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X-ray analysis of the short-range order in the ordered-alloy domains of epitaxialGa,In)P layers
by diffraction anomalous fine structure of superlattice reflections
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Ordered-alloy domains of epitaxially growGa,InNP layers have been observed elsewhere using transmis-
sion electron microscopy and transmission electron diffraction. We used diffraction anomalous fine-structure
(DAFS) experiments at superlattice reflections occurring in sevdrtl) directions to explore the short-range
order around Ga atoms in such ordered domains in epité@@linP layers grown orf001) GaAs substrates.

The requirements for a reliable measurement of the reflection intensity depending on the photon energy are
described. A quantitative DAFS analysis resulting in short-range order parameters is explained in detail. The
local structure around Ga in the whdi@a,InP layer FZSm) can be understood by a local structure model,
while contrary to that the local structure around Ga atoms in the ordered redt8ns) (can be described by

the values expected on the basis of the virtual-crystal m¢86163-182899)09023-3

I. INTRODUCTION (001 GaAs substrates were misoriented 2° toward the azi-
o ) muthal[010] direction. The samples investigated differed in
In epitaxial layers of 1lI-V ternaries dependent on the Pro-growth temperatures, as can be seen from Table I. Ordering

cess parameters during growth, small superlattice domainzas found by TEM for all specimens but at different extent
often come into being which are supposed to influence the

electronic propertiese.g., gap energyof this material and in[111] and[ll_l] dlrect|c_>ns. Due tp the §hape of the 0b-
hence of the devices made of iTherefore, the structure of served superlattice reflections, the dimensions of the ordered
the ordered domains has been studied by transmission eledomains were found to be wide spread in the range of a few
tron microscopy (TEM) and transmission electron Micrometers. The ordered domfauns :Z}re mostly arranged like
diffraction?~* the latter giving information about the size of flat discs. In another case Moritt al”* reported on lateral
the ordered domains as well. Mostly a CuPt-like structure offimensions of the ordered regions in the range up to
the column 11l elements sublattice is reported. This emphasid0® nn?. The percentage of the ordered volume was deter-
on one direction leads to a reduction from the origirdBm  Mined by quantitative x-ray phase analysis. For this purpose
symmetry to a rhombohedr&3m symmetry of the whole the superlattice reflection intensities were compared to those
structure. Our diffraction anomalous fine-structyBAFS) of the corresponding second order reflection intensities of
measurements are exclusively aimed at a quantitative chafGa,InP {111} lattice planes. Therefore intensities were cal-
acterization of the short-range order of the ordered domaingulated taking into consideration the appropriate corrections
Therefore we used superlattice reflectidfisyhere only the  of x-ray diffractometry(absorption correction, polarization,
relevant anomalous scatterers contribute to the DAFS. Thiand Lorentzian factojs|t is advantageous that the second-
is important because merely a small fractitew percentof  order reflections of the GaAd 11} lattice planes are forbid-
the whole layer volume is subdued to the ordering, resultinglen in case of nonanomalous scattering conditions. The re-
in a negligibly small contribution to the DAFS of the main sults are given in Table II.
reflections.

In the present paper we discuss the experimental require-
ments of DAFS measurements at superlattice reflections, and 1. EXPERIMENT

gftr;heielrjﬁtlzasl sagilgs'go'%nds(zﬁlt ;nge rwp}% tgeégr:i(kﬂ(?l;he DAFS experiments were carried out at the Hamburg Syn-
9 2 > hrotron Radiation Laboratory HASYLAB at the undulator

theory, experimental methods, analytical techniques an X . .
P - ' ; eamline BW1 using a Si 111 double-crystal monochromator
various applications of DAFS. Experiments for study Ofwith fixed exit. The eight-circle diffractometer available at

strained 1ll-V epitaxial semiconductors by means of DAFS
were reported by Proiettet all® Methodical aspects of a

quanutatlve analys|s of DAFS expenments W|th noncen- TABLE |. Growth parameters of |nVeSt|gated Specimens.
trosymmetric single crystals were already reported in detait

in Ref. 11. Specimen Subtrate temperature  (Ga,InNP layer thickness
60/2 650°C about 1.9pm
Il. SPECIMEN
SPEC S 69/2 680°C 1.69um
The epitaxial (Ga,InNP layers were prepared by metal- 4s/2 720°C 1.9Qum

organic-vapor-phase epitaxy as described elsewi{efae
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TABLE Il. Proportion of ordered voluméin vol %) for two 25T
orientations of thee axis.
© 20}
R3m caxis R3m caxis g
(hex. axig parallel (hex. axig parallel 5 sl
Specimen F43m [111] F43m [111] 5 °
60/2 2.650.2 0.3-0.2 = 01
69/2 8.740.2 1.1+0.2 S
4812 6.7:0.2 1.2:0.2 E oSy
—_——\_ b
093500 10400 10800 10800 10700 10800
this measuring station was used to obtain the normal of the energy (eV)

