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Diffraction anomalous fine-structure measurements performed at both the Ga dt@dges have deter-
mined the Ga-As bond length to be 2.442.005 A in a buried, 213-A-thick Gagdng,1AS layer grown
coherently on GaA®01). This bond length corresponds to a strain-induced contraction of #0185 A
relative to the Ga-As bond length in bulk Ggln,As of the same composition. Together with recent extended
x-ray-absorption fine-structure measurements performed at tkeelige[Woicik et al, Phys. Rev. Lett79,

5026 (1997)], excellent agreement is found with the uniform bond-length distortion model for strained-layer
semiconductors of001) substrates.S0163-18208)52232-1

When a thin semiconductor film is grown coherently on aGaAg001). DAFS combines the usual chemical specificity
substrate that differs in lattice constant, the lattice constant abf EXAFS with the reciprocal-space specificity of diffrac-
the layer perpendicular to the film/substrate interface is eithetion. Use of DAFS circumvents the film/substrate common-
expanded or contracted in response to the distortion of itelement problem that makes film-specific measurements im-
lattice constant parallel to the interface. Although the theorypossible with EXAFS because the strained-layer Bragg peaks
of elasticity* accurately describes theacroscopicdistor-  of the film are separated in reciprocal space from the sub-
tions of the film, a consensus between experiment and theostrate peaks. Previous measurements have failed to obtain
concerning itsmicroscopicdistortions has only recently be- unambiguous structural information on the Ga-As bond
gun to form?3 The ambiguity of previous experimental stud- length in similar heterostructures through surface-sensitive
ies that have reported both straifidtiand unstrained? ~ variants of the EXAFS techniqué:** Our experiment to-
bond lengths in strained, quasibulk, thin-alloy films may begether with a recent high-resolution EXAFS study performed
traced to the inherent rigidity of semiconductor bonds: strairdt the InK edgé establishes the uniform bond-length distor-
effects often lie within the typical extended x-ray-absorptiontion model for strained-layer semiconductors @91) sub-
fine-structure(EXAFS) bond-length accuracy of0.02 A/  strates.

Additionally, only a few theoretical studi&s' of the bond The DAFS technique is based on the premise that infor-
lengths within strained-layer semiconductors have existenation contained in absorption spectra can also be extracted
with which to compare the varying experimental results, androm resonant, energy-dependent diffraction measurements
these calculations have either been in conflict withthrough the causal relationship between the real and imagi-
experiment®!4 or they have been performed for alloy/ Nary parts of the atomic-scattering amplitutfé The inte-
substrate systems for which little or no experimental datgrated intensity of an x-ray Bragg reflection from a weakly
exist'® Furthermore, strained epitaxial films are often buried,scattering crystal is proportional to the square of the crystal-
and the same chemical elements exist in both the bulk sudographic structure factof

strate and capping layers of the heterostructure. Conse-
quently, previous high-resolution EXAFS studies have pro-
vided structural information pertaining to only one type, the
minority species, of heterostructure bohd.

In this work, we employ the relatively new technique of
diffraction anomalous fine-structdre(DAFS) to accurately
determine thenajority Ga-As bond length in a strained, bur- The crystallographic-structure factor accounts for scattering
ied Ga_,In,As thin-alloy film grown coherently on at photon wave-vector-transfgek;—k; from each of thg
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atoms in the unit cell according to their positiansand their
atomic-scattering amplitudef§ . The atomic-scattering am- 0.16

plitude f from a single atorff is the sum of the Thomson
scattering amplitudé,, which is independent of the photon
energy, and an energy-dependent resonant correctign
which changes dramatically in the vicinity of a core-level
excitation energyAf is the sum of a real part’, and an
imaginary partf”. 0.12
In the standard EXAFS description of the absorption co-
efficient u(E),*° u=uo(1+x"), mo is the bare-atom, back-
ground absorption, ang” is the oscillatory part of the x-ray- R P PR
absorption  coefficient that arises from the local O hoton E‘;Z‘;;y - 12500
backscattering from nearby atoms. Analogously, the real and
imaginary parts ofAf are also separable into their atomic  FIG. 1. Normalized intensity of th€004) strained-layer Bragg peak
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and oscillatory terms, from the pseudomorphic Ga,In,As alloy on GaA§001) as a function of
photon energy around the Ga and K&dges. The data have been corrected
Af= f;"' ifg-i— fg()(/ + iX”)- (2) for the background flourescence from the substrate.

