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We have examined the local structure of the As,Se,_, (0.20 = x = 0.57) system by Extended X-Ray
Absorption Fine Structure (EXAFS) measurements. The two atoms have been successively excited,
with both showing a unique contribution for their radial distribution function. At the arsenic K edge,
the one shell fit is consistent with the presence of pyramidal AsSe; building units, bridged by selenium
atoms, as indicated by the data analyzed at the selenium K edge. The evolution of the Debye—Waller
factor at the arsenic K edge is discussed as well as the variation of the Se—As distance observed at the
selenium edge, both phenomena depending on the arsenic composition. These effects can be explained
by the existence of some As—As and Se~Se homopolar bonds in the arsenic- and selenium-rich glasses,
respectively. The Fourier transform magnitude from the data collected at 35 K at the arsenic K edge
does not show other shells than the first As-Se principal peak. The qualitative interpretation of the
XANES part of the absorption spectra is in good agreement with the present structural investigation.
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I. Introduction

The study of the local order existing in the
amorphous semiconductors is very im-
portant for understanding their specific
physical properties, and EXAFS (I, 9), in-
frared, Raman, X ray and neutron diffrac-
tion measurements (2—8) have been exten-
sively employed. These results, resumed in
Table I, are as follows:

G. Lucovsky et al. (2) have shown that
the infrared and Raman spectra of the amor-
phous As Se; _, (0.40 = x = 0.60) are well
described by the vibration of the AsSe,
stretching mode. The analysis of the infra-

* To whom correspondence should be addressed.
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red and Raman spectra indicates that the
8-N coordination rule applies at all glassy
compositions, and that heteropolar bonds
are always favored. The infrared and Raman
spectra for the arsenic-rich region does not
show, relative to the stoichiometric compo-
sition, a significant difference as they ob-
served for the As S, _, system; this is ex-
plained by the large similarities of the
physical properties presented by the As and
Se atoms. Moreover, the authors conclude
that the tendency toward ordering is less in
the As-rich region.

Later on, still using Raman, T. Mori e? al.
(3) showed that in the selenium-rich region
of the As, Se;_, (0 =x =0.5) system, AsSe,
pyramids always exist as fundamental struc-
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TABLE I

MaIN REsuLTS FOUND BY OTHERS’ WORKS

Se-rich
As-rich Molecular
Sey rings models
Compositions Se chains  As,Sey As,Se; propositions ~ Form Techniques References
0.40 = x = 0.50 — no AsSe; units AsSe,As Bulk IR, Raman )
AsSeAs,
AsAs;
0.00 = x = 0.50 Yes no AsSe; units As,Se, Bulk Raman (&)
0.00 = x = 0.50 — yes AsSe; units — Bulk X-ray )
diffraction
0.30 = x = 0.50 — — AsSe; units — Bulk X-ray and )
neutron
diffraction
0.30 =x=0.50 — yes AsSe; units As;Se Bulk Monte Carlo 7, 8
As;Se; simulation
0.30 = x = 0.50 — yes AsSe; units — Thin Modelization 7, 8
films
0.40 = x = 0.50 — no AsSe; units — Thin X-ray 6)
films diffraction
0.50 — — — — Thin EXAFS ®
films

tural units since the As—Se bond is stable in
energy. As the selenium content is in-
creased, the number of Se—Se bonds be-
comes greater. In the region between stoi-
chiometric As,Se; and pure selenium, the
AsSe; units and Se—Se bonds are distributed
homogeneously and randomly in space.
They suppose in this case the existence of
Se-Se bonds along As-Se-Se—As chains.
However, since the frequency of this mode
is similar to that of the stretching mode of
the AsSe, pyramidal unit, the identification
of the Se-Se stretching mode is difficult.
For the arsenic-rich region, when the arse-
nic concentration is increased relative to the
stoichiometric As,Se, composition, the
number of As—As bonds due to the extra
arsenic atoms grows. They suggest then that
the As,Se, structural type may be con-
structed.

The atomic radial distribution functions
of the As—Se glasses have been studied by
A. L. Renninger and B. L. Averbach (4) in

the As, Se,_, glasses with 0.0 = x < 0.5.
They found that the first neighbor correla-
tion peak shifts linearly from 2.34 A for pure
selenium to 2.41 A for x = 0.36 and remains
constant at higher arsenic concentration.
Peak areas increase linearly with arsenic
concentration and their magnitudes agree
well with a model which assumes that sele-
nium is twofold coordinated and that arsenic
is threefold coordinated. Moreover, they
found that at x = 0.40 and x = 0.50 the first
and second neighbor peaks are very similar
to that obtained from the crystals As,Se; and
As,Se,. This suggests that local crystalline
configurations, possibly made of AsSe,
units and As,Se, molecules, also exist in the
bulk glasses. However, significant differ-
ences between the crystalline and amor-
phous distributions are observed after the
second peak. They conclude then that mod-
els based on the existence of microcrystal-
line regions of As,Se; and As,Se, observed
for those two compositions do not give satis-
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factory agreement with the experimental
distributions.

