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Extended x-ray absorption fine structure measurements performedkatelige have resolved the
outstanding issue of bond-length strain in semiconductor-alloy heterostructures. We determine the
In-As bond length to b&.581 = 0.004 A in a buried, 213 A thick Ggyslng,As layer grown coherently
on GaAs(001). This bond length corresponds to a strain-induced contractio1df = 0.004 A
relative to the In-As bond length in bulk Galn,As of the same composition; it is consistent with a
simple model which assumes a uniform bond-length distortion in the epilayer despite the inequivalent
In-As and Ga-As bond lengths. [S0031-9007(97)04857-6]

PACS numbers: 61.10.Ht, 81.40.Jj

When a macroscopic body is acted upon by smalmicroscopic distortions quantitatively in the anticipation
external forces, its deformations are accurately describedf improving both first-principles and phenomenological
by the theory of elasticity [1]. Despite the maturity modeling. It is therefore disappointing that the numer-
of this branch of theoretical physics, the microscopicous studies performed to date, designed to decipher the
distortions—bond length and bond angle—which goverrlocal atomic geometry within such films, have failed to
the macroscopic behavior of the body are, in generalkeach a consensus concerning the exact nature of these
not well understood, particularly from an experimentaldistortions: In some studies, the strain has been reported
point of view. Additionally, although in principle it to have “remarkable” effects on bond lengths [4,5], while
is possible to calculate the normal modes of a crystabther studies have found little or no effect [6]. Still, others
from its electronic structure, in practice it is impossible, have reported the counterintuitive result that bonds are ac-
for a crystal typically possesses as many independeniially longer in layers under compression [7].
force constants as it does atoms. Consequently, the In order to resolve the issue of bond-length strain, we
atomistic description of choice used to model thesehave performed high-resolution extended x-ray absorp-
distortions is based on the fitting of the microscopic-tion fine structure (EXAFS) measurements at th&lab-
force constants from the macroscopic-elastic constants vigorption edgé27 940 eV) on a well-characterized, buried
a two-parameter valance-force field which neglects longGa, —,In,As layer grown coherently on GaAs(001). This
range forces [2]. layer/substrate system was chosen for several reasons be-

A technologically relevant application of the theory of yond its technological relevance. (Strained,Gdn,As
elasticity lies with the study of pseudomorphic growth.is used as the channel material in pseudomorphic high-
When a thin film with lattice constant; is grown electron mobility transistors.) First, both the In-As and
coherently (¢ = a;) on a substrate with a different the Ga-As bond lengths in bulk GaIn,As alloys have
lattice constantz,, the lattice constant; of the layer been studied in detail by EXAFS [8], and their compo-
perpendicular to the interface is either Poisson expandegitional dependence is the best quantified of all semicon-
or contracted in response to the distortion of its latticeductor alloys. Second, Ga,In,As/GaAg001) is one of
constantq) parallel to the interface. For an isotropic the only strained-layer systems for which a first-principles
cubic layer grown on a (001) substrate, macroscopictheoretical calculation [9] exists with which to compare
elastic theory [3] accurately relates the fractional strain®ur EXAFS results. Third, and perhaps most impor-
of the layer relative to the interfacey = (a) — as)/ay  tantly, because Ga,In,As is a pseudobinary alloy, un-
ande, = (a, — ay)/ay, through its elastic constants;  like the true binary alloy Ge.,Si,, it possesses an ideal
andcy: phase and amplitude standard, namely, bulk InAs, with

. which to analyze the In-As bond length. Similar careful
e = —2cn2/cu)e - (1) easurements and data analysis of bulk G, As al-

