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Extended x-ray-absorption fine-structure investigation of short-range order in a-Ge& „Sn„alloys

S. Pascarelli and F. Boscherini
Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, P.O. Box 13, I-00044 Frascati, Rome, Italy

S. Mobilio
Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, P.O. Box 13, I-00044 Frascati, Rome, Italy

and Dipartimento di Energetica, Universita dell'Aquila, Roio Monteluco, L'Aquila, Italy

A. R. Zanatta, F. C. Marques, and I. Chambouleyron
Instituto de Fisica, Universidade Estadual de Campinas, P.O. Box 6165, Campinas, Silo Paulo 13081, Brazil

(Received 19 March 1992)

The local environments of germanium and tin atoms in a-Ge& Sn„alloys (0.0 ~ x ~ 0.2) have been in-

vestigated by measuring the extended x-ray-absorption fine structure (EXAFS) at the Ge K edge and at
the Sn Limni edge. The measured EXAFS at both edges could be described only by assuming the presence
of a mixed first coordination shell composed of both Ge and Sn atoms. Coordination numbers, bond
lengths, and relative mean-square displacement values characterizing the first coordination shell around
Ge and Sn atoms were obtained. It has been found that the Sn atoms are randomly distributed in the
amorphous Ge network, and that metallic Sn segregation may be excluded throughout the concentration
range studied. The Ge-Ge, Ge-Sn, and Sn-Sn distances were found to be independent of concentration

0
and equal to 2.47, 2.67, and 2.80 A, respectively. The random atomic arrangement observed is an indica-
tion that, in this concentration range and under the growth conditions adopted, the incorporation of Sn
in the amorphous Ge matrix is dominated by chemical interactions, regardless of the atomic-size
difference between the two atoms.

INTRODUCTION

The study of the structure of amorphous semiconduct-
ing binary alloys is of great interest from a fundamental
point of view. Specific problems to be clarified in any par-
ticular system are the following: degree of chemical or-
dering (examples are clustering, random distribution, and
perfect chemical order), value of bond distances (in the
first and possibly other coordination shells), and disorder
in the bond distances. In order to have a deeper under-
standing of the structure, it is often useful to identify
trends in these quantities as a function of relative concen-
tration. We also note that understanding the effects of
different local bonding configurations on the optical and
electrical properties of these amorphous alloys is an im-

portant issue. From an applicative point of view, we see
that the alloys tend to have more defects and localized
gap states than elementary films, an occurrence pointing
to additional disorder present in the amorphous matrix.

In order to shed light on these problems, a close exam-
ination of the local structure is of paramount importance.
Extended x-ray-absorption fine-structure (EXAFS) spec-
troscopy is an ideal tool to study local order in amor-
phous semiconductors and their alloys. ' The possibili-
ty, afforded by synchrotron radiation, of "tuning in" to a
particular absorption edge and thus studying local bond-
ing properties (bond distances, coordination numbers,
and atomic mean-square relative displacements) around
each particular chemical species in a binary alloy is a
specific advantage of this technique.

This work is the first EXAFS study of a representative

of the family of narrow band-gap amorphous semicon-
ductor alloys. The narrowing of the pseudogap is easily
obtained by adding Sn atoms into the amorphous net-
works of Si or Ge. Between these two possibilities, it is
reasonable to expect that a-Ge, „Sn„ films would be less
defective and would have better electronic properties
than the Si compounds, since the differences in atom size
and in the electronic configuration are smaller between
Ge and Sn than between Si and Sn. In fact, amorphous
Ge-Sn films with band gaps varying between 0.4 and
nearly 1 eV have been prepared and studied recently; '

the ir optical gap is well predicted by a linear interpola-
tion between the semiconductor band structure of Ge and
the perfect semimetal band structure of a-Sn. While it is
clear that hydrogenation would lead to a less defective
material from the applicative point of view, the study of
the present, unhydrogenated material is justified both by
the expected similarity of its structure to the hydrogenat-
ed counterpart (at least in its main features) and also per
se.

It is well known that, due to the size difference, the
solubility of Sn in crystalline Ge is very small under equi-
librium conditions. ' On the other hand, in a study on
the crystallization temperature of alloyed samples con-
taining varying amounts of Sn, it has been found that
amorphous Ge-Sn alloys with concentrations up to
around 60 at. %%uoof tinar establ ea t room temperature. "
As a matter of fact, amorphous films containing up to 50
at. '% tin have been prepared by the rf sputtering of'

pressed powder targets in argon, at a substrate tempera-
ture of —10 C. Films with x ~ 0.6 were partially crystal-
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lized and phase separated. By means of x-ray
diffraction, ' it was shown that in these low-T grown
films, Sn entered the alloy network in a substitutional
way, i.e., with a tetrahedral atomic arrangement, in a
random nearest-neighbor environment.