(111) directions of the(Ga,InP layers into the scattering

plane (sample anglaw, tilt angle of the sample goniometer ~ FIG. 1. Measured DAFS reflection intensities of tR8m 003

). For tracking the Bragg anglé versus energ¥ in the supeLIattice reflec_tions vs photon energy, hexagorm_lis parallel
range of 800 eV above the G4 absorption edgdabout to[111] (a) and[111] (b) directions of the sphalerité43m struc-
10369 eV to get the reflection intensiti( E) the accuracy ture of specimen 48/2.

of the sample goniometer was sufficiently high (0.001°) be-

cause the superlattice reflections(6fa,InP were broada  were far more than the few atoms contributing to the super-
full width at half maximum of about 0.4° i®). The reflec- lattice reflections. The next steps were the calculation of the
tion intensities and the GK fluorescence intensities were smoothed curvéwithout the fine structupeof reflected in-
recorded simultaneously by two thermoelectrically cooledtensities and the adaptation of the medium run of the cor-
Si-pin photodiodes using Keithley 427 and 428 current am- rected measured intensity to gain the oscillating part of
plifiers for the photocurrent measurement, respectively. Thém(E), from which the complex-valued fine structure func-
GaK fluorescence intensity was used for the absorption cortion was obtained by applying an iterative Kramers-Kronig
rection. The incoming monochromatic beam was limited byalgorithm. Finally the short-range order parameters were cal-
slits (2.62 mm in thew direction, and 0.7 mm parallel to the culated by modeling the theoretical fine-structure function
w axi9 and monitored by an ionization chamber situatedand by comparing it with the experimental one as extracted
between the slits and the specimen. A 1.09-mm slit in fronfrom DAFS signals. The absorption correction was done by
of the reflection detectofin the # direction reduced the dividing the measured reflection intensities by an absorption
fluorescence background. The energy-dependent backgroug@rrection factoA(E):

was measured near the Bragg angle of the superlattice reflec-

tion, and subtracted from the measured reflection intensity. I(E)= 'M(E)_ (1)

The polarization vector of the incident radiation was parallel A(E)

to the normal of the scattering plane. For the Bragg angl
tracking of the specimen the sample goniometer was move
using a second-order polynomial E)/ 6(E) which was ob-
tained by a diffraction preexperiment to find out the peak

(E) can be calculated by integrating over the different pos-
Sible path lengths of the x-ray photons in the layer of thick-
nesst:

positions at several energies in the scanning range. The —2u(E)t

DAFS experiments at the superlattice reflections ran within 1- y{—)

the energy range of 10200-11000 eV with energy steps of 2 A(E)= Sin6 cosy )
eV, and measuring times of 5-15 s depending on the reflec- 2u(E)

tion intensities. At a mean Bragg angleof 5°, about 60% sin 6 cosy

of the radiation intensity interacts with the layer. For speci-
men 48/2, Fig. 1 shows the measured reflection intensities

— — 141
Im(E) of the superlattice reflections ifl11] and [111]

~~
directions. The simultaneously measured normalizedkGa *”é’ 127
fluorescence intensity of th@&a,InNP layer is shown in Fig. S 10t Mvv\f\_———
2. The GaK fluorescence from the GaAs substrate is negli- &
. . . . 0.8 T
gible because of the maximum exit angle of only@&fere is S
about a 0.04-mm path length in the laygiven by the po- Z 087
sition of the fluorescence detector. g o4l
£ o2t

IV. QUANTITATIVE DAFS ANALYSIS

0.0 ' ' ' + '
10300 10400 10500 10600 10700 10800

The quantitative DAFS analysis started with an absorp- energy (eV)

tion correction of the measured reflection intensitiggE)

because these intensities are superimposed by the x-ray- FIG. 2. GaK fluorescence intensity vs photon energpack-
absorption fine structuréXAFS) averaged over all anoma- ground corrected and normalizecheasured simultaneously with
lous scatterers of the specimen volume, which in our cas®AFS shown in Fig. 2.
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. - FIG. 5. Absorption-corrected DAFS reflection intensiti&3M
FIG. 3. Total mass absorption coefficients of the layer compo—003 latti fection. h . el tof 111
nents versus photon ener@gef. 14. super attlce_ re gctlon, exagora@l x.|s parallel to[111] (a?
and[111] (b) directions of the sphalerite structure of specimen
with 48/2) vs photon energy.

