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The effect of built-in strain on III-V epitaxial semiconductors has been investigated by extended diffraction
anomalous fine structure~EDAFS! at the Ga and AsK edges. A general formalism is presented for analyzing
the diffraction-anomalous-fine-structure~DAFS! oscillations, valid for any type of crystallographic structure.
The EDAFS spatial selectivity provides a unique tool for studying systems that are out of the reach of other
x-ray techniques. We study two different systems grown on a GaAs~001! substrate: a strained layer superlattice
of ~GaP!2~InP!3 and three single epilayers of GaAs12xPx (x50.20– 0.23) partially relaxed, with a different
amount of residual strain. The bond distance Ga-P in the SLS is stretched by about 0.04 Å in agreement with
the predictions of the elastic theory. The Ga-As and Ga-P bond lengths in GaAs12xPx remain very close to
their respective bulk values, independent of the residual strain. The GaAs12xPx epilayers have also been

measured by switching the light polarization vector from the@110# to the@11̄0# crystallographic direction. An
effect is observed on the EDAFS at the GaK edge for the most strained sample, suggesting an ordering of the
P atoms in the@001# growth direction. We also point out the interest of the DAFS spectra analysis for obtaining
further information about the average crystallographic structure.@S0163-1829~99!06307-9#
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I. INTRODUCTION

Strained semiconductors have been widely studied du
their extensive application in the technology of electro
and optoelectronic devices.1 High-quality, dislocation-free
materials can be obtained, allowing the fabrication of hig
performance devices of increasing complexity. In this se
the contribution of mismatched heteroepitaxy is twofo
since it allows either a wider range of compositions and
presence of strain itself can induce changes in the electr
properties of the materials,2 providing a further degree o
freedom in the device design. Nevertheless, the greates
fort in characterizing this class of material has been devo
to the study of their optical and electronic propertie
whereas their local atomic structure has not been extensi
studied.

If the thickness of the epilayer is lower than some ‘‘cri
cal’’ thickness, the strain can be accommodated throug
tetragonal deformation of the crystalline lattice. When t
critical layer thickness is exceeded, the generation of m
dislocations becomes energetically favorable, releasing
strain generated at the interface and inducing a lattice re
PRB 590163-1829/99/59~8!/5479~14!/$15.00
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ation. In that case a severe degradation of the material q
ity occurs in terms of device performance. Since the criti
thickness and the strained cell parameters can be estim
according to different models,3–5 a direct measurement of th
local structural parameters of the strained materials can
vide a check of the limits of application of the theory.

Extended absorption fine structure~EXAFS! would be the
most suitable technique for getting information about t
short-range structure of these compounds, and it has ind
been successfully applied both to pseudobinary bulk all
and strained samples.6–10 Here EXAFS cannot be applied i
a straightforward way, i.e., in transmission or fluorescen
mode, because the epitaxial samples are often much too
to be measured in transmission or are grown on a subs
having some of the atomic components in common with
epilayer. Alternative approaches as glancing-angle EXA
or surface EXAFS~SEXAFS! have been used11–13 but they
solve the problem only in part, since the signal collection
restricted to very thin surface layers.

The aim of this work is to study the structural properti
of different strained III-V semiconductors samples using
alternative approach provided by the DAFS spectr
5479 ©1999 The American Physical Society
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copy.14–21 DAFS combines the local structural sensitivity
x-ray absorption fine structure~XAFS! with the long-range
crystallographic sensitivity of x-ray diffraction~XRD! by
measuring Bragg peak intensities as a function of ene
through an absorption edge. The energy-dependent mod
tion of the diffraction intensity contains local structural i
formation that is chemical and valence specific similar to t
of XAFS. The advantage of DAFS for studying epilayers
multilayers is to give selective structural information b
choosing the Bragg peaks~spatial-selective Bragg peak! of
the strained phase and the heterostructure is probed thr
the entire thickness. Interfaces in superlattices have also
studied by using the site selectivity of DAFS.16

The samples we measured represent two different regi
of strain. In one case, the sample is a strained layer supe
tice ~SLS! of ~GaP!2~InP!3 grown on a GaAs~001! substrate.
The subindexes 2 and 3 refer to the number of atomic mo
layers~ML ! constituting the individual GaP and InP layer
Each component has a large mismatch with GaAs~23.6%
for GaP,13.8% for InP! giving rise to a large biaxial defor
mation in the individual layers. The strain alternates fro
tensile for GaP to compressive for InP, so its net value in
SLS is very small, favoring structural stability. The strain
supposedly accommodated by deformation of the lat
since the individual layer thickness is lower than the criti
thickness.

In the second case, the samples are single epilayer
GaAs12xPx , grown also on a GaAs~001! substrate, with a P
concentration of about 20%, and different thicknesses, ra
ing from 600 to 5000 Å. X-ray-diffraction measuremen
show the presence of a ‘‘residual’’ in-plane strain, defined
« i5(ai2a0)/a0 , ai being the in-plane lattice paramete
anda0 the lattice parameter of the bulk alloy. The amount
residual strain decreases with increasing epilayer thickn
and it is related to the strain-induced Raman shift of
GaAs-like and GaP-like vibrations, as reported for the sa
samples.22 The strain-induced Raman shift of the GaAs v
brational mode is greater than that observed for the G
mode. A possible reason could be that the variation of
Ga-As bond length is larger than the Ga-P one as a func
of the residual strain. EDAFS measurements can provid
direct measurement of the Ga-As and Ga-P interatomic
tances to be compared with the Raman results and with
predictions of the elastic theory.

In the first part of this paper, we present a general form
ism for analyzing the EDAFS oscillations which is valid fo
any type of crystallographic structure. In most cases, tr
ment of EDAFS and EXAFS data may be very similar. In t
second part of the paper the DAFS spectra are analyzed
the program DPU~Data Processing Utility!, written by one
of us ~P.W.!, to obtain information about the average cry
tallographic structure and the above-mentioned method is
plied to analyze the EDAFS oscillations. An EXAFS-lik
single shell analysis is performed using experimental mo
phases and amplitudes, to study the nearest neighbor~NN!
environment. A multishell analysis, using theoretical pha
and amplitudes generated by the GNXAS program,23 includ-
ing multiple scattering~MS! paths, is used to study the nex
nearest neighbor~NNN! shell.

We also compare spectra of GaAs12xPx /GaAs epilayers
recorded with@110# and@11̄0# x-ray light polarization direc-
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tions. These directions are not equivalent for the zinc-ble
structure and the shape of the EDAFS spectrum changes
preciably for the most strained and thinnest epilayer.

II. FUNDAMENTALS OF DAFS ANALYSIS

A. DAFS analysis

In that section we present the different methods to reco
local structural information via the analysis of the DAF
spectra obtained experimentally from the energy-depend
variation in the diffraction intensity near an absorption ed
Depending on the crystallographic site selectivity of t
Bragg reflections, two different kinds of situations are e
countered when analyzing the DAFS spectra. The eas
situation is the single-anomalous-site analysis which co
sponds to only one anomalous crystallographic site cont
uting to the diffracted intensity. The XAFS-like structur
information may be obtained without knowing the crystall
graphic structure and for instance an iterative Krame
Kronig method may be used. The other and more tedi
situation is the multiple-anomalous-sites analysis, which c
responds to several anomalous sites contributing to the
fracted intensity, with different weights. In that case a p
cise knowledge of the crystallographic structure is neede
extract the XAFS-like information about each anomalo
sites.

