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The effect of built-in strain on I1l-V epitaxial semiconductors has been investigated by extended diffraction
anomalous fine structuf&DAFS) at the Ga and AK edges. A general formalism is presented for analyzing
the diffraction-anomalous-fine-structufBAFS) 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 G¥A4ssubstrate: a strained layer superlattice
of (GaP4(InP); and three single epilayers of GaAsP, (x=0.20-0.23) partially relaxed, with a different
amount of residual strain. The bond distance Ga-P in the SLS is stretched by about 0.04 A in agreement with
the predictions of the elastic theory. The Ga-As and Ga-P bond lengths in;Gg@gemain very close to
their respective bulk values, independent of the residual strain. The ;GgAsepilayers have also been
measured by switching the light polarization vector from [th&0] to the[lTO] crystallographic direction. An
effect is observed on the EDAFS at the &a&dge for the most strained sample, suggesting an ordering of the
P atoms in th¢001] growth direction. We also point out the interest of the DAFS spectra analysis for obtaining
further information about the average crystallographic strucf@@163-182€29)06307-9

[. INTRODUCTION ation. In that case a severe degradation of the material qual-
ity occurs in terms of device performance. Since the critical
Strained semiconductors have been widely studied due tthickness and the strained cell parameters can be estimated
their extensive application in the technology of electronicaccording to different modefs,° a direct measurement of the
and optoelectronic devicésHigh-quality, dislocation-free local structural parameters of the strained materials can pro-
materials can be obtained, allowing the fabrication of high-vide a check of the limits of application of the theory.
performance devices of increasing complexity. In this sense Extended absorption fine structUlXAFS) would be the
the contribution of mismatched heteroepitaxy is twofoldmost suitable technique for getting information about the
since it allows either a wider range of compositions and theshort-range structure of these compounds, and it has indeed
presence of strain itself can induce changes in the electronizeen successfully applied both to pseudobinary bulk alloys
properties of the materiafsproviding a further degree of and strained samplé&si®Here EXAFS cannot be applied in
freedom in the device design. Nevertheless, the greatest e straightforward way, i.e., in transmission or fluorescence
fort in characterizing this class of material has been devotedthode, because the epitaxial samples are often much too thin
to the study of their optical and electronic properties,to be measured in transmission or are grown on a substrate
whereas their local atomic structure has not been extensivelyaving some of the atomic components in common with the
studied. epilayer. Alternative approaches as glancing-angle EXAFS
If the thickness of the epilayer is lower than some “criti- or surface EXAFSSEXAFS have been usét'3but they
cal” thickness, the strain can be accommodated through aolve the problem only in part, since the signal collection is
tetragonal deformation of the crystalline lattice. When therestricted to very thin surface layers.
critical layer thickness is exceeded, the generation of misfit The aim of this work is to study the structural properties
dislocations becomes energetically favorable, releasing thef different strained IlI-V semiconductors samples using the
strain generated at the interface and inducing a lattice relaxalternative approach provided by the DAFS spectros-
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copy*~2! DAFS combines the local structural sensitivity of tions. These directions are not equivalent for the zinc-blende
x-ray absorption fine structur@KAFS) with the long-range structure and the shape of the EDAFS spectrum changes ap-
crystallographic sensitivity of x-ray diffractiotiXRD) by  preciably for the most strained and thinnest epilayer.
measuring Bragg peak intensities as a function of energy

through an absorption edge. The energy-dependent modula- Il. FUNDAMENTALS OF DAFS ANALYSIS
tion of the diffraction intensity contains local structural in- .
formation that is chemical and valence specific similar to that A. DAFS analysis

of XAFS. The advantage of DAFS for studying epilayers or  |n that section we present the different methods to recover
multilayers is to give selective structural information by |ocal structural information via the analysis of the DAFS
choosing the Bragg peaKspatial-selective Bragg pegbf  spectra obtained experimentally from the energy-dependent
the strained phase and the heterostructure is probed througBriation in the diffraction intensity near an absorption edge.
the entire thickness. Interfaces in superlattices have also be@épending on the crystallographic site selectivity of the
studied by using the site selectivity of DARS. Bragg reflections, two different kinds of situations are en-

The samples we measured represent two different regimeguntered when analyzing the DAFS spectra. The easiest
of strain. In one case, the sample is a strained layer superlaityation is the single-anomalous-site analysis which corre-
tice (SLS) of (GaP(InP); grown on a GaA®O01) substrate.  sponds to only one anomalous crystallographic site contrib-
The subindexes 2 and 3 refer to the number of atomic monayting to the diffracted intensity. The XAFS-like structural
layers(ML) constituting the individual GaP and InP layers. jnformation may be obtained without knowing the crystallo-
Each component has a large mismatch with GaA8.6%  graphic structure and for instance an iterative Kramers-
for GaP,+3.8% for InP giving rise to a large biaxial defor-  Kronig method may be used. The other and more tedious
mation in the individual layers. The strain alternates fromsijtyation is the multiple-anomalous-sites analysis, which cor-
tensile for GaP to compressive for InP, so its net value in theesponds to several anomalous sites contributing to the dif-
SLS is very small, faVOfing structural Stablllty The strain is fracted intensity, with different We|ghts In that case a pre-
supposedly accommodated by deformation of the latticgjse knowledge of the crystallographic structure is needed to
since the individual layer thickness is lower than the criticalextract the XAFS-like information about each anomalous
thickness. sites.

In the second case, the samples are single epilayers of | the forward scattering limit, the atomic scattering fac-

GaAs 4Py, grown also on a GaAB0Y) substrate, with @ P tor of an atomA on sitej may be split above the edge into a
concentration of about 20%, and different thicknesses, rangmooth part and an oscillatory paft:®

ing from 600 to 5000 A. X-ray-diffraction measurements

shgw the presence of a “residugl” in-plane ;train, defined as faj(Q.E)=foa(Q)+ Foa(E) +if ha(E)
g,=(a,—ap)/ag, a; being the in-plane lattice parameter,
anda, the lattice parameter of the bulk alloy. The amount of +ATOA(E) xaj(E)+ixai(E)], (1)

residual strain decreases with increasing epilayer thickness,

and it is related to the strain-induced Raman shift of thewhere fq, is the Thomson scatteringy, and fg, are the
GaAs-like and GaP-like vibrations, as reported for the samébare” atom anomalous corrections fg,, andAfg, is the
samples? The strain-induced Raman shift of the GaAs vi- contribution of the bare resonant electronic transition alone,
brational mode is greater than that observed for the Ga-B) is the scattering vectoi is the energy of the incident
mode. A possible reason could be that the variation of th@eam, andy,;(E)+ix4;(E) is the complex fine structure,
Ga-As bond length is larger than the Ga-P one as a functiofhich is the correction to the scattering factor due to the
of the residual strain. EDAFS measurements can prOVide Bcal atomic environment of the anomalous atqﬁ} is for-
direct measurement of the Ga-As and Ga-P interatomic disma|ly identical to the EXAFSy oscillations (optical theo-
tances to be compared with the Raman results and with thgy). For a general noncentrosymmetric structure whéxe

predictions of the elastic theory. is the number of anomalous atoms, the structure factor may
In the first part of this paper, we present a general formalye written

ism for analyzing the EDAFS oscillations which is valid for
any type of crystallographic structure. In most cases, treat- F(OE)=F E)ei¢t(Q
ment of EDAFS and EXAFS data may be very similar. In the (QE)=F+(QE)