H(E) = ue(E)[1—Xx(E)]+ up(E), (3)  z of Wyckoff position 2(0,07) of P atoms is equal to the
) ) o values of 0.125 and 0.625, respectively. Deviations from
where . (E) is the absorption coefficient of the edge atom, these ideal positions would yield contributions of P that can
up(E) is the total absorption coefficient of all nonedge at-pe excluded experimentally by the good agreement between
oms, x(E) is the XAFS contribution to the absorption coef- cajculated and measurédormalized intensities. The struc-
ficient of the edge atomg is the Bragg angle, angh the  tyre factor F, (smooth part without contributions of fine
tilting angle of the sample. The total absorption coefficientsructure for the 003 reflection with nonresonant atomic
w(E) of the (Ga,INP layer was calculated using E(),  scattering amplitudesfoc, and fo, and their resonant

including the mass absorption coefficients for the elements Ranomalous parts f/ g+ if ", and f., +if”,, (resulting in

Ga, and In(Fig. 3, and a mass density=4.459 g/cmM  corrections of the smooth curve without contributions of fine
according to Ref. 15. Inserting(E) into Eq. (2) then gives  gstrycture is given by

A(E), as shown in Fig. 4. The corrected reflection intensities

Im(E)/A(E) for the superlattice reflections of specimen 48/2 Fo=3(fogat fegatifega —3(font fenTifen), (4

are shown in Fig. 5. It was assumed that the ordered domains ) )

were equally distributed with depth. In fact a small change ofvhere the real part R&q) and the imaginary part Infi(o)
thickness should influence the DAFS analysis only weaklycan be combined to

The reflection intensity(E) is proportional to the square of _ , ,

the structure factor|F(E)|2. The kinematic scattering ap- Re(Fo)=3(focat fsga™ fom=Tsin) 6)
proximation should be justified because of the small size ofind
superlattice domains. For a description of superlattice reflec-
tions the structure factor had to be evaluated for the rhom- Im(Fo)=3(fsga fain)- (6)
bohedral phasB3m (space group number 160, 12 atoms per_—_, . . S
unit cell). The observed superlattice reflections correspond t(-)r akmg Into acgount thg oscillating ﬂne;strugture terms of the
the 003 reflection of this structure. The resulting structure2lomic scattering amp“tUdd.%SGaandfOSGam our case of
factor for the 0003 reflectiothexagonal axescontains only Ga as a resonantly scattering atom, the complete structure

contributions of Ga and In. This is true if the free parameterfaCtOr F can be written as
FZFO+3(fc’>sGa+fgsGa>' )

In accordance with Sorenseet al.® the complex-valued
fine-structure functiory= x' +ix” is connected to the oscil-
lating terms of the atomic scattering amplitudes ffyg,
=figx’ andfy .= fecax”- Neglecting the square terms in

X104 T

8x10~5 L

$ 07 flca@ndfl sa the intensity becomes
o] | ~[Fol?+2 ReF)3fpsgat 2 IM(Fo)3fosca  (8)
or, with the notation of the complex-valued fine-structure
10-5 . . . . , function mentioned above,
10300 10400 10500 10600 10700 10800
energy (eV) | ~|Fol?+2 ReFq)3flgx'+2 IM(Fo)3flgx". (9

FIG. 4. Absorption correction functiof(E) for the superlattice ~ Since we directly follow Sorenseet al, we have to note
reflections vs photon energysample 48/2:t=1.9 um; sample here that a distinction is not made between contributions of
69/2:t=1.69 um). all of the electrons and of the core electrons excited at the Ga
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FIG. 6. DAFS reflection intensities related to the theoretical ~FIG. 8. Real party’ (line) and imaginary park” (dots of the
reflection intensitiegFo|? (R3m 003 superlattice reflection, hex- complex valued fine structure function vs photon enerl@;&rﬁ 003
agonalc axis parallel tof 111] (a) and[111] (b) directions of the  superlattice reflection, hexagonal axis parallel to[111] and
sphalerite structure of specimen 48/2 [111] directions of the sphalerite structure of specimen %8/2

