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Strain effect on band offsets at pseudomorphic InAs/GaAs heterointerfaces characterized
by x-ray photoemission spectroscopy
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We studied heterojunction band offsets at highly strained InAs/GaAs (100) heterointerfaces, using in
situ x-ray photoemission spectroscopy with an emphasis on the effects of strain. Two extreme cases are
examined: an InAs layer pseudomorphically grown on a GaAs substrate (type I); a GaAs layer grown on
an InAs substrate (type II). It was found that the energy difference between In 4d and Ga 3d core levels
in InAs/GaAs heterostructures depends only slightly on the in-plane lattice constant: 1.64 eV for type I
and 1.60 eV for type II. However, the valence-band offsets AE, [ = Ey(InAs)— E(GaAs)], which are de-
duced by theoretically taking into account the effects of strain on the core-level energies relative to the
valence-band maxima as well as on a splitting of the valence-band maxima, are very different: 0.53 eV
for type I and —0.16 eV for type II. This clearly indicates a large effect of strain on the valence-band

offset (~0.7 eV) in this system.

I. INTRODUCTION

The heterojunction band offset (HBO) is one of the
most important parameters that determine the perfor-
mance of semiconductor heterostructure devices. In
lattice-matched heterojunction systems, the HBO is
determined with an accuracy of +0.05 eV by x-ray pho-
toemission spectroscopy (XPS) as well as by electrical and
optical methods. !

Recently, InAs/GaAs short-period superlattices have
attracted much attention for the possibility to replace a
disordered In,Ga,_,As alloy.’ In spite of their impor-
tance, only a few experiments have been done to deter-
mine the InAs/GaAs HBO experimentally. A main
difficulty arises from the fact that this system has about
7% lattice mismatch and the critical thickness for a gen-
eration of misfit dislocations is as thin as 2 monolayers
(ML).* This makes it very difficult to determine HBO’s
accurately by the conventional electrical and/or optical
methods that have been successfully applied to lattice-
matched systems.

Kowalczyk et al. reported the valence-band offset,
AEy, at InAs/GaAs to be 0.17 eV from their XPS mea-
surements.” However, their measurement was carrigd
out on an InAs/GaAs single heterojunction with a 20-A-
thick InAs layer, which is much thicker than the critical
thickness for dislocation generation. Hence, the lattice
strain is considered to be relaxed in their samples. There-
fore, to specify the strain condition and clarify its effects
on the HBO at InAs/GaAs heterointerfaces, the
structural parameters of the specimen must be carefully
chosen.

In this work, we studied the HBO’s at pseudomorphic
InAs/GaAs (100) interfaces by in situ XPS measurements
with an emphasis on the strain effects. The quantities
that can be directly measured by XPS are the energy
difference, AE; , between In 4d and Ga 3d core levels in
InAs/GaAs heterostructures and the core-level binding
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energies relative to the respective valence-band maxima
(VBM), E&, 5, and E/, ,;, in unstrained bulk GaAs and
InAs. To deduce AEy, we took into account the strain-
induced shifts of the core-level binding energies relative
to the VBM by using the theory developed by Enderlein
and Harrison.® AE, thus determined is found to be
strongly dependent on the in-plane lattice constant, al-
though the measured AE; is only slightly dependent on
it. The results are compared with recent experimental
and theoretical results.>” 10

II. THEORETICAL BACKGROUND

Figure 1 shows a schematic energy-band diagram at
the InAs/GaAs heterointerface. The valence-band offset
defined by AE, =E,(InAs)— E;(GaAs) is given by’

AEy=—Eg, 30t Efysat+AEc . (1)

E&.34» E) 44, and also AE; are considered to be
affected by lattice strain.!! We will consider two extreme
cases for strained InAs/GaAs heterostructures; one is the
case where an InAs layer is pseudomorphically grown on
a GaAs substrate (InAs strained case; type I), and the
other is the case where a GaAs layer is pseudomorphical-
ly grown on an InAs substrate (GaAs strained case; type
II). We will rewrite Eq. (1) as the following in order to
express the strain effects explicitly:

AEy=—E& 34 +Ef ., +AEL, (type 1), 2)
AEy=—Eg; 3utE{)s+AEL, (type II) . &)