In the forward scattering limit, the atomic scattering fa
tor of an atomA on sitej may be split above the edge into
smooth part and an oscillatory part:14,18

f A j~Q,E!5 f 0A~Q!1 f 0A8 ~E!1 i f 0A9 ~E!

1D f 0A9 ~E!@xA j8 ~E!1 ixA j9 ~E!#, ~1!

where f 0A is the Thomson scattering,f 0A8 and f 0A9 are the
‘‘bare’’ atom anomalous corrections tof 0A , andD f 0A9 is the
contribution of the bare resonant electronic transition alo
Q is the scattering vector,E is the energy of the inciden
beam, andxA j8 (E)1 ixA j9 (E) is the complex fine structure
which is the correction to the scattering factor due to
local atomic environment of the anomalous atom;xA j9 is for-
mally identical to the EXAFSx oscillations ~optical theo-
rem!. For a general noncentrosymmetric structure whereNA
is the number of anomalous atoms, the structure factor m
be written

F~Q,E!5FT~Q,E!eiwT~Q!

1(
j 51

NA

uaA j~Q!ueiwA j~Q!@ f A j8 ~E!1 i f A j9 ~E!#,

~2!

where f A j8 5 f 0A8 1D f 0A9 xA j8 , f A j9 5 f 0A9 1D f 0A9 xA j9 , FT(Q,E)
is a complex structure factor of phasewT that includes the
net contribution of all nonanomalous atoms and the Tho
son scattering of all anomalous atoms~see Fig. 1!, aA j(Q)
5cA je

2MA jQ
2
eiwA j„Q…, wA j5Q•r j , uaA j(Q)u5(aA jaA j* )1/2,

cA j is the occupation factor of atomA on site j, and exp
(2MAjQ

2) the crystallographic Debye-Waller factor, herea
ter called the DW factor.
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The measured intensity is proportional to the modu
squared of the structure factor (uFu2) times several correction
terms:

I ~Q,E!5S•D~E!•A~Q,E!•L~Q,E!•P~Q!•uF~Q,E!u2,
~3!

whereS is a scale factor;D takes into account the detecto
efficiency;A is the correction for the bulk absorbance of t
sample together with the geometrical effects;L andP are the
Lorentz and polarization corrections. We will call hereaf
F0(Q,E) the complex smooth structure factor andw0(Q,E)
its phase, calculated without taking into account the comp
fine structure and assuming that the bare atom anoma
corrections (f 0A8 , f 0A9 ) are identical for all anomalous atom
~Fig. 1!. Then it can be easily shown from Eq.~2! that

uF0~Q,E!u25uFTu2$@cos~wT2wA!1b f 0A8 #2

1@sin~wT2wA!1b f 0A9 #2%, ~4!

whereb5uaAu/uFTu and uaAueiwA5( j 51
NA aA je

iwA j.
Expression~4! shows that the energy-dependent var

tions of the diffracted intensity near an absorption edge g
access to the phase differenceDF5wT2wA and the ratiob.
Therefore they give important and precise information on
crystallographic structure. The shape of the DAFS spect
is entirely determined by these two values. For instance
diffracted intensity goes down before the edge as long
cos~DF! is positive and is larger than the negative functi
b f 0A8 ~see Fig. 1!.

When a single anomalous site contributes to a reflect
the square of the modulus of the structure factorF(Q,E)
may be expressed by substituting in Eq.~4! f A85 f 0A8
1D f 0A9 xA8 and f A95 f 0A9 1D f 0A9 xA9 for f 0A8 and f 0A9 , respec-
tively. An iterative Kramers-Kronig procedure may be us
to extractxA8 andxA9 , starting withf 0A8 and f 0A9 ~convoluted
with a Lorentzian function to approximate the experimen
resolution and the core-hole lifetime!. Then thexA9 oscilla-
tions are analyzed with a standard EXAFS data anal
package. The EXAFS-like structural information is obtain
without the need of the crystallographic structure, and
second-order termsxA8

2 andxA9
2 are not neglected. That pro

cedure consists of solving Eq.~4! at each energy forxA8 ~or
xA9 ), then using the Kramers-Kronig transform to obtainxA9
~or xA8 ) and repeating the iteration until convergence

FIG. 1. Schematic drawing of the ‘‘smooth’’ structure factorF0

decomposition used in the present paper. The subscriptT refers to
the contribution of all non anomalous atoms plus the Thomson s
tering contribution of all anomalous atoms.
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reached. It should be pointed out that the iteration must
applied onxA8 and xA9 and not onf A8 and f A9 , except ifw0

2wA'wT2wA .
For a noncentrosymmetric structure with several anom

lous sites, an expression as simple as Eq.~4! cannot be found
because of the crossing termsf A j8 f Ak9 ( j Þk): the iterative
Kramers-Kronig procedure cannot be applied.

B. First-order EDAFS analysis

Alternatively a general formalism to analyze the EDAF
oscillations in a way very similar to an EXAFS analysis m
be used. From Eqs.~1! and ~2!, the structure factorF(Q,E)
is divided into smooth and oscillatory parts:

F~Q,E!5F0eiw01D f 0A9 ~E!(
j

uaA jueiwA j@xA j8 1 ixA j9 #.

~5!

Then

uF~Q,E!u25uF0u212uF0uuaAuD f 0A9

3(
j 51

NA

wA j@cos~w02wA j!xA j8

1sin~w02wA j!xA j9 #

1D f 0A9
2uaAu2(

j 51

NA

wA j
2 ~xA j821xA j92!

1D f 0A9
2uaAu2 (

j 51,k. j

NA

2wA jwAk cos~wA j2wAk!

3~xA j8 xAk8 1xA j9 xAk9 !

1D f 0A9
2uaAu2 (

j 51,k. j

NA

2wA jwAk sin~wA j2wAk!

3~xA j8 xAk9 2xA j9 xAk8 ! ~6!

wherewA j5uaA ju/uaAu.
The second-order terms may often be neglected for a

riety of reasons: ~a! the first-order EDAFS oscillations ar
multiplied by the modulus of the structure factorF0 ,
whereas the second-order terms are not,~b! the amplitude of
xA j8 (xA j9 ) decreases as 1/k whereas the second-order terms

(1/k)2, ~c! also the amplitude ofxA j8 (xA j9 ), usually of ap-
proximately 0.1, is ten times larger than the second-or
terms. Neglecting the second-order terms, the first-or
EDAFS oscillationsxQ(k) for a given scattering vectorQ
can be extracted directly out of the experimental spectr
and normalized according to the following formula:

xQ~k!5(
j 51

NA

wA j@cos~w02wA j!xA j8 1sin~w02wA j!xA j9 #

5
uF0u

2uaAuD f 0A9
S I expt2I 0 expt

I 0 expt
D ~7!

where k5\21@2m(E2E0)#1/2 is the photoelectron wave
number,I expt is the experimental intensity corrected for th

t-
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fluorescence background and the absorption of the incid
and diffracted x-ray beams,I 0 expt is the smooth backgroun
of the experimental EDAFS oscillations. Note that the co
trast of the EDAFS oscillations, i.e., the relative amplitude
the fine structure to the Bragg peak intensity, is proportio
to the ratiouaAu/uF0u.
The DAFS normalization factorSD5uF0u/(2uaAuD f 0A9 ), the
phase differencew02wA j , and the weightswA j are calcu-
lated from the crystallographic structure. Another way to o
tain the normalization factor is by fitting the DAFS spectru
with Eq. ~4!, so that

SD5$@cos~DF!1b f 0A8 #2

1@sin~DF!1b f 0A9 #2%1/2/@2bD f 0A9 #. ~8!

