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Structure of bulk amorphous GaSbh: A temperature-dependent EXAFS study
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We have studied the structure of bulk amorphous GaSb using the extended x-ray-absorption fine-structure
(EXAFS) technique over the temperature range from 80 K to 293 K. The possibility of the presence of
chemical disorder has been explored throughout the temperature range. The configuistitigatontribu-
tion to the Debye-Waller broadening of the distances has been extracted from EXAFS data. The bond-angle
distribution fora-GaSb was calculated from the results of EXAFS analysis. The mean bond angle has been
calculated from SiK-edge data and found to be 108.880163-182¢97)02141-3

The problem of understanding the structure of amorphougbonds between “like” atoms, i.e., Ga-Ga or Sb-Sb in GaSb
materials still attracts a lot of attention in the field of solid and therefore can be also chemically disordered. Continuous
state physics both due to the general character of the prolbandom network modelriginally developed by Pofl are
lem, requiring the development of advanced theoreticalusually applied to describe the structure of amorphous co-
computational, and experimental approaches for studies ofalently bonded materials such asSi anda-Ge. The key
disordered mattefsee, for example Refs. 1%3and its tech- feature of such models is the significant extent of chemical
nological importancé?® The unambiguous determination of disorder'® This, in turn, would result in the increase of in-
the structure of materials is also of great importance sincéernal energy, reducing the stability of such materials. Con-
this defines their main macroscogie., electrical and ther- tinuous random network models with a high degree of
mal conductivity, elasticity, etg.and electronic properties. chemical order have been developed by Connell and
On the other hand, it becomes impossible to build a structur@emkin!! and are considered to be most appropriate for
of an amorphous solid in the way that is done for crystaldll-V compounds. In fact, it has been demonstrated recéhtly
because of the loss of periodicity in amorphous materialsthat a Connell-Temkin-like structural model can be consid-
and, as a consequence, the loss of the relationship betweered superior, from both structural and energetic points of
structure and symmetrgwhich allows the building of the view, to those calculated using, for example, tight-binding
structure of a crystalline material from diffraction studies potentials or molecular dynamics. The experimental determi-
As a result there are still debates about the structure of wellration of chemical disorder in amorphous materials is ham-
studied materials such aSi and a-Ge®® The question pered significantly by either the quality of experimental data
also posed is whether it is possible to obtain a unique strucer difficulties in extraction of such information intrinsic to
tural solution using results of diffraction experimehts. diffraction. We have used temperature-dependent EXAFS

The most widely used methods of direct structural studiesneasurements on Sb- and &Gaabsorption edges to study
of disordered solids are neutron, x-ray diffraction, and exthe local structure in bulk amorphous GaSb. EXAFS is par-
tended x-ray-absorption fine struct(iEEXAFS). The former ticularly useful as a probe for short-range structure around a
provides information on long-range correlations, howeverspecific type of atom. In this paper we explore the possibility
the procedure of extraction of the information is somewhatf chemical disorder in bulk amorphous GaSb prepared by
complicated for materials with more than one type of atomicsolid-state amorphization under high pressure. We will also
species, since diffraction yields the environment of an “av-show how the use of the technique of EXAFS can provide
eraged” atom. Although the analysis can be done for crysvaluable and accurate information on the structure of bulk
talline materials, it is very complicated for disordered solids.amorphous GaSta-GaSh.