Here, the superscript S denotes the values for strained
layers and O the unstrained bulk values. AE}; and AEY,
can be directly determined by XPS measurements on
pseudomorphically grown InAs/GaAs heterojunctions
(as described in Sec. III). EL%,, and E}?,, can be ob-
tained from XPS spectra on unstrained bulk GaAs and
InAs, respectively. However, it is very difficult to deter-
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FIG. 1. A schematic energy-band diagram at an InAs/GaAs
heterojunction.

mine EZ ;, and E!S,, experimentally. In the previous
work,” ELS ., and ElS,, were replaced with the un-
strained values. However, this approximation is not al-
ways correct. Therefore, in order to determine the
HBO’s in strained InAs/GaAs systems, we estimated
E!S ,, and EJS,, by the following theoretical considera-
tion and also by the direct XPS measurements on
strained GaAs layers (see Sec. III B).

The biaxial strain associated with pseudomorphic epi-
taxy can be decomposed into the hydrostatic part and the
uniaxial part (see Appendix A). Van de Walle and Mar-
tin have theoretically shown that the energy difference
between the centroid of the valence-band maximum
(CVBM) and the core level is influenced only by the hy-
drostatic part and that the uniaxial part splits the valence
bands around the centroid.'> By taking into account
these strain effects, the energy-band diagrams are shown
in Fig. 2 for type-I and -II systems.

The hydrostatic part of the strain shifts the CVBM rel-
ative to the core levels. E{'3, and ESYS, denote the
shifted CVBM measured from the In 4d core level in
strained InAs and that measured from the Ga 3d core
level in strained GaAs, respectively, which are different
from the unstrained bulk values of ES"Y, for InAs and

Eg&YS, for GaAs. Furthermore, the uniaxial part of the
strain splits the threefold-degenerate VBM into heavy-
hole (hh), light-hole (lh), and spin-orbit split-off (SO)
bands around the CVBM. The splittings of hh and 1h
bands relative to the CVBM, E}} and E{j, can be estimat-
ed by using approprlate deformation- potentlal constants
ElS 4d ] and E& 5, are then obtained by E{/3, +E¥ bh,Ih
and ESYS,,+E! th,1n for hh and 1h bands, respectively.

First, let us evaluate the effects of the hydrostatic part
of strain. Because of the core-hole relaxation effect dur-
ing XPS measurements, the measured binding energy of
the core electrons relative to the CVBM, E g{, is different
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FIG. 2. Band lineups at strained type-I and type-II heteroin-
terfaces.

from the unperturbed binding energy. This shift (the so-
called “final-state effect”) can be treated by using a Born-
Haber cycle. Using the tight- binding (TB) theory with
universal parameters and also using the Z +1 approxi-
mation, the unstrained ECL is given by

CVO AEbond + ECV + AEmet core . )

Here, AE,,4 and AE . denote the differences in the
bond formation energy and the metallization correction
between the initial and final states, respectively. E.p
denotes the theoretical CVBM, and I, denotes the
core-level ionization energy in a free atom (see Appendix
B for details). Under the hydrostatic strain with an iso-
tropic strain component of e, (see Appendix A), we can
calculate the binding energy of a core electron in the
same manner and obtain ES}. Because of the Z +1 ap-
proximation and the TB approach the absolute values of
the calculated ES}® and E§)° have uncertainties, but the
calculated strain- 1nduced shifts, (ES/S—E&°), are reli-
able. Therefore, we will use the followmg approximation:

E&S=E& %expt)+[EE S(theor) — ES} °(theor) ] (5)
with
E& (expt)=E D (expt)— LA, , (6)

where (expt) and (theor) denote the quantities obtained
experimentally and theoretically, respectively. A, , is the
spin-orbit splitting energy (A, =0.38 eV for InAs and
A, =0.34 eV for GaAs). The calculated strain-induced
shifts, [ES&]S(theor)—ES/°(theor)], are tabulated in
Table I.