Our samples of a-Ge& „Sn„(with 0.0~x ~0.21) were
prepared with the same growth technique, but at a depo-
sition temperature of 180'C. According to the crystalli-
zation studies referred to above, at this temperature a
maximum Sn concentration in the network of about 40
at. % can be reached.

It is important to note at this point that the crystalline
Ge-Sn system has been investigated mostly using
Mossbauer spectroscopy. ' ' The systems studied were
of two kinds: (a) very small Sn concentrations in c-Ge
(such as 10' —10' crn ion-implanted " Sn) produce
100% solid solutions of Sn in Ge after adequate thermal
treatments at temperatures above 300'C (however, sam-
ples that were not thermally treated always presented P-
Sn precipitates, Sn vacancies, or other defect structures),
and (b) higher Sn concentrations, up to those of the
present work, always induce P-Sn precipitates and other
defect structures that clearly appear in the Mossbauer
spectra.

The structure of the present films so far has been inves-
tigated only through indirect techniques such as
conversion-electron Mossbauer spectroscopy (CEMS) and
Rutherford backscattering spectrometry (RBS). ' ' At
low Sn content (0.0(x ~ 0.21), the CEMS spectrum was
fitted with just one singlet, indicating the absence of
structures of defects (vacancies, dangling bonds, voids,
etc.) around the Sn sites ' and showing that all Sn atoms
go substitutionally in the Ge network, i.e., in a covalent
tetrahedral configuration. On the other hand, in the films
at higher Sn content a second Mossbauer resonance was
identified. ' The analysis of its characteristics led the au-
thors to conclude that it corresponds to a defective
configuration due to the trapping of Ge vacancies by Sn
atoms. The final configuration is a Sn atom in the center
of a relaxed Ge divacancy bonded to six neighboring Ge
atoms. In this work we directly probe the local environ-
ment of the two constituent atoms in the films at low Sn
content (x 0.2), in order to give more insight into the
physical mechanism which governs the accommodation
of the large tin atoms in the amorphous Ge network.

EXPERIMENT

We investigate the structure of four a-Ge& Sn sam-

ples prepared by the radio-frequency sputtering of com-
pound Ge-Sn targets in argon. The concentration range
is 0 x 0.21. The samples were grown on Al foil at a
substrate temperature of 180'C. Details of the growth
conditions may be found in Ref. 7. Under the growth
conditions adopted, 21% Sn represents the maximum
amount of Sn that could be included in the amorphous
Ge matrix without the occurrence of metallic segrega-
tion, as verified by RBS measurements. The values of
concentration relative to the set of samples, obtained by
measuring the relative amplitudes of the RBS signals,
are listed in the second column of Table I.

The x-ray-absorption measurements at the germanium
E edge (E =11 103 eV) and at the Sn L&«edge (E=3927
eV) were performed at the PULS (Progetto Utilizzazione
Luce di Sincrotrone) synchrotron radiation facility of the
I.aboratori Nazionali di Frascati. The Adone storage
ring was operated at 1.5 GeU with an average current of
approximately 40 mA. The x-ray radiation was mono-
chromatized using a Si(111) channel-cut crystal; the ab-
sorption spectra were measured by simultaneously
recording the current from two ion chambers, one placed
upstream and the other downstream from the sample.
Samples, held in vacuum, were composed of several lay-
ers of thin film deposited on Al foil; the total a-Ge, Sn„
thickness was chosen to optimize the signal-to-noise ra-
tio, and was approximately 10 pm for the Ge E-edge and
2 pm for the Sn L, »&-edge measurements. For the latter,
two separate scans were measured for each sample and
then summed to improve the signal-to-noise ratio.

RESULTS

Ge K edge

The absorption spectra were analyzed according to
standard procedures. ' The pre-edge region was fitted
with a linear function; the average absorption above the
edge was fitted in the k range 2.2 k ~ 17.0 A ' with a
smooth spline formed by three cubic polynomials to
simulate the atomic cross section. The EXAFS oscilla-
tions y(k) obtained in this way are reported in Figs. 1(a)
and 1(c) for samples 2 and 4, respectively. The y(k), mul-

TABLE I. Values of structural parameters obtained from the best fits of the ky(k) functions relative to the Ge K-edge data: coor-
dination numbers (columns 4 and 7), interatomic distances (columns 5 and 8), mean-square relative displacements o.„pl,-o.
(columns 6 and 9), and inelastic damping (column 10).

