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Bond-Length Distortions in Strained Semiconductor Alloys
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Extended x-ray absorption fine structure measurements performed at In-K edge have resolved the
outstanding issue of bond-length strain in semiconductor-alloy heterostructures. We determin
In-As bond length to be2.581 6 0.004 Å in a buried, 213 Å thick Ga0.78In0.22As layer grown coherently
on GaAs(001). This bond length corresponds to a strain-induced contraction of0.015 6 0.004 Å
relative to the In-As bond length in bulk Ga12x InxAs of the same composition; it is consistent with
simple model which assumes a uniform bond-length distortion in the epilayer despite the inequiv
In-As and Ga-As bond lengths. [S0031-9007(97)04857-6]

PACS numbers: 61.10.Ht, 81.40.Jj
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When a macroscopic body is acted upon by sm
external forces, its deformations are accurately descri
by the theory of elasticity [1]. Despite the maturit
of this branch of theoretical physics, the microscop
distortions—bond length and bond angle—which gove
the macroscopic behavior of the body are, in gene
not well understood, particularly from an experimen
point of view. Additionally, although in principle it
is possible to calculate the normal modes of a crys
from its electronic structure, in practice it is impossibl
for a crystal typically possesses as many independ
force constants as it does atoms. Consequently,
atomistic description of choice used to model the
distortions is based on the fitting of the microscop
force constants from the macroscopic-elastic constants
a two-parameter valance-force field which neglects lon
range forces [2].

A technologically relevant application of the theory o
elasticity lies with the study of pseudomorphic growt
When a thin film with lattice constantaf is grown
coherently sak  asd on a substrate with a differen
lattice constantas, the lattice constanta' of the layer
perpendicular to the interface is either Poisson expan
or contracted in response to the distortion of its latti
constantak parallel to the interface. For an isotrop
cubic layer grown on a (001) substrate, macroscop
elastic theory [3] accurately relates the fractional stra
of the layer relative to the interface,´k  sak 2 af dyaf

and´'  sa' 2 af dyaf , through its elastic constantsc11

andc12:

´'  22sc12yc11d´k . (1)

Because the macroscopic-strain state of semicond
tor layers can be accurately determined by bulk-sensi
techniques such as x-ray diffraction, strained-layer se
conductors offer a unique vehicle with which to study t
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microscopic distortions quantitatively in the anticipatio
of improving both first-principles and phenomenologica
modeling. It is therefore disappointing that the nume
ous studies performed to date, designed to decipher
local atomic geometry within such films, have failed t
reach a consensus concerning the exact nature of th
distortions: In some studies, the strain has been repor
to have “remarkable” effects on bond lengths [4,5], whi
other studies have found little or no effect [6]. Still, other
have reported the counterintuitive result that bonds are
tually longer in layers under compression [7].

In order to resolve the issue of bond-length strain, w
have performed high-resolution extended x-ray abso
tion fine structure (EXAFS) measurements at the In-K ab-
sorption edges27 940 eVd on a well-characterized, buried
Ga12x InxAs layer grown coherently on GaAs(001). Thi
layer/substrate system was chosen for several reasons
yond its technological relevance. (Strained Ga12x InxAs
is used as the channel material in pseudomorphic hig
electron mobility transistors.) First, both the In-As an
the Ga-As bond lengths in bulk Ga12x InxAs alloys have
been studied in detail by EXAFS [8], and their compo
sitional dependence is the best quantified of all semico
ductor alloys. Second, Ga12xInxAsyGaAss001d is one of
the only strained-layer systems for which a first-principle
theoretical calculation [9] exists with which to compar
our EXAFS results. Third, and perhaps most impo
tantly, because Ga12x InxAs is a pseudobinary alloy, un-
like the true binary alloy Ge12xSix , it possesses an idea
phase and amplitude standard, namely, bulk InAs, w
which to analyze the In-As bond length. Similar carefu
measurements and data analysis of bulk Ga12x InxAs al-
loys [8] have determined bond lengths with an accura
better than60.005 Å. Additionally, because the lattice
constants of InAs and GaAs differ by a full 7%, effect
which may arise due to the inequivalent lengths of In-A
© 1997 The American Physical Society
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and Ga-As bonds should be more readily detected in t
model-alloy/substrate system than in other systems wh
possess a smaller natural mismatch.