The subscript denotes the smooth, atomiclike contribution
to the response function, and= x’' +ix” is the generalized,
energy-dependent fine-structure function. Becdusand f”
are linked by causalityf” may be determined?! either di-
rectly by measuring the total absorption cross seatigE),

were acquired by scanning the photon energy around the
vicinity of the Ga (10367 eV and As(11867 eV K edges
and recording the peak intensity of ti@04) strained-layer
Bragg reflection from the pseudomorphically grown layer
with an Ar filled ionization chamber attached to theétfbom
£7(E)=(E/2hC) oo E), 3) of a compactﬂ—_ze diffractometer which was operate_d in_ the
vertical-scattering plane. In order to accurately maintain the
or by measuring the photon-energy-dependent intensity of diffraction peak at its maximum intensity over the large
Bragg reflection and then applying the Kramers-Kronigscan-energy range, the sample angle was slightly oscillated,

(principal value dispersion relations, and a continuous, closed feed-back loop maintained the on-
) Bragg condition. To correct for the background signal origi-

Tl (i pp— 12 22 nating from the substrate Ga and As fluorescence emission
F(B) wPJ’O dE'E'T(E)/(E ES, (which was~10% of the magnitude of the diffracted peak

(4) intensity), background absorption scans were collected with

. E (~._,., S the sampled set 0.5° below the strained-layer Bragg peak;
f"(E)= —7Pf dE'f'(E")/(E'*—E9), this background signal was subtracted from the on-peak data.
0 . .
The data were normalized to the incident flux as measured
to iteratively solve Eq(1) for f”.2 with an N, filled ionization chamber upstream of the diffrac-

The sample chosen for our Ga and Ksedge DAFS in- tometer. To account for the different ionization cross sec-
vestigation was previously investigated by IK-edge tions of Arand N, a bare transmission scamo samplg¢was
EXAFS? It consisted of a GaA®01) substrate, a 1000-A recorded after the DAFS data were collected; the data were
GaAs buffer layer, a 213-A Gagdng1As layer, and a then normalized by the measured energy-dependent ratio of
50-A GaAs cap. Growth temperatures were 580 °C for theAr and N,. Because the film is so thin, 213 A, no absorption
buffer layer and 480 °C for the GaIn,As layer and cap. correction was applied to the data. EXAFS from InAs and
The layer was capped with GaAs to protect it from oxidationGaAs powdergthe empirical EXAFS phase and amplitude
and to provide a bulklike termination of its structure. Growth standards used in the data analysi®ere recorded in trans-
rates were estimated from the oscillatory period of the 0Omission.
reflection high-energy electron diffractio(RHEED) spot Figure 1 shows the resulting DAFS data from the
from a calibration wafer prior to growth of the heterostruc- Ga, _In,As strained layer in the vicinity of the Ga and Ks
ture. The actual concentration, thickness, and strain statedges. Note the relatively small reflectivity of the layer
(gy=—1.52%) of the film were determined by specular (1, /15~10"%). The cusps in the intensity which occur at the
(004) x-ray diffraction? Ga and AsK edges are due primarily to the real part of the

X-ray topographs taken at the National Institute of Stan+esonant correction to the Ga and As scattering factors.
dards and Technology beamline X23A3 of the National Syn- In order to obtain the Ga and A§-edge fine structure
chrotron Light Source in théD04) Bragg geometry found the from the strained layer, Eq1l) was iteratively solved fof”
layer and substrate to be free of misfit dislocations, provingusing initial values provided by theoretical Cromer-
that the layer thickness is below the critical thickness forLiberman functiong? and the Kramers-Kronig transform.
pseudomorphic growth at this In concentrati@n, that itis  Once the absorption curves were generated, standard EXAFS
in a metastable state analysis; i.e., spline-background subtraction and normaliza-

