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Diffraction anomalous fine-structure study of strained Ga12xIn xAs on GaAs„001…
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Diffraction anomalous fine-structure measurements performed at both the Ga and AsK edges have deter-
mined the Ga-As bond length to be 2.44260.005 Å in a buried, 213-Å-thick Ga0.785In0.215As layer grown
coherently on GaAs~001!. This bond length corresponds to a strain-induced contraction of 0.01360.005 Å
relative to the Ga-As bond length in bulk Ga12xInxAs of the same composition. Together with recent extended
x-ray-absorption fine-structure measurements performed at the InK edge@Woicik et al., Phys. Rev. Lett.79,
5026 ~1997!#, excellent agreement is found with the uniform bond-length distortion model for strained-layer
semiconductors on~001! substrates.@S0163-1829~98!52232-1#
a
t

th
f i
or

eo
-
d-

be
ai
on

te
n
ith
y/
at
d
u

ns
ro
he

of

r-

ity
-
n-
im-
aks
ub-
tain

nd
tive

ed
r-

r-
cted
ents
agi-

y
tal-

ing
When a thin semiconductor film is grown coherently on
substrate that differs in lattice constant, the lattice constan
the layer perpendicular to the film/substrate interface is ei
expanded or contracted in response to the distortion o
lattice constant parallel to the interface. Although the the
of elasticity1 accurately describes themacroscopicdistor-
tions of the film, a consensus between experiment and th
concerning itsmicroscopicdistortions has only recently be
gun to form.2,3 The ambiguity of previous experimental stu
ies that have reported both strained4–6 and unstrained7–12

bond lengths in strained, quasibulk, thin-alloy films may
traced to the inherent rigidity of semiconductor bonds: str
effects often lie within the typical extended x-ray-absorpti
fine-structure~EXAFS! bond-length accuracy of;0.02 Å.7

Additionally, only a few theoretical studies13,14 of the bond
lengths within strained-layer semiconductors have exis
with which to compare the varying experimental results, a
these calculations have either been in conflict w
experiment2,4,14 or they have been performed for allo
substrate systems for which little or no experimental d
exist.13 Furthermore, strained epitaxial films are often burie
and the same chemical elements exist in both the bulk s
strate and capping layers of the heterostructure. Co
quently, previous high-resolution EXAFS studies have p
vided structural information pertaining to only one type, t
minority species, of heterostructure bond.2

In this work, we employ the relatively new technique
diffraction anomalous fine-structure15 ~DAFS! to accurately
determine themajority Ga-As bond length in a strained, bu
ied Ga12xInxAs thin-alloy film grown coherently on
PRB 580163-1829/98/58~8!/4215~4!/$15.00
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GaAs~001!. DAFS combines the usual chemical specific
of EXAFS with the reciprocal-space specificity of diffrac
tion. Use of DAFS circumvents the film/substrate commo
element problem that makes film-specific measurements
possible with EXAFS because the strained-layer Bragg pe
of the film are separated in reciprocal space from the s
strate peaks. Previous measurements have failed to ob
unambiguous structural information on the Ga-As bo
length in similar heterostructures through surface-sensi
variants of the EXAFS technique.4,6,14 Our experiment to-
gether with a recent high-resolution EXAFS study perform
at the InK edge2 establishes the uniform bond-length disto
tion model for strained-layer semiconductors on~001! sub-
strates.

The DAFS technique15 is based on the premise that info
mation contained in absorption spectra can also be extra
from resonant, energy-dependent diffraction measurem
through the causal relationship between the real and im
nary parts of the atomic-scattering amplitudef.16 The inte-
grated intensityI of an x-ray Bragg reflection from a weakl
scattering crystal is proportional to the square of the crys
lographic structure factor17

I ~q!}U(
j

f je
iq•r jU2

. ~1!

The crystallographic-structure factor accounts for scatter
at photon wave-vector-transferq5k f2k i from each of thej
R4215 © 1998 The American Physical Society
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atoms in the unit cell according to their positionsr j and their
atomic-scattering amplitudesf j . The atomic-scattering am
plitude f from a single atom18 is the sum of the Thomson
scattering amplitudef 0 , which is independent of the photo
energy, and an energy-dependent resonant correctionD f ,
which changes dramatically in the vicinity of a core-lev
excitation energy.D f is the sum of a real partf 8, and an
imaginary partf 9.