One procedure for extracting the site-selective structu
information viaxA j8 andxA j9 is to solve a linear system of th
form of Eq. ~7! at each energy by using the Kramers-Kron
transforms as an additional constraint to relatexA j8 and
xA j9 .16 This procedure is basically the same as refining
individual f A j8 and f A j9 at each energy,20 except that the
second-order terms are neglected. Generally the numbe
DAFS spectra is not much larger than the number of
knowns variables. Therefore, it is necessary to process
flections for which the contributions to the diffracted inte
sities of each anomalous site (wA j) are rather different,
otherwise the linear system is not well conditioned. In ad
tion, the coefficientswA j and the phasesw02wA j must be
well known. Note that for a centrosymmetric structure t
contribution of an atomAj is exactly equal to zero whe
wA j5p/2. This never happens for a noncentrosymme
structure.

Refining the individualf A j8 (xA j8 ) and/or f A j9 (xA j9 ) is the
same as considering each value ofxA j8 (xA j9 ) to be indepen-
dent as a function of the energy. That is obviously not tr
in the EDAFS region the complex fine structure due to
atom A on site j may be written as an expansion over t
scattering paths of the photoelectron around the absor
atom:14

xA j8 1 ixA j9 52(
G

AmpA j
G ~k!exp$2 i @2kRA j

G 1dA j
G ~k!#%

~9!

where xA j9 is equivalent to the EXAFS signal andxA j8 is
related toxA j9 via the Kramers-Kronig transform,k is the the
photoelectron wave number,G a photoelectron scatterin
path, AmpA j

G (k) is the net amplitude of the photoelectro
scattering process,dA j

G (k) is the net photoelectron scatterin
phase shift andRA j

G the effective path length. The real pa
xA j8 of the complex fine structure is a sum of cosine fun
tions, and the imaginary partxA j9 is a sum of sine functions
From Eqs.~7! and ~9!, the EDAFS oscillationsxQ(k) can
therefore be written with an expression very similar to t
EXAFS one:

xQ~k!5(
j

(
G

wA j~Q!AmpA j
G sin@2kRA j

G 1dA j
G ~k!

1w0~Q,k!2wA j~Q!2p/2#. ~10!
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Equation~10! shows that the EDAFS data can be treated
EXAFS data, provided that the crystallographic weightswA j
and the phasesw02wA j to be added to the photoelectro
phase shift can be calculated. The advantages of this ana
are ~a! to introduce a parametrization of the DAFS oscill
tions and thereby to reduce the number of unknowns,~b! to
allow a clean extraction of the EDAFS oscillations out of t
experimental DAFS spectra, as required for the subseq
analysis of the nearest-neighbor shells,~c! to avoid the use of
the Kramers-Kronig iterative method.

With a single anomalous site, the phase differencew0
2wA in Eq. ~10! can be obtained directly from the fit of th
smooth part of the DAFS spectrum:

cos~w02wA!5@cos~DF!1b f 0A8 #/$@cos~DF!1b f 0A8 #2

1@sin~DF!1b f 0A9 #2%1/2 ~11!

and

sin~w02wA!5@sin~DF!1b f 0A9 #/$@cos~DF!1b f 0A8 #2

1@sin~DF!1b f 0A9 #2%1/2. ~12!

Once again the crystallographic structure is not necessar
this situation the direct method using Eq.~7! is an easy way
to analyze the DAFS spectrum and recover the XAFS-l
information about the anomalous atom.

C. Centrosymmetric structure

For a centrosymmetric structure with several anomal
sites, the structure factor may also be written in a form sim
lar to Eq.~4!:19

uF~Q,E!u25uFTu2$@cos~wT!1b f A8 #21@sin~wT!1b f A9 #2%,

~13!

where

f A85 f 0A8 1D f 0A9 (
j 51

NA

mA jwA j cos~wA j!xA j8 5 f 0A8 1D f 0A9 xA8 ,

f A95 f 0A9 1D f 0A9 (
j 51

NA

mA jwA j cos~wA j!xA j9 5 f 0A9 1D f 0A9 xA9 ,

b5aA /uFTu, wA j5uaA ju/aA

and

aA5(
j 51

NA

mA juaA jucos~wA j!.

The summation runs over all atoms in the cell that are
related through the center of symmetry. Here,mA j is a mul-
tiplicity factor equal to 1 if the corresponding atom is at t
origin of the cell, elsemA j52. An iterative Kramers-Kronig
procedure may be used to extractxA8 andxA9 .19 With several
anomalous sites the structure must be known to determ
the weightswA j cos(wAj) of the different sites and to recove
the site-dependentxA j8 andxA j9 .

The first-order DAFS oscillationsxQ(k) in Eq. ~7! may
be written
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TABLE I. Best-fit values of the parametersDF and b obtained for the reflections 006 of the thre
GaAs12xPx layers at the Ga and AsK edges. The direct method means thatDF andb were directly recovered
by fitting Eq. ~4! to the DAFS spectra. These parameters are compared to those calculated with the
lographic structure.

Ga K edge AsK edge
Sample 3 1 2 1

Thicknesst ~Å! 5000 4000 600 4000
Strain« 0.4% 0.6% 0.7% 0.6%
DF 229.9~2! 28.7~7! 31.6~2! 287.1~7!

b 0.68~4! 0.55~2! 0.58~2! 0.198~1!

~direct method!
DF 227.4→219 25→22.7 32→24.1 279.3→286
b 0.75→0.59 0.58→0.45 0.6→0.45 0.2→0.22
~structure-based!
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xQ~k!5(
j 51

NA

mA jwA j cos~wA j!@cos~w0!xA j8 1sin~w0!xA j9 # .

~14!

Equation~10! then becomes

xQ~k!5(
j

(
G

mA jwA j cos~wA j!AmpA j
G

3sin@2kRA j
G 1dA j

G ~k!1w0~Q,k!2p/2# . ~15!

III. EXPERIMENT

The samples have been grown on semi-insulat
GaAs~001!-oriented substrates by atomic layer molecu
beam epitaxy~ALMBE !. The growth details are reporte
elsewhere.24 The XRD spectra of the 004 and 115 Brag
reflections, taken to measure the lattice parameters per
dicular and parallel to the surface, show that the epila
Bragg peaks are well visible and well separated from
substrate peaks.

For the GaAs12xPx epilayers, the thicknesses range fro
600 to 5000 Å and the amount of residual strain from 0.7
0.4%, as listed in Table I. The nominal P content was 2
for samples 1 and 2 and 20% for 3. The overall thickness
the ~GaP!2~InP!3 SLS was 2500 Å.

The DAFS experiments were carried out at the Fren
CRG ~Collaborative Research Group! beamline D2AM~Dif-
fraction Diffusion Multi-longueurs d’onde! at the ESRF
~European Synchrotron Radiation Facility!. The D2AM
beamline25 has been dedicated to anomalous scattering
periments and is well suited for performing DAFS expe
ments. Silicon~111! single crystals were used for the bea
monochromatisation. We performed the experiments at
Ga and AsK edges, 10.367 and 11.867 keV, respective
with an energy resolution better than 1 eV. We used 500
thick silicon photodiodes in photovoltaic mode for monito
ing the incident beam and measuring the diffracted intens
The fluorescence signal was recorded with a NaI scintilla
or a photodiode. The spectra were recorded in a top-DA
scan mode, i.e., always measuring the maximum intensit
the Bragg reflection as a function of energy. They were c
lected with the x-ray polarization vector normal to the sc
tering plane~s-scattering geometry!. The stability of both
g
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the beamline and the diffractometer with respect to width
the Bragg peaks~the full widths at half-maximum were ap
proximately 0.05°! as well the mosaicity of the sample we
sufficient to achieve a satisfactory signal-to-noise ratio w
a reasonable integration time: a DAFS scan of one Br
peak was about 2 h long.