The uniaxial strain splits the threefold-degenerate
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TABLE 1. Calculated energies for strained GaAs and InAs (in eV). The subscript CL represents the

Ga 3d or In 4d core levels in GaAs or InAs, respectively. To obtain ES/

S by Eq. (5), we used the values

of EXP measured by XPS, which are tabulated in Table II.

E&S(theor)— E& °(theor) E&” E4, E4 ES
InAs (type I) 0.02 17.25 0.39 0.18 0.90
GaAs (type II) —0.11 18.53 —0.17 0.59 0.86

VBM into hh, 1h, and SO bands. With the deformation-
potential constant b,!3 the splittings of the heavy- and
light-hole bands relative to the CVBM, Ef; and Ej;, are,
respectively, given by!l"1%14

Efn=+A¢0.—39E 01 > 0))
Ef=—%58s0.T58Ec0
+3(A2, + A, 8E o +38E )%, ®)
with
8Eyy =2b(a, /ag—a/ay) . 9)

Here, a, denotes the bulk lattice parameter, and a, and
a denote the strained lattice parameter parallel and nor-
mal to the growth direction, respectively. In uniaxially
expanded (biaxially compressed) InAs, the VBM is the
heavy-hole band, while in uniaxially compressed (biaxial-
ly expanded) GaAs it is the light-hole band.

The conduction band relative to the CVBM, E&}, can
be calculated by using the hydrostatic deformation-
potential constant a, '3 as follows:*

2
a”al
3

EE=EJ+1A, ta
ap

—1 (10)

Here, Eg denotes the direct band gap for unstrained bulk
material. These values are also tabulated in Table 1.

III. SAMPLES AND XPS MEASUREMENTS

A. Core-level energy distance

All the samples used in these experiments were grown
by molecular-beam epitaxy (MBE). In order to investi-
gate the strain effects on HBO’s, we prepared unstrained
bulk GaAs and InAs and two types of heterostructures
(HS’s), i.e., an InAs layer grown on a GaAs substrate
(type-1 HS) and a GaAs layer grown on an InAs substrate
(type-II HS). To avoid the generation of misfit disloca-
tions, the thickness of the heterojunction overlayers was
set to be as thin as 2 ML. However, the XPS signals
from such thin overlayers are strongly affected by the
surface chemical shift. To eliminate this ambiguity, we
grew capping layers on the strained thin layers; i.e., 5-
ML-thick GaAs layers for type-I structures and 5-ML-
thick InAs layers for type-II structures. Thus, the sam-
ples measured in these experiments are double hetero-
structures; i.e., GaAs/InAs/GaAs structures (type-1 HS)
and reversed InAs/GaAs/InAs structures (type-II HS).
For type-I HS, a 1-um-thick Si-doped GaAs buffer layer,

a 2-ML-thick undoped InAs strained interlayer, and a 5-
ML-thick GaAs capping layer were successively grown
on a Si-doped GaAs(100) substrate. For a type-II HS, a
1-um-thick undoped InAs buffer, a 2-ML-thick undoped
GaAs interlayer, and a 5-ML-thick undoped InAs cap-
ping layer were grown on an undoped n-type InAs(100)
substrate.

Clean mirror surfaces were obtained at substrate tem-
peratures around 450 °C under an As-rich condition. The
growth rate was calibrated by the reflection high-energy
electron-diffraction (RHEED) oscillation. The uncertain-
ty in film thickness is less than 10%. RHEED patterns
were photographically recorded to ensure that the lattice
relaxation did not occur in these samples.

The samples were transferred to the XPS chamber via
the ultrahigh vacuum (<107!° Torr) transfer tube im-
mediately after the growth. XPS measurements were
performed with a monochromatic Al Ka x-ray source
(hv=1486.6 eV). The analyzer pass energy was set to be
20 eV. The instrumental resolution under this condition
is about 0.7 eV.