In the standard EXAFS description of the absorption
efficientm(E),19 m5m0(11x9), m0 is the bare-atom, back
ground absorption, andx9 is the oscillatory part of the x-ray
absorption coefficient that arises from the loc
backscattering from nearby atoms. Analogously, the real
imaginary parts ofD f are also separable into their atom
and oscillatory terms,

D f 5 f a81 i f a91 f 09~x81 ix9!. ~2!

The subscripta denotes the smooth, atomiclike contributio
to the response function, andx5x81 ix9 is the generalized
energy-dependent fine-structure function. Becausef 8 and f 9
are linked by causality,f 9 may be determined20,21 either di-
rectly by measuring the total absorption cross sections tot(E),

f 9~E!5~E/2hc!s tot~E!, ~3!

or by measuring the photon-energy-dependent intensity
Bragg reflection and then applying the Kramers-Kron
~principal value! dispersion relations,

f 8~E!5
2

p
PE

0

`

dE8E8 f 9~E8!/~E822E2!,

~4!

f 9~E!52
2E

p
PE

0

`

dE8 f 8~E8!/~E822E2!,

to iteratively solve Eq.~1! for f 9.21

The sample chosen for our Ga and AsK-edge DAFS in-
vestigation was previously investigated by InK-edge
EXAFS.2 It consisted of a GaAs~001! substrate, a 1000-Å
GaAs buffer layer, a 213-Å Ga0.785In0.215As layer, and a
50-Å GaAs cap. Growth temperatures were 580 °C for
buffer layer and 480 °C for the Ga12xInxAs layer and cap.
The layer was capped with GaAs to protect it from oxidati
and to provide a bulklike termination of its structure. Grow
rates were estimated from the oscillatory period of the
reflection high-energy electron diffraction~RHEED! spot
from a calibration wafer prior to growth of the heterostru
ture. The actual concentration, thickness, and strain s
(« i521.52%) of the film were determined by specul
~004! x-ray diffraction.2

X-ray topographs taken at the National Institute of Sta
dards and Technology beamline X23A3 of the National S
chrotron Light Source in the~004! Bragg geometry found the
layer and substrate to be free of misfit dislocations, prov
that the layer thickness is below the critical thickness
pseudomorphic growth at this In concentration~or, that it is
in a metastable state!.

DAFS data were collected at the National Institute
Standards and Technology beamline X23A2 of the Natio
Synchrotron Light Source using a fixed-exit double-crys
monochromator operating with Si~311! crystals. The data
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were acquired by scanning the photon energy around
vicinity of the Ga~10367 eV! and As~11867 eV! K edges
and recording the peak intensity of the~004! strained-layer
Bragg reflection from the pseudomorphically grown lay
with an Ar filled ionization chamber attached to the 2u boom
of a compact,u-2u diffractometer which was operated in th
vertical-scattering plane. In order to accurately maintain
diffraction peak at its maximum intensity over the larg
scan-energy range, the sample angle was slightly oscilla
and a continuous, closed feed-back loop maintained the
Bragg condition. To correct for the background signal ori
nating from the substrate Ga and As fluorescence emis
~which was;10% of the magnitude of the diffracted pea
intensity!, background absorption scans were collected w
the sampleu set 0.5° below the strained-layer Bragg pea
this background signal was subtracted from the on-peak d
The data were normalized to the incident flux as measu
with an N2 filled ionization chamber upstream of the diffra
tometer. To account for the different ionization cross s
tions of Ar and N2, a bare transmission scan~no sample! was
recorded after the DAFS data were collected; the data w
then normalized by the measured energy-dependent rat
Ar and N2. Because the film is so thin, 213 Å, no absorpti
correction was applied to the data. EXAFS from InAs a
GaAs powders~the empirical EXAFS phase and amplitud
standards used in the data analysis! were recorded in trans
mission.

Figure 1 shows the resulting DAFS data from t
Ga12xInxAs strained layer in the vicinity of the Ga and AsK
edges. Note the relatively small reflectivity of the lay
(I r /I 0;1024). The cusps in the intensity which occur at th
Ga and AsK edges are due primarily to the real part of t
resonant correction to the Ga and As scattering factors.