Later on, A. J. Leadbetter and A. J.
Apling (5) studied the As Se, . (0.30 =
x = 0.50) glasses by X-ray and neutron
diffraction. They showed that for selenide
glasses the sheet structure becomes more
pronounced when increasing the arsenic
concentration. For all the glasses, the data
are consistent with full satisfaction of the
respective two- and threefold covalency
requirements of chalcogenide and arsenic
- atoms. The distribution of arsenic—chalco-
genide bond lengths is shown to be sym-
metrical about the average values of
2.44 A,

The structure of differently prepared
vacuum deposited As,Se; films and As,Se,
and As,Se, melt-quenched glasses have
been investigated by J. Notholt and J.
Liese (6) using X-ray diffraction experi-
ments. For all the films they studied, no
significative structural variations were ob-
served: the structure remained similar to
the As,Se, glass composition. Moreover,
it is impossible to find a distinct peak due
to the As—As distance in the correlation
functions, and they observed that the
As—-As bonding existence just yields an
increase of the halfwidth of the first peak
in the As,Se, composition.

A full description about the short and
medium range order in chalcogenide alloys
can be found in two papers published by
J. C. Phillips (7, 8). The conditions for the
formation of microcrystal or clusters in
chalcogenide glasses are well described.
Concerning the As,Se,_, system, an analy-
sis of the variation of the glass transition
temperature Tg shows that, for x = 0.40,
a maximum is observed. This is explained
by a competition between As,Se, units and
As,Se; cross-linked chains. Those As,Se,
molecular units are stable in the gas phase
and are always present in evaporated
As, Se, , films. These molecules can be
removed by annealing. The As—As bonds

303

present in these alloys are however very
difficult to remove. For bulk glasses, the
Monte Carlo model for As,.Se,s glass
composition shows that the structure
should be dominated by As,Se, molecules,
but the model contains smaller molecular
groupings such as As;Se and As;Se, em-
bedded in the network.

Recently, S. R. Elliot and A. B. Kolobov
(9), using EXAFS, compared an amor-
phous Asg ,Se; 5o film and the correspond-
ing bulk glass. They found that the local
structural changes in the first coordination
sphere are relatively insignificant. The ar-
senic atoms are coordinated by 2.4 sele-
nium atoms with a mean bond length R, g,
equal to 2.40 A and about 0.7 arsenic
atoms with a mean bond length R, 5,
equal to 2.80 A. Selenium is coordinated
to 1.8 arsenic atoms. The uncertainties in
the values of coordination numbers they
obtained are estimated to be approximately
+0.5.

The preceding survey indicates, in fact,
that this system has thus been investigated
either by techniques which give qualitative
results regarding the number and the mean
bond length of exchanged bonds or, when
this is not the case, are limited to a few
chemical compositions (Table I). All tech-
niques agree on the fact that AsSe; is
the basic unit for all glassy compositions.
However, related to the existence of homo-
polar bonds for arsenic and selenium rich
glasses, a controversy exists about the
origin of these bonds: do they come from
AsSe,As, AsSeAs,, AsAs; (2), or As,Se,
type units (3), or from As,Se, molecular
units &, 7, 8)? It is thus of interest to
study the whole range of compositions.
This is what we did by examining the
binary As,Se;_, system with 0.20 < x =
0.57, in order to determine step by step
the local structure and if evolutions occur
with changes in the composition. The de-
scription of this structure is in fact very
important for us as we also investigate the
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atomic arrangement existing in the
Ag—As-Se ternary diagram, which pre-
sents interesting ionic conduction proper-
ties (10).

I1. Experimental and Data Analysis

A. Sample Preparation

Samples of the As, Se,_, binary system
were prepared by direct mixing of arsenic
and selenium elements in convenient pro-
portions. The powders were then placed
into quartz vacuum tubes and heated in a
furnace at 900°C for about 48 hr to ensure a
good homogeneity to the melting process.
They were then quenched in cold water be-
fore being returned to room temperature.
We prepared samples in which composi-
tions correspond to x values of 0.20, 0.25,
0.30, 0.35, 0.40, 0.50, and 0.57. Character-
izations made by metallography and X-ray
diffraction experiments proved that the
samples are respectively homogeneous and
do not present crystalline phases, in the lim-
its of sensibility of these techniques. For
X-ray absorption studies, samples were
ground to fine powders (20 wm in size), and
then spread uniformly onto an adhesive
tape, used as a support for the absorption
measurements which have been made in the
transmission mode.