K edge tof¢s,. The f;s, used here stands for the core elec- | —|Fol?=Ax'+Bx" (12

sGa- sGa

trons alone. In the present case this neglection can cause an
error of the coordination numbers calculated from the find® the measured extracted DAFS. The valdeand B are

structure in the order of 10%. Finally for tH€a,InP 003 ~ €qual to about 20 and 1, respectively. Therefore a first ap-
reflection R3m symmetry we derive proximate value fory' can be obtained by dividing the mea-
sured fine-structure contribution t6E) by A neglectingy”.
| ~|Fol?+ 18 (fogat fica— fon— fin fosca A Kramers-Kronig transformation giveg” from x’. In our
case one further iteration step already resulted in stgble
(s 6 (10) and x” signals within the accuracy of the intensity measure-
sGa  Tsin’TosG ment. The results from iterative Kramers-Kronig analysis are
shown in Fig. 8(filtered with respect to high-frequency
noise. For the quantitative GK XAFS and DAFS analysis
| ~|Fol2+ 182 (fosat fica— fon—famx’ we calculated the theoretical fine structure functions of the
ideal structures ofGa,INP using the progranMoDex,®
(= ] (11) which is based on a single-scattering plane-wave model, the
sGa lsin/X |- theoretical scattering phase shifts, and amplitudes of McKale

The resulting quotients of the absorption-corrected measure®f al- Assuming a lattice parameter=#.566 nm(Ref. 13
reflection intensities y(E)/A(E) and |Fo(E)|? calculated for the ZnS-type structur¢Ga,InP, interatomic distances
with the atomic scattering factors for Ga and'frand the and effective coordination numbers of the neighborhood of
corrections calculated according to Cromer and Liberffan, Ga atoms are compiled in Table IIl, which also contains the
are shown in Fig. 6 for sample 48/2. Normalized absorption&ffective coordination numbers in the case of ordering con-
corrected measured intensities oscillating aroyfigl2 of  Sidering that the electrical field vector realized in our experi-
these superlattice reflection intensities are shown as exampfBent was perpendicular to the plane spanned by( 1Hd)

in Fig. 7. DAFS y’ and " signals were derived using an and[001] vectors. The contributions expected from back-

iterative Kramers-Kronig algorithm and adapting the modelscatterers to the G XAFS shown in Figs. 9 and 10; how-
ever, were calculated with the parameters from Table IV

or

function
resulting from the fit to the measured XAFS values. From
8000 T Figs. 9 and 10 we can see the following.
_ (1) The GaK XAFS and DAFS are dominated by the
r% 7000 contributions of the first P neighbors of Ga.
(a4
& 6000} TABLE lIl. Local structure parameters of the Ga neighborhood
b= in sphalerite(Ga,INP and in case oR3m-type ordering as calcu-
o so00f lated from long-range ordered structure model.
c
8 ool N Effective Effective
L ) Neighbor coordination coordination
3000 , , , , . of Ga Distance number inF43m  number inR3m
10300 10400 10500 10600 10700 10800
energy (eV) P 0.245 nm 4 4
Ga 0.400 nm 6 9
FIG. 7. Normalized intensitieull line) and|F |2 (dashed ling In 0.400 nm 6 3
for the R3m 003 superlattice reflection, hexagomaixis parallel to P 0.469 nm 12 12

[111] direction of the sphalerite structure of specimen 48/2.
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0.0 T TABLE IV. Local structure model of the Ga neighborhood in
(Ga,InNP as derived from XAFS data.
0ost Effective
/\ Neighbor  coordination
% 000 79 \//\ of Ga number Distance o?