second part of the paper the DAFS spectra are analyzed with Na )

the program DPUData Processing Utility written by one + 2 aa(Q)leeAl Q[ f A (E)+if A (E)],

of us (P.W), to obtain information about the average crys- =1

tallographic structure and the above-mentioned method is ap- 2

plied to analyze the EDAFS oscillations. An EXAFS-like

single shell analysis is performed using experimental modeivhere fo;=foa+Afgaxa;, fa;j=foat Afoaxa;, Fr(Q,E)

phases and amplitudes, to study the nearest neigitidy  is a complex structure factor of phage that includes the

environment. A multishell analysis, using theoretical phaseset contribution of all nonanomalous atoms and the Thom-

and amplitudes generated by the GNXAS prog?érimplud- son scattering of all anomalous atoffisee Fig. 1, aa;(Q)

ing multiple_ scatterindMS) paths, is used to study the next- :CAje*MAjQzewAj(Q), eaj=Q-rj, |aAj(Q)|:(aAjat\j)l/21

nearest neighbaiNNN) shell. ca;j is the occupation factor of atorA on sitej, and exp
We also compare spectra of GaAgP,/GaAs epilayers  (—M,Q?) the crystallographic Debye-Waller factor, hereaf-

recorded witi110] and[ 110] x-ray light polarization direc- ter called the DW factor.
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Im A “ reached. It should be pointed out that the iteration must be
A Nob oo applied ony, and xx and not onf, and f,, except if ¢q
S\\VIN d. \ﬁoh
\G-p TOATPTT A

For a noncentrosymmetric structure with several anoma-
lous sites, an expression as simple as(&gcannot be found
because of the crossing termig;fi, (j#k): the iterative
Kramers-Kronig procedure cannot be applied.

» Re B. First-order EDAFS analysis

FIG. 1. Schematic drawing of the “smooth” structure facky Alternatively a general formalism to analyze the EDAFS
decomposition used in the present paper. The subsErnipfers to  0scillations in a way very similar to an EXAFS analysis may
the contribution of all non anomalous atoms plus the Thomson scaf?€ used. From Eqg1) and(2), the structure factoF (Q,E)
tering contribution of all anomalous atoms. is divided into smooth and oscillatory parts:

The measured intensity is proportional to the modulus £q Ey=F ei®0+ Af".(E anile Ay +iv".
squared of the structure factdiF(?) times several correction (QE)=Fo ol ); | ecnj €A xa XA -
terms: 6)

I(QE)=S-D(E)-AQ,E)-L(Q,E)-P(Q)-[F(QE) N

B F(Q.E)|2=|Fo|2+ 2|Fol|anl A

whereS s a scale factorD takes into account the detector Na

efficiency; A is the correction for the bulk absorbance of the X D WA [COS @o— @ai) X ai
’ . . o~ @)X

sample together with the geometrical effetctgindP are the = 0 TAAA

Lorentz and polarization corrections. We will call hereafter

Fo(Q,E) the complex smooth structure factor apg(Q,E) +SiN(@o= @aj) Xaj]

its phase, calculated without taking into account the complex Na

1 I "2 2 12 n2
fine str.ucturel ansl assuming .that the bare atom anomalous +Af0A|aA|2Z Wi (XajT Xaj)
corrections {4, ,fga) are identical for all anomalous atoms =1

(Fig. 1). Then it can be easily shown from E@) that Np

, +AfGAlaal? > 2WAjWaK COS @aj— PaK)
|F0(Q,E)|2:|FT|2{[COS(<PT— <PA)+,3foA]2 j=1k>]

+[sin(@r— @n) + BF5al?), (4) X(XaiXait XajXak
) ) Np

where 8= |a,|/|F1| and|a,|ei¢a=3N apje' AL, w2y |2 _ ; _
Expression(4) shows that the éntlergy-dependent varia- + Afoalan j:lE,k>j 2WAMAKSIN @)~ AW
tions of the diffracted intensity near an absorption edge give - b
access to the phase differens® = o1 — ¢, and the ratigs. X(XajXak™ XAjXAK) ®)
Therefore they give important and precise information on th‘?/vherewA-=|aA-|/|aA|.
crystallographic structure. The shape of the DAFS spectrum g sécond—lorder terms may often be neglected for a va-
is entirely determined by these two values. For instance thgety of reasons: (a) the first-order EDAFS oscillations are
diffracted intensity goes down before the edge as long afultiplied by the modulus of the structure factét,,
cogA®) is positive and is larger than the negative functionynereas the second-order terms are fitthe amplitude of

Bfon (see Fig. 1 , _ . xaj(xaj) decreases asKlvhereas the second-order terms as
When a single anomalous site contributes to a reflection

2 H ’ ”
the square of the modulus of the structure faddgQ,E) (1/k)_ ’ (tC)I algol the ?mptl_ltude loﬁ(Ai(Xm)' liﬁually of le- d
may be expressed by substituting in E6) fi=f). proximately 0.1, is ten times larger than the second-order

, , f / terms. Neglecting the second-order terms, the first-order
+Afgaxs and fa=fo,+Afgaxa for fo, and fg,, respec- 9 9

. . : ) EDAFS oscillationsyq(k) for a given scattering vecta®
tively. An |t/erat|ve”Krame_r s-Krc_mlg, proced/}Jre may be usGdcan be extracted directly out of the experimental spectrum
to extracty, andxj, starting withfo, andfg, (convoluted — ohq hormalized according to the following formula:

with a Lorentzian function to approximate the experimental

resolution and the core-hole lifetimeThen they, oscilla- Na

tions are analyzed with a standard EXAFS data analysis XQ(k)=E WAj[COS((,DO—(ij)XA]--f—Sin((pO—(,DAJ-))(:,&J-]
package. The EXAFS-like structural information is obtained =1

without the need of the crystallographic structure, and the |Fq| (

"n2 =
2| aplAfGa

second-order term,@;2 and y,~ are not neglected. That pro- (7
cedure consists of solving E¢4) at each energy fog, (or
x»), then using the Kramers-Kronig transform to obtglh  where k=% " [2m(E—E,)]*? is the photoelectron wave

(or xa) and repeating the iteration until convergence isnumber, |,y is the experimental intensity corrected for the

| expt | 0 expt)
I 0 expt
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fluorescence background and the absorption of the inciderEquation(10) shows that the EDAFS data can be treated as
and diffracted x-ray beamsg ¢, is the smooth background EXAFS data, provided that the crystallographic weightg

of the experimental EDAFS oscillations. Note that the con-and the phaseg,— ¢,; to be added to the photoelectron
trast of the EDAFS oscillations, i.e., the relative amplitude ofphase shift can be calculated. The advantages of this analysis
the fine structure to the Bragg peak intensity, is proportionahre (a) to introduce a parametrization of the DAFS oscilla-
to the ratio|aa|/|Fy. tions and thereby to reduce the number of unknowinsto

The DAFS normalization facto®,=|F|/(2|aa|Af5,), the  allow a clean extraction of the EDAFS oscillations out of the
phase differencerq— ¢, and the weightsv,; are calcu- experimental DAFS spectra, as required for the subsequent
lated from the crystallographic structure. Another way to ob-analysis of the nearest-neighbor shelts to avoid the use of

tain the normalization factor is by fitting the DAFS spectrumthe Kramers-Kronig iterative method.

