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The local structure of bulk amorphous and crystalline (GaSl{)ce,), produced by solid-state amorphiza-
tion and subsequent crystallization of amorphous samples, respectively, have been studied using extended
x-ray absorption fine structure. Measurements have been made at the Ga arl €iges for
c—(Gash) ,Ge,, and at allK absorption edges for-a(GaSb) ,Ge,. All samples are found to be fourfold
coordinated with a local structure close to tlee-GaSb or thec—Ge phase. The partial distances
Rga-sb Ree-st Rge-ca Rea-ce Rsp-ca» @NdRgp.ge@re shown to be independent of Ge concentration and defined
by covalent radii of the components in both materials. The nature of local ordering in the amorphous materials
is such that Ge seems to substitute mainly for Sb at lower Ge concentrati0¢ 40 at. %9, aiding relief of
stress inserted during amorphization of the material. Crystalline (Gagl$e,), seems to contain a phase
with around 4 Ga/Ge neighbors around Ge along with Ge randomly substituting on Ga and Sb sites in a solid
solution. Debye-Waller broadening of amorphous and crystallind GaSb) _,Ge, are of the same order of
magnitude, suggesting chemical disorder in the crystalline material.

[. INTRODUCTION though close inspection of Table Il in Ref. 11 leads to the
conclusion that the distances are the same within error. We

Over the past 15 years there has been a steady streamtake this subject further here by investigating the local struc-
papers concerning the structural properties ofture of (GaSh)_ ,(Ge,), amorphous and crystalline solid
(A"BY);_,(CY), alloys!~° These alloys have been synthe- solutions.
sized in the form of thin films. A special feature of these The macroscopic properties of disordered tetrahedral
alloys is a zinc-blende-to-diamond structural phase transitiosemiconductors prepared by solid-state amorphizd8&A)
at some composition in between the pure I1I-V and group-IVunder high pressur&s™have been extensively studiét®
elements. One can distinguish two directions in which dis-These properties however, are defined by the microscopic
cussion has progressed over the yeéjsallowing the exis- nature of the materials, and an understanding of this can
tence of chemical disorder in the materiak., Ga-Ga and provide deeper insight into the structure of materials pre-
Sb-Sb bonds, see Refs. 1,3,4, and @) considering the pared by SSA. Recently, papers have been published on the
materials to be chemically orderésee Refs. 5 and)7Both  local structure and long-range structural correlations in SSA
groups, however, admitted the existence of the zinc-blendea— GaSh and its solid solutions with G&1°?°At the same
to-diamond phase transition, which was demonstrated ditime it is well-known that no structural technique at present
rectly by high-resolution x-ray diffraction measureménts can uniquely describe the structure of an amorphous solid.
and differ only on the nature of this transition. It is the issueThis is because of the loss of the periodicity in disordered
of local ordering that makes possible the coexistence of thesmaterials and, as a consequence, the relation between struc-
two approaches. Also, most of the above studies are coritire and symmetry. Therefore, the structure of such sub-
cerned with crystalline alloys, though there are a few studiestances can only be described in terms of mean valofes
of amorphous thin films. These latter generally describe the.g., distances, nearest neighbor numbers, Debye-Waller fac-
amorphous nature of the films and look at kinetics oftors) or, at best, distributions. Thus, the structural description
crystallization® Despite the importance of the issue of local of an amorphous solid is a challenging task even in the case
ordering there were just a few studies of these materials uf monoatomic substances. The situation becomes even more
ing short range sensitive techniques, such as extended x-rapmplicated for binary or polyatomic materials. The ability
absorption fine structur€EXAFS) (see, for example, Refs. of EXAFS to yield significant structural information for bi-
2,10, and 11 All these works showed that the nearest-nary amorphous materials has been recently demonstrated
neighbor(NN) bond length is constaritvithin experimental ~ for a range of sputtered amorphous fiffi$® and for bulk
erron in the materials across the studied concentration rangemorphous GaSh prepared by SSA.
The alloys were found to be random on the atomic scale, Although the possible influence of Ge on macroscopic
with the exception of Ref. 2, where Ge seemed to concenand structural properties was discussed previotsi§to our
trate on the grain boundaries in- (GaSbh) _,(Ge&)4. Asto  knowledge there is only one papéRef. 149 that describes
the NN distances, they were found to be conserved and cothe local structure oh—(GaSb) _,(Ge),. In that paper,
respond to those in the respective binary materials. Wea—(GaSb) _,(Ge,), studied using x-ray diffraction showed
would like to note that the authors of Ref. 11 concluded thaanomalies in the behavior of coordination numbers and shell
the NN distances are changing in GaRs , versusx, distances determined up t6=0.29. It was found that the
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radius of the first coordination sphere increases with increask. Broken lineq(, I, and Ill) represent three ideal modes of
of Ge content, in contrast to what would be expected forsubstitution of Ge into GaSb. Fig. 1, top row: I—Ge substi-
GaSb doped with Ge since the covalent radius ofytes for Ga only; ll—equally for Ga and Sb; Ill—for Sb
Ge (1.22 A) is smaller than the covalent radii of only. Fig. 1, bottom row: |—Ge substitutes for Ga only;
Ga (1.26 A) and Sb (1.32 A). This increase in bondll—equal substitution; Ill—for Sb only(this line coincides
length and also the change in rabhlg /N, from 2.7 to 3 were  with zero ordinate The SbK-edge first-shell coordination
ascribed to a transition from a highly strained amorphousiumbers were fitted assuming either Ge or Ga neighbors.
network (with some crystalline impurities of Ge and GaSh This procedure is valid due to the essentially similar scatter-
into the homogeneous amorphous solid solution. Howeveing power of Ge and Ga atoms and therefore their equiva-
from the point of view of our recent investigations of the lence from the point of view of EXAFS. This can be seen in
local structure ofa—GaSb using EXAF$? the conclusion  Fig. 1—both fitting procedures give the same result. For the
about anomalous increase of bond length with introductiors@me reason Ge and G&edge coordination numbers of
of Ge seems less well founded. neighbors other than Sb were obtained assuming either Ga