v P, 2.2+0.5 0.239-0.002 nm  0.00006 nfn

—0.05 | Ga 6.5-1.3 0.394-0.005 nm  0.00024 nfn

In 55*+1.1 0.402-0.005 nm 0.00043 nfn

0.1%300 10400 10500 10600 10700 10800
energy (sV) (paying attention to the next-nearest Ga-P coordinati@re
fitted separately to the back-filtered functions. Successively
F_IG. 9. Expected contrib_ution_s of different nei_ghbors to the the-the partial models were summed up and fitted to the filtered
oret|(?a| GaK XAFS/DAFS (imaginary pait P neighbors at 0.24  fina_structure function resulting from the backtransformation
nm (line) and P atoms at 0.47 nidots. of the whole range.
I . The comparison between filtered partial/sum shells and
(2) The contributions of the next nearest P neighbors ofjye gata based on the structure models in Figs. 13 and 14
Ga are small. They are restricted to the energy region corres, s good agreement. Structure considerations lead to one
sponding to smgll vglues of the wave vector. run the fit procedure under the constraint of an effective
(3) The contributions of the nearest Ga and In backscat o /in coordination number 12t the ZnS-type structure of

terers superimpose nearly opposite in phase for the main pa(r(t;a,erP, one Ga atom has on the average six Ga and six In

of the icglterestinﬁt;/vave—vector region._ Thtils meapbs thke ”eareﬁteighborﬂ;. Table IV contains the local structure parameters
Ga an” In neighbors are not recognizable as “backscattergp, 5 g4 neighborhood resulting from the XAFS intensity of
shells,” as expected from isolated estimation in the Fourieg o whole (Ga,InP layer. The DAFS resultéexample of
transform(Fig. 11). Figure 12, however, proves, by compari- £qrier transform in Fig. 15 gained from superlattice reflec-
son of the sum of the Fourier transforms of Fig. 11 and thg;,, ot e specimen 48/2 in the way described for XAKS
Fourier transform of the complete-fine structure functiongqmnarison to XAFS show significant differences relating to
(sum of all contributions in th&/k scale, respectivelythal  ,q contributions of the next P neighbors. Fitting of the struc-
only the first P neighbors to form an isolated backscatteref,.a model of the ordered domains to experiment was per-
shell. The other interference structures in the Fourier transg meq again constraining the effective Ga/ln coordination
form cannot be assigned dgfmnely to such shells.. number 12. However, since Ga and In ordering occurs on
XAFS and DAFS analysis went on by the following Steps. sgnarate planes, there will be weighted contributions of nine

(i) Fourier transform of the fine-structure function s, aioms and three In atoms as next-nearest neighbors in
(yve|ghted byk_ to obtain a sufficiently high position resolu- (111) directions of the ZnS-type structure 6®a,InP fol-
tlon"of the neighbors near 0.4 ')m ) lowing one another. This relation between the Ga and In

(i) Separate backtransformation of the next P neighbogtective coordination numbers should occur only with large
contributions(0.12 to 025 nm and Of. thg adjacgnt region  4omains combined with the ide&3m structure(ordering
(0.25 to 0.60 nmcontaining the contributions mainly of Ga and a complete polarization of the synchrotron radiation per-

and In backscatterer®ack filtering. In addition, the back- : :

) N pendicular to theR3m hexagonalc axis [parallel to(111)
transformation of the whole rang6.12 to 0.60 n esa . . — o

! W g mgiv directions ofF43m (Ga,InNP]. These conditions are not ex-

filtered (smoothedl fine-structure function. With the com- tv fulfilled. but it trends 100Ki t devi
puter program mentioned above the local structure model8"Y fu : eth' 3 we cant 'SleJfSSt.ren S (()j(.) u:_g at devia-
for the Ga-P coordination and for the Ga-Ga/In coordinatiort'ons from the idealexpected effective coordination num-

0037 200 1
0.02 | ;

l. 150 L
0.011

x 0001

FT

100 T

-0.011

50 1
-0.02 T

-0.03 + 0 ' : , ; ; .
10300 10400 10500 10600 10700 10800 00 01 02 03 04 05 06 07

energy (eV) r (nm)

FIG. 10. Expected contributions of different neighbors to the  FIG. 11. Fourier transforms FT) of the partial contributions of
theoretical G&K XAFS/DAFS (imaginary part Ga atoms at 0.394 P, Ga and In in Figs. 9 and 10 to the BaXAFS/DAFS.r is the
nm (line), and In atoms at 0.402 nidlots. interatomic distance with Ga in the center.
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FIG. 14. Filtered partial/sum shell datdoty and fitted data
basing on the structure modgine) (Ga K XAFS of specimen 48/
2). Parameters of the structure model are listed in Table Il
bers compared to XAFS results for the whole layer that
correspond to the expected relation within the error of mea-