with Eq. (4), so that With a single anomalous site, the phase differeage
— ¢@a in EQ. (10) can be obtained directly from the fit of the
Sp={[cogAD)+ Bfal? smooth part of the DAFS spectrum:
+[Si(A®) + BIgA 1} [ 2BATGA]. ®) cod po— @a) =[COLAD) + BT AT [cOL AD) + BT)A]2
One procedure for extracting the site-selective structural +[sin(Ad)+ B2 Y2 (12)

information via)(,’\j and)(}gj is to solve a linear system of the

form of Eq.(7) at each energy by using the Kramers-Kronig and

transforms as an additional constraint to relatg, and si — o) =[SiNAD)+ BF" /[ cog AD) + B’ 12
XZJ .16 This procedure is basically the same as refining the Mo @) =[SINAD)+ Sloa{[COSAD) + Sfon]
individual f5; and fj; at each energ$, except that the +[siNAD)+ Bfja]1%1 Y2 (12

second-order terms are neglected. Generally the number ?{
DAFS spectra is not much larger than the number of un-
knowns variables. Therefore, it is necessary to process r
flections for which the contributions to the diffracted inten-
sities of each anomalous sitavf;) are rather different,
otherwise the linear system is not well conditioned. In addi- _
tion, the coefficientsw,; and the phaseg,— ¢,; must be C. Centrosymmetric structure

well known. Note that for a centrosymmetric structure the For a centrosymmetric structure with several anomalous

contribution of an atomA; is exactly equal to zero when sijtes, the structure factor may also be written in a form simi-
¢aj=m/2. This never happens for a noncentrosymmetridar to Eq.(4):19

nce again the crystallographic structure is not necessary. In
his situation the direct method using E@) is an easy way

0 analyze the DAFS spectrum and recover the XAFS-like
information about the anomalous atom.

structure.
Refining the individualf’Aj(XAj) and/orfj;j (X};j) is the |F(Q,E)|?=|F+|?{[cos ¢1)+ Bf Al +[sin( ¢1)+ BFAl?},
same as considering each valuexgf (x;) to be indepen- (13)

dent as a function of the energy. That is obviously not true;para
in the EDAFS region the complex fine structure due to an

atom A on sitej may be written as an expansion over the Na

scattirling paths of the photoelectron around the absorbingf,ngéAnLAngzl MAjWaj COS @A) Xaj=foat AfoaXA,
atom: 1=

Na
Xaj i Xa= = 24 Ampg;(K)exp —i[2kRy, + 3;(k) 1} FA=foat ATGa 2, MaWaj COS @a)) XA = Toat ATGaxA,
=
9

where xj; is equivalent to the EXAFS signal ang,; is
related toxxj via the Kramers-Kronig transfornk,is the the  and
photoelectron wave numbel; a photoelectron scattering
path, Amdj(k) is the net amplitude of the photoelectron
scattering processij, (k) is the net photoelectron scattering aA:JZl Majlaajlcod @ay).

phase shift ancR,Ej the effective path length. The real part

X,Aj of the complex fine structure is a sum of cosine func-The summation runs over all atoms in the ceII_ that are not
tions, and the imaginary pagts; is a sum of sine functions. related through the center of symmetry. Harg, is a mul-
From Egs.(7) and (9), the EDAFS oscillationsyo(k) can tiplicity factor equal to 1 if the corresponding atom is at the

therefore be written with an expression very similar to theOrigin of the cell, elsem,;=2. An iterativej/ }fgramers-Kronig
EXAFS one: procedure may be used to extragt and xx.> With several

anomalous sites the structure must be known to determine
. the weightsw,; cos(p,)) of the different sites and to recover
XQ(k):; Er: Waj(Q)AMPy,; il 2KRyj+ S (k) the site-dependeng,; and x4, -
The first-order DAFS oscillationgo(k) in Eq. (7) may
+ o(Q,K) — ¢aj(Q) — 7/2]. (10)  be written

B=apl|F1l, Waj=|aajl/an

Na
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TABLE |. Best-fit values of the parameters® and B8 obtained for the reflections 006 of the three
GaAs _,P, layers at the Ga and A¢ edges. The direct method means thdt and 3 were directly recovered
by fitting Eq. (4) to the DAFS spectra. These parameters are compared to those calculated with the crystal-
lographic structure.

GaK edge AsK edge
Sample 3 1 2 1
Thicknesst (A) 5000 4000 600 4000
Straine 0.4% 0.6% 0.7% 0.6%
AD —29.92) —-8.77) 31.62) —87.17)
B 0.684) 0.552) 0.582) 0.1981)
(direct method
AD —27.4--19 -5—--27 32-24.1 —79.3-—-86
B 0.75-0.59 0.58-0.45 0.6-0.45 0.2-0.22
(structure-based
Na the beamline and the diffractometer with respect to width of
XQ(k):JEl MAjWaj COS @) COL @o) Xaj+ SIN(@0) Xaj] - the Bragg peaksthe full widths at half-maximum were ap-

proximately 0.05f as well the mosaicity of the sample were
(14 sufficient to achieve a satisfactory signal-to-noise ratio with
Equation(10) then becomes a reasonable integration time: a DAFS scan of one Bragg
peak was abdw2 h long.

Xo(K)=2 > mMajWa; COL @aj) AMpy;
or IV. DAFS ANALYSIS

X sin 2k Ry + 3 (K) + o(Q,K) — m/2] . (15) A. GaAs,_,P, epilayers

The noncentrosymmetric GafAs P, structure is face-
. EXPERIMENT centered cubic with one atof®a) at the origin and the oth-

The samples have been grown on semi-insulatingS(As and B at:, 1, 1. From the structure factor for the 006
GaAg00D-oriented substrates by atomic layer molecularreflection {FoefoaXfas— (1=X)fpti[fe—xfas— (1
beam epitaxy(ALMBE). The growth details are reported —X)fp]}, one expects a large anomalous effect because the
elsewheré* The XRD spectra of the 004 and 115 Bragg Thomson scattering contributions of Ga and As almost can-
reflections, taken to measure the lattice parameters perpegel out. The DAFS spectra at the Baedge measured with
dicular and parallel to the surface, show that the epilayethe 006 reflection of two GaAs,P, samples(2 and 3 are
Bragg peaks are well visible and well separated from theshown in Fig. 2. The raw DAFS data at the Ga and s
substrate peaks. edges, obtained from the 006 Bragg reflection of sample 1,

For the GaAs_,P, epilayers, the thicknesses range fromare reported in Fig. 3. The signal-to-noise ratio is better than
600 to 5000 A and the amount of residual strain from 0.7 ta0.5%. Note that the diffracted intensity, both at the Ga and
0.4%, as listed in Table I. The nominal P content was 23%As K edges, may be more than one order of magnitude larger
for samples 1 and 2 and 20% for 3. The overall thickness othan that measured 200 eV below the edge. Due to this very
the (GaP,(InP); SLS was 2500 A.

The DAFS experiments were carried out at the French 14
CRG (Collaborative Research Groupeamline D2AM(Dif-
fraction Diffusion Multi-longueurs d'ondeat the ESRF
(European Synchrotron Radiation FacilityThe D2AM
beamliné® has been dedicated to anomalous scattering ex-
periments and is well suited for performing DAFS experi-
ments. Silicon(111) single crystals were used for the beam
monochromatisation. We performed the experiments at the
Ga and AsK edges, 10.367 and 11.867 keV, respectively,
with an energy resolution better than 1 eV. We used 500-A-
thick silicon photodiodes in photovoltaic mode for monitor-
ing the incident beam and measuring the diffracted intensity. 10.2 10.4 10.6 10.8 11
The fluorescence signal was recorded with a Nal scintillator Energy (keV)
or a photodiode. The spectra were recorded in a top-DAFS
scan mode, i.e., always measuring the maximum intensity of FIG. 2. DAFS spectra of the Gafs,P, layers 3 and 2 taken
the Bragg reflection as a function of energy. They were colwith reflection 006 at the GK edge. The spectra were normalized
lected with the x-ray polarization vector normal to the scat-to have the same relative intensity as the two spectra obtained with
tering plane(o-scattering geometjy The stability of both  Eq. (4) and the values oA® and 8 determined for each sample.