The sample studied consisted of a GaAs(001) substr
a 1000 Å GaAs buffer layer, a nominally 200 Å thick
Ga0.8In0.2As layer, and a 50 Å GaAs cap. The laye
was capped with GaAs to protect it from oxidation an
to provide a bulk termination of its structure. Growt
rates were estimated from the oscillatory period of t
00 reflection high-energy electron diffraction (RHEED
spot from a calibration wafer prior to growth of the
heterostructure. Growth temperatures were580 ±C for the
buffer layer and480 ±C for the Ga12xInxAs layer and cap.

X-ray topographs taken at the National Institute
Standards and Technology beamline X23–A3 of t
National Synchrotron Light Source in the (004) Brag
geometry found the layer and substrate to be free of mi
dislocations, proving that the layer thickness is belo
the critical thickness for pseudomorphic growth at this
concentration.

In order to establish the macroscopic-strain state of
layer, and to more accurately determine its In content a
thickness, high-resolution specular (004) x-ray diffractio
was performed in the vicinity of the GaAs(004) Brag
reflection at the University of Washington using a Cu ta
get, rotating-anode source. Figure 1 shows the diffract
data. The very sharp, intense peak near33± is the (004)
Bragg reflection from the GaAs substrate. The scatter
from the pseudomorphic Ga12x InxAs layer consists of a
central primary maximum, centered at approximately 32±,
surrounded by subsidiary maxima that decrease in int
sity away from the central primary maximum.

From the position of the primary maximum relativ
to the Bragg peak from the GaAs substrate, the perp
dicular lattice constant of the Ga12xInxAs layer may
be determined quite accurately:a'  5.8216 6 0.002 Å.
Because we know that the layer is coherent with the Ga

FIG. 1. Scattered intensity versus angle in the vicinity
the GaAs(004) Bragg reflection. The primary maximum ne
u  33± is the GaAs(004) Bragg reflection, and the prima
maximum near 32± is the scattering from the pseudomorphi
Ga12x InxAs layer.
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substrate, as discussed by Hornstra and Bartels [3],
may use Eq. (1), together with Vegard’s law,

af  s1 2 xdaGaAs 1 sxdaInAs , (2)

and the bulk lattice constants of InAs (6.0584 Å) an
GaAs (5.65321 Å) to calculate the concentration of th
layer from a'. The result isx  21.5 6 0.5%, which
corresponds to a perpendicular strain´'  1.41% rela-
tive to unstrained Ga12x InxAs of the same composition.
In addition, because the widths of the primary maximu
and the subsidiary maxima are direct consequences of
finite thickness of the film, its thicknesst can be calcu-
lated from the observed periodicity,DQ, of the minima.
Using t  2pyDQ, we find t  213 6 3 Å. This value
is consistent with a slightly higher In growth rate than th
estimated from RHEED. Consequently, the In content w
be taken at 21.5% in all subsequent calculations.

Figure 2 shows our In-K edge EXAFS data from the
strained Ga12xInxAs layer. These data were recorde
at beamline X18–B of the National Synchrotron Ligh
Source using a Si(111) channel-cut monochroma
and a 13 element Ge solid-state detector set to mon
the In-Ka fluorescence yield. The figure also shows th
EXAFS from bulk InAs, recorded in transmission. Bot
are plotted with their Fourier-filtered first-shell contribu
tions, which correspond to the In-As bond lengths.