In order to obtain the Ga and AsK-edge fine structure
from the strained layer, Eq.~1! was iteratively solved forf 9
using initial values provided by theoretical Crome
Liberman functions,22 and the Kramers-Kronig transform
Once the absorption curves were generated, standard EX
analysis; i.e., spline-background subtraction and normal
tion to the edge step, resulted in thek-weighted fine structure
that is shown in Fig. 2~Ga K edge! and Fig. 3~As K edge!.
These data are compared to the EXAFS recorded from c
talline GaAs~Fig. 2!, and crystalline GaAs and InAs~Fig. 3!,

FIG. 1. Normalized intensity of the~004! strained-layer Bragg peak
from the pseudomorphic Ga12xInxAs alloy on GaAs~001! as a function of
photon energy around the Ga and AsK edges. The data have been correct
for the background flourescence from the substrate.
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together with their Fourier-filtered first-shell contribution
The lower portions of each figure show the best fits to
strained-layer data by the EXAFS model functionkx(k),
where

kx~k!5Nu f ~k!usin@2kr1f~k!#, ~5!

using the appropriate phase,f(k), and amplitude,u f (k)u,
functions derived from the bulk GaAs and InAs standards
the fits, onlyN, the coordination number~s!, andr, the bond
length~s!, were varied. For the GaK-edge data, the fits wer
performed using Ga-As bonds, whereas the fits to the
K-edge data were performed using both In-As and Ga
bonds. The mixed coordination around the As atoms is
to alloying that occurs on the cation sublattice rather than
the anion sublattice for this pseudobinary, zinc-blende al
Table I shows the bond lengths determined from the fits.23,24

We have also included the strained-layer In-As bond len
determined by the InK-edge EXAFS study;2 the resulting
statistically averaged bond lengths are also shown.
strained-layer Ga-As bond lengths determinedindependently

FIG. 3. k-weighted AsK-edge fine structure from the pseudomorph
Ga12xInxAs alloy on GaAs~001! deduced from the DAFS data shown in Fi
1. The data are compared to their Fourier-filtered first-shell contributi
which contain both Ga-As and In-As bonds. Also shown are the AsK-edge
EXAFS of the GaAs and InAs standards. The lower portion of the fig
compares the best fit to the filtered data from the layer~see text!.

FIG. 2. k-weighted GaK-edge fine structure from the pseudomorph
Ga12xInxAs alloy on GaAs~001! deduced from the DAFS data shown in Fi
1. The data are compared to their Fourier-filtered first-shell contributi
which contain only Ga-As bonds. Also shown is the GaK-edge EXAFS of
the GaAs standard. The lower portion of the figure compares the best
the filtered data from the layer~see text!.
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from the Ga and AsK-edge DAFS data closely coincide
lending additional credence to our accurate (k514 Å21)
structural determination.

It should be mentioned that while the two Ga-As bon
length measurements are nearly identical, the DAFS de
mination of the In-As bond length differs significantly from
the EXAFS determination.2 As the concentration of In is
relatively low in this sample, the DAFS data recorded at
As K edge is dominated by Ga-As bonds rather than
In-As bonds.~The GaK-edge DAFS data sample only th
Ga-As bonds within the strained layer, and the InK-edge
EXAFS data sample only the In-As bonds within the strain
layer!. Large uncertainties associated with th
EXAFS determination of the dilute bond-length compone
in multishell systems are frequently observed;25,26 it is also
more likely subject to any additional systematic errors int
duced by the iterative Kramers-Kronig extraction.27 In order
to evaluate the DAFS sensitivity to this uncertainty, fits
the As K-edge DAFS data were performed with the In-A
bond length frozen at the value determined by the EXA
measurement.2 The resulting AsK-edge DAFS determination
of the Ga-As bond length with the In-As bond length froz

s

e

FIG. 4. Comparison of the experimentally determined@DAFS and EX-
AFS ~Ref. 2!# In-As and Ga-As bond lengths in the pseudomorph
Ga12xInxAs alloy on GaAs~001! with the results of a recent theoretica
random-cluster calculation~Ref. 3!. The dashed lines are the calculate
cubic ~bulk! bond lengths, and the solid lines are the calculated tetrago
~strained! bond lengths. The separation between the bulk and strained b
lengths is the same for In-As and Ga-As bonds; i.e., they are unifor
distorted.

TABLE I. DAFS determination of the Ga-As and In-As bon
lengths in the pseudomorphicGa12xInxAs alloy on GaAs~001! to-
gether with the EXAFS determination~Ref. 2! of the In-As bond
length. Also shown are the statistically averaged bond lengths
sulting from both studies.