DAFS data were collected at the National Institute oftion to the edge step, resulted in tkeveighted fine structure
Standards and Technology beamline X23A2 of the Nationathat is shown in Fig. ZGaK edge and Fig. 3(As K edge.
Synchrotron Light Source using a fixed-exit double-crystalThese data are compared to the EXAFS recorded from crys-
monochromator operating with Bil1) crystals. The data talline GaAs(Fig. 2), and crystalline GaAs and InA§ig. 3),
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ozl T ' J i T TABLE I. DAFS determination of the Ga-As and In-As bond
- 1 lengths in the pseudomorphi@a, _,In,As alloy on GaA$001) to-
0o N gether with the EXAFS determinatiofRef. 2 of the In-As bond
o2 Gain.As 1 Iength. Also shown are the statistically averaged bond lengths re-
~ ol or o= sulting from both studies.
e$ { i
2 °0r i GaK-edge DAFS
R o2l - Ga-As(A) 2.440+0.007
o2k ] As K-edge DAFS
ol N Ga-As(A) 2.444+0.006
- : In-As (A) 2.529+0.024
o2 ] In K-edge EXAFS
In-As (A) 2.581+0.004
Averaged bond
FIG. 2. k-weighted GaK-edge fine structure from the pseudomorphic lengths
Ga,_xIn,As alloy on GaA£001) deduced from the DAFS data shown in Fig. In-As (A) 2.580+ 0.004
1. The data are compared to their Fourier-filtered first-shell contributions Ga-As (A) 2. 442+0.005

which contain only Ga-As bonds. Also shown is the IG@dge EXAFS of
the GaAs standard. The lower portion of the figure compares the best fit to
the filtered data from the layésee text

from the Ga and AX-edge DAFS data closely coincide,

. . o . . : i -1
together with their Fourier-filtered first-shell contributions. lending additional credence to our accurate=04 A™%)
The lower portions of each figure show the best fits to theStructural determination.

where length measurements are nearly identical, the DAFS deter-

mination of the In-As bond length differs significantly from
the EXAFS determinatioh.As the concentration of In is

kx(k)=N[f(k)|sin 2kr + $(k)], (5) relatively low in this sample, the DAFS data recorded at the
As K edge is dominated by Ga-As bonds rather than by
using the appropriate phase(k), and amplitude/f(k)|,  In-As bonds.(The GaK-edge DAFS data sample only the

functions derived from the bulk GaAs and InAs standards. InGa-As bonds within the strained layer, and theKredge
the fits, onlyN, the coordination numbés), andr, the bond EXAFS data sample only the In-As bonds within the strained
length(s), were varied. For the GK-edge data, the fits were laye). Large uncertainties associated with the
performed using Ga-As bonds, whereas the fits to the AEXAFS determination of the dilute bond-length component
K-edge data were performed using both In-As and Ga-Asn multishell systems are frequently obsenféd® it is also
bonds. The mixed coordination around the As atoms is duenore likely subject to any additional systematic errors intro-
to alloying that occurs on the cation sublattice rather than onjuced by the iterative Kramers-Kronig extractfdrin order
the anion sublattice for this pseudobinary, zinc-blende alloyto evaluate the DAFS sensitivity to this uncertainty, fits to
Table | shows the bond lengths determined from the’fi86. the As K-edge DAFS data were performed with the In-As
We have also included the strained-layer In-As bond lengttbond length frozen at the value determined by the EXAFS
determined by the IriK-edge EXAFS study;the resulting measuremerftThe resulting AK-edge DAFS determination
statistically averaged bond lengths are also shown. Thef the Ga-As bond length with the In-As bond length frozen
strained-layer Ga-As bond lengths determiiedependently
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k(A'1) FIG. 4. Comparison of the experimentally determifiBdAFS and EX-
AFS (Ref. 2] In-As and Ga-As bond lengths in the pseudomorphic