It is immediately evident from the raw EXAFS dat
that the first-neighbor In-As bond length in the straine
Ga12x InxAs layer, which is proportional to the frequenc
of the EXAFS oscillations, is compressed relative to th
In-As bond length in bulk InAs. This is clear because th

FIG. 2. k-weighted In-K-edge EXAFS,kxskd, from the pseu-
domorphic Ga12x InxAs layer on GaAs(001) (middle) and the
bulk InAs standard (upper). Superimposed on the data are
Fourier-filtered first-shell contributions, which correspond
the In-As bond lengths. Note the lower frequency of th
EXAFS oscillations from the strained layer. The lower po
tion of the figure shows the fit (solid line) to the filtered dat
from the layer.
5027
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nodes of the spectrum from the layer are shifted towa
higher-k values. To obtain quantitative information, the
data were fit by the functionkxskd, where

xskd  Njfskdj sinf2kr 1 fskdg , (3)

using the phase,fskd, and amplitude,jfskdj, functions
derived from the bulk InAs standard. In the fit, only th
two parametersN (the In-As coordination number) andr
(the In-As bond length) were varied. The measured In-
bond length in the film isr 0

InAs  2.581 6 0.004 Å [10].
Because the bond length in bulk InAs is 2.623 Å, t
In-As bond length in the strained Ga12xInxAs layer is
contracted0.042 6 0.004 Å relative to the In-As bond
length in bulk InAs. Note that the extendedk range (to
k  14 Å21) and the use of the ideal, bulk InAs mod
compound in the EXAFS data analysis allow us to ma
this accurate structural determination [8,11].

In their pioneering study, Mikkelson and Boyce [8
used EXAFS to measure the bond lengths in bu
Ga12x InxAs alloys. They found that, instead of followin
the virtual-crystal approximation (VCA), the In-As an
Ga-As bond lengths maintain two chemically distin
values. Although these distinct values do vary linea
with the alloy composition, this variation is only abou
one-fourth s,0.04 Åd of the natural bond-length differ-
ence between bulk InAssr0

InAs  2.623 Åd and bulk
GaAssr0

GaAs  2.448 Åd:

rInAs  r0
InAs 1 dsrVCA 2 r0

InAsd ,

rGaAs  r0
GaAs 1 dsrVCA 2 r0

GaAsd ,
(4)

whered , 1y4.
This behavior was later explained theoretically b

Martins and Zunger [12] using a valence-force field.
the Pauling limit, two chemically distinct bond length
exist that are equal to the sum of their covalent radii.
the VCA limit, only one bond length exists that varie
linearly with alloy composition,

rVCA  s1 2 xdr0
GaAs 1 sxdr0

InAs . (5)

Because of the higher energy cost of bond stretch
versus bond bending, the behavior is found to be clo
to the Pauling rather than the VCA limit.

We may now interpret our EXAFS data relative to th
bond lengths in bulk (unstrained) Ga12x InxAs. Using
an accurate value ofd [13], the In-As and Ga-As bond
lengths in a bulk alloy with In content 21.5% arerInAs 
2.596 Å and rGaAs  2.455 Å, respectively. The In-
As bond length in the strained layer,r 0

InAs  2.581 6

0.004 Å, is significantly shorter than this value. In fac
it is even shorter than the In-As bond length measu
by Mikkelson and Boyce [8] in the dilute-alloy limit
rInAs  2.588 Å for x ! 0; therefore, it must reflect the
external compressive strain imposed on the layer by
substrate:Dr  20.015 6 0.004 Å.

Although EXAFS has been used previously to meas
the bond lengths in strained Ga12x InxAsyGaAss001d for
5028
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x # 0.25 [4], this study has been questioned by a tota
energy and Hellmann-Feynman force calculation tha
found In-As and Ga-As bond lengths equal to 2.5
and 2.44 Å, respectively, in strained alloys of simila
composition. Based on their calculations, the authors
the theoretical study [9] concluded that the bond-lengt
strain is accommodated primarily by a contraction of th
longer In-As rather than the shorter Ga-As bond. N
striking, stretched bond lengths as reported in Ref. [4
were found, and the experimental findings were therefo
presumed to be artifact related. Because the previo
EXAFS studies [4,7] were performed at the Ga-K and
As-K edges, the EXAFS unavoidably sampled bonds th
were not only in the alloy film but also in the oxidized
surface region, as well as in the GaAs substrate and ca
Because our measurements were performed at the In-K
edge, our data sample bonds that are located only with
the buried Ga12xInxAs layer and are thus free from such
artifacts.