In particular the complications arise from the fact that the Amorphous GaSb was prepared by the high-pressure solid
disorder in an amorphous solid can be either configurationadtate amorphization technique described eatfiét Samples
(spread in bond lengths and bond angles chemical were finely ground, and the powder was mixed with boron
(cation-cation or anion-anion bondingr both. In contrast to  nitride to ensure the homogeneity of samples for transmis-
amorphous group-1V elementge., a-Ge, a-Si), which can  sion EXAFS experiments. Temperature-dependent EXAFS
only have configurational disorder, amorphous IlI-V com-experiments have been carried out on stations (GaK
pounds, being binary solids, can also contain wrong bondedge and 9.2(SbK edgg at CCLRC Daresbury Laboratory
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synchrotron radiation source, using an Oxford Instrument:
variable temperature cryostat. The postegie) parts of the
EXAFS spectra were extracted using SPLINE, the interac
tive program for background subtractibhThe program fits

Ga K edge Sb K edge

splines to smoothly varying background absorption. It alsc % ° .

allows one to check interactively the influence of fitting on ™ - :

the Fourier transform, and thus very effectively minimizes .

the distortions in the Fourier transform related to the curva: Wl4_6 8 10 12 14 18| °f2 4 6 8 101214161820
ture of background absorption. The method of analysis an k(AT k(A"

the quality of the original data are two main standpoints in
the treatment of EXAFS data which separate semiquantite
tive and fully quantitative results. The S/N ratio and there-
fore maximumk range accessible define the accuracy anc
amount of information which can be extracted from an
EXAFS spectrum. The use of bulk material allowed us to

employ the well-established and most accurate EXAFS tect e 7 o 1 2 3 ’4/\?‘ s 7 8
nigue, transmission, and easily maximize the absorption ste R (A)

Apux (u is the absorption coefficienk, is the sample thick-

ness at both Sh- and G&-edges. The analysis of chemical s _ _ _ _
ordering was also simplified due to the significant difference FIG- 1. Thek’x(k) functions and magnitudes of their Fourier
in scattering amplitudes of Ga and Sb atoms. Analysis OLransforms fora-GaSb for Ga- and Sk- edges T=280 K). Dotted
EXAFS spectra has been done by use of the EXCURVQ2"ES are the calculated spectra.

program® EXAFS analysis using EXCURV92 consists of

least-squares fitting of a theoretical model to the experiment. The structural parameters mentioned above corresponding
tal data until the best fit is produced. The scattering phase the best fit obtained are listed in Table |. For comparison
shifts and atomic potentials were calculated within the prothe results foc-GaSb are presented in Fig. 2, and parameters
gram by use of the von Barth-Hedin—Hedin-Lundgvist po-listed in Table Il. All calculations were made in the single
tential set. Crystalline GaS99.99+%) was used as a refer- scattering approximation and the assumption of no chemical
ence material to set amplitude factéfsThe structural disorder. The question of chemical disorder will be discussed
parameters extracted from an EXAFS spectrum are usualllater in this paper. We can see from Tables | and Il that the

the following: R (average interatomic distaricdN (average Number of nearest neighbors and distances-GaSb are
coordination numbgr o2 (mean square variatiofMSD) of ~ Very close to those in the crystdbwer just by~0.2 in the
bond |ength or relative Debye_Wa”éDW) broadening and formeO. This agrees with the fact that the densities of bulk
the type of atomic species around the central atom. The erré-GaSbh andc-GaSb are withir=3%. The most important
determination is an important part of EXAFS analysis. ThePoint we would like to stress is that it was possible to obtain
procedure ideally has to be done for every spectrum usinthe position R) of the second nearest neighbdésee Fig. 1
methods of statistical analy$igincluded in EXCURV92to  at T=80 K for the SbK edge. Another feature of EXAFS is
access the correlation between parameters during fitting anthat DW broadening for the first shell is generally lower than
therefore, statistical errors. We always quote the limits of thehat for higher shells. This is due to significant correlation in
95% confidence region, i.e., the2e uncertainties, where  atomic oscillations for nearest neighbors.
is the standard deviation. However there also exists a part of We have looked for the presence of wrong bof@a-Ga
the error which is related to the experimental conditions andind Sh-Sphthroughout the temperature range at both Ga- and
the theory used to calculate EXAFS spectra. Here we hav8bK edges by direct introduction of such disorder in the
usedc-GaSh to quantify such errors. fitting parameters. As a result we have found a systematic
The resultingky (k) dependencies with their magnitudes difference between the amorphous and crystalline EXAFS
of Fourier transforms and theoretical fittings for both Ga-data. For amorphous GaSb from the Kaedge data af
and SbK edges fora-GaSb aff =80 K are presented in Fig. =78 K the number of nearest neighbors in the first sNgll

TABLE I. The results of EXAFS analysis af-GaSb from Ga- and SK-edges at different temperatures.