surement, and may also analyze data which are strongly inte pasis of the LSM. In the present case (6a, NP solid
fluenced by the theoretical scattering cross-section ]aata-solution can be understood as a composition of Ga-P and
The parameters of the structure models which also prove thg,_p components. In case of GaP the nearest-neighbor dis-
Ga K fin(_a-structur(_a functionls of 'ghe DAFS experiments atiznce Ga-P amounts to 0.236 i@ ap=0.5451 nm(Ref.
superlattice reflections are listed in Table V. 15) that should match the results of XAFS experiments for
(Ga,InP when we follow the LSM. The VCM would be
appropriate to describe XAFS results which show nearest
neighbor Ga-P distances of 0.245 nm corresponding to a lat-
tice parameter @ nyp=0.5660 nm->
Changes of bond angles cause changes of the angle be-
een bond direction and the direction of the polarization
ector of the synchrotron radiation. This may influence the
ffective coordination numbers of XAFS and, therefore,
AFS results.

The average nearest-neighbor distance Ga-P for the whole
(Ga,InP layer of about 0.239 nrtas a result of XAFgis in

FIG. 12. Sum of Fourier transforms RTj(of Fig. 11 (dot9 and
of the total XAFS signalline).

V. DISCUSSION

Two standard models of local structure in solid solution
crystals are of relevance here: The virtual-crystal modelw
(VCM) describes the alloy as an arrangement of atoms &
ideal sites in the corresponding unit cell. The assumption id
that atoms remain at their sites despite compression or e
pansion of the unit cell caused by alteration of the composi-
tion. Various author¢éRefs. 9 and 19gave examples of non-

conformity of the VCM with the results of XAFS etween the two situations discussed above. Obviousl
experiments obtained with alloy semiconductors which hacp. . : : . Y,
within the experimental error our value agrees better with the

overcome the averaging character of diffraction experiments. ) e i
The latter, however, could be better understood by applyin}s'\/I than W'.th the VCM. Any superposition .Of contrlbutlons_
as to take into account the weight which is due to the ori-

the local structure moddLSM) that describes local distor- ntation of the electric-field vector. Thus the small value of

tions of the structure, and takes into consideration that th 3.2 nearest P neighbors of G&0 were expectectould be

binary components with tetrahedral bonds tend to compe Hnderstood by changes of bond directions. However, experi-
sate for changes of bonding angles by maintaining the bonmental effects due to the limited takeoff angle of the fluores-

lengths. Sorenseat al® showed that their results of DAFS cence cannot be excluded. If the sianal were in fact comin
experiments of 1gGa _,As were comprehensible only on ' 9 9
0.03 1 300 T

0.02 1

0.011
X  0.001
-0.017

-0.02 1

=0.03 b
20 30 40 50 60 70 8 90 100
k (hm™)

FIG. 13. Filtered partial/sum shell datdotg and fitted data
basing on the structure modéhe) (GaK XAFS of specimen 48/2
excluding nearest P neighbors of Ga.

200 1

FT

100 T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

r (nm)

FIG. 15. Fourier transform FTJ of GaK DAFS: hexagonat

axis of theR3m structure parallel to thélTl] direction of the
sphalerite structure of specimen 48/2.



PRB 59 X-RAY ANALYSIS OF THE SHORT-RANGE ORDERN . .. 15 259

TABLE V. Local structure models for ordered regions as de-whole (Ga,InP layer can be described by the LSM, while in
rived from DAFS data(a) Specimen 60/2R3m caxis (hex. axi$  the ordered regions Ga is surrounded according to the VCM.
parallel to theF43m [111] direction. (b) Specimen 69/2R3m c Nearest Ga-Ga neighbor distand€s394—0.399 nmre-
axis (hex. axig parallel to theF43m [111] direction.(c) Specimen  sulting from XAFS and DAFS measurements are comparable
48/2 R3m caxis (hex. axig parallel toF43m [111] direction.(d) ~ Within the error limits, and are less than the average value
Specimen 48/2R3m caxis (hex. axi$ parallel to theF43m [111]  €xpected fo(Ga,InNP (0.400 nm. The nearest Ga-In neigh-