12 [

ot
=
T

DAFS [arb. units]

1 1 L

= ~ £ [} oo
T
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fore the large contribution dfxgf g, lead to a negative and
| Ga K-edge As K-edge | decreasing real part of the structure factor, hence the dif-
o g fracted intensity increase before the edge. After the edge,
iE

|acd f g, Starts to increase again, and the diffracted intensity
. decreases. At the As edgeAd ~ —80°, pp-as=180°, and
©71~100°. The large contribution df¢sgf »s leads to a posi-
tive and increasing real part of the structure factor so that the
] diffracted intensity increases before the edge. After the edge
] |apd f A5 Starts to increase again, and the diffracted intensity
decreases. In the inset of Fig. 3, the variations of the modu-
lus and phase of the structure facky are represented as a
function of the energy at the Ga and Ksedges.

‘Energy (keV) The refined values of the paramet&® and g3 at the Ga
and As K edges of the 006 DAFS spectra for the three

with reflection 006 at the Ga and A€ edges. Open circles, raw Strained epilaygrs are reporteq in Table I. The results ob-
data; solid line, best it of the structure-based corefinement at thiined by the direct method using H) and by the crystal-
two edges. In inset is the Iffig) vs Ref,) showing the modulus lographic refinement method are compared. In both cases,

and phase dependence of the structure fagtithout the DAFS  the diffracted intensity was multiplied by the structure-based
oscillations. absorption correction calculated with the bare atom anoma-

lous termsf 55, andfg,s. The sample thickness could not be
large anomalous effect, it turns out that the absorption correfined due to the low effect of absorption on the spectra.
rection is very small for all the samples, even for the thickesfThe detector efficiency was assumed to be linear versus the
one. For instance, the relative absorption correction jump atnergy and this was taken into account by multiplying the
the Ga K edge varies from 1.235 for the 5000-A-thick calculated intensity by a straight line that could tilt around a
sample to 1.03 for the 600-A-thick. These are very smallpoint of coordinateskqgel), its slope was refined. It should
corrections compared to the relative anomalous variation ate noted that, to avoid a correlation between the slope and
the edge of 15i.e., for the 006 reflection the effective ab- the parameterd®, the spectrum should extend far beyond
sorption length is Zsin(@)~1.7um). As already stated, for the edge where the anomalous effect gets small. Also, the
a single anomalous site system, the knowledge of the paranoverall detector efficiency can be measured with a reflection
etersAd=¢p;— ¢, and B is sufficient for calculating the that is not sensitive to the anomalous atoms.
EDAFS normalization factor and the phase correction. They What pertinent information about the crystallographic
can be obtained by fitting Ed4) to the DAFS spectra. We structure can we recover from the 006 DAFS spectra of the
also performed a crystallographic refinement of the spectraGaAs P, samples measured at both Ga andkKAedges?
The advantages of the structure-based refinementaan®  According to Eq.(4) the two spectra give four parameters,
take into account the exact crystallographic structure for cali.e., (¢1)ca— ©car Bcar (©7)as— Pas: Bas. Knowledge of
culating the absorption correctiofh) to allow the corefine- these parameters is not enough to determine the crystallo-
ment of the DAFS spectra at different edgés,to evaluate graphic structure; however, they give a strong constraint on
the EDAFS second-order terms contribution to the structurghe real structure. The refinement based on the known struc-
factor with respect to the first-order terms one. We find thature of GaAs_,P, clearly showed that the spectra were very
for the 006 reflection the second-order term is at most 1% ofensitive to the crystallographic Debye-Waller factbiV)
the first-order term. It is worth noting that the 006 reflectionof the anomalous atoms, but the P concentration was corre-
is a weak one and it is na priori a favorable case for lated to the P, As, and Ga DW factors. It was impossible to
neglecting the second-order term. Thus the approximation irefine these parameters together without any other assump-
valid. tions. The best fifwith all correlation below 0.70was ob-

At a given edge, the assumption thed and 3 are con-  tained by constraining the DW’s of the Ga and As to be
stant is not strictly true because the anomalous contributioequal. The refinement showed high correlation if only one
to F1 changes smoothly as a function of the energy. Typi-edge was used and the best solution did not fit at the other
cally, at the GaK edge,Ad and B8 vary at most by 8° and edge. The best structure-based corefinement of the 006
25%, respectively, over an energy range of 600 eV after th®AFS spectra at the Ga and A¢ edges of sample 1 is
edge. These variations at the &esedge result from the fact shown in Fig. 3. The root mean square displacements of both
that Ga and As atoms are close to each other in the periodiGa and As atoms were found to be equal to 0.4 A, and the P
table, theirK edges being only 1.5 keV apart. There areconcentration equal to 0.33.
basically two reasons for the overall shapes of the 006 DAFS The 006 DAFS spectra at the Gaedge of the thinnest
spectra at the Ga and A¢ edges,(a) the crystallographic and thickest GaAs P, layers(2 and 3 are reported in Fig.
phases of the Ga and As sites are, respectively, 0 and 1802, The spectra were normalized to the same relative intensity
(b) the difference between their atomic numb2ris only 2,  as the two spectra obtained with Eg). The values ofA®
leading to a largeB value. With the help of Fig. 1 and Eq. and 8 are reported in Table I. The figure shows that the
(4), one can easily understand the shapes. At th&@dge, DAFS intensity of the thinnest samp(2) levels off after the
Ad~—15°, pa_ga=0 ander~—15°. |F¢| is small com- edge at a higher value than the intensity of the other(8he
pared to| ag{ fg, giving a B value of about 0.5-0.7. There- The difference is appreciable and cannot be explained by the

Im(F)

[ |E=10.2 keV

DAFS (arb. units)

0 L I L L
10 10.5 11 11.5 12 12.5 13

FIG. 3. DAFS spectra of a Gafs,P, layer (sample ] taken
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TABLE II. Best-fit values of the parametessb and 8 obtained
for the SLS(GaP,(InP); sample at the Ga for the 0010 and 0015
reflections. The direct method means thdt and 8 were recovered

w
-"E‘ by fitting Eq. (4) to the DAFS spectra. These parameters are com-
= pared to those calculated with the crystallographic structure.
2
P GaK edge
~ SLS (GaPy(InP),
g Reflection 0010 0015
A AD 2.57) 6.5(4)
. . . \ . B 0.013%4) 0.02994)
10.3 10.4 10.5 10.6 10.7 (direct method
Energy (keV) AD 3.8-35 7.1-6.4
0.012-0.012 0.0305-0.0306

B
FIG. 4. SLS sample: DAFS spectra of reflections 0010 and(structure-based
0015(open circlegand the best fits of the structure-based corefine-
ment(solid line).