First, we measured E&0 5, and E!,;, on MBE-grown
unstrained bulk GaAs and InAs samples, respectively. In
the XPS spectra the background intensity, which is pro-
portional to the integrated peak intensity, was subtracted
from each core-level spectrum.? Here, we simply define
the peak position of each core level as the midpoint of the
two energies at which the intensity is half of the max-
imum intensity.>!> To determine the energy position of
the VBM, E,, the theoretical densities of states!® for
GaAs and InAs broadened by the instrumental line shape
were fit to the XPS spectra around the VBM.? The ob-
tained values of EX? 5, and E}?,, are tabulated in Table
1L

The XPS spectra were then measured on type-I and -I1
HS’s to determine AE{; and AEY,. Typical XPS spectra
are shown in Fig. 3. We made three independent experi-
ments for each type of structures to assure the accuracy.
The least-squares fitting by the Ga 3d and In 4d core-
level spectra taken on bulk GaAs and InAs samples, re-
spectively, was used to separate the two closely spaced

TABLE II. Energy differences measured by XPS.

Sample Energy Value (eV)
InAs/GaAs (type-I HS) AEl, 1.64+0.02
GaAs/InAs (type-II HS) AEE 1.60+0.02
Bulk GaAs EL ., 18.7540.05
Bulk InAs ED,, 17.36+0.05
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core levels.’ The AE(;’s thus determined were
1.641+0.02 eV and 1.60+0.02 eV for type-I and -II sam-
ples, respectively. This result shows that AE.; depends
only slightly on the in-plane lattice constant.

B. Strain-induced shift in the core-level binding energy

In order to check the validity of our theoretical ap-
proach to calculate the core-level binding energy relative
to the VBM, ES/S—EE}°, the strain-induced shift in the
Ga 3d level binding energy in GaAs was systematically
measured as a function of the in-plane lattice constants
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FIG. 3. Typical XPS spectra measured on (a) type-I and (b)
type-1I samples. The backgrounds are subtracted as described
in the text. The dots are the XPS data and the solid lines are
fitting curves by using the Ga 3d and In 4d core-level spectra
(dashed lines), which are obtained from XPS measurements on
respective bulk materials. The insets show the sample struc-
tures.
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a,."7 Each of the samples, which consists of a 1-um-
thick In,Ga,_,As buffer layer (x =0~0.37) and a 50-

A-thick GaAs capping layer, was grown on an n *-GaAs
substrate by MBE and irn situ XPS measurements were
performed. The in-plane lattice constant of the strained
GaAs overlayer was determined by x-ray-diffraction mea-
surements on the lattice constant in the In,Ga,_,As, to
which the strained GaAs overlayer matches its a; unless
the lattice relaxation occurs in the overlayer. The 50- A
thick GaAs overlayer is thicker than the photoelectron
escape depth (~25 A) and dominates the XPS signal
from these samples. The energy positions of the Ga 3d
level and the VBM are determined by comparing the
measured XPS spectrum with that of unstrained GaAs.

In Fig. 4, the shift in the Ga 3d core-level binding ener-
gy is plotted as a function of the in-plane lattice constant
a;. The measured binding energy increases gradually b
approximately 50 meV when a increases from 5.65 A
(equ111br1um GaA:s lattice constant) to 5.73 A. The solid
curve in Fig. 4 denotes the theoretical result obtained by
substituting a; into Egs. (5)-(9) and agrees well with ex-
perimental results when a, <5.73 A. The discrepancy
observed when a exceeds 5.73 A is due to the generation
of misfit dislocations and resulting lattice relaoxatlons,
since the critical thickness is lower than 50 A when
a;>5.75 A. This experiment strongly supports the valid-
ity of our theoretical approach by Egs. (5)—(9) in predict-
ing the strain effect at InAs/GaAs heterojunctions.

IV. DERIVATION OF BAND OFFSETS
AND DISCUSSIONS

ESYS, and ESYS, are obtained by substituting into
Eqs (5) and (6) the calculated energy shifts
[E V*"‘(theor)—ECV0 (theor)] and the measured values of
EJYS,; and EX?,,. Then, by combining these values with
AEl, and AE[,, the offsets of the CVBM,
AEcy[ =Ecy(InAs)— Ecp(GaAs)], are obtained as

AE.,=—ES,+ESS, +AEL, (type D), (11)

AEq,=—ESS,+ESVY, +AEY, (type II) . (12)
0.5 T T T T T T v T
0.4 -_ ag(GaAs) ao(lnAS) __