IV. DAFS ANALYSIS

A. GaAs12xPx epilayers

The noncentrosymmetric GaAs12xPx structure is face-
centered cubic with one atom~Ga! at the origin and the oth-
ers~As and P! at 1

4,
1
4,

1
4. From the structure factor for the 00

reflection $F} f Ga2x fAs2(12x) f P1 i @ f Ga9 2x fAs9 2(1
2x) f P9#%, one expects a large anomalous effect because
Thomson scattering contributions of Ga and As almost c
cel out. The DAFS spectra at the GaK edge measured with
the 006 reflection of two GaAs12xPx samples~2 and 3! are
shown in Fig. 2. The raw DAFS data at the Ga and AsK
edges, obtained from the 006 Bragg reflection of sample
are reported in Fig. 3. The signal-to-noise ratio is better th
0.5%. Note that the diffracted intensity, both at the Ga a
As K edges, may be more than one order of magnitude la
than that measured 200 eV below the edge. Due to this v

FIG. 2. DAFS spectra of the GaAs12xPx layers 3 and 2 taken
with reflection 006 at the GaK edge. The spectra were normalize
to have the same relative intensity as the two spectra obtained
Eq. ~4! and the values ofDF andb determined for each sample.
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large anomalous effect, it turns out that the absorption c
rection is very small for all the samples, even for the thick
one. For instance, the relative absorption correction jum
the Ga K edge varies from 1.235 for the 5000-Å-thi
sample to 1.03 for the 600-Å-thick. These are very sm
corrections compared to the relative anomalous variatio
the edge of 15~i.e., for the 006 reflection the effective ab
sorption length is 2t/sin(u)'1.7mm). As already stated, fo
a single anomalous site system, the knowledge of the par
etersDF5wT2wA and b is sufficient for calculating the
EDAFS normalization factor and the phase correction. Th
can be obtained by fitting Eq.~4! to the DAFS spectra. We
also performed a crystallographic refinement of the spec
The advantages of the structure-based refinement are~a! to
take into account the exact crystallographic structure for
culating the absorption correction,~b! to allow the corefine-
ment of the DAFS spectra at different edges,~c! to evaluate
the EDAFS second-order terms contribution to the struct
factor with respect to the first-order terms one. We find t
for the 006 reflection the second-order term is at most 1%
the first-order term. It is worth noting that the 006 reflecti
is a weak one and it is nota priori a favorable case fo
neglecting the second-order term. Thus the approximatio
valid.

At a given edge, the assumption thatDF andb are con-
stant is not strictly true because the anomalous contribu
to FT changes smoothly as a function of the energy. Ty
cally, at the GaK edge,DF and b vary at most by 8° and
25%, respectively, over an energy range of 600 eV after
edge. These variations at the GaK edge result from the fac
that Ga and As atoms are close to each other in the peri
table, theirK edges being only 1.5 keV apart. There a
basically two reasons for the overall shapes of the 006 DA
spectra at the Ga and AsK edges,~a! the crystallographic
phases of the Ga and As sites are, respectively, 0 and 1
~b! the difference between their atomic numbersZ is only 2,
leading to a largeb value. With the help of Fig. 1 and Eq
~4!, one can easily understand the shapes. At the GaK edge,
DF'215°, wA5Ga50 andwT'215°. uFTu is small com-
pared touaGau f Ga8 giving a b value of about 0.5–0.7. There

FIG. 3. DAFS spectra of a GaAs12xPx layer ~sample 1! taken
with reflection 006 at the Ga and AsK edges. Open circles, raw
data; solid line, best fit of the structure-based corefinement at
two edges. In inset is the Im(F0) vs Re(F0) showing the modulus
and phase dependence of the structure factor~without the DAFS
oscillations!.
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0°,

fore the large contribution ofuaGau f Ga8 lead to a negative and
decreasing real part of the structure factor, hence the
fracted intensity increase before the edge. After the ed
uaGau f Ga8 starts to increase again, and the diffracted intens
decreases. At the AsK edgeDF'280°, wA5As5180°, and
wT'100°. The large contribution ofuaAsu f As8 leads to a posi-
tive and increasing real part of the structure factor so that
diffracted intensity increases before the edge. After the e
uaAsu f As8 starts to increase again, and the diffracted intens
decreases. In the inset of Fig. 3, the variations of the mo
lus and phase of the structure factorF0 are represented as
function of the energy at the Ga and AsK edges.

The refined values of the parametersDF andb at the Ga
and As K edges of the 006 DAFS spectra for the thr
strained epilayers are reported in Table I. The results
tained by the direct method using Eq.~4! and by the crystal-
lographic refinement method are compared. In both ca
the diffracted intensity was multiplied by the structure-bas
absorption correction calculated with the bare atom ano
lous termsf 0Ga9 and f 0As9 . The sample thickness could not b
refined due to the low effect of absorption on the spec
The detector efficiency was assumed to be linear versus
energy and this was taken into account by multiplying t
calculated intensity by a straight line that could tilt around
point of coordinates (Eedge,1), its slope was refined. It shoul
be noted that, to avoid a correlation between the slope
the parametersDF, the spectrum should extend far beyon
the edge where the anomalous effect gets small. Also,
overall detector efficiency can be measured with a reflec
that is not sensitive to the anomalous atoms.

What pertinent information about the crystallograph
structure can we recover from the 006 DAFS spectra of
GaAs12xPx samples measured at both Ga and AsK edges?
According to Eq.~4! the two spectra give four parameter
i.e., (wT)Ga2wGa, bGa, (wT)As2wAs , bAs . Knowledge of
these parameters is not enough to determine the cryst
graphic structure; however, they give a strong constraint
the real structure. The refinement based on the known st
ture of GaAs12xPx clearly showed that the spectra were ve
sensitive to the crystallographic Debye-Waller factor~DW!
of the anomalous atoms, but the P concentration was co
lated to the P, As, and Ga DW factors. It was impossible
refine these parameters together without any other assu
tions. The best fit~with all correlation below 0.70! was ob-
tained by constraining the DW’s of the Ga and As to
equal. The refinement showed high correlation if only o
edge was used and the best solution did not fit at the o
edge. The best structure-based corefinement of the
DAFS spectra at the Ga and AsK edges of sample 1 is
shown in Fig. 3. The root mean square displacements of b
Ga and As atoms were found to be equal to 0.4 Å, and th
concentration equal to 0.33.