Sample

1

c-Ge
1

2
3
4

0.00

0.00
0.08
0.15
0.21

Model

c-Ge
Theor
Theor
Theor
Theor
Theor

&Ge-Ge

4.00+0. 15
4.00'
4.00'
3.60+0.20
3.45+0.20
3.20+0.20

+Ge-Ge
0

(A)

2.47+0.01
2.45+0.01
2.47+0.01
2.47+0.01
2.47+0.01
2.47+0.01

2
~+Ge-Ge

(10 A )

4.8+0.7
1.2+0.6
5.2+0.7
5.2+0.7
4.7+0.7
4.2+0.7

&me Sn

0.40+0.20
0.55+0.20
0.80+0.20

(A)

2.69+0.03
2.68+0.03
2.67+0.03

2
~+Ge-Sn

(10 A )

8+2
6+2
5+2

r
(A )

1.1+0.3
1.1+0.3
1.1'
1.1'
1.1'

'Fixed parameter.
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FIG. 1. Ge I(-edge EXAFS and k-space data analysis for
samples 2 (x=0.08) and 4 (x =0.21). (a) and (c) Raw EXAFS
y(k); (b) and (d) solid line, Fourier-filtered g(k) multiplied by k;
dotted line, best fit to the ky(k) function. The scale is arbitrari-

ly multiplied by a factor 6 for graphic purposes.

tiplied by k, were Fourier transformed using a Gaussian
window in the k range 3~k ~15 A '. The Fourier
transforms all showed a single peak at approximately the
same apparent position of R =2.2 A.

As can be seen from Figs. 1(a) and 1(c), the spectra
differ strongly only at low values of k (k 6 A '). This
is to be expected due to the combined effect of (1) the
near equality of Ge-Ge and Ge-Sn bond lengths and (2)
the fact that only in this range do Sn and Ge have very
different backscattering functions: Sn atoms are very
strong scatterers in the k range 3 ~ k ~ 5 A ', as opposed
to Ge atoms which scatter rather weakly in this k range.
Therefore, as Sn atoms are added to the Ge matrix, the
information related to the structural changes of the
amorphous network will be contained mostly in the low-k
region of the y(k) function. The evolution of y(k) in this
k region is illustrated in Fig. 2 for the whole series of
samples: it shows that at least two different bond
configurations are present in the EXAFS signals of the al-
loys. To quantify such observations, we have performed
a thorough analysis in k space. This method is more
direct and is generally successful when Fourier analysis is
not able to resolve very close bond lengths, as in this case.
The analysis shows that the first coordination shell
around Ge is composed of Ge and Sn, whose relative im-
portance varies with total Sn concentration, and values
for the structural parameters relative to the two bonds,
Ge-Ge and Ge-Sn, were obtained.

In order to remove noise from the experimental data,
the ky(k) functions were filtered by performing an in-

verse Fourier transform in the range 1.2&R &3.2 A.
The filtered ky(k)'s were then compared to model func-
tions in a least-squares fitting routine, where the fitting
parameters were the coordination numbers N, the bond
distances R, and the mean-square relative displacements

a —Ge1 „Sn„

No. 4

I„,, I, „,I, , „I.. . , I, , „I„,,
335 445 5 55 6

k(A ')

FIG. 2. Ge I( -edge y(k)'s in the low-k range for the whole set
of samples, in order of increasing Sn content from top to bot-
tom. The rise of a contribution due to a second bonding
configuration is evident in passing from sample 1 to sample 4.

Inelastic effects were taken into account by an ex-
ponential term of the type e ~, which in principle
takes into account both the mean free path e " ' ' and
the core-hole lifetime effect e ' '. The latter, however, is
negligible in this case, the value of the ratio t lr being ap-
proximately an order of magnitude lower than the ex-
pected average value of 2R /A, (k).

The definition of the minimized function, which is
similar to a statistical y function, can be found in Ref.
19. The error bar on each parameter was obtained by
changing that particular parameter until the g contribu-
tion for that parameter is doubled.