L y
0.3 Zzﬁ:g;’ morP f—f lattice relaxation

0.2

Strain-Induced Shift of Eg.q4 (€V)

2 1 " 1 1 1 " 1 1
5.6 5.7 5.8 5.9 6.0 6.1
In-Plane Lattice Constant a,, (A)
FIG. 4. Shift in the Ga 3d core-level binding energy relative

to the VBM plotted as a function of the in-plane lattice constant
a I
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The determined AE()’s are 0.25 and 0.30 eV for type-I
and -II HS’s, respectively. Furthermore, by taking into
account the effect of the uniaxial strain as described in
Sec. II, all the parameters that define the energy-band di-
agrams are determined, as listed in Table III. The result-
ing band lineups are shown in Fig. 2. A AE, of 0.53 eV
and a conduction-band offset, AE [=E (InAs)
—E-(GaAs)], of —0.38 eV are obtained for the type-I
structure. In this case, both hh and lh bands in InAs are
above the VBM in GaAs. The VBM in the strained InAs
is a hh band. In contrast, a characteristic band alignment
is expected for the type-II structure, where the lh (hh)
band in the strained GaAs layer is higher (lower) than the
VBM in the InAs by 0.16 eV (0.60 eV) and the
conduction-band offset is 0.08 eV.

Kowalczyk et al. reported AE}, of 0.17 eV determined
by XPS measurements on an InAs/GaAs single hetero-
junction.® The discrepancy between their result and ours
is considered to be due to the lattice relaxation in their
sample, since the InAs layer in their sample is much
thicker than the critical thickness for dislocation genera-
tion. On the other hand, Menéndez et al. predicted a
much larger AE., (0.491+0.1 eV for type I) by extrapo-
lating the value obtained by light-scattering experiments
on Ing4sGag gsAs/GaAs quantum wells.” This is even
larger than our results. Although the origin of this
discrepancy is not clear at present, it is uncertain whether
such a simple extrapolation can give a correct value.

Cardona and Christensen predicted AE, =0.52 eV for
type I from their dielectric midgap energy theory,® which
is in excellent agreement with our AE}, (0.53 €V). On the
other hand, Priester, Allan and Lannoo theoretically pre-
dicted AEy to be 0.09 eV for type I and 0.19 eV for type
II by self-consistent tight-binding calculations,’ and
Taguchi and Ohno obtained AE ;,,=0.02 eV for type I
and 0.01 eV for type II by the ab initio self-consistent
pseudopotential method.'® Our values of AE(, (0.27 eV
for type I and 0.36 eV for type II) are much larger than
these theoretical predictions, calling for further
refinement in the theories.

V. CONCLUSIONS

The energy-band lineups at strained InAs/GaAs
heterojunctions were studied by in situ XPS measure-

TABLE III. Determined band offsets (in eV). AEcy, AE,;,
and AE), denote the offsets in the CVBM, the heavy-hole band,
and the light-hole band, respectively. AE represents the offset
of VBM. AE. denotes the conduction-band offset at the I
point defined by AE- = E-(InAs)— E-(GaAs).

InAs strained case GaAs strained case

(type I) (type II)
AE¢, 0.25 0.30
AE,, 0.53 0.60
AE,, 0.32 —0.16
AE, 0.53 —0.16
AE —0.38 —0.08
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ments on InAs/GaAs heterostructures grown on GaAs
substrates (type I) and InAs substrates (type II) by MBE.
It was found that the core-level energy difference AE
between In 4d and Ga 3d levels in InAs/GaAs hetero-
structures depends only slightly on the in-plane lattice
constant. By taking into account theoretically the
strain-induced shifts of the core-level binding energies
relative to the VBM, the offset of the centroid of the
VBM, AEy, is determined to be 0.25 eV for type I and
0.30 eV for type II. Furthermore, by adding the splitting
of the VBM due to the uniaxial part of strain, the
valence-band offset AE, is determined to be 0.53 and
—0.16 eV for type I and II, respectively, demonstrating
very large effects of strain on the band lineups. The
energy-band diagrams discussed here are essential to pre-
dict optical and electrical properties of short-period su-
perlattices and very thin quantum wells.'?
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APPENDIX A