atomic displacement, or an atomic mixing, did not lead to a
Better fit. Table 11 shows the values Afb and B obtained

with the direct method using E¢4) and the structure-based
method. These two parameters are very stable as a function
of the energy. The result shows once again the high sensitiv-

lower absorption. It corresponds to a large increase of th
phase differenc\® of about 60° and a decrease gfof
about 0.1(see Table )l Indeed, it is a signature of two
slightly different crystallographic structures. From the refine-
ment, it was clear that a slight displacement of the Ga atom .

off the nominalz positions byAz=0.0017, i.e., less than {%/\)//al(ljefrtfg?:to[??':s spectra to the crystaliographic Debye-
0.01 A, is sufficient to explain the large increase of the phase '
differenceA® (zis the reduced atomic coordinate along the

¢ axis of the gell, i.e., the growth directioq,is about 0 or V. EDAES ANALYSIS: RESULTS AND DISCUSSION
0.5). Such a difference could also be explained by a displace-
ment of the As atoms towards the Ga of the same order of A. Data reduction

magnitude. The reason why the 006 is so sensitive results The EDAES spectra at the Ga and As K edges of one of
from the fact that the contribution of all atoms g almost 1 GaAs_,P, epilayers(sample 1 and of the SLS are
cancel each other. Therefore a tiny change in the crystallospown in Fig. 5 together with GaAs and GaP transmission
graphic structure(or in the scattering power at the edge pxafrs spectra. The EDAFS amplitudes have been normal-
give; rise to a large modification of the structure factor, eij,gq according to expressidi) after a standard spline back-
ther in modulus and/or phase. In the present case, a sSmajlound removal. The SLS EDAFS spectrum in Fig. 5 is quite
displacement of the Ga atoms towards the As leads to a larg&yjjar as expected, to the bulk model, although less struc-
@1 variation (> ,~0 and|F| is almost constaitThe small  yreq. The GaAg ,P, alloy spectrum is similar in shape and
variation observed is comparable with the variation predictec}requency to the GaAs model but it reveals the presence of P
by the elastic theory, as shown in Sec. V. This result shows,g p5ckscatterer in the lokvregion.

the very high sensitivity of the 006 DAFS spectra to tiny  ag stated above, the parametér® and 3 refined from

details of the structure. the 006 DAFS spectra at the Ga K edge were not constant.
Therefore, the EDAFS normalization factorSy) and the
B. InP/GaP SLS crystallographic phase shiftspf— ¢,) entering into the

Regarding the SLS, the corefinement of the 0010 andeDAFS expressiohEq. (7)], were calculated using the crys-
0015 DAFS spectra was based on a simple structural modéd@llographic structure. Figure 6 shows the EDAFS phase
The noncentrosymmetric cell along the growth direction wasShifts @o— ¢ca— 7/2 with respect to an EXAFS signal, at the
built up by 10 atomic planes stacked according to theGa a.nd As K edges for the 006 reflection of sample 1, as a
sequence: P-Ga-P-Ga-P-In-P-In-P-In. For the 0010 refledtnction of the wave \_/ectd{ of the photoelectron. At the Ga
tion, successive atomic planes contribute in phase wheredsedge the phase shift ranges from 50° to 0° in the wikole
for the 0015, the phase difference is equal to 180°. There arf@nge, showing that the oscillations on the DAFS spectrum
actually two Ga sites which contribute with an equal weightare sensitive to botfyg, and xg, at low k value but very
(Wa;=0.5) to both the 0010 and 0015 reflections. Considersensitive toxg, at k around 10 A™. At the AsK edge the
ing the simple structural model described above, which is irphase shift is about 90° in the whdterange, the oscillations
agreement with the DAFS measurements, the two Ga sitean the DAFS spectrum looks like xas-
must have an identical near-neighbor environment. There- The comparison among the GaAsP, samples with dif-
fore, we have made the assumption that the fine structurerent amount of residual strain is shown in Fig. 7 at the Ga
was identical for both sites. K edge. The spectra are quite similar to each other, showing

The best fit of the two reflection(&ig. 4) is achieved with  slight differences in the lov-region of the spectrum, more
this simple structural model by increasing the root-meansensitive to the presence of P. All the spectra shown in Figs.
square displacement of the In atoms up to 0.09 A. Refining and 7 have been recorded with the x-ray beam polarization
other parameters such as the Ga Debye-Waller factor, a smaléctor directed along thgl10] crystallographic direction.
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K-Ga (a)

(b)

X ()

| | | 1

2 4 6 8 10 12
k(A

FIG. 5. Upper panel: EDAFS spectra at the &Gaedge of
sample 1(a) compared with the EXAFS, recorded in transmission
mode, of bulk GaAsib) second panel, as above but at the As
edge; lower panel, SLS EDAFS spectrum at the Ka&dge (a)
compared with transmission EXAFS of bulk GéB.

We performed DAFS measurements on two of the

GaAs _,P, samples(1 and 2 also rotating the samples of
90° around the normal to surfa¢g01] direction to align
the polarization vector along thjd 10] direction, that is not
equivalent to[110] for the noncentrosymmetric zinc-blende

C’)\ [ -
N 80 - R
lf L ]
<
S 40 A
|O
= - K-Ga 4
0 4
0 5 10 15

k(A

FIG. 6. GaAs_,P,/GaAs sample: Phase shiftwith regards to
an EXAFS signal of the 006 EDAFS oscillations at the Ga and As
K edges.

x(x)

| | ! i

2 4 6 8 10 12
k(A D

FIG. 7. GaK-edge spectra of samples 3, 1, and 2, from upper to
lower curve, respectively, recorded with the x-ray polarization vec-
tor directed along the same crystallographic directjdri0]).

structure. The EDAFS spectra recorded in the two polariza-
tion orientations are compared in Fig. 8 for sampldsdper
pane) and 2(lower panel. In the first case only very slight
changes are observed, in agreement with a random distribu-
tion of the P atoms in the lattice, while for sample 2 which is
the most strained and thinnest one, we can easily note an
appreciable difference in the lolw+egion of the spectrum.
Looking at the overall shape of the spectra, the EDAFS mea-
sured with the beam polarization along {Hel0] direction is

much similar to GaAs, as if the P were less visible in the
local Ga environment.

T T T
[110]
3 g
< T [110]
| ] | i
I I 1 1
[110]
5 -
=y [110] |
| 1 | 1

2 4 6 8 10 12
k(A"

FIG. 8. GaK-edge spectra of samples(tipper pangland 2
(lower pane), recorded with the X-ray polarization vector directed
along thd 110] crystallographic direction and along th&10] crys-
tallographic direction.
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TABLE lll. First shell best-fit values obtained for coordination numbg\y interatomic distance€R)
and the mean-square disorder in the bond-length fa¢thfference with the modglA(Ao?), for the two
samples studied. The errors bhand Ao? are AN/N=30%, A(Ao?)=0.002 A2,

Sample Abs. edge Pair N R(A) A(A)a? (A?)
SLS GaK Ga-P 4.0 2.46:0.01 —0.003
1 GaK Ga-As 2.2 2.430.01 —0.003
1 GaK Ga-P 0.8 2.3Z20.02 0.001
1 As K As-Ga 3.6 2.440.01 0.002
B. SLS samples phic. We can estimate, according to the elastic theory, the