GaK edge SkK edge
T,K  Shell N(Sb R, A 20, A2  T,K Shell N(Ga) R, A 202, A2
78 1 3.43) 2.6405) 0.00727) 80 1 3.82) 2.6495) 0.00846)
2 12Afixed)(SH  4.31(1)  0.0241)
130 1 3.62) 2.6355 0.00826) 100 1 3.93) 2.6475) 0.00887)
180 1 3.53) 2.63715 0.00868) 140 1 3.83) 2.6485) 0.00928)
240 1 3.53) 2.63715 0.00987) 190 1 4.14) 2.6515) 0.0104)
293 1 3.76) 2.6335 0.0121) 250 1 4.06) 2.6525) 0.0111)
1

290 3.95) 2.6495) 0.0131)
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FIG. 3. The Debye-Waller broadeningr? versus temperature
for c-GaSb GaK edge(open squargs SbK edge(open circleg
FIG. 2. Thek®(k) functions and magnitudes of their Fourier @nd fora-GaSb Gak edge(solid squaresand SbK edge (solid
transforms forc-GaSh for Ga- and SK- edges T=80 K). Dotted ~ Circles.

lines are the calculated spectra.

on chemical disorder is the study of Debye-Waller broaden-
ing versus temperature. If there is a significant proportion of

X . wrong bonds one expects to observe the nonlinearity of this
=0.0098), while for c-GaSb theNg, is around zero. It was  gependence, due to different temperature dependencies of the
also found that error in determination N, increases from \1gp of different atomic species. The result of the compari-
+0.5t0=0.7-0.8. Thus it becomes impossible to use bothgqp of temperature dependencies of DW broadening for crys-

Neaandog, c,as free parametetas has been pointed outin tajline and amorphous GaSb are presented in Fig. 3. All de-

Ref. 18. Although the observation of systematic differencespendencies can be considered to be linear versus
in crystalline and amorphous spectra suggests the presencetgfnperature, as predicted by lattice dynamisgthin a De-
wrong bonds it should be noted that uncertainties are relagye model in this range of temperaturé$.All the above
tively large. The fit withNg, and 0§, g,as free parameters at suggests that the degree of chemical disorder in the material
SbK edge showed tha¥lg, remained constant and close to (if there is any is below the accuracy of the EXAFS tech-
zero. This result puts serious doubts on the presence @fique. This agrees qualitatively with the estimation made
Sbh-Sb type wrong bonds, though it should be noted that thasing the ordering criteria for binary amorphous alloys de-
analysis is complicated due to the similar valuesRaf, g,  veloped by Gurman. In his modélthe parameter governing
(2.64 A) (Ref. 19 and the covalent bond lengRs, s,(2.65  the formation of ordered/disordered alloysA€/kT, where
A).2® From the point of view of EXAFS, chemical disorder AE is the bond ordering energys defined in Ref. 21. The
can also be detected as a distortion of the shape of the firlond ordering energy is related to the electronegativities of
peak in a Fourier transform of the EXAFS signal. We haveelements in a Pauliffg representation as

used a cumulaft expansion to study any non-Gaussian

character of the first peak in the Fourier transfornT &80 AE=C(xi—x]-)2,

K. The results have shown that the third and the fourth cu-

mulants for amorphougand crystalling GaSb are close to wherex; andx; are electronegativities of elemeritsand

zero and do not affect the main structural parameters at botivhich compose the alloy ar@d is a constant which is almost
Ga- and SKK edges. One of the ways of getting information exactly 1.0 e\2? It has been shov#h that between the lim-

was found to be 0(B) and the MSD of bond length3, ;.