Because the macroscopic-strain state of semicondudeys [8] have determined bond lengths with an accuracy
tor layers can be accurately determined by bulk-sensitiveetter than+0.005 A. Additionally, because the lattice
techniques such as x-ray diffraction, strained-layer semieonstants of InAs and GaAs differ by a full 7%, effects
conductors offer a unique vehicle with which to study thewhich may arise due to the inequivalent lengths of In-As
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and Ga-As bonds should be more readily detected in thisubstrate, as discussed by Hornstra and Bartels [3], we
model-alloy/substrate system than in other systems whichmay use Eq. (1), together with Vegard’s law,
possess a smaller natural mismatch. — (- ) + ) @)
The sample studied consisted of a GaAs(001) substrate, a *)0GaAs T X/0nAs
a 1000 A GaAs buffer layer, a nominally 200 A thick and the bulk lattice constants of InAs (6.0584 A) and
Gayglng,As layer, and a 50 A GaAs cap. The layer GaAs (5.65321 A) to calculate the concentration of the
was capped with GaAs to protect it from oxidation andlayer froma,. The result isx = 21.5 = 0.5%, which
to provide a bulk termination of its structure. Growth corresponds to a perpendicular strain = 1.41% rela-
rates were estimated from the oscillatory period of theive to unstrained Ga,In,As of the same composition.
00 reflection high-energy electron diffraction (RHEED) In addition, because the widths of the primary maximum
spot from a calibration wafer prior to growth of the and the subsidiary maxima are direct consequences of the
heterostructure. Growth temperatures wige °C for the  finite thickness of the film, its thicknesscan be calcu-
buffer layer andt80 °C for the Ga—,In,As layer and cap. lated from the observed periodicithQ, of the minima.
X-ray topographs taken at the National Institute ofUsing: = 27/AQ, we find¢ = 213 = 3 A. This value
Standards and Technology beamline X23-A3 of thds consistent with a slightly higher In growth rate than that
National Synchrotron Light Source in the (004) Braggestimated from RHEED. Consequently, the In content will
geometry found the layer and substrate to be free of misfibe taken at 21.5% in all subsequent calculations.
dislocations, proving that the layer thickness is below Figure 2 shows our K edge EXAFS data from the
the critical thickness for pseudomorphic growth at this Instrained Ga-,In,As layer. These data were recorded
concentration. at beamline X18-B of the National Synchrotron Light
In order to establish the macroscopic-strain state of th&ource using a Si(111) channel-cut monochromator
layer, and to more accurately determine its In content andnd a 13 element Ge solid-state detector set to monitor
thickness, high-resolution specular (004) x-ray diffractionthe InK, fluorescence yield. The figure also shows the
was performed in the vicinity of the GaAs(004) Bragg EXAFS from bulk InAs, recorded in transmission. Both
reflection at the University of Washington using a Cu tar-are plotted with their Fourier-filtered first-shell contribu-
get, rotating-anode source. Figure 1 shows the diffractiotions, which correspond to the In-As bond lengths.
data. The very sharp, intense peak ng#is the (004) It is immediately evident from the raw EXAFS data
Bragg reflection from the GaAs substrate. The scatteringhat the first-neighbor In-As bond length in the strained
from the pseudomorphic Ga,In,As layer consists of a Ga —,In,As layer, which is proportional to the frequency
central primary maximum, centered at approximatel§, 32 of the EXAFS oscillations, is compressed relative to the
surrounded by subsidiary maxima that decrease in interih-As bond length in bulk InAs. This is clear because the
sity away from the central primary maximum.
From the position of the primary maximum relative e e et A s o

to the Bragg peak from the GaAs substrate, the perpen- 0.2 .
dicular lattice constant of the Galn,As layer may - InAs
be determined quite accurately; = 5.8216 + 0.002 A. 0.0 =
Because we know that the layer is coherent with the GaAs - .
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00 Bryem FIG. 2. k-weighted InK-edge EXAFSk y(k), from the pseu-
0 (degrees) domorphic Ga-,In,As layer on GaAs(001) (middle) and the
bulk InAs standard (upper). Superimposed on the data are the
FIG. 1. Scattered intensity versus angle in the vicinity of Fourier-filtered first-shell contributions, which correspond to

the GaAs(004) Bragg reflection. The primary maximum nearthe In-As bond lengths.
0 = 33° is the GaAs(004) Bragg reflection, and the primary EXAFS oscillations from the strained layer.

Note the lower frequency of the
The lower por-

maximum near 32is the scattering from the pseudomorphic tion of the figure shows the fit (solid line) to the filtered data
Ga _,In,As layer.

from the layer.
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nodes of the spectrum from the layer are shifted towards = 0.25 [4], this study has been questioned by a total-
higher4 values. To obtain quantitative information, theseenergy and Hellmann-Feynman force calculation that
data were fit by the functioky (k), where found In-,;s and Ga-As bond lengths equal to 2.54
: and 2.44 A, respectively, in strained alloys of similar
x (k) = NIf ()l sin2kr + ¢ (k)] (3) composition. Bapsed on¥[heir calculations, ¥he authors of
using the phase¢(k), and amplitude]f(k)|, functions  the theoretical study [9] concluded that the bond-length
derived from the bulk InAs standard. In the fit, only the strain is accommodated primarily by a contraction of the
two parametersy (the In-As coordination number) and  |onger In-As rather than the shorter Ga-As bond. No
(the In-As bond length) were varied. The measured In-Asstriking, stretched bond lengths as reported in Ref. [4]
bond length in the film ig,2, = 2.581 = 0.004 A[10].  were found, and the experimental findings were therefore
Because the bond length in bulk InAs is 2.623 A, thepresumed to be artifact related. Because the previous
In-As bond length in the strained Galn,As layer is EXAFS studies [4,7] were performed at the -®aand
contracted0.042 + 0.004 A relative to the In-As bond As K edges, the EXAFS unavoidably sampled bonds that
length in bulk InAs. Note that the extendédrange (1o were not only in the alloy film but also in the oxidized
k =14 A~!) and the use of the ideal, bulk InAs model surface region, as well as in the GaAs substrate and cap.
compound in the EXAFS data analysis allow us to makegecause our measurements were performed at t¢ In
this accurate structural determination [8,11]. edge, our data sample bonds that are located only within
In their pioneering study, Mikkelson and Boyce [8] the buried Ga ,In,As layer and are thus free from such
used EXAFS to measure the bond lengths in bulkgrtifacts.
Ga - In;As alloys. They found that, instead of following  we shall now estimate the amount of bond-length dis-
the virtual-crystal approximation (VCA), the In-As and tortion expected in such a layer based on the virtual-
Ga-As bond lengths maintain two chemically distinCtcrystal approximation. Because the lattice constant of
values. Although these distinct values do vary linearly|nAs is 7% larger than the lattice constant of GaAs, pseu-
with the alloy composition, this variation is only about domorphic growth of a Ga,In,As alloy on GaAs(001)
one-fourth(~0.04 A) of the natural bond-length differ- results in a layer that is compressed bilaterally within the
ence between bulk INAgr7,a, = 2.623 A) and bulk  (001) plane of the substrate and Poisson expanded uniaxi-
GaAS(rgaas = 2.448 A): ally along the [001] growth direction. Because of this
tetragonal distortion, the average bond length in the layer