direction. bor distance for the whol€Ga,InNP layer (result of XAFS
amounts to 0.402 nm, which is comparable to the average
Effective value expected. For the ordered regions from DAFS nearest
Neighbor  coordination Ga-In neighbor distances of 0.411-0.413 nm have been de-
of Ga number Distance a? rived that are significantly larger than the average value of
(Ga,InP. One has to consider that in ordered regions the
(@ nearest In neighbors of Ga form separate planes, and only
Py 4.1x0.9 0.246-0.002 nm  0.00007 nfn  pejghbors in particular directions contribute to the DAFS.
Ga 6.5:1.3 0.395-0.005 nm  0.00016 nfn Al this indicates a distortion parallel to the axis of the
In 5.5+1.1 0.411-0.005 nm  0.00015 nfn  orderedR3m phase(hexagonal setting This agrees well
with the observed Bragg angle shift of all superlattice reflec-
(b) tions involved compared to random packing.
P, 4.0+0.8 0.246:0.002 nm  0.00007 nfn From superlattice reflection intensities as well as from the
Ga 7.0:1.4 0.396-0.005 nm  0.00015 nfn ratio of effective Ga/ln coordination numbefsext-nearest
In 5.0+1.0 0.412-0.005 nm  0.00018 nfn Ga neighbors we conclude that coherently ordered regions
possibly enlarge with increasing growth temperature. This
(© connection found for three samples seems to be a hint for
P, 4.2+0.9 0.245-0.002 nm  0.00006 nfn further investigation. We observed a change from 6.5:5.5
Ga 7115 0.398-0.005 nm  0.00014 nfn (Ga:ln in the case of specimen 60(2omparable to the av-
In 4.9+1.0 0.412-0.005 nm  0.00015 nfn  €rage result of XAFg5to 7.0:5.0 in the case of specimen 69/2
and 7.1:4.9 as well as 7.9:4.1 in the case of specimen 48/2.
(d) There is no significant difference in ordering for battl 1)
P, 4.2+09 0.246-0.002 nm  0.00005 nfn directions, while differences of superlattice reflection inten-
Ga 79-16 0.399-0005nm  0.00016 nfn _sities usually hint at different numbers of coherently scatter-
In 41+09  0.412-0.005nm 000014 nfn M9 atoms.

VI. CONCLUSIONS

from the entire depth of the film and somewhat from the 16 ayerage coordination of Ga in partially ordered epi-
substrate, then additional self-absorption not considered hefgyja| (Ga,InP layers has been determined by XAFS experi-
would have a significant damping effect on the fluorescenceyents, while the local structure around Ga in particularly
XAFS. Another possible explanation for the deviation from grdered regionga few percent of the whole volumevas

the expected value is the damping of the XAFS amplitudesyplored by DAFS experiments using superlattice reflections
caused by static and thermal disorder. Deviations from symef these ordered regions. The local structure around Ga in the

metric plzir distributgl)n f#lfncttionls c;ﬁused by Itocal ditsr‘:orgonswhole(Ga,lmP layer £43m) can be described by the local
may yield comparable etlects. In the present case the debely ctyre model. Contrary to that, results in the nearest neigh-

d;elnce oLtheracksca}ttelrlngtJ atrapl!tl;fie of P ‘;“dwa"? vdctor borhood of Ga in the ordered regionR3m) follow the
at lowerk vaiues Is similar to the infiuénce ot damping on avirtual-crystal model. This means that ordering not only

constant backscatter!ng amplitude, beca}usg it is difficult t auses a reduction of symmetry but causes changes in bond-
distinguish between influences of coordination number an

generally by stating that the nearest neighbors of Ga devia
from ideal positions in the unit cell throughout the Wholefr
(Ga,InNP layer, while showing nearest-neighbor distances
similar to those of the binary compound GaP.

DAFS experiments with different samplésomparable
orientation of the polarization direction of the electric-field
vector as discussed in case of XAFS experimegpisided Our thanks are due to Dr. V. Gottschal¢hstitute of
nearest-neighbor distances between 0.245 and 0.246 nnimorganic Chemistry, Leipzig Universityfor providing the
These values match the VCM. The effective coordination(Ga,InP samples. The authors are also indebted to J. Weigelt
numbers of about four next-nearest P neighbors of Ga agresend R. Frahm for inspiring discussions and their assistance
with the values expected for an occupation of ideal positionsvith the measurements. Financial support by the BMBF is
of the compound. The nearest neighborhood of Ga in thegratefully acknowledged.

ces between ordered and disordered structures resulting
om lattice expansion in the directions of ordering.
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