FIG. 3. k-weighted AsK-edge fine structure from the pseudomorphic Ga _,In,As alloy on GaA§001) with the results of a recent theoretical
Ga,_,In,As alloy on GaA§001) deduced from the DAFS data shown in Fig. random-cluster calculatiofRef. 3. The dashed lines are the calculated
1. The data are compared to their Fourier-filtered first-shell contributionscubic (bulk) bond lengths, and the solid lines are the calculated tetragonal
which contain both Ga-As and In-As bonds. Also shown are th&/Asige (strained bond lengths. The separation between the bulk and strained bond
EXAFS of the GaAs and InAs standards. The lower portion of the figurelengths is the same for In-As and Ga-As bonds; i.e., they are uniformly
compares the best fit to the filtered data from the ldgee text distorted.
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was only 0.004 A shorter than the value determined wherbulk-alloy (cubic) bond lengths and strained-alldtetrago-
both the In-As and Ga-As bond lengths were floated. Conseaal) bond lengths are shown. The calculated cubic bond
quently, the primary objective of the DAFS investigation; lengths closely follow the bulk-alloy bond-length measure-
i.e., the accurate determination of the strained-layer Ga-Agent of Mikkelson and Boyc# the largest deviation from
bond length, is insensitive to this uncertainty. the bulk measurement occurs in the dilete O limit of the

In their pioneering study, Mikkelson and Boyfeused |n.As bond length: 2.582 A theoretical versus 2.588
EXAFS to measure the bond lengths in bulk;Gdn,As  +0.005 A experimental. Likewise, the calculated tetrago-
alloys. They found that, instead of following the virtual- a)y distorted bond lengths intercept the experimentally de-
crystal approximationVCA), the In-As and Ga-As bond termined  strained-layer bond lengths which differ
lengths maintain two chemically distinct values. AlthOUthignificantly from their bulk values.
the In-As and Ga-As bond lengths vary linearly with alloy Clearly, the external strain imposed on the layer by the

composition, this variation is qnly about a quarte0.04 A substrate opposes the natural bond-length distortions due to
ofothe natural bond-length difference between bulk InAsalloying (the positive slope of the nearly perfectly parallel
(rinas=2.623 A) and bulk GaAsr(g,ps=2.448 A). bulk lines. In fact, the tetragonally distorted In-As and
Using the accurate fitted data of Mikkelson andg, ag hond lengths are uniformly contracted from their
Boyce;™™ the In-As and Ga-As bond lengths in a bulk 1, alioy values by an amount that increases monotonically
(cubig Ga,_,InAs alloy with In content 21.5% are it |n composition. As in the case of the bulk bond lengths,
Mnas=2.596 A and reaps=2.455 A, respectively. The e strained-alloy bond lengths follow nearly perfectly paral-
In-As bond length measured in the strained layefas el curves despite the different lengths and force constants of
=2.580+0.004 A, is significantly shorterAr,as=—0.016  |n-As and Ga-As bond® The nonlinear behaviaibowing
+0.004 A) than its bulk-alloy value. In fact, it is even of the strained-bond lengths has been attributed to the differ-
shorter than the In-As bond length measured by Mikkelsorent elastic constants of InAs and GaA¢The bulk bond
and Boycé® in the dilute-alloy limit: rj,as=2.588 A for  |engths appear as linear, parallel functions of composition
x=0. Similarly, the Ga-As bond length measured in thedue to Vegard's law and the fact that the radial-force con-
strained layerf g 0s=2.442-0.005 A, is also significantly stants of InAs and GaAs do not deviate by a large ampunt.
shorter (Argaas= —0.013+0.005A) than its bulk-alloy Consequently, this experiment demonstrates that the bond
value. In fact, it is even shorter than the Ga-As bond lengthengths in strained-layer semiconductors deviate significantly
in bulk GaAs:r2,,=2.448 A. Consequently, we conclude from their bulk-alloy values, and the deviations are uniform
that both the In-As and Ga-As strained-layer bond lengthgunctions of the epitaxially induced strain.
are compressed\( = —0.015+ 0.003 A) from their bulk al- In conclusion, we have performed a diffraction anomalous
loy values due to the external in-plane compressive straifine-structure study of the bond lengths in a strained
imposed on the layer by the substratiote that the corre- Ga,_,In,As alloy grown coherently on Ga&301). Excel-
spondingbond-lengttstrain is approximately one third of the lent agreement is found with a random-cluster calculation
external in-planeepitaxial strain: Ar/r~1/3¢.) that predicts equal, compositionally dependent distortions of
To compare these experimental results with theory, Fig. 4he In-As and Ga-As bond lengths from their bulk-alloy val-
shows the results of a recent random-cluster calculation ofies.
the bond lengths in strained Ggln,As alloys grown coher- The National Synchrotron Light Source is supported by
ently on GaA§001).2 The results of the calculation for both the U.S. Department of Energy.
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