TABLE II. The results of EXAFS analysis af-GaSb from Ga- and Skk edges at different temperatures.

GaK edge SKkK edge
T,K ShellNo. N(Sb R, A 20%, A2 T,K ShellNo. N(Ga) R, A 202, A2

1 412) 2.6365 0.00363) 80 1
2 12(Ga 4.3098) 0.01226) 2 12Sh  4.3065) 0.009G1)
130 1 4.02) 2.6345) 0.00523) 100 1 4.02) 2.6335 0.00463)
180 1 4.02) 2.6395 0.00683) 140 1 4.02) 2.6315 0.00503)

1 1

1 1

1

78 4.q2) 2.6265) 0.00443)

240 4.02) 2.6335 0.00723) 190 4.02) 2.6315) 0.00623)
293 4.02) 2.6285 0.00843) 250 4.92) 2.6325) 0.00763)
290 3.92) 2.6385) 0.009Q3)
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iting cases ofAE/kT—0 (random orderand AE/KT— o figurational and thermal disorder. The contribution of tem-
(total ordey, the special valuAE/kT~2.0 can be distin- perature to the Debye-Waller factor can be calculated using,
guished such that only alloys withE/kT<2.0 can be sepa- for example, a Debye approximation. The calculated values
rated from the totally ordered case. Taking electronegativityf Debye-Waller broadening 4t=80 K are then the follow-
values for Ga and Sb from Ref. 22.6 and 1.9, respectivly iNg: o0&, ~0.012 &, o8, 5~0007 &, and o0&,
we obtainAE/kT~1.7 for the sample under questiqprepa- ~0.005 &. Therefore the total absolute mean square devia-
ration temperaturd g,,= 700 K). This shows that the deter- tion of atoms from their positions is 0.014Aor the Ga-Sb
mination of chemical disorder can indeed be ambiguous20nds ina-GaSh. We obtain in a similar way the value of
though the tendency for chemical disorder can be expected %013 & for Sb-Sb distance. This results in a standard de-
this case. viation of 6.9° for the Sh-Ga-Sb bond anglearGaSh. The
The presence of a second peak in the Fourier transform giPove values are the lower limits for bond angle distortions
the SbK edge EXAFS signal frona-GaSh means that we in @-GaSbh. The absence of a second shell at th&KGailge
can extract the value of partial mean bond angle which istfvvp"es a fl[l_ghetr ?ﬁgrze Ofddlsgrd_ert lndth(? Ga-Ga dlséanhcel-l
_ o (g o i - e can estimate this disorder by introducing a second she
ﬁgggﬁ 3853@;_6 a(gb flrg?n.l:reutrz)onr Sfu(jizg_bH Oivngvgr’ in the fitting of the Gak edge data. The fit withlg,= 12 and

due to strong correlation betwedhand o2 for this shell, it RGR;Ga: 4'31| }\i\v retSUItedib'anVGal'GfOf'%er ﬁgn‘;\;‘h'crb (’}ﬁn thi
appeared to be difficult to obtain unambiguous informationoc Ve @S @ IOWESt possible value of broadening. Lsing this
lue and those from Tables | and Il in the procedure de-

?rgg arlgsejtzztr;ssti g agzsnﬁti?rs;oigtnegdwgztag;ﬂi@gt%\zSés(féribed above we obtain the values of standard deviations

i % 8° and 8.5° for configurational and total angle distortions
value forN,=2.3(1.2), while 03, ¢s=0.0063) A? [whereas . e ’
N,=12 andvéb.sf 0.006(1) in crystdl Therefore we de- respectively, of the Ga-Sb-Ga bond angle. The value of mean

. . ) X ~ bond angle is 109.7°.
cided to fix the number of the Sb nelghbM§= 12 since I The result for the values of agrees with those reported
was found that the number of nearest neighbors in amo

r_ . . .
O . on the value of bond angle in thin film GaP, GaAs, and
phous material is close to that for the crysfaable ). This INP24-26 5_Si a-Ge, a-C5~8 and bulk a-GaSb?® where it