The backscattering amplitudes and phases are best ob-
tained from EXAFS spectra of model compounds where
the atomic pair desired is present in a structure which is
known and, possibly, as close as possible to the unknown
system in terms of chemical bonding, geometry, and dis-
tance. For instance, a natural choice as one of the model
compounds is elemental crystalline Ge, c-Ge, from which
data regarding the Ge-Ge scattering may be extracted.
Since an equivalent crystalline counterpart for the Ge-Sn
atomic pair was not available, theoretical amplitudes and
phase shifts were used to simulate the Ge-Sn interaction.
The outline of our fitting procedure is as follows.

Using the best-fit procedure in the k range
3.7~k ~13.5 A ', the filtered spectrum of sample 1

(pure amorphous Ge, a-Ge) was compared first to a mod-
el spectrum of crystalline germanium (c-Ge) measured at
T=77 K, and next to a model theoretical Ge-Ge signal
constructed by using backscattering amplitudes and

phase shifts from McKale et al. and central atom
phase shifts from Teo and I.ee. ' In the former fit, the
fitting parameters were the relative coordination, the
mean-square relative displacement Ao, and the bond dis-
tance. The values of the best-fit parameters are reported
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in Table I. The coordination number and mean-square
relative displacement obtained are consistent with previ-
ous studies on sputtered and glow discharge a-Ge:H,
while the bond distance is only slightly larger. The latter
fit was performed in order to obtain absolute values for
the mean free path A, . In this case R, ho. , and y were
left as free parameters. The values of the best-fit parame-
ters are reported in Table I. The value of y yields mean
free paths ranging from 8 A at k =3.7 A ' (E=50 eV)
to 30 A at k=13.5 A ' (E=700 eV}. In order to
confirm the mean-free-path value, the spectrum of our
model compound c-Ge was also compared to the theoreti-
cal Ge-Ge EXAFS signal (see Table I}.

As for the alloys, the model functions were built by a
linear combination of two individual EXAFS signals, one
due to Ge-Ge pairs and the second one to Ge-Sn pairs.
Theoretical amplitudes and phase shifts (from McKale
et al. ~e and Teo and Lee '} were used in the simulated
EXAFS of both atomic pairs, since, as can be seen from
Table I, the use of experimental or theoretical values for
the Ge-Ge interaction yields similar structural parame-
ters.

The determination of the coordination numbers
presented a problem because they were found to be high-

ly correlated to both mean-square displacements and
mean free paths; reliable values for all these parameters
could not be obtained without making further assump-
tions. The following two relationships between the fitting
parameters were chosen: the total coordination number
of Ge in the alloys was set to be equal to the number of
nearest neighbors of a-Ge, NG, G, +NG, s„=4, and the
mean free paths were assumed to be equal to the value
found in a-Ge, yoe-Ge YGe-sn y. The best-fit parame-
ters obtained are reported in Table I. In Figs. 1(b) and
1(d) we show the fits relative to samples 2 and 4, respec-
tively.

edge

The analysis of these spectra was complicated by the
presence of the Sn Lgg edge at 4156 eV, which reduces the
effective EXAFS energy range to about 170 eV. The
pre-edge region was fitted with a linear function and the
absorption above the edge with a single second-order po-
lynomial in the k range 3.2 ~ k (A '}& 7.4.

Due to the extremely restricted k range available, it
was impossible to Fourier transform these spectra. The
raw EXAFS were then directly compared to theoretical
EXAFS signals simulating the first coordination shell.
Fitting parameters now were all the structural parame-

a —Ge~ „Sn„

No. B

No. 4

I I I I I I j I I I I I I I I I I I I I

4 5 6 7
k(X-')

FIG. 3. Sn L»~-edge ky(k) functions for the three alloys in
order of increasing Sn content from top to bottom. Dots; ky(k)
function; solid line, best fit to the ky(k).

ters characterizing the first coordination shell around Sn.
We would like to point out that in all cases it was neces-
sary to include both a Sn-Sn and a Sn-Ge contribution in
order to fit the data.

The best fits were performed by fixing the total coordi-
nation equal to 4, i.e., Ns„s„+Ns„G,=4. Moreover, a
k-independent inelastic damping term e "~ (with A,

equal for the two atomic pairs, A,s„s„=k,o, s„=A.) was as-

sumed: This is not too restrictive due to the limited k
range. In Fig. 3 we show the results of the fits on the
three alloys, and the best-fit parameters obtained are list-
ed in Table II. While the values of bond distances are
quite reproducible, the coordination numbers have a
higher error bar; this is to be related to the restricted k
range.

