listed (where the InAs region is higher in energy). It, also, shows the values

of VBO, A B ^ + AV, referred from the top of GaAs valence band. The

same table contains the values of VBOIve, AEVAV + AV, referred from the

GaAs region. It is noticeable that the variation of the latter kind of VBO

is small with respect to the substrate. This is consistent with the findings

of Ref.8a, that reports a study of the isovalent nonpolar lattice-mismatched

Si/Ge system. In contrast to the latter system and the heterovalent polar

lattice-mismatched Si/GaAs system,23 our potential lineup is found to be

not very sensitive to fine relaxations (with respect to the predictions of the

macroscopic theory of elasticity) of the atomic positions at the interface. In

table 5, we list our results of the VBO and the VBOave and compare them to

the available theoretical and experimental data. To some extent, our results

agree with the XPS experiment of Kowalczyk and co-workers,1 and, Taguchi

and Ohno's pseudopotential calculations.11 Inevitably, this table obviously

calls for deeper experimental and theoretical analyses.

In a summary, we presented a self-consistent pseudopotential calculation

of the VBO at the strained GaAs/InAs (001) heterojunctions. We have

shown that the strain can tune the VBO up to 0.47eV by varying the sub-

strate from GaAs to InAs. However the VBO as measured between the

valence band top manifolds averages is not very sensitive to the interface

strain as compared to our numerical accuracy. The conclusion is that the

10
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VBO in such isovalent polar with common-anion lattice mismatched hetero-

junction is a bulk property because it is quite sensitive to the macroscopic

strain (namely bandgap engineering). As far as the theoretical side is con-

cerned, the effects of interface details (such as orientation, abruptness and

relaxation) and states are under investigation.
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Table Captions

Table 1: Equilibrium theoretical lattice and elastic constants calculated

for GaAs and In As with a kinetic energy cutoff of 12 Ry. The square brackets

corresponds to experimental data'0.

Table 2: Equilibrium structural parameters for GaAs and InAs, grown

pseudomorphically on various substrates, as calculated using both table 1

and the macroscopic theory of elasticity.

Table 3: Valence band parameters for unstrained and strained GaAs and

InAs configurations. £„,„,,= the average of the split valence-band top-edge

manifolds; SEooi= the strain splitting energy parameter. The last rows show

the difference of the valence band states in the two materials (GaAs higher),

calculated between the average of the manifolds (&£„.&*) and between the

topmost states neglecting (AE"^"!) and including (Ai?™/^) the spin-orbit

interaction. All energies are in eV and obtained from calculations with a

kinetic energy cutoff of 20 Ry.

Table 4: Electronic potential lineup AV and the valence band offsets

VBO [= AE^ + AV] and VflCW [= AEv,av + AV] for GaAs/InAs (001)

superlattice versus the in-plane lattice constants, which are imposed by vari-

ous substrates. The averaged electrostatic potential is always higher in InAs

region. The zero-energy in the VBO and VBOavc values is set at the GaAs

topmost and average manifolds respectively with the inclusion of the poten-

tial lineups. The calculations of the potential lineups are performed with a

kinetic energy cutoff of 12 Ry.

Table 5: Valence band offsets VBO and VBOalle using various theoretical

and experimental techniques for comparison to our results.

15

Table 1

material

GaAs

InAs

ao(a.u.)

10.63 [10.68]

11.25 [11.44]

cn(Mbar)

1.11 [1.18]

0.86 [0.83]

Ci2(Mbar)

0.41 [0.53]

0.39 [0.45]

2(c I 2/cn)

0.74 [0.90]

0.91 [1.08]

Table 2

GaAs

InAs

a||(a.u.)

ai(a.u.)

£„=£«, = £!!

£«=fj.

Tr{7) « f-
5{a.u.)

a±(a.u.)

7>(?) » f
5(a.u.)

10.63

(GaAs subs.)

10.63

10.63

11.82

-0.055

+0.050

-0.060

11.01

10.98

(Ga,sIn.sAa subs.)

10.36

+0.034

-0.025

+0.042

10.77

11.49

-0.024

+0.022

-0.026

11.15

11.25

(InAs subs.)

10.16

+0.059

-0.043

+0.074

10.87

11.25

—

—

—

11.25

16



Table 3

GaAs

InAs

u||(a.u.)

SEom

^EVtav

10.63

(GaAs subs.)

4.97

4.71

-0.46

0.26

0.04

0.02

10.98

(Ga^ln.iAt subs.)

4.55

+0.21

4.32

-0.17

0.23

0-35

0.28

11.25

(InAs subs.)

4.27

+0.33

4.06

—

0.21

0.54

0.45

Table 4

Method

Self-consistent

Self-consistent

Models

Experiments

pseudopotential

tight binding0

VBO

0.28\

0.46

0.20-S

0.17*,

Table 5

Supercell 1

(GaAs s

(eV)

0-31*

0.52% 0.43'

0 . 5 3 \ 0.21'

ubs.)

VBO

0.04",

0.09

0.18*,

0.27''

. « (eV)

0.O26

0.19'

VBO

-0.19 s

-0.34

-0 .30 '

-0.16'1

Supercett 3

(InAs

eV)

, -0.49b

subs.)

VBO

0.05°,

0.18

0.18',

0.36fc

.« (eV)

0.01*

0.15'

O||(a.u.)

10.63

10.98

11.25

AV

0.30

0.28

0.26

(eV) VBO

0.28

0.0

-0.19

(eV) VBOavt

0.04

0.05

0.05

(eV)

* Present work
c Reference 10

" Reference 12
s Reference 4
1 Reference 25

' Reference 11

"* Reference 24

' Reference 3a
h Reference 5
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Figure Captions

Figure 1: The top valence band states for pure and strained GaAs and

InAs structures. The calculations include: (a) only strain effects in (al):

GaAs and (a2): InAs. (b) Both strain and spin-orbit splitting effects are

included in (bl): GaAs, and (b2): InAs. In all these figures the solid curve

corresponds to the weighted average of the valence-band top-edge manifolds,

and the dotted curve to the !h state. In (al) and (a2) the dashed curve is

for the two-fold {hh and so) states, but in (bl) and (b2) the latter two states

are split into hh state (dashed curve) and so state (dot-dashed curve).

Figure 2: Results of a calculation for {GaAs)zj {InAs)z superlattice,

grown upon GaAs-substrate. (a) Contour plot of the electronic density in

the (110) plane. Atomic positions are indicated, (b) Same as (a) but in

the (100) plane, (c) Planar averaged n(z) and macroscopically averaged S(z)

electronic charge densities are shown in solid and dotted lines respectively.

The horizontal line indicating the level of 8 electrons per unit cell as the

mean value of the two latter curves, (d) The total (electronic plus ionic)

double macroscopic average of the electrostatic potential.

Figure 3: Total electrostatic potential lineups, in the (GaAs}3/[InAs)3

(001) supercell, versus strain effects (in-plane lattice constants), as applied

by various substrates. All the curves are scaled in the z-direction to adapt

the length of supercell 2.
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