In this paper we present the results of an investigation ogggd(;e neighbors, respectivelye., no Ga-Ga and Ge-Ge

local structure of these materials by EXAFS at al EXAFS results allow us to suggest that there is observ-
K-absorption edgeGa, Ge, Sh Using the advantages of able change in the dependenceNbf, versusx at both Ge

EXAFS for_studles of local structure we have been able toand Ga edges. One can see from the Kaadge that data
extract partialnot averaged as in the case of Ref) &#tuc-

wural i R R R ] points do not follow any particular mode of substitution.
ural parametersRa sp Ree-si Rea-ce: Rsh-a, Ge €1€)- Rather they spread in the area which corresponds to prefer-

able substitution of Ge for Skespecially in the region of
lower concentratiorx). The same situation is also true for
Amorphous (GaSh) ,(Ge,), was prepared by the high GeK edge data. In the latter case, however, one can observe
pressure SSA technique described eatfiéf. Note that the tendency for equal substitution at high-Ge concentrations
samples ofa—GaSb normally contain up to 1-3% af mqr?]tgzlearly. A S|m(|£ar behavior o_f the numb%r of ngar_est
—GaSb'213 The experimental procedure of collection and "€!ghbors versus Ge concentration was observedc in
analysis of EXAFS spectra are described in details elsewherg, (GaSbe(G(?Z)X studied by EXAFS. In 'tha_t paper, the
(see Ref. 19 and references thejeExperiments were car- ©/ect Was ascribed to Ge preferably substituting for Sb at the
ried out at ambient conditions on stations 7Ga and GeK grain boundaries, thus relaxing possible stresses. One can

also see that the total number of nearest neighbors in the
edge3and 9.2Ga, Ge, and S'.i (_adge$ at CLRC Daresbury material at all concentrations of Ge stays close to {&ig.
Laboratory synchrotron radiation source. Samples cof

- ) -~ 1, top row. The next figurgFig. 2) presents the concentra-
(GasSb) _,(Gey) were ob.talned from .the qorrespondlng tion dependencies of nearest neighbor distances at all edges
amorphous ones by annealing as described in Ref. 25. Aft

i I | hecked b diffracti “iudied. Here, we can see that all the distances are essentially
preparation all Samples were checked by x-ray difiraction. independent of concentration of Ge. Note that neutron scat-
tering experimentg also indicate that the bond length én
Ill. EXPERIMENTAL RESULTS .
—GaSb does not noticeably change from thatefGaSb.
The concentration dependencies of the numbers of neare$he results of this paper and the ones published recently on
neighbors extracted from EXAFS data are presented in FigEXAFS (Ref. 19 and neutron diffractioff suggest that there

Il. EXPERIMENT
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exist instead significant distortions of bond anglesan ~®a~ (GaSbh7dGe&)oo7=108(1)°, = while = ¢,—GaSb
—(GaSb) _,(Ge,), rather than in nearest-neighbor dis- =110(1)° and¢p.— GaSb=109.47°. Thus all the angles are

tances. close to the ideal tetrahedral value foundcint GaSb.
Our EXAFS results are also confirmed by neutron We also |nvest|gated—(GaSb)_.X(GeZ)X ob.talne(.j from
diffraction from samples of a—(GasSb) and a amorphous samples by the technique described in Ref. 25.

The corresponding results for NN numbers and NN distances
are presented in the bottom rows of Figs. 1 and 2. We found
&ome distinctive differences in Ge substitution compared to
that for a—(Gashb) ,(Ge&),. One can see that the NN
those fora—(GaSb) ;4 G&)oo7 [R1=2.61(2) A andR;  humber behavior corresponds to the model of equal substi-
=4.23(5) A] |nd|cat|ng no significant changes in averagey,tion much better than in the corresponding amorphous so-
bond length as found in Refs. 14 and 10. We can also detefgtions. The other feature is that the number of Ge/Ga atoms
mine the value of the bond angle¢ for a  around Ge is around 4 and constant throughout the concen-
—(GasSb), 74 Ge&,) 27 from the first and second peak posi- tration range. Figure 3 shows the EXAFS Debye-Waller
tions in the total correlation functiofsee Ref. 2B giving  broadening for amorphous and crystalline samples. One can