DISCUSSION

The most obvious feature of the values reported in the
two tables is the constancy of interatomic distances to
within +0.015 A; of all the quantities reported, intera-
tomic distances have the smallest error and greatest relia-
bility. The values of all bond lengths as a function of
composition are reported in Fig. 4. The constancy of
bond lengths has also been observed in other amorphous
semiconductor alloys. EXAFS measurements on a-
Si& „Ge,:H, a-Si& „N„:H, a-Ge&, N„;H, and a-

TABLE II. Values of structural parameters obtained from the best fits of the ky(k) functions relative to the Sn L&&&-edge data:
coordination numbers (columns 3 and 6), interatomic distances (columns 4 and 7), mean-square relative displacements cr„pi o
(columns 5 and 8), and mean free path (column 9).

Sample Model

Theor
Theor
Theor

+Sn-Sn

0.0—0.3
0.55+0.40
0.80+0.25

(A)

2.81+0.04
2.80+0.04
2.78+0.04

2
~~Sn-Sn

(10 A )

3+3
313
3+3

&Sn-Ge

3.7—4.0
3.45+0.40
3.20+0.25

(A)

2.66+0.03
2.67+0.02
2.65+0.02

2
~~Sn-Ge

(10 A )

7+3
6+3
5+3

ill

(A)

10—15
11+3
9+3
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FIG. 4. Average bond lengths as a function of composition x
in the a-Ge& Sn alloys as deduced from Ge I(:-edge EXAFS
(solid dots) and from Sn L»&-edge EXAFS (open dots). Note
that the Ge-Sn distance obtained from the two sets of measure-
ments (at the Ge K edge and at the Sn L»& edge) is equivalent, a
further proof of the reliability of the EXAFS technique in the
determination of bond-length values.

Si& „C,:H have shown that a common feature of all
these alloys is the constancy of the average bond length
as a function of composition. The relaxation of the in-
teratomic distances to their "molecular" values can be
seen as a consequence of the absence of long-range-order
constraints on bond lengths in the amorphous network.

In the a-Ge& Sn„ films the Ge-Ge bond length is
equal to (2.47+0.01) A, being slightly larger than the
crystalline value of 2.45 A, while the Ge-Sn bond length
is equal to (2.67+0.03) A, which compares well with the
sum of the two covalent radii of 2.64 A. The simplest
conclusion that can be drawn from this value is that
when Sn is included in the a-Ge network, its bonding to
Ge is determined mostly by Ge-Sn local interactions. The
Ge-Sn interatomic distance has been double checked,
since the values obtained from both sets of data, at the
Ge K edge and at the Sn L»& edge, are equivalent. This is
a further proof of the reliability of the values of bond
lengths obtained with this technique. As for the Sn-Sn
bond, the value of (2.80+0.04) A is equal to the crystal-
line value in n-Sn, the phase of tin stable at low tempera-
ture ( T (13'C), in which tin atoms are covalently bond-
ed in a diamond structure. This fact shows the absence
of metallic P-Sn clusters (Rs„s„=3.02 A), but also indi-

cates that the interaction between Sn atoms is influenced

by the amorphous Ge tetrahedral environment in which
they are incorporated.

The local environments of both Ge and Sn in the films
can be examined from the values reported in Tables I and
II. The presence of octahedrally coordinated Sn sites, al-
ready observed through CEMS at higher Sn contents, '

unfortunately cannot be investigated due to the much
lower sensitivity of the technique. The number of these
defects, however, is very small, considering that the sing-
let is barely detectable with the CEMS sensitivity limits
(about 5 X 10' cm ). In our case, at the Sn L&&& edge, an
estimate of the sensitivity is given by the errors on the
values of the coordination numbers.

In order to study the arrangement of Ge and Sn on the
sites of the amorphous network, we compared experimen-

Ge K edge
I I 1 I
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I I I I
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I 1 I 1
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I I 1 I
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FIG. 5. Normalized coordination number N„& l4 as a func-
tion of composition x. The dashed and solid lines refer to a ran-
dom distribution of bonds and to a totally chemically ordered
network, respectively. (a) At the Ge It' edge ( A =Ge, B=Ge,
Sn); (b) at the Sn L»& edge ( 3 =Sn, B=Ge, Sn).

tal normalized coordination numbers with theoretical
values calculated in the two extreme cases of a complete-
ly random distribution of bonds and of a totally chemi-
cally ordered network (TCON). In the former case the
distribution of bonds is purely statistical and the coordi-
nation numbers are proportional to composition, while in
the latter, the distribution is found by maximizing the
number of heteroatomic bonds at all compositions. In
particular, a TCON is characterized by the absence of
homopolar bonds between minority-type atoms, i.e., Sn-
Sn bonds are forbidden in a-Ge, Sn, alloys for x &0.5.
This comparison enabled us to test for the presence of
chemical order in the films. The results obtained from
the data at the Ge K edge and at the Sn L&&& edge are re-
ported in Figs. 5(a) and 5(b), respectively. The values of
Fig. 5 lead us to conclude that when Sn atoms are intro-
duced in the a-Ge network, the resulting distribution of
bonds is random, and chemical ordering in the films can
be excluded.