The 006 DAFS spectra at the GaK edge of the thinnes
and thickest GaAs12xPx layers~2 and 3! are reported in Fig.
2. The spectra were normalized to the same relative inten
as the two spectra obtained with Eq.~4!. The values ofDF
and b are reported in Table I. The figure shows that t
DAFS intensity of the thinnest sample~2! levels off after the
edge at a higher value than the intensity of the other one~3!.
The difference is appreciable and cannot be explained by
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lower absorption. It corresponds to a large increase of
phase differenceDF of about 60° and a decrease ofb of
about 0.1~see Table I!. Indeed, it is a signature of two
slightly different crystallographic structures. From the refin
ment, it was clear that a slight displacement of the Ga ato
off the nominalz positions byDz50.0017, i.e., less than
0.01 Å, is sufficient to explain the large increase of the ph
differenceDF ~z is the reduced atomic coordinate along t
c axis of the cell, i.e., the growth direction,z is about 0 or
0.5!. Such a difference could also be explained by a displa
ment of the As atoms towards the Ga of the same orde
magnitude. The reason why the 006 is so sensitive res
from the fact that the contribution of all atoms toFT almost
cancel each other. Therefore a tiny change in the crysta
graphic structure~or in the scattering power at the edg!
gives rise to a large modification of the structure factor,
ther in modulus and/or phase. In the present case, a s
displacement of the Ga atoms towards the As leads to a l
FT variation (FA'0 anduFTu is almost constant!. The small
variation observed is comparable with the variation predic
by the elastic theory, as shown in Sec. V. This result sho
the very high sensitivity of the 006 DAFS spectra to ti
details of the structure.

B. InP/GaP SLS

Regarding the SLS, the corefinement of the 0010 a
0015 DAFS spectra was based on a simple structural mo
The noncentrosymmetric cell along the growth direction w
built up by 10 atomic planes stacked according to
sequence: P-Ga-P-Ga-P-In-P-In-P-In. For the 0010 refl
tion, successive atomic planes contribute in phase whe
for the 0015, the phase difference is equal to 180°. There
actually two Ga sites which contribute with an equal weig
(wA j50.5) to both the 0010 and 0015 reflections. Consid
ing the simple structural model described above, which is
agreement with the DAFS measurements, the two Ga s
must have an identical near-neighbor environment. The
fore, we have made the assumption that the fine struc
was identical for both sites.

The best fit of the two reflections~Fig. 4! is achieved with
this simple structural model by increasing the root-me
square displacement of the In atoms up to 0.09 Å. Refin
other parameters such as the Ga Debye-Waller factor, a s

FIG. 4. SLS sample: DAFS spectra of reflections 0010 a
0015~open circles! and the best fits of the structure-based corefi
ment ~solid line!.
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atomic displacement, or an atomic mixing, did not lead to
better fit. Table II shows the values ofDF and b obtained
with the direct method using Eq.~4! and the structure-base
method. These two parameters are very stable as a func
of the energy. The result shows once again the high sens
ity of the DAFS spectra to the crystallographic Deby
Waller factors.

V. EDAFS ANALYSIS: RESULTS AND DISCUSSION

A. Data reduction

The EDAFS spectra at the Ga and As K edges of one
the GaAs12xPx epilayers ~sample 1! and of the SLS are
shown in Fig. 5 together with GaAs and GaP transmiss
EXAFS spectra. The EDAFS amplitudes have been norm
ized according to expression~7! after a standard spline back
ground removal. The SLS EDAFS spectrum in Fig. 5 is qu
similar, as expected, to the bulk model, although less str
tured. The GaAs12xPx alloy spectrum is similar in shape an
frequency to the GaAs model but it reveals the presence
as backscatterer in the low-k region.

As stated above, the parametersDF and b refined from
the 006 DAFS spectra at the Ga K edge were not const
Therefore, the EDAFS normalization factors (SD) and the
crystallographic phase shifts (w02wA) entering into the
EDAFS expression@Eq. ~7!#, were calculated using the crys
tallographic structure. Figure 6 shows the EDAFS pha
shiftsw02wGa2p/2 with respect to an EXAFS signal, at th
Ga and As K edges for the 006 reflection of sample 1, a
function of the wave vectork of the photoelectron. At the Ga
K edge the phase shift ranges from 50° to 0° in the wholk
range, showing that the oscillations on the DAFS spectr
are sensitive to bothxGa8 and xGa9 at low k value but very
sensitive toxGa9 at k around 10 Å21. At the As K edge the
phase shift is about 90° in the wholek range, the oscillations
on the DAFS spectrum looks like2xAs8 .

The comparison among the GaAs12xPx samples with dif-
ferent amount of residual strain is shown in Fig. 7 at the
K edge. The spectra are quite similar to each other, show
slight differences in the low-k region of the spectrum, more
sensitive to the presence of P. All the spectra shown in F
5 and 7 have been recorded with the x-ray beam polariza
vector directed along the@110# crystallographic direction.

d
-

TABLE II. Best-fit values of the parametersDF andb obtained
for the SLS~GaP!2~InP!3 sample at the Ga for the 0010 and 001
reflections. The direct method means thatDF andb were recovered
by fitting Eq. ~4! to the DAFS spectra. These parameters are co
pared to those calculated with the crystallographic structure.

SLS ~GaP!2~InP!3

Reflection

Ga K edge

0010 0015

DF 2.5~7! 6.5~4!

b 0.0135~4! 0.0299~4!

~direct method!
DF 3.8→3.5 7.1→6.4
b 0.012→0.012 0.0305→0.0306
~structure-based!
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We performed DAFS measurements on two of t
GaAs12xPx samples~1 and 2! also rotating the samples o
90° around the normal to surface~@001# direction! to align
the polarization vector along the@11̄0# direction, that is not
equivalent to@110# for the noncentrosymmetric zinc-blend

FIG. 6. GaAs12xPx /GaAs sample: Phase shifts~with regards to
an EXAFS signal! of the 006 EDAFS oscillations at the Ga and A
K edges.

FIG. 5. Upper panel: EDAFS spectra at the GaK edge of
sample 1~a! compared with the EXAFS, recorded in transmissi
mode, of bulk GaAs;~b! second panel, as above but at the AsK
edge; lower panel, SLS EDAFS spectrum at the GaK edge ~a!
compared with transmission EXAFS of bulk GaP~b!.
structure. The EDAFS spectra recorded in the two polari
tion orientations are compared in Fig. 8 for samples 1~upper
panel! and 2~lower panel!. In the first case only very sligh
changes are observed, in agreement with a random distr
tion of the P atoms in the lattice, while for sample 2 which
the most strained and thinnest one, we can easily note
appreciable difference in the low-k region of the spectrum
Looking at the overall shape of the spectra, the EDAFS m
sured with the beam polarization along the@11̄0# direction is
much similar to GaAs, as if the P were less visible in t
local Ga environment.

FIG. 7. GaK-edge spectra of samples 3, 1, and 2, from uppe
lower curve, respectively, recorded with the x-ray polarization v
tor directed along the same crystallographic direction~@110#!.

FIG. 8. GaK-edge spectra of samples 1~upper panel! and 2
~lower panel!, recorded with the X-ray polarization vector directe

along the@110# crystallographic direction and along the@11̄0# crys-
tallographic direction.
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TABLE III. First shell best-fit values obtained for coordination numbers~N!, interatomic distances~R!
and the mean-square disorder in the bond-length factors~difference with the model! D(Ds2), for the two
samples studied. The errors onN andDs2 areDN/N530%, D(Ds2)50.002 Å2.

Sample Abs. edge Pair N R ~Å! D(D)s2 (Å 2)

SLS GaK Ga-P 4.0 2.4060.01 20.003
1 GaK Ga-As 2.2 2.4360.01 20.003
1 GaK Ga-P 0.8 2.3760.02 0.001
1 As K As-Ga 3.6 2.4460.01 0.002
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B. SLS samples

A best-fit procedure, using experimental phases and
plitudes of bulk GaP, was performed on the filtered first sh
contribution of the SLS EDAFS spectrum. The model pha
were corrected according to expressions~10!. The fit results
are reported in Table III and shown in Fig. 9~a! at the Ga K
edge. The errors on the fit parameters have been evalu
calculating the standard deviation corresponding to a norm
ized x2 value of about 2~i.e., Nind /n, where Nind is the
number of independent points andn is the difference be-
tweenNind and the number of fit parameters!. The x2 was
calculated introducing on the filtered experimental curve
experimental error of approximately 4% i.e., of the sa
magnitude as the relative experimental error, which is in t
case equal to 3.6%. That error was calculated by avera
the absolute value of the difference between the experime
x values and the smooth signal obtained by Fourier filter
the data in the range 0–5 Å. The average estimatedsexp was
then divided by the average absolute value ofx.