(4) ifs no longer equal te‘ﬁ—gaf; however, it may be computed
rom

_ 0 0
FInAs = Finas T 0(rveA — Tlpas) s

_ .0 0
rGaAs = FGaas T 6(rVCA - rGaAs)’

wheres ~ 1/4. L ) 5 \1/2
This behavior was later explained theoretically by r= Z(Zall + aJ.) . (6)
Martins and Zunger [12] using a valence-force field. In, . _ _ L .
the Pauling limit, two chemically distinct bond lengths usinga) = ay + Aayj anda, = as + Aa,, itis easily
i . =~ 7 shown that, to first order im,
exist that are equal to the sum of their covalent radii. In
t_he VCA 'I|m|t, only one ppnd length exists that varies o= éaf[l + %(28” + Sl)] @)
linearly with alloy composition,
rvea = (1 — 0%« + ()0 .. 5 Asin Eq. (1),e,. = Aa,/as ande| = Aqay/ay.
veA ( JrGans + (nas ®)  Equation (7) may be further simplified by using the
Because of the higher energy cost of bond stretchinghacroscopic-elastic theory result [Eqg. (1)] and the fact
versus bond bending, the behavior is found to be closef gt o0 = G )/ .
. .. I YGaAs rvcA)/ 'vCcA-
to the Pauling rather than the VCA limit.
We may now interpret our EXAFS data relative to the r' = rvea — y(rvea — rgaAS), (8)
bond lengths in bulk (unstrained) Galn,As. Using 5
an accurate value of [13], the In-As and Ga-As bond Wherey = 5(1 — ci2/c11). Note thaty depends only

lengths in a bulk alloy with In content 21.5% arg, = ©n the elastic constants;; and ci, and that it is
2.596 A and rgaas = 2.455 A, respectively. The In- approximately equal tq [3].
As bond length in the strained layerj,,, = 2.581 * Because Eq. (8) describes the distortion of éverage

0.004 A, is significantly shorter than this value. In fact, bond length in the layer, a further assumption about the

it is even shorter than the In-As bond length measuredielative distortions is needed before the bond lengths can
by Mikkelson and Boyce [8] in the dilute-alloy limit, be calculated. If we assume that the In-As and Ga-As

rimas = 2.588 A for x — 0; therefore, it must reflect the bond lengths change by the same amount, it follows from
external compressive strain imposed on the layer by th&d. (8) that
substrateAr = —0.015 = 0.004 A. )
Although EXAFS has been used previously to measure "inAs
the bond lengths in strained Galn,As/GaAq001) for Fins = FGaas — Y(PVCA — Foans) -

= rmas — Y(rvca — rgaAs)’

(9)
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These equations rendef,,, = 2.582 A and r{,as =  bond length is contracted 015 + 0.004 A relative to

2.442 A, which is indistinguishable from our experimental the In-As bond length in bulk Ga,In,As of the same

value:ri,as = 2.581 + 0.004 A. composition. This contraction is shown to be consistent
Although this uniform distortion reproduces our experi- with a simple model based on the virtual-crystal approxi-

ment accurately, it lacks a key ingredient proposed in thenation and macroscopic-elastic theory in which the In-As

theoretical study, namely, that pseudomorphic growth of @nd Ga-As bond lengths are uniformly distorted.

larger Ga_,In, As alloy on a smaller GaAs(001) substrate The National Synchrotron Light Source is supported by

may result in a bond-length strain that is accommodatethe U.S. Department of Energy.
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then it follows from Eq. (8) that

/ _ 0
Yinas = TInAs — ')/(rInAs - rGaAs)’

(10)

/ —
YGaas — TGaAs — 'y(rGaAs - rGaAs)'

These equations rendef,,s = 2.543 A and r&uas =
2.453 A. Although this mismatched distortion severely
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