§las suggested that the mean angle is most likely to be close
mination of the numbers of nearest neighbors is usuaII)f0 its tegt]rgahedral value g y
>10% for second shell. With the number of neighbors being We have thus showﬁ how the EXAFS technique can pro-

fixed the fitting resulted inr3= 0.0121) Az,' The value of \ige access to very important structural informatidrond
second shell distance was found to be independent of thﬁéngth and angle distributions, chemical disojdésr an
fitting process usedwithin erroy) and can be found in Table 5 m6rphous material. A harmonic approximation and single
. . . L . scattering approach can be used to adequately describe the
Having obtained this information we can also calculategcq strycture(first shel) in a-GaSb. We conclude that
the angle distribution function im-GaSb (considering the  chemical disorder can hardly contribute significantly in the
distributions of two distances being of Gaussian fpme- topology of the amorphous network of butkGaSh. The
lated to amorphous naturg of samples. Unfortunately EXAF%emperature dependence of the MSD for bond lengths and
can only provide the relative values of MSD of atoms fromy 5| ,e5 of standard deviations both due to the amorphous na-
their positions(expressed as bond length variai@nd 0 ,re of samples and finite temperatures have been presented.
calculate angle distribution we, of course, require the absorpg regylts suggest that the degree of angle disorder is higher
lute values. However we can obtain the necessary informagg,, Ga-sh-Ga bond angle then that for Sb-Ga-Sb, although at
tion if we consider thav3,= 0+ 0, (Whereo?, is solely  T—gg K we still have not reached the lower limit saturation
due to the finite temperature, and,, is the configurational  for D\ broadening predicted by the Debye mo@ief(T)
part related to bond angle and bond length variafiolbis = cons. This leaves an opportunity to obtain accurate infor-
implies the similarity of the temperature-dependent contribumation on second shell structural parameters fromKGa-
tions for the first shell in both amorphous and crystallineedge EXAFS aff<80 K. We have also shown that calcula-
materials, and is valid because of the similarity of localtjgns of partial bond angle distribution(;_; and/oré;_;.;)
structure. Then from the I’esults fOI‘ the firSt She“ at tthb' can be done as a resu't of |0W temperature EXAFS experi_
edge ina-GaSb andc-GaSb we obtainoZ,,=0.0020(6)  ments in an amorphous material. The averaging of informa-
[0.003G10) at GaK edgd, and for the second peak at 8b- tion obtained by diffraction experiment makes possible co-
edgeoZ,,=0.007%4). Theabove values are necessary pa-existence of nonunique structural solutions. The information
rameters for the two distributions of distancd®gf.pband  on partial correlationgdistance, angle, and DW broadening
Rsp-sp, and these in turn allow the calculation of angle dis-in EXAFS allows one to obtain more constraints for subse-
tribution. A gaussian distribution of bond lengths and theirquent modeling without involving the complex, and not al-
statistical independence were assumed for calculationsvays possible, procedure of isotopic substitution. The ques-
These initial conditions result in a unique solution. tion is still unresolved however of what kind of information
The analytical derivation of the angle distribution in ques-we require to describe fully the structure of a disordered
tion is a rather difficult task but computer calculations can bematerial. The ultimate representation of an amorphous mate-
done in a straightforward manner. The resulting angle distririal will be of course the coordinates of every particular atom
bution for 5x 10* atoms(iterations is centered absy, .55 in the material. However, until this information is accessible
108.9° and has a standard deviation of 3.8°. We can alsone has to use computer modeling for calculations of, e.g.,
estimate the total spread in bond angle related to both corEDOS, elastical properties, etc. An essential feature of all
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such calculations is the number of constraints one can obtaibDaresbury Laboratory for beam time and computer facilities,
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