—(GaSh), ;4{Ge)) -7 (see total correlation function, Ref.
26). We found that first and second-shell distances are high
for a—GaSb[R;=2.65(2) A andR,=4.32(5) A] than

Ga K edge Ge K edge Sb K edge
a-(GaSb),,(Ge,), a-(GaSb), (Ge,), a-(GaSb), (Ge,),
0.
0.028 { - Ge-Ga/Ge o 1
0.024] 0.024 . Ge-8b 0.024 « Sb-GalGe
0.020] 0.020} 0.0201
0.016] { E % E 0.016 0.016] I E
5] i 0.012f 0.012] & } :
0.01 3 FIG. 3. The concentration de-
0.008 0.008¢ 0.008] pendence of nearest-neighbor
0.004 | 0.004
0.004] . GaGe oo T ol Debye-Waller factors around Ga
0000 ] ° GaSb 0'004 0'004_ (@ and Ge (b) centers in
;,; -0.0044 ' . J ' Ry R (GaSb) _,(Ge,),. GaK edge(a):
o T T T i R 0.2 . . - .
= 00 02 04 06 08 00 02 04 06 08 0.0 solid  squaresNga.s, Open
(o}
o) c-(Gasb), (Ge,), c-(GasSb), (Ge,), squares—Nga.ge- GeK edge(b):
o — lid squares-N open
0.0161 » Ga-Ge 0.032 . Ge-Ga/Ge SOl d Ge Sbr p .
a Ga-Sb 0.028] . Ge-Sb squares—Nge.ga Sb K edge (c):
0.0121 0.024 ] solid squares—Nsgp.ge(ay OPEN
0008l © I 0.020] ¥ squares—Ngp ga-
: 0.0164
0.004 1 0.0124
0.008 E L
0.0004 0.004
0.004 00001
Rty | loooal . . .
00 02 04 06 08 02 04 06 08



1910 SAPELKIN, BAYLISS, LYAPIN, AND BRAZHKIN PRB 61

see that the values of Debye-Wall@d®dW) broadening are affect the nearest neighbor distances, and we can see from

comparable for both sets of samples. EXAFS that it does not. Annealing of amorphous samples to
obtainc— (GaSb) ,(Ge&), is then thought to result in relief
IV. DISCUSSION of stresses and redistribution of Ge.

o The behavior of Ge it— (GaSh) _,(Ge,), indicates that

Our EXAFS results show that total coordination & it not only randomly substitutes for Ga and Sb. In fact, it
—(GaSb) _x(Ge)y is close to 4 throughout the concentra- seems that there is a tendency for phase separation and pres-
tion range. The NN distances are also constant and one c@hce of Ga/Ge rich areas throughout the concentration range.
conclude that bond length is determined by the covalent radiipjs follows from Fig. 1 since the total coordination of Ge
of compounds and not affected by introduction of Ge. Thes‘_\’fvith Gal/Ge neighbors is around 4, and at the same time the
results suggest the short range structure of the material i§h concentration corresponds to random substitution of Ge
close to those ot —GaSb(Zn-blende structupeor c—Ge  for Ga and Sb.
(diamond structune The only exception is the point & |n general, Ge seems to act as a stress relief agent in
=0.7 and this is due to strong correlation of distances withgasp, lowering the total energy of the solution compared to
DW factors for the corresponding spectrum. In fact, it isthat of a— GaSb, mainly substituting for Sb in the areas of
possible to bring the values in line with the rest of the datanaximum stress at lower concentration. This follows from
points by fixing the appropriate DW factofsee Fig. 3 We,  the analysis of the distribution of numbers of nearest neigh-
however, preferred to follow the general data analysis procepors (Fig. 1). At higher concentrations the distribution tends
dure for all data sets by minimizing the parameters, whicho follow the case of the homogeneous solution. Te
characterize the g_oodness of fit in EXCURV92. _ —(GaSh) _,(Ge,), seems to have a structure close to that

The role of Ge ira—GasSb can be understood if we recall of c— GaSh | phasétetrahedral with the number of nearest
that 11I-V semiconductors in general and GaSb in partlcularneighl30rs in the first coordination shell close to four.
are understood to be slightly ionic in character. This means The exact microscopic description of the mechanism of
that in the case of GaSb negative charge transfers from Ga {8e incorporation in GaSh is still to be established. Also a
Sh. This charge transfer_could make Ga-Sb-Ga and_ Shnodel needs to be built af— (GaSb) _(Ge,), in terms of
Ga-Sb angles in general different, as can be observed in thgomic positions, and the information collected to date on the
low-temperature EXAFS measureméfitat Sb and Gak  |ocq) structural properties of these solutions could be ex-
edges. While nearest-neighbor-Debye-WallB\V) factors  {remely valuable in this respect. A theoretical model that

are the same at both edgp8.0044(4) K], the second- \ould explain preference of angle over bond-length distor-
neighbor DW factors are nd0.012(1) A at GaK edge tions has still to be built.

and 0.009(1) & at SbK edgd. The stress inserted om
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