The Ga-P bond length for the SLS sample, obtained fr
the first shell analysis, isr Ga-P52.4060.01 Å. We measure a
differenceDr 50.04 Å with respect to the bulk value of 2.3
Å. The built-in strain due to the lattice mismatch betwe
GaP and GaAs is 3.6%, and the sample is still pseudom

FIG. 9. Best-fit curve~solid line!, obtained using experimenta
model phases and amplitudes, and filtered first shell contribu
~circles! at the GaK edge for the SLS sample~a! and sample 1~b!,
and at the AsK edge for sample 1~c!.
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phic. We can estimate, according to the elastic theory,
perpendicular lattice parameter

a'5aGa-P12~C12/C11!~aGa-P2aGa-As!55.271 Å

with aGaP55.541 Å andai5aGa-As55.654 Å,
In this case we have only one kind of atomic pair and

can calculate the strained Ga-P bond length fromr s

51/4(2ai
21a'

2 )1/252.394 Å, which we can compare wit
the bulk alloy value for the In12xGaxP (x50.4) r 0
52.383 Å. The EDAFS Ga-P bond length is in fair agre
ment with the strained bond length of 2.39 Å predicted
the elastic theory, showing that even for such a thin laye~2
ML ! the theory still holds, as observed for other bina
highly strained systems.13 The Ds2 value is close, as ex
pected, to that of the bulk compounds~Table III!. No NNN
shells analysis was performed on the SLS spectrum since
contribution of coordination shells beyond the first one w
negligible. This is due not only to a signal-to-noise ratio th
is not very high, but also to the presence of In as NNN ato
~in the InP adjacent layers!, which interfere destructively
with the NNN Ga atoms contribution.

C. GaAs12xPx samples

In order to extract quantitative information from th
EDAFS spectra we performed either a single first sh
analysis, isolating the nearest neighbor~NN! contribution by
a standard Fourier filtering procedure and fitting the filter
experimental data with the experimental phases and am
tudes of bulk GaAs and GaP, and a multishell analysis on
raw data using theoretical phase shifts and amplitudes ca
lated ab initio with the GNXAS software package.23 The
theoretical atomic phase shifts and amplitudes are calcul
in the muffin-tin approximation based on atom se
consistent relativistic calculations, taking into account inel
tic losses through a complex Hedin-Lundqvist potenti
They have been checked by fitting the spectra of bulk Ga
and GaP.

The results of the two procedures for the first shell d
tances of Ga-As and Ga-P are consistent within an erro
0.01 Å. It is within the accuracy of the state-of-the-artab
initio simulation programs on the determination of the ab
lute values of interatomic distances, which is known to be
approximately 0.02 Å.

The use of experimental phases and amplitudes, allow
direct comparison of the nearest-neighbor distances of
alloy with those of the bulk starting binary compound
GaAs and GaP. The use of GNXAS program provides
stead the advantage of fitting directly the raw experimen

n
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data, increasing the number of independent points, i.e.
lowing a larger number of free parameters in the fit, and a
of including MS contributions in the spectra simulatio
which are important, as observed for InAs12xPx ~Ref. 10! for
a correct determination of the NNN distances. The MS p
that can actually contribute to the signal is the three-bo
path Ga1-As-Ga2-Ga1, where the short paths Ga1-As
As-Ga2 correspond to the two-body NN scattering path G
As, and the long one Ga1-Ga2, coincides with the two-bo
NNN scattering path. The angle Ga1-As-Ga2 is the tetra
dral zinc-blende bond angle~see Fig. 10!.

The model phases, either theoretical or experimen
were corrected according to expression~10!.

As an example of the first shell analysis, the comparis
of the best-fit curve with the filtered first shell signal
shown in Figs. 9~b! and 9~c! for sample 1, at the Ga and A
K edges. The first shell best-fit results are reported in Ta
III. The average relative experimental error, calculated
reported in the previous section, is between 2.3 and 1.4
The fit errors have been evaluated according to the stan
and criteria on EXAFS data analysis26 doubling the normal-
ized fit residual at minimum. The values of the Ga-As a
Ga-P bond distances are the same, within the errors, for
three GaAs12xPx samples. The value obtained for the As-G
pair, at the AsK edge, for sample 1 is consistent within th
error, with the value obtained at the GaK edge. These value
are very close to the bulk values~2.448 and 2.361 Å, respec
tively!, as expected according to the well-known bimod
bond length distribution of pseudobinary semiconduc
compounds. They have been measured by EXAFS
GaAs12xPx bulk alloys27,28 as a function of P concentration
and the same values were found within the experimenta
rors. We should note that the error on the Ga-P distanc
necessarily larger than the error on the Ga-As bond lengt
a result of the poor sensitivity of the fit to this paramet
This is due to the small backscattering amplitude of P fok
values beyond 5–6 Å21, which makes the EDAFS frequenc
depending mainly on the Ga-As pair, and to the relativ
low P concentration.

According to the milestone studies of Mikkelsen a
Boyce on the local structure of pseudobinary semicondu
alloys,6,27 the Ga-P and Ga-As can be evaluated as a func
of their average valuer 0 given by the virtual crystal approxi
mation ~VCA!,

r a
Ga-As5nb

Ga-As1D~r 02r b
Ga-As!,

r a
Ga-P5r b

Ga-P1D~r 02r b
Ga-P!,

where r a is the bond length in the alloy andr b that of the

FIG. 10. Elemental tetrahedral unit indicating the MS path
cluded in the GNXAS simulation of the data.
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binary bulk compound, andr 0 is the VCA average bond
length which depends on the P concentration~x! of the alloy,

r 0
Ga-As5r 0

Ga-P5~12x!r b
Ga-As1xrb

Ga-P.

The factorD50.25 has been deduced for GaAs12xPx in
Ref. 27 and reflects the deviation of the NN bond leng
bimodal distribution from VCA. The expected alloy value
for x50.22 would be in r a

Ga-As52.443 Å and r a
Ga-P

52.377 Å, consistent to the measured values ofr a
Ga-As

52.4460.01 Å andr a
Ga-P52.3760.02 Å.

In our case we do not deal exactly with a bulk alloy b
cause the sample actually have been grown epitaxially on
mismatched substrate with a larger lattice parameter, giv
at most a tensile strain of 0.8%. Due to the large thicknes
the samples, the built-in strain has partially released, bre
ing the epilayer and generating dislocations. However,
XRD measurements still detect a residual amount of str
acting on the lattice and one of the aims of this work was
study its effect on the interatomic distances.