The strain components arising from the pseudomorph-
ic epitaxy are given by

ﬂ—1] (A1)
ag ’

(A2)

where a, denotes the bulk lattice parameter, and a, and
a, denote the strained lattice parameter parallel and nor-
mal to the interface, respectively. By using the elastic
compliance constants S, and S,,, e,, is expressed as

_ a9
= SII+S12

—L—
ao

e . (A3)

This biaxial strain can be decomposed into the hydrostat-
ic and uniaxial components as

€rx €xy €y e, 0 O —e, O 0

ey €, e, [=10 ¢ O+ 0 —e, 0 |,
€y €5 €y 0 0 e 0 0 2e,

(A4)
with
2 8 +28,, a,

=1 +e,te, ) =—F—7" |——1], AS
T3l ey ez 3 8utSn |ao (A3
e,=zle,;—e,)=e,—e,,=e,—e,, . (A6)
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APPENDIX B

By using a Born-Haber cycle with the Z +1 approxi-
mation, the core-level binding energy measured from the
CVBM is expressed as Eq. (4) in the text. Here, the pho-
toemission is treated as a process of exciting one core
electron to the CVBM (the Fermi level is assumed to be
at the CVBM position) and incrementing the atomic
number from Z to Z + 1, which approximately represents
the core hole in the final state.

Within the framework of tight-binding theory,%!° the
bond formation energy of the XAs (X =Ga,In) com-
pound, E,.4(X As), is expressed as

Epona(XAs)=2E .. (XAs)—2[ V}(XAs)+ V3(XAs)]'/2
(B1)

Here, E,,,(XAs) denotes the promotion energy,
V,(XAs) denotes the covalent energy, and V;(XAs)
denotes the polar energy. E, .,(XAs), V,(XAs), and
V(X As) are given, respectively, by®2°

Eprom(XAs)=1(2ef —ef—el) , (B2)
ﬁZ

Vy(XAs)=—3.22——, (B3)
m

Vi(XAs)=L(ef—e) . (B4)

Here, m denotes the free-electron mass, # denotes the re-
duced Planck constant, and d denotes the bond length. e,
and e, are the atomic s- and p-orbital energies, respective-
ly, and ej®A° is the hybrid energy, which is defined by
e,f(’As=;‘,—(e3(’As+3e‘;"’As) for X and As atoms. The energy
difference in E, 4 between in the initial and final states,

AE .4, is obtained by
AEpong =4[ Epona(z +1XAS) — Epona(XAs)] . (B5)

Here, ;X denotes an atom with an atomic number of
Z+1.
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Under an unstrained or hydrostatically strained condi-
tion, the energy position of the CVBM, Ey, is given by®
2

ECV=%(e1;Y+e:S)+% ;—%—S— Vo(XAs)
- [e"_’;\s 2+ [1 287 i (B6)
2 " md? ’
with
Vo(XAs)= Vi(XAs) (B7)

[V2(XAs)+Vi(XAs)]'2 '

Here, 1(1.28 /3.22)2V0(XAs) is the nonorthogonality
shift.?°

Metallization correction, E ., represents the energy
shift originating from the interaction between an X—As
bond and the neighboring antibonding orbitals. To cal-
culate the shift AE ., in the metallization correction, we
have to consider the case where the X atom in an X—As
bond loses an electron and also the case where the X
atom in the neighboring X—As antibonds loses an elec-
tron. We then have

AEmet: —_4‘[Emet(XAs|0)—.Emet(Z+1XAs|0)]
—12[E, . (XAs|O)—E,(XAs|,,,X)] . (BS)

Here, E,..(XAs|O) and E (., XAs|O) represent the
metallization energies for X—As and ;. X—As bonds,
respectively, and E, (X As|, . X) represents the metall-
ization energy for the X—As bond next to the ; . [ X—As
antibond.

I, denotes the atomic ionization energy, which is
specific to the atom species. The d dependences of
AEy..4> Ecy, and AE,,, give the energy shift in ES/.
The obtained energy shift, [ ES}S(theor) — E&/ %(theor)], is
—0.11 eV for the InAs strained case (type I) and 0.02 eV
for the GaAs strained case (type II).
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