This result is important because it excludes the pres-
ence of metallic clustering in the alloys. The fact that the
Sn-Sn bonds appear to be randomly distributed in the a-
Ge network excludes segregation of Sn atoms in P-Sn me-
tallic clusters at these compositions, as observed by RBS.
To this end, we must recall that previous RBS studies on
our samples have in fact shown that metallic segregation
may occur for Sn concentrations as low as 20 at. %, but
only in samples grown with the presence of hydrogen in
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the reaction chamber.
We now compare the present results with previous

structural studies of amorphous binary alloys. The prob-
lem of chemical ordering has been studied in a variety of
Si- and Ge-based binary amorphous alloys. Based on the
results of EXAFS measurements, a random distribution
of atoms was found in a-Si& Ge:H, while in a-

Si& N„:H, a-Ge& N„:H, and a-Si& „C:H, strong
tendencies toward chemical order were observed. An ex-
planation for this major difference is immediately evident
by comparing the relative importance of the "chemical"
term (related to the electronegativity difference of the two
constituent atoms) in the calculation of the enthalpy of
mixing in these binary systems. The Pauling electronega-
tivities for these atoms in fact go from 1.8 for Si, Ge, and
Sn, to 2.5 for C and 3.0 for N. The ionicity of the Si-Ge
bond is therefore very small compared to the Si-N, Ge-N,
and the Si-C bonds. We note here that studies of the sta-
bility of ordered Si-C and Si-Ge model alloys using first-
principles, self-consistent, total-energy calculations
show that the Si-C bond is stabler than the average of the
Si-Si and C-C bonds, while the opposite is true for the Si-
Ge bond. The reason for this fundamental difference is
apparent from the calculated charge densities: whereas
in SiC the direction of charge transfer mandated by the
atomic electronegativities (Si~C) coincides with in-
creased cohesion (diamond having a larger cohesive ener-

gy than Si), in SiGe there is little change in the charge
density around the atoms (i.e., no charge transfer). The
same argument can be extended to the Si-N and Ge-N
systems, which are "chemically" very similar to the Si-C
system, also taking into account the higher cohesive ener-

gy of the N-N bond with respect to both the Si-Si and the
Ge-Ge bond. Based on these considerations, the Ge-Sn
system is expected to behave like the Si-Ge system, con-
sistent with observation.

While it is true that electronegativity has a great

influence in chemical ordering, another key aspect is
atom size. Clearly, from this point of view, the Ge-Sn
system is not directly comparable to the Si-Ge system.
The atom size is almost identical in the second case and
both elements are miscible in any proportion, even in the
crystalline structure. On the contrary, any attempt to
put Sn in Ge is accompanied by segregation. The only
way to introduce substitutional Sn in Ge is by the fast
condensation of the vapor phase, which is the method we
used, but the amount of Sn which can be accommodated
decreases with increasing substrate temperature, as ex-
pected. Increasing substrate temperature increases ada-
tom mobility, leading to an arrangement of bonds which
is expected to depart from a random distribution at high
growth temperatures.

CONCLUSIONS

The main conclusion of this study is that at a substrate
temperature of 180'C, departures from a random distri-
bution of bonds are still not observed, and therefore the
relative atomic arrangement in the a-Ge& „Sn alloys is
determined mainly by the similar electronegativities of
Ge and Sn, atom-size effects being negligible. Sn atoms
enter the a-Ge network in a substitutional way at these
concentrations, and all interatomic distances are found to
be independent of concentration. The Ge-Sn bond
length, close to the sum of the two covalent radii, indi-
cates that the inclusion of Sn atoms in the a-Ge network
is mostly determined by Ge-Sn local interactions, while
the value found for the Sn-Sn bond indicates that the in-
teraction between the Sn atoms is strongly influenced by
the amorphous Ge tetrahedral environment in which
they are incorporated.
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