We shall now estimate the amount of bond-length dis
tortion expected in such a layer based on the virtua
crystal approximation. Because the lattice constant
InAs is 7% larger than the lattice constant of GaAs, pse
domorphic growth of a Ga12x InxAs alloy on GaAs(001)
results in a layer that is compressed bilaterally within th
(001) plane of the substrate and Poisson expanded unia
ally along the [001] growth direction. Because of this
tetragonal distortion, the average bond length in the lay

is no longer equal to
p

3
4 af ; however, it may be computed

from

r 0 
1
4

≥
2a2

k 1 a2
'

¥1y2
. (6)

Using ak  af 1 Dak anda'  af 1 Da', it is easily
shown that, to first order iń,

r 0 
p

3
4 af

h
1 1

1
3 s2´k 1 ´'d

i
. (7)

As in Eq. (1),´'  Da'yaf and´k  Dakyaf .
Equation (7) may be further simplified by using the

macroscopic-elastic theory result [Eq. (1)] and the fac
that´k  sr0

GaAs 2 rVCAdyrVCA:

r 0  rVCA 2 gsrVCA 2 r0
GaAsd , (8)

where g 
2
3 s1 2 c12yc11d. Note thatg depends only

on the elastic constantsc11 and c12, and that it is
approximately equal to13 [3].

Because Eq. (8) describes the distortion of theaverage
bond length in the layer, a further assumption about th
relative distortions is needed before the bond lengths ca
be calculated. If we assume that the In-As and Ga-A
bond lengths change by the same amount, it follows fro
Eq. (8) that

r 0
InAs  rInAs 2 gsrVCA 2 r0

GaAsd ,

r 0
GaAs  rGaAs 2 gsrVCA 2 r0

GaAsd .
(9)
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These equations renderr 0
InAs  2.582 Å and r 0

GaAs 
2.442 Å, which is indistinguishable from our experimenta
value:r 0

InAs  2.581 6 0.004 Å.
Although this uniform distortion reproduces our exper

ment accurately, it lacks a key ingredient proposed in t
theoretical study, namely, that pseudomorphic growth o
larger Ga12xInxAs alloy on a smaller GaAs(001) substrat
may result in a bond-length strain that is accommodat
primarily by the distortion of the longer In-As rather
than the shorter Ga-As bond. If we instead let th
In-As and Ga-As bond lengths reflect their individua
(rather than average) mismatch with the GaAs substra
then it follows from Eq. (8) that

r 0
InAs  rInAs 2 gsrInAs 2 r0

GaAsd ,

r 0
GaAs  rGaAs 2 gsrGaAs 2 r0

GaAsd .
(10)

These equations renderr 0
InAs  2.543 Å and r 0

GaAs 
2.453 Å. Although this mismatched distortion severely
overestimates the actual In-As bond-length contractio
determined by our experiment, these predictions are pr
tically identical to the In-As and Ga-As bond length
calculated from first principles: 2.54 and 2.44 Å, respe
tively [9]. Despite this apparent agreement, our expe
ment shows that equal distortions of the In-As and Ga-A
bond lengths are energetically favored.

Let us now test this conclusion within the context o
our simple model. Because we have used Eq. (1) in t
derivation of Eq. (8), the lowest energy solution may b
obtained by minimizing the approximate expression [14

E  E0 1
1
2 kfs1 2 xd sDrGaAsd2 1 sxd sDrInAsd2g

(11)
subject to the geometric constraint imposed by Eq. (8),

s1 2 xdDrGaAs 1 sxdDrInAs  2gsrVCA 2 r0
GaAsd .

(12)
This minimization renders the uniform distortion iden
tically:

DrInAs  2gsrVCA 2 r0
GaAsd ,

DrGaAs  2gsrVCA 2 r0
GaAsd .

(13)

In conclusion, we have performed a high-resolution e
tended x-ray absorption fine-structure measurement at
In-K edge on a well-characterized, buried Ga0.78In0.22As
alloy film grown coherently on GaAs(001). Counter to
previous theory and experiment, we find that the In-A
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bond length is contracted by0.015 6 0.004 Å relative to
the In-As bond length in bulk Ga12x InxAs of the same
composition. This contraction is shown to be consiste
with a simple model based on the virtual-crystal approx
mation and macroscopic-elastic theory in which the In-A
and Ga-As bond lengths are uniformly distorted.
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