A best-fit procedure, using experimental phases and anf2erPendicular lattice parameter
plitudes of bulk GaP, was performed on the filtered first shell _Ga-P Ga-P_ GaAs _
contribution of the SLS EDAFS spectrum. The model phases 21~ 2 T2(C1o/Cap (@ a>9=5.271 A
were corrected according to expressigh8). The fit results  \yith a%2P=5.541 A anda,=a®*"=5.654 A,
are reported in Table Ill and shown in Figapat the Ga K In this case we have only one kind of atomic pair and we
edge. The errors on the fit parameters have been evaluatggn calculate the strained Ga-P bond length from
calculating the standard deviation corresponding to a normal- 1/4(2af+af)1’2=2.394,& which we can compare with
ized x? value of about 2(i.e., Ninq/v, Where N, is the the bulk alioy value for the In,GaP (x=0.4) r,
number of independent points andis the difference be- =2.383A. The EDAFS Ga-P bond length is in fair agree-

. 2 . .

tweenNjyg and the number of fit parametgrahe x* was  ment with the strained bond length of 2.39 A predicted by
calculated introducing on the filtered experimental curve anpe ejastic theory, showing that even for such a thin l4ger
experimental error of approximately 4% i.e., of the samey ) the theory still holds, as observed for other binary
magnitude as the relative experimental error, which is in th'snighly strained systemS. The Ao value is close, as ex-
case equal to 3.6%. That error was calculated by averagin cted, to that of the bulk compoun¢Eable 11l). No’ NNN
the absolute value of the difference between the exper.ime.ntgﬁens analysis was performed on the SLS spectrum since the
x values and the smooth ?g\gnal obtained by Fourier filteringrihution of coordination shells beyond the first one was
the data in the range 0-5 A. The average estimaigglwas  negjigible. This is due not only to a signal-to-noise ratio that
then divided by the average absolute valugyof is not very high, but also to the presence of In as NNN atoms

The Ga-P bond length for the SLS sample, obtained fromi, the |np adjacent layexswhich interfere destructively
the first shell analysis, isg.p=2.40£0.01 A. We measure a \yith the NNN Ga atoms contribution.

differenceAr =0.04 A with respect to the bulk value of 2.36
A. The built-in strain due to the lattice mismatch between
GaP and GaAs is 3.6%, and the sample is still pseudomor- C. GaAs,_P, samples

In order to extract quantitative information from the
EDAFS spectra we performed either a single first shell
analysis, isolating the nearest neighidN) contribution by

a standard Fourier filtering procedure and fitting the filtered
experimental data with the experimental phases and ampli-
tudes of bulk GaAs and GaP, and a multishell analysis on the
raw data using theoretical phase shifts and amplitudes calcu-
lated ab initio with the GNXAS software packadé.The
theoretical atomic phase shifts and amplitudes are calculated
in the muffin-tin approximation based on atom self-
consistent relativistic calculations, taking into account inelas-
tic losses through a complex Hedin-Lundgvist potential.
They have been checked by fitting the spectra of bulk GaAs
and GaP.

The results of the two procedures for the first shell dis-
tances of Ga-As and Ga-P are consistent within an error of
0.01 A. It is within the accuracy of the state-of-the-ati
initio simulation programs on the determination of the abso-
lute values of interatomic distances, which is known to be of

k(A D approximately 0.02 A.
The use of experimental phases and amplitudes, allows a

FIG. 9. Best-fit curve(solid line), obtained using experimental direct comparison of the nearest-neighbor distances of the
model phases and amplitudes, and filtered first shell contributiolloy with those of the bulk starting binary compounds,
(circles at the GaK edge for the SLS sampl@) and sample 1b), GaAs and GaP. The use of GNXAS program provides in-
and at the AKX edge for sample {c). stead the advantage of fitting directly the raw experimental

KX (K)
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binary bulk compound, and, is the VCA average bond
length which depends on the P concentratigrof the alloy,

Ga-As_ . Ga-P_ Ga-As Ga-P
ro o =rg =(1=x)rg= > xrg®.

The factorA=0.25 has been deduced for GaAgP, in
Ref. 27 and reflects the deviation of the NN bond lengths

o . bimodal distribution from VCA. The expected alloy values
FIG. 10. Elemental tetrahedral unit indicating the MS path iNtor x=0.22 would be in r®A=2443A and rSP
' a : a

cluded in the GNXAS simulation of the data.

=2.377A, consistent to the measured values r§f™s

data, increasing the number of independent points, i.e al?2'44i 0.01A andrg™"=2.37=0.02A.
' 9 b P P In our case we do not deal exactly with a bulk alloy be-

lowing a larger number of free parameters in the fit, and also oo
of including MS contributions in the spectra simulation, cause the sample actually have been grown epitaxially onto a

) . mismatched substrate with a larger lattice parameter, giving
;Vzlgn:gfégg%:?nn;’tigz g??ﬁ;vﬁ?\l];\olr c;irsl?;ri(e(se;htol\/lf%r at at most a tensile strain of 0.8%. Due to the large thickness of
: P rfhe samples, the built-in strain has partially released, break-

that can actually contribute to the signal is the three-bod){ g the epilayer and generating dislocations. However, the
path Gal-As-Ga2-Gal, where the short paths Gal-As a RD measurements still detect a residual amount of strain

As-Ga2 correspond to the two-body NN scattering path Gafacting on the lattice and one of the aims of this work was to

As, and the long one Gal-Gaz2, coincides with the two—bod;gtudy its effect on the interatomic distances

NNN scattering path. The angle Gal-As-Ga2 is the tetrahe- The effect of the residual strain can be estimated with the

dra_ll_élancn-qtz)l 32?6 Egggsangiﬁg? tFr:gbrlgical or ex erimentalhelp of the elastic theofythat relates the macroscopic elastic
P N P ¢onstants of the material with the microscopic lattice param-
were corrected according to expressidg).

. . .__eters. If the epilayer is still pseudomorphic, i.e., it has grown
As an example of the first shell analysis, the COMPASON, i) the same in-plane lattice constamat X as the substrate
of the best-fit curve with the filtered first shell signal is P ! ’

. it will undergo a biaxial expansion in the growth plane and
shown in Figs. _Eb) and 9c) for_sample 1, atthe Ga a_nd As an uniaxial compression along the growth directiofl], it
K edges. The first shell best-fit results are reported in Tablé . ) . e
i . will loose the cubic symmetry showing a tetragonal distor
lll. The average relative experimental error, calculated a ion. The lattice perpendicular parameter can be calcu-
reported in the previous section, is between 2.3 and 1.4%, . ° . ) <
The fit errors have been evaluated according to the standa?%ted’ according to the elastic theory, from the average VCA

and criteria on EXAFS data analy&igloubling the normal- attic'e parameted, "?‘”d the elastic constants of GaAsPy,
ized fit residual at minimum. The values of the Ga-As andObtalned from a weighted average of those of GaAs and GaP.

Ga-P bond distances are the same, within the errors, for hgo" X=0-22 we obtain

three GaAs_,P, samples. The value obtained for the As-Ga a, =ap+2(Cy,/Cyp)(ap—2)=5.566 A

pair, at the AK edge, for sample 1 is consistent within the ;i ap=(1—x)a%®"%+xa%*P=5608 A and a,=agans

error, with the value obtained at the Beedge. These values _g 54X 5. —5451A. The perpendicular and parallel
are very close to the bulk valu¢d.448 and 2.361 A, respec- ¢ i corﬁpc?r?épths are defined as

tively), as expected according to the well-known bimodal

bond length distribution of pseudobinary semiconductor

compounds. They have been measured by EXAFS orespectively, and are related by tfg coefficients

GaAs _,P, bulk alloys’?® as a function of P concentration, &, = —2(Cpp/Cyp)e

and the same values were found within the experimental er- * 1201

rors. We should note that the error on the Ga-P distance i®r pseudomorphic GaAs P, with x=0.22,¢,=0.008, and

necessarily larger than the error on the Ga-As bond length as = —0.007. Sample 2, which has an amount of in-plane

a result of the poor sensitivity of the fit to this parameter.strain of 0.7%, is almost pseudomorphic.