The effect of the residual strain can be estimated with
help of the elastic theory3 that relates the macroscopic elas
constants of the material with the microscopic lattice para
eters. If the epilayer is still pseudomorphic, i.e., it has gro
with the same in-plane lattice constant (ai) as the substrate
it will undergo a biaxial expansion in the growth plane a
an uniaxial compression along the growth direction@001#, it
will loose the cubic symmetry showing a tetragonal dist
tion. The lattice perpendicular parametera' can be calcu-
lated, according to the elastic theory, from the average V
lattice parametera0 and the elastic constants of GaAs12xPx ,
obtained from a weighted average of those of GaAs and G
For x50.22 we obtain

a'5a012~C12/C11!~a02ai!55.566 Å

with a05(12x)ab
Ga-As1xab

Ga-P55.608 Å and ai5aGa-As

55.654 Å, aGa-P55.451 Å. The perpendicular and parall
strain components are defined as

« i5~ai2a0!/a0 and «'5~a'2a0!/a0 ,

respectively, and are related by theCi j coefficients

«'522~C12/C11!« i

for pseudomorphic GaAs12xPx with x50.22,« i50.008, and
«'520.007. Sample 2, which has an amount of in-pla
strain of 0.7%, is almost pseudomorphic.

In this frame we can estimate an average strained b
length assuming that the lattice is uniformly distorted,29

r s51/4~2ai
21a'

2 !1/25r 0@111/3~2« i1«'!#5r 01Dr ,

wherer 05()/4)a0 andDr is the average distortion of th
bond length due to the strain.

In this case it would beDr 50.007 Å, which added to the
alloy bond lengths would give an average strained dista
of

r s
Ga-As5r a

Ga-As1Dr 52.450 Å,

r s
Ga-P5r a

Ga-P1Dr 52.384 Å.

Theoretical studies on InxGa12xAs ~Ref. 30! suggest that
actually the bond-length distortion should not be the sa
for the two different pairs In-As and Ga-As, since the long

-
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TABLE IV. Multishell fit results for the GaAs12xPx /GaAs samples. « is the residual strain andt is the
film thickness. Errors have been estimated changing each parameter, while iterating the others, u
residual was doubled~Ref. 26!. Dr Ga-Ga50.02 Å, and the relative errors on thes2 andN values are approxi-
mately 20%.

Sample « t ~Å! @hkl#
s2

Ga-P

~Å2!
s2

Ga-As

~Å2! NGa-P NGa-As

RGa-Ga

~Å!
s2

Ga-Ga

~Å2! NGa-Ga

GaAs bulk 0.003 4 4.01 0.01 12
GaP bulk 0.008 4 3.85 0.01 12
3 0.4% 5000 @110# 0.014 0.003 0.8 2.4 3.97 0.018 9
1 0.6% 4000 @110# 0.013 0.003 1.2 2.7 3.97 0.015 12
1 0.6% 4000 @11̄0# 0.019 0.005 1 2.4 3.97 0.017 12

2 0.7% 600 @110# 0.008 0.003 1 3 3.99 0.017 12
2 0.7% 600 @11̄0# 0.008 0.004 0.3 3 4.00 0.014 12
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bond is energetically more available to accommodate st
than the shorter one. On the other hand, recent measurem
of the strained In-As distance on InxGa12xAs ~Ref. 29! point
to an equal In-As/Ga-As bond distortion. If we recalcula
the Dr value as in Ref. 29 applying the relative deformati
to r a instead of tor 0 , Dr 85r a , and 1

3 (2« i1«'), we obtain
a different distortion for Ga-As and Ga-P

r s
Ga-As5r a

Ga-As1Dr 852.455 Å,

r s
Ga-P5r a

Ga-P1Dr 852.367 Å.

In this sense the Raman measurements of Ref. 22 sug
an unequal bond-length distortion, detecting the Ga-As m
Raman shift as more sensitive to the residual strain than
Ga-P mode. Comparing with the EDAFS results we see
theDr (Dr 8) values in our samples would be at most of 0.
Å, which is comparable to the error on distances determ
tion, so we can only say that the bond distances of the Ga
and Ga-P pairs remain constant as a function of resid
strain; or at least they vary by less than 0.01 Å for Ga-As a
0.02 Å for Ga-P. The elastic theory shows to be for t
system a good approximation to describe the strain acc
modation mechanisms.

Further information on the NNN shell has been obtain
by the multishell analysis. The fit parameters were as
lows: the mean-square disorder in the bond length (s2) for
the NN Ga-As/Ga-P distances, the Ga-As and Ga-P coo
nation numbers, the tetrahedral angleQ and thesu

2, the
crossedsc

2 ~Ref. 3! and E0 . Nine parameters were at mo
refined, that is reasonable considering that the fit is p
formed on the raw EDAFS data. The coordination numb
were left free to vary as a check on the EDAFS amplitud
and also to compare the P contribution in the two differ
crystallographic directions. The fit results are shown in Ta
IV and the best-fit curves compared with the experimen
Fig. 11. The individual contributions of the different scatte
ing paths are shown, together with the overall best-fit cu
for sample 1, in Fig. 12. The third shell contribution has be
included in some case in the fit but his presence canno
considered statistically relevant due to either the signal
noise ratio and to the limitedk range. TheQ value has been
found always equal to 109.4°61° and thesu

2 approximately
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2°–4°. We also refined directly the Ga-Ga distance and
s r

2 fixing Q andsu
2, obtaining the values reported in Tab

IV. The Ga-As and Ga-P first shell distances were fix
according to the results of the previous first shell analy
The NNN distance values ranged from 3.96 to 4.00 Å, d
termined with an error of 0.02 Å. The data best fit was o
tained with a single NNN distance. The second-neighbor d
tance Ga-Ga corresponds to two different possible paths,
P-Ga and Ga-As-Ga giving a splitting of the Ga-Ga distan
It has been observed indeed in InxGa12xAs and
TexSe12xZn.6,27 In our case the two NNN distances of th
starting binary compounds, 3.997 Å for GaAs and 3.854
for GaP, are closer to each other, if compared to InxGa12xAs
and TexSe12xZn, and the relative amount of short NNN
paths is quite low, being a P concentration of approximate
20%. The increasedsu

2 and s r
2, with respect to the bulk

binary compound values~see Table IV!, can account for a
significant static spread of distances around the average

We can compare the average NNN distance obtained f
the fit with the values deduced froma0 for the relaxed alloy,
andai , a' for the pseudomorphic limit.

r a
Ga-Ga5~&/2!a053.965 Å

for the relaxed alloy,

r s'
Ga-Ga5 1

2 ~ai
21a'

2 !1/253.966 Å

for the eight out-of-plane NNN atoms along the@101# and
@011# directions of the cube faces,

r si
Ga-Ga5r b

Ga-Ga53.998 Å

for the four in-plane NNN atoms along the@110# directions.
Due to the cos2 u factor for the@110# polarization, the two
different groups of in-plane and out-of-plane are weigh
the same and EDAFS will see an average value of

r s
Ga-Ga51/2~r s'

Ga-Ga1r si
Ga-Ga!53.982 Å

that is slightly longer than the relaxed alloy value.
The values we found compare well with the predict

NNN distances. The second shell distance is even slig
larger for the almost pseudomorphic sample 2. We must
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knowledge, however, that to sample such fine changes in
second shell environment, the statiscal quality of data sho
be improved.