Ga K-edge DAFS

Ga-As ~Å! 2.44060.007
As K-edge DAFS

Ga-As ~Å! 2.44460.006
In-As ~Å! 2.52960.024

In K-edge EXAFS

In-As ~Å! 2.58160.004
Averaged bond

lengths
In-As ~Å! 2.58060.004
Ga-As ~Å! 2.44260.005s

to
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was only 0.004 Å shorter than the value determined wh
both the In-As and Ga-As bond lengths were floated. Con
quently, the primary objective of the DAFS investigatio
i.e., the accurate determination of the strained-layer Ga
bond length, is insensitive to this uncertainty.

In their pioneering study, Mikkelson and Boyce28 used
EXAFS to measure the bond lengths in bulk Ga12xInxAs
alloys. They found that, instead of following the virtua
crystal approximation~VCA!, the In-As and Ga-As bond
lengths maintain two chemically distinct values. Althou
the In-As and Ga-As bond lengths vary linearly with allo
composition, this variation is only about a quarter~;0.04 Å!
of the natural bond-length difference between bulk In
(r InAs

0 52.623 Å) and bulk GaAs (r GaAs
0 52.448 Å).

Using the accurate fitted data of Mikkelson a
Boyce,28,29 the In-As and Ga-As bond lengths in a bu
~cubic! Ga12xInxAs alloy with In content 21.5% are
r InAs52.596 Å and r GaAs52.455 Å, respectively. The
In-As bond length measured in the strained layer,r InAs8
52.58060.004 Å, is significantly shorter (Dr InAs520.016
60.004 Å) than its bulk-alloy value. In fact, it is eve
shorter than the In-As bond length measured by Mikkels
and Boyce28 in the dilute-alloy limit: r InAs52.588 Å for
x50. Similarly, the Ga-As bond length measured in t
strained layer,r GaAs8 52.44260.005 Å, is also significantly
shorter (Dr GaAs520.01360.005 Å) than its bulk-alloy
value. In fact, it is even shorter than the Ga-As bond len
in bulk GaAs: r GaAs

0 52.448 Å. Consequently, we conclud
that both the In-As and Ga-As strained-layer bond leng
are compressed (Dr 520.01560.003 Å) from their bulk al-
loy values due to the external in-plane compressive st
imposed on the layer by the substrate.~Note that the corre-
spondingbond-lengthstrain is approximately one third of th
external in-planeepitaxial strain:Dr /r;1/3« i.)

To compare these experimental results with theory, Fig
shows the results of a recent random-cluster calculation
the bond lengths in strained Ga12xInxAs alloys grown coher-
ently on GaAs~001!.3 The results of the calculation for bot
,

,

n
e-

s

n

h

s

in

4
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bulk-alloy ~cubic! bond lengths and strained-alloy~tetrago-
nal! bond lengths are shown. The calculated cubic bo
lengths closely follow the bulk-alloy bond-length measu
ment of Mikkelson and Boyce;28 the largest deviation from
the bulk measurement occurs in the dilutex50 limit of the
In-As bond length: 2.582 Å theoretical versus 2.5
60.005 Å experimental. Likewise, the calculated tetrag
nally distorted bond lengths intercept the experimentally
termined strained-layer bond lengths which diff
significantly from their bulk values.

Clearly, the external strain imposed on the layer by
substrate opposes the natural bond-length distortions du
alloying ~the positive slope of the nearly perfectly parall
bulk lines!. In fact, the tetragonally distorted In-As an
Ga-As bond lengths are uniformly contracted from th
bulk-alloy values by an amount that increases monotonic
with In composition. As in the case of the bulk bond length
the strained-alloy bond lengths follow nearly perfectly par
lel curves despite the different lengths and force constant
In-As and Ga-As bonds.30 The nonlinear behavior~bowing!
of the strained-bond lengths has been attributed to the dif
ent elastic constants of InAs and GaAs.3 ~The bulk bond
lengths appear as linear, parallel functions of composit
due to Vegard’s law and the fact that the radial-force co
stants of InAs and GaAs do not deviate by a large amou!
Consequently, this experiment demonstrates that the b
lengths in strained-layer semiconductors deviate significa
from their bulk-alloy values, and the deviations are unifo
functions of the epitaxially induced strain.

In conclusion, we have performed a diffraction anomalo
fine-structure study of the bond lengths in a strain
Ga12xInxAs alloy grown coherently on GaAs~001!. Excel-
lent agreement is found with a random-cluster calculat
that predicts equal, compositionally dependent distortions
the In-As and Ga-As bond lengths from their bulk-alloy va
ues.

The National Synchrotron Light Source is supported
the U.S. Department of Energy.
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