This is due to the small backscattering amplitude of Pkior ~ In this frame we can estimate an average strained bond

values beyond 5—6 A, which makes the EDAFS frequency length assuming that the lattice is uniformly distortéd,

depending mainly on the Ga-As pair, and to the relatively B 2. 212 3

low P concentration. re=1/42aj+ai)"“=ro[1+1/3(2¢t&,)]=rotAr,
According to the milestone studles_of Mlkkel_sen a”dwherer0=(1/3/4)a0 andAr is the average distortion of the

Boyceecz)y the local structure of pseudobinary semlconduc.to[)ond length due to the strain.

alloys,“"the Ga-P and Ga-As can be evaluated as a function |, this case it would ber =0.007 A, which added to the

of their average valug, given by the virtual crystal approxi- - gjloy bond lengths would give an average strained distance
mation (VCA), of

g=(a—ap)/ay and &, =(a, —ag)/ay,

rahs=yrSahsy Ar=2450 A,
roaP=rSaPL Ar=2.384 A.

S

pSa-As nGaAsy A (po—rCaAs)

e =1 P A(rg—r™"), Theoretical studies on §6a,_,As (Ref. 30 suggest that
actually the bond-length distortion should not be the same
wherer , is the bond length in the alloy ang, that of the for the two different pairs In-As and Ga-As, since the longer
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TABLE IV. Multishell fit results for the GaAs_,P,/GaAs samples. ¢ is the residual strain andis the
film thickness. Errors have been estimated changing each parameter, while iterating the others, until the
residual was doubletRef. 26. Arg,.c=0.02 A, and the relative errors on thé andN values are approxi-
mately 20%.

o o? R a?

a-P Ga-As Ga-Ga Ga-Ga

Sample € t (A) [hki] (AZ) (AZ) Ngapr Noaas (A) (AZ) Nga-ca
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 [170] 0.019 0005 1 24 397 0017 12
2 0.7% 600 [110] 0.008 0.003 1 3 3.99 0.017 12
2 0.7% 600 [1To] 0.008 0.004 0.3 3 4.00 0.014 12

bond is energetically more available to accommodate strai@°—4°. We also refined directly the Ga-Ga distance and the
than the shorter one. On the other hand, recent measurement$ fixing ® and o2, obtaining the values reported in Table
of the strained In-As distance onfBa, ,As (Ref. 29 point v, The Ga-As and Ga-P first shell distances were fixed
to an equal In-As/Ga-As bond distortion. If we recalculateaccording to the results of the previous first shell analysis.
theA_r value as in Ref. 29 applying1 the relative deformgtion-l-he NNN distance values ranged from 3.96 to 4.00 A, de-
tor, instead of targ, Ar’=r,, and3(2e,+e,), we obtain  yormined with an error of 0.02 A. The data best fit was ob-
a different distortion for Ga-As and Ga-P tained with a single NNN distance. The second-neighbor dis-
tance Ga-Ga corresponds to two different possible paths, Ga-

rSahs=yGahsy Ar'=2.455 A, P-Ga and Ga-As-Ga giving a splitting of the Ga-Ga distance.
It has been observed indeed in ,Bg_,As and
rGaP_rCaPLAr =2 367 A. Te Se _,Zn.%?" In our case the two NNN distances of the

starting binary compounds, 3.997 A for GaAs and 3.854 A

for GaP, are closer to each other, if compared & _,As

In this sense the Raman measurements of Ref. 22 suggegtq TeSe_,Zn, and the relative amount of short NNN
an unequal bond-length distortion, detecting the Ga-As modgaths is quite low, betpa P concentration of approximately
Raman shift as more sensitive to the residual strain than thgge, The increased and o2, with respect to the bulk

. r

Ga-P mod(,a. Compqring with the EDAFS results we see thaﬂiinary compound valuetsee Table IV, can account for a
theAr (Ar’) values in our samples would be at most of 0.01gjgnificant static spread of distances around the average.
A, which is comparable to the error on distances determina- We can compare the average NNN distance obtained from

tion, so we can only say that the bond distances of the Ga-Ag, it with the values deduced froay for the relaxed alloy,
and Ga-P pairs remain constant as a function of residu nda,, a, for the pseudomorphic limit.

strain; or at least they vary by less than 0.01 A for Ga-As an

0.02 A for Ga-P. The elastic theory shows to be for this

system a good approximation to describe the strain accom-

modation mechanisms. for the relaxed alloy,
Further information on the NNN shell has been obtained

by the multishell analysis. The fit parameters were as fol- Ga-Ga_ 1,,2 ~2\1/2_

lows: the mean-square disorder in the bond lengtf) (for ri Haj+a))t=3.966 A

the NN Ga-As/Ga-P distances, the Ga-As and Ga-P coordiyy the eight out-of-plane NNN atoms along tfE01] and

nation numbers, the tetrahedral angleand the s, the [011] directions of the cube faces,

crossedag (Ref. 3 andE,. Nine parameters were at most

refined, that is reasonable considering that the fit is per- rSG”a-Ga: rga-Ga: 3.998 A

formed on the raw EDAFS data. The coordination numbers

were left free to vary as a check on the EDAFS amplitudedor the four in-plane NNN atoms along th#&10] directions.

and also to compare the P contribution in the two differentDue to the co%6 factor for the[110] polarization, the two

crystallographic directions. The fit results are shown in Tablelifferent groups of in-plane and out-of-plane are weighted

IV and the best-fit curves compared with the experiment inthe same and EDAFS will see an average value of

Fig. 11. The individual contributions of the different scatter-

ing paths are shown, together with the overall best-fit curve rSGa-Ga: 1/2(r§a-Ga+ rgna-Gﬁ) =3.982 A

for sample 1, in Fig. 12. The third shell contribution has been

included in some case in the fit but his presence cannot bnat is slightly longer than the relaxed alloy value.
considered statistically relevant due to either the signal-to- The values we found compare well with the predicted
noise ratio and to the limitel range. The® value has been NNN distances. The second shell distance is even slightly
found always equal to 109.4°1° and thea§ approximately larger for the almost pseudomorphic sample 2. We must ac-

r$a6a= (v2/2)a,=3.965 A
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FIG. 11. Best-fit results from GNXAS program. The solid line beam. If the P atoms are randomly distributed or the lattice is
represents the raw EDAFS dati* y(k) (left column, and the cubic, it makes no difference, ba P ordering, joined to a
correspondent FT, right column, calculated in the range 3-18 A deformation, could lead to a difference in the spectra.