The last result that we want to comment on is how
best-fit accounts for the difference between the two@110#
and @11̄0# 006 EDAFS spectra of sample 2. First of all w
should notice that thes2 factors of the Ga-P pair are highe
for samples 3 and 1, with respect to the bulk GaP, while
sample 2 it is lower, taking a value close to the bulk co
pound. This sounds reasonable considering the more ord
and more ‘‘rigid’’ structure of the less relaxed sample. O
the other hand, thes2 factors are strongly correlated with th
coordination numbers and also depend on the accurac
spectra normalization, giving a relative error bar of abo
20%. Therefore the relevant numbers are the ra
NGa-P/NGa-As for the two different@110# and @11̄0# direc-
tions, they give the concentration of P atoms around Ga.
sample 1 the two spectra are very similar to each other~see
Fig. 8! and the NGa-P/NGa-As ratio takes about the sam
value,NGa-P/NGa-As50.4, giving an equal P concentration
29%. For sample 2, theNGa-P/NGa-As ratio is much lower for
the @11̄0# orientation ~0.1! than for the @110# orientation
~0.33!, corresponding to a P concentration of 9% and 25%
respectively, that makes the spectrum at glance more sim
to pure GaAs. When switching from@110# to @11̄0# direc-
tion the NN atoms do not belong to the same crysta
graphic planes. The NN coordination number is 4 as fo
powder but only two of them are sampled by the polariz

FIG. 11. Best-fit results from GNXAS program. The solid lin
represents the raw EDAFS data,k* x(k) ~left column!, and the
correspondent FT, right column, calculated in the range 3–13 Å21.
The circles represent the best-fit results. For sample 2 the bes

for the two polarization directions@110# and @11̄0# are shown.
he
ld

e
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-
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beam. If the P atoms are randomly distributed or the lattic
cubic, it makes no difference, but a P ordering, joined to a
deformation, could lead to a difference in the spectra.

The expected structure for these alloys is a zinc-ble
disordered phase in which the cations occupy a set of
positions and the anions occupy randomly the other~1

4,
1
4,

1
4!

shifted fcc set. Several different kinds of ordered structu
have been observed in semiconductor alloys.31

The stability of these ordered phases is not well know
but calculations of phase diagrams of ternary alloys sh
narrow regions of stability forx values of approximately
0.25, 0.5, and 0.75. Calculations have also been perfor
using the Harrison model to calculate the strain energy31 and
to predict the strain energies and bond-lengths distribu
for InxGa12xAs and GaAs12xSbx . It depends on a number o
factors, such as the growth mechanism, the alloy concen
tion, and the related amount of strain energy.

In our case we can relate the ordering effect detected
the EDAFS to the reduced thickness of sample 2, compa
with sample 3 and 1, lowering the number of different ord
ing domains, i.e., giving an appreciable net crystallograp
asymmetry. The presence of the built-in residual strain d
to the mismatch with the substrates increases the gro
strain energy of the randomly mixed alloy and could fav
the ordered structure.

V. CONCLUSIONS

In the first part of the paper, we present the general f
malism for analyzing EDAFS oscillations. The procedure
valid for any type of crystallographic structure, i.e., ce
trosymmetric or otherwise. The first-order EDAFS oscill
tionsxQ(k) may be expressed with a formula very similar
the EXAFS one. The EDAFS normalisation factor may
calculated using either the crystallographic structure or
parametersDF5wT2wA and b, obtained by fitting the

fits

FIG. 12. Contributions of the individual scattering paths to t
EDAFS spectrum.~a! Ga-As, ~b! Ga-P, ~c! Ga-Ga ~II shell!, ~d!
Ga-As ~III shell!, ~e! Ga-P~III shell!, ~e! Ga-As-Ga~MS!, ~g! best
fit ~circles! and sample 1 raw EDAFS~solid line!.
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DAFS spectrum with Eq.~4!. For the one-anomalous-sit
analysis, the EDAFS crystallographic phase shift (w02wA)
may also be calculated with the parametersDF andb only.
Therefore, the structure is nota priori necessary, and a stan
dard EXAFS analysis may be performed. However, the
rametersDF and b may not be constant as a function
energy due to the presence of a neighboring edge. In s
cases, a correlation may exist betweenb and the scale facto
and/or betweenDF and the absorption correction, leading
unreliable values ofb andDF. In that case, it is preferable t
calculate the normalization factor and the phase shift w
the crystallographic structure.

As a general trend, the DAFS spectra are very sensitiv
the crystallographic DW factors. The measurements at
ferent edges are a way to decorrelate the DW and the o
pation factors of the anomalous atoms. As a matter of f
the DAFS spectra are very sensitive to the parameteb,
which is related to the productsCA j exp(2MAjQ

2). There-
fore, this explains the sensitivity to the DW and why me
suring DAFS spectra at a few differentQ vectors~2 or 3 for
instance! can decrease appreciably the correlation betw
the occupation factor and the DW factor.16

It has been shown with the weak 006 reflection
GaAs12xPx , which has a large anomalous effect, that a v
small variation of the structural parameters may be detec
For the weak 006 reflection of GaAs12xPx , an atomic dis-
placement as low as one hundredth of an angstrom leads
DF of approximately 60°, which has been clearly evidenc
by the DAFS spectra. This small variation is compara
with the variation predicted by the elastic theory, as we c
deduce from the values of the lattice parameters reporte
the previous section for the bulk alloy and the pseudom
phic epilayer (a055.608 anda'55.566 Å, respectively!. If
we assume that the contraction ofa' is linear with the strain
content, the difference ina' between sample 3 («50.4%)
and sample 2 («50.7%) should be equal to (5.566
5.608)(0.3/0.8) Å520.015 Å, which would be consisten
with the small contraction of 0.0096~3! Å detected by the
DAFS analysis.

Using DAFS we have studied two different kinds
strained semiconductor compounds, in a different strain
gime: a strained layer superlattice of~GaP!2~InP!3 and three
single epilayers of GaAs12xPx (x50.23– 0.20) grown on a
GaAs~001! substrate. In the first case, the strain is accomm
dated by plastic deformation of the lattice; in the second c
the strain it is partially relaxed by dislocation generati
leaving a certain amount of residual strain in the lattice.

We can draw three main results about the local mic
scopic structure of the two systems. First, we measure
-
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elongation of 0.04 Å of the Ga-P bond length in the SL
sample. Since this elongation agrees with elastic theory,
theory still holds for very thin epilayers~2 ML! with a high
strain content~3.6%!. In this sense, the results reported
literature are not yet very clear; deviations have been
served for buried single layers of InAs~Ref. 32! and for
InGa12xAsx epilayers with a thickness lower than 10 Å,33

whereas elastic deformation has been observed on a 2
InAs/GaAs sample.33 Our results have added information o
a real SLS system in which the short-range order could
be studied by any other EXAFS-like approach.

Second, concerning the GaAs12xPx samples, the Ga-As
and Ga-P bond distances (r Ga-As52.4460.01 Å and r Ga-P
52.3760.02 Å) do not vary, within the standard deviation
as a function of residual strain, remaining very close
the correspondent bulk value of the starting binary co
pounds as was observed for the relaxed pseudobin
alloy.6,27 The next-nearest-neighbor distances obtained b
multishell analysis of the raw EDAFS data compare w
with the values predicted for the relaxed and pseudomorp
alloy.

Third, we compare EDAFS spectra of two GaAs12xPx
samples recorded with two different orientations of the x-r
polarization vector. The most strained and thinnest sam
shows a difference in the low-k region of the spectrum
~which is more sensitive to the presence of P atoms! when
switching the x-ray polarization from@110# to @11̄0# direc-
tion. The multishell fit analysis indicates that for the@11̄0#
direction, the number of P atoms seen by the Ga absorbe
much lower, as deduced qualitatively by comparing the t
spectra with the GaP and GaAs bulk measurements. T
result can be understood in terms of a partial P order
mechanism along the@001# growth direction, which has been
observed in analogous pseudobinary alloys and explai
theoretically in terms of strain energy.31
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