The circles represent the best-fit results. For sample 2 the best fits The expected structure for these alloys is a zinc-blende

for the two polarization directiongL10] and[110] are shown. disordered phase in which the cations occupy a set of fcc
positions and the anions occupy randomly the otter,?)
shifted fcc set. Several different kinds of ordered structures

knowledge, however, that to sample such fine changes in tHéave been observed in semiconductor alffys.

second shell environment, the statiscal quality of data shoulg The stab!llty of these ordgred phases is not well known,
be improved. ut calculations of phase diagrams of ternary alloys show

The last result that we want to comment on is how thelarrow regions of stability forx values of approximately

best-fit accounts for the difference between the faa0] 0.25, 0.5, and 0.75. Calculations have also been performed

— . using the Harrison model to calculate the strain enérgpd
and[110] .006 EDAFSZ spectra of sample 2. F.'rSt of "?1" Ve to predict the strain energies and bond-lengths distribution
should notice that the factors of the Ga-P pair are higher

, ; for In,Ga, _,As and GaAg_,Sh, . It depends on a number of
for samples 3 and 1, with respect to the bulk GaP, while foR, 5 5ich as the growth mechanism, the alloy concentra-
sample 2 it is lower, taking a value close to the bulk Com'tign and the related amount of strain energy

pound. This ;qunds reasonable considering the more ordere In our case we can relate the ordering effect detected by

and more “rigid structure of the less relaxed sample. Ony,o EpAFS to the reduced thickness of sample 2, compared

the ot_her _hand, the factors are strongly correlated with the ith sample 3 and 1, lowering the number of different order-

coordination nu_mb_ers ar_ld_ also depgnd on the accuracy g domains, i.e., giving an appreciable net crystallographic

spectra normalization, giving a relative error bar of aboutyqymmetry. The presence of the built-in residual strain due
0 i . . .

20%. Therefore the relevant numbers are the raliG, the mismatch with the substrates increases the ground

Nga-p/Nga.as for the two different[110] and[110] direc-  strain energy of the randomly mixed alloy and could favor
tions, they give the concentration of P atoms around Ga. Fothe ordered structure.

sample 1 the two spectra are very similar to each ofbee

Fig. 8 and the Ng,.p/Nga.as ratio takes about the same

value,Ng,.p/Ngaas= 0.4, giving an equal P concentration of V. CONCLUSIONS

29%. For sample 2, thNg, ¢/ Nga-as ratio is much lower for In the first part of the paper, we present the general for-
the [110] orientation (0.1) than for the[110] orientation  malism for analyzing EDAFS oscillations. The procedure is
(0.33, correspondingd a P concentration of 9% and 25%, valid for any type of crystallographic structure, i.e., cen-

respectively, that makes the spectrum at glance more similafosymmetric or otherwise. The first-order EDAFS oscilla-

to pure GaAs. When switching frofl10] to [110] direc-  tions xo(k) may be expressed with a formula very similar to

tion the NN atoms do not belong to the same crystallothe EXAFS one. The EDAFS normalisation factor may be
graphic planes. The NN coordination number is 4 as for aalculated using either the crystallographic structure or the
powder but only two of them are sampled by the polarizedparametersA® = ¢o1— ¢, and B, obtained by fitting the
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DAFS spectrum with Eq(4). For the one-anomalous-site elongation of 0.04 A of the Ga-P bond length in the SLS
analysis, the EDAFS crystallographic phase shify€ ¢,) sample. Since this elongation agrees with elastic theory, the
may also be calculated with the parametads and 8 only.  theory still holds for very thin epilayer®@ ML) with a high
Therefore, the structure is natpriori necessary, and a stan- strain content(3.6%. In this sense, the results reported in
dard EXAFS analysis may be performed. However, the paliterature are not yet very clear; deviations have been ob-
rametersAd® and 8 may not be constant as a function of served for buried single layers of InARef. 32 and for
energy due to the presence of a neighboring edge. In someGa,_,As, epilayers with a thickness lower than 10°3,
cases, a correlation may exist betweggand the scale factor whereas elastic deformation has been observed on a 2-ML
and/or betweerh® and the absorption correction, leading to InAs/GaAs samplé® Our results have added information on
unreliable values oB andA®. In that case, it is preferable to a real SLS system in which the short-range order could not
calculate the normalization factor and the phase shift withbe studied by any other EXAFS-like approach.

the crystallographic structure. Second, concerning the GaAsP, samples, the Ga-As

As a general trend, the DAFS spectra are very sensitive tand Ga-P bond distances gy a=2.44+0.01A andrg,p
the crystallographic DW factors. The measurements at dif=2.37+0.02 A) do not vary, within the standard deviation,
ferent edges are a way to decorrelate the DW and the occias a function of residual strain, remaining very close to
pation factors of the anomalous atoms. As a matter of facthe correspondent bulk value of the starting binary com-
the DAFS spectra are very sensitive to the paramg@ler pounds as was observed for the relaxed pseudobinary
which is related to the product,; exp(—MAjQZ). There-  alloy.®>?” The next-nearest-neighbor distances obtained by a
fore, this explains the sensitivity to the DW and why mea-multishell analysis of the raw EDAFS data compare well
suring DAFS spectra at a few differe@tvectors(2 or 3 for  with the values predicted for the relaxed and pseudomorphic
instance can decrease appreciably the correlation betweealloy.
the occupation factor and the DW factér. Third, we compare EDAFS spectra of two GaAgP,

It has been shown with the weak 006 reflection ofsamples recorded with two different orientations of the x-ray
GaAs Py, which has a large anomalous effect, that a verypolarization vector. The most strained and thinnest sample
small variation of the structural parameters may be detectedhows a difference in the low-region of the spectrum
For the weak 006 reflection of Gafs,P,, an atomic dis- (which is more sensitive to the presence of P ajomisen

placement as_low as one hunldredth of an angstrom I.eads tosvitching the x-ray polarization frof110] to [110] direc-
Ad of approximately 60°, which has been clearly ewdencechon. The multishell fit analysis indicates that for the10]

by the DAF.S Spectra. This small variation Is Comparal:’Iedirection, the number of P atoms seen by the Ga absorber is
with the variation predicted by the_ elastic theory, as we canuch lower. as deduced qualitatively by comparing the two
deduce from the values of the lattice parameters reported 'Qpectra Witr,1 the GaP and GaAs bulk measurements. That
the previous section for the bulk alloy and the pseudomor—result can be understood in terms of a partial P ordering

phic epilayer go="5.608 anda, =5.566 A, respectively It 0o anim along th®01] growth direction, which has been
we assume th"?“ the con}ract|ona11‘ Is linear with the strain observed in analogous pseudobinary alloys and explained
content, the difference ia;, between sample 3e=0.4%) theoretically in terms of strain enerdy.
and sample 2 =0.7%) should be equal to (5.566—
5.608)(0.3/0.8) A=—0.015A, which would be consistent
with the small contraction of 0.00¢8 A detected by the
DAFS analysis. We are grateful to the staff of the French CRG-D2AM
Using DAFS we have studied two different kinds of beamline for providing us assistance during the experiments,
strained semiconductor compounds, in a different strain reand to the CSIC-Instituto de Microelectronica de Madrid for
gime: a strained layer superlattice @aP,(InP); and three  providing the samples and performing the XRD characteriza-
single epilayers of GaAs,P, (x=0.23-0.20) grown on a tion. A special thanks to Vassileios Dalakas, who helped us
GaAg00)) substrate. In the first case, the strain is accommoto set up the analysis program at the CNRS laboratory of
dated by plastic deformation of the lattice; in the second cas€rystallography. This work was supported by the Labora-
the strain it is partially relaxed by dislocation generationtoires Europens Associe (LEA) for solid state materials
leaving a certain amount of residual strain in the lattice.  research by means of neutron and synchrotron beam based
We can draw three main results about the local microtechniqgues(MA.NE.S), by DGICYT Project No. PB-94-
scopic structure of the two systems. First, we measure a@022-C02-01, and by CICYT Project No. MAT96-0491.
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