B. Data Collection and Analysis

The transmission measurements were
performed at room and low temperatures at
LURE-DCI (Orsay), using different spec-
trometers (EXAFS I station—Si(331) chan-
nel cut monochromator, EXAFS III and IV
stations—Si(311) double crystal monochro-
mator), with ion chambers as detectors.
During the measurements, the synchrotron
was typically operating at an energy of 1.85
GeV, with an average beam current of 280
mA. Energy steps were 0.4 eV for XANES
measurements and about 2 eV for the
EXAFS data collection.
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The data, after conventional treatment’
(11), were Fourier transformed using k°
weighting, a Hanning apodisation function
being applied over the 3.0 to 13.0 A~ 'range
we consider. Using the single scattering the-
ory and the plane-wave approximation, the
normalized oscillatory part of the absorp-
tion spectra is described as

N;
x(k) = = X 7ps Filk) exp(= 20 Fk%)

exp(— 2R/A(K) sin[2kR; + &,(k)],

where k is the electron wave vector, F;(k)
is the backscattering amplitude from each
of the N; equivalent neighbors of i-type
which are located at an average distance
R; from the absorbing atom, o; is the
Debye—Waller term, A(k) is the mean free
path of the photoelectron and ¢,(k) is the
total phase shift including central atom and
backscatterer contributions. In order to
determine the structural parameters R, N,
and o,;, we used the Fourier filtering
method (11).

Crystalline samples have been taken as
reference compounds in order to obtain the
backscattering phases and amplitudes used
in the EXAFS fitting procedure. In our stud-
ies the standards are the crystalline forms
of:

(i) Ag;AsSe; (12) (each arsenic atom is
surrounded by threeo selenium at a mean
bond length of 2.41 A),

(ii) As,Se, (13) (the selenium atom is coor-
dinated by two arsenic atoms at a mean bond
length of 2.41 10\),

(iii) Se (I5) (the selenium atom has two
nearest neighbors at 2.33 A).

(iv) amorphous and crystalline phases of
As (14, 15) have also been used; in the amor-
phous phase, the arsenic atom presents
three nearest neighbors between 2.45 and
2.49 A although in the crystal the arsenic
presents three nearest neighbors between
2.49 and 2.51 A.
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F1G. 1. Fourier transform magnitudes (uncorrected
for phase shift) of different As,Se,_, compositions at
the arsenic K edge.

II1. Results and Discussion

A. EXAFS Results

Figures 1 and 2 show for some glassy
compositions the typical Fourier transform
magnitudes at the arsenic and selenium
edges obtained at room temperature. These
pseudo-radial distribution functions, uncor-
rected for phase shifts, are quite similar (a
unique peak is seen for all the different com-
positions) when compared with the refer-
ences compounds, i.e., Ag;AsSe, for the ar-
senic edge and As,Se; for the selenium data.
For a first series of simulation, we consider
a one shell model which excludes the exis-
tence of homopolar bondings all over the
composition range. Figures 3 and 4 show the
quality of the adjustment for the real and
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F1G. 2. Fourier transform magnitudes (uncorrected
for phase shift) of different As,Se,_, compositions at
the selenium K edge.
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FiG. 3. Typical fitting quality of the magnitude and
imaginary part of the Fourier transform without phase
correction for (a) Asgs;5€,4; at the arsenic edge and (b)
Asg 0S¢ g at the selenium edge.

imaginary components of the Fourier fil-
tered EXAFS (R space) and for the x (E)
EXAFS spectra (E space). We choose to
show here the more enriched arsenic (Figs.
3a, 4a) and selenium (Figs. 3b, 4b) glassy
compositions (As, 5;Se€; 43 and Asy 5S¢, g0) at
the arsenic and selenium edges, regions
where homopolar contributions are ex-
pected. It is clear that a one shell model
could be, in a first approximation, consid-
ered good enough to describe the local
atomic arrangement of these phases. The
number of next nearest neighbors is con-
stant over the whole composition range as
shown in Tables II and 111 either for arsenic
or for selenium. The local structure is thus
based on threefold pyramidal building units
centered on the arsenic atoms and dicoordi-
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nated selenium atoms. However, several
important points come out the data analysis:

(i) If we look carefully over the whole
range of results, we find some discrepancies
in the evolution of the Ao parameter (differ-
ence between the Debye-Waller values of
the samples and the references). At the arse-

TABLE 10

ARSENIC K EpGE: FiT WITH ONE SHELL
AT RooM TEMPERATURE

Composition Ruycx Aoay
x% As Naex A (A) AE (eV)
0.20 2.9 2.41  0.000 -22
0.25 3.0 241 0.009 -1.5
0.30 3.0 241 0.006 —1.4
0.35 2.8 2.41  0.005 ~2.0
0.40 2.9 2.41  0.005 -1.7
0.50 2.9 2.41  0.035 -0.8
0.57 3.0 2.41  0.047 -2.3
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TABLE 1II

SELENIUM K EDGE: FiT WITH ONE SHELL
AT RooM TEMPERATURE

Composition Ry xy Aosy
x% As Nax A (A) AE (eV)
0.20 2.0 238  0.001 0.1
0.25 2.0 239 0.000 0.3
0.30 2.1 239 0.000 -0.5
0.35 2.0 240  0.000 0.6
0.40 2.1 241 0.000 -0.4
0.50 2.1 2.40  0.000 0.5
0.57 2.1 239 0.000 —-0.4

nic edge (Table II), the fit shows a significant
increase for the Ac values with the arsenic
content. At the selenium edge, however (Ta-
ble III), the Ao values are constant over the
entire range of composition. Figure 5 plots
these different behaviors.

(i1) Moreover, distances are not equally
affected: at the selenium edge, the fit shows
a noticeable variation of the Se—As bond
length with the arsenic content whereas, at
the arsenic K edge, R,,s. remains un-
changed. Figure 6 compares the variation of
the Rg. 5 and R, g distances as a function
of the arsenic content. We must note that
the Rg. 4, maximum is for the As,Se, stoi-
chiometric composition. We have at this
step to explain two questions:

(i) why at the arsenic K edge, in the range
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[ — R — N
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S S O U R N
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FIG. 5. Variation of the Ao parameter with the arse-
nic concentration at the arsenic and selenium edges.
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FI1G. 6. Variation of the R, s, and Rg,_,, mean bond
length with the arsenic content.

of the arsenic-rich glasses, does the Ao vary
while the R, . mean bond length remains
constant?

(i) why at the selenium K edge, in the
region of selenium rich glasses, does the Aa
remain constant but the Rg, ,, mean bond
length decreases?

As a matter of fact, in this binary system,

if only heteropolar bondings exist, we

. should obtain the same results independent
of the arsenic or selenium K edges data we
collect. The discrepancies we observe indi-
cate that this one shell adjustment is not
valid, at least for the regions close to the
limits of the system. As—As or Se-Se homo-
polar bondings may exist but they may not
have the same structural behavior.

In order to explain the results at the arse-
nic K edge, for arsenic-rich glasses, we
should consider the mean As—Se distance in
the stoichiometric phase As,Se; (R = 2.41
A) and then compare it with the two kinds of
distances observed in the crystalline arsenic
rich phase As,Se,,i.e., R, s, = 2.38 A and
Ryagas = 2.54 A, If As—As homopolar bonds
exist, they would increase the disorder, that
means an increase of Ao, but they will not
modify significantly the mean As-X (X =
Se or As) bond length, as the distances
As-Se and As-As act in opposite senses.
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This result is in very good agreement with
that found by J. Notholt and J. Liese (6).

If we compare our results with those
found using EXAFS by C. Y. Yang et al.
(16) on the As,S, glassy composition, we
note that on the Fourier transform moduli
obtained from the spectra at the arsenic K
edge, second and third shell peaks exist and
are related to the As—As contributions. The
distances (2.57 A for the second peak and
3.54 A for the third peak) correspond to
the intramolecular bonds found in the As,S,
molecule. In our case, as we can see in Fig.
1, for all arsenic-enriched compositions we
do not observe the apparition of well defined
second and third shells, even from low tem-
perature experiments (35K), as shown in
Fig. 7. The apparent increase in the magni-
tude at low temperature is solely due to a
strong decrease of the thermal contribution.
Thus, although the crystalline phases As,S,
and As,Se, are isomorphous (/7), it is obvi-
ous that this is no longer true for the As,S,
and As,Se, glassy compositions. This allows
us to rule out the existence of As,Se, molec-
ular units in these glasses, as supposed in
references (4, 7, 8).

At this step, we can suppose that for the
As,Se,_, glass system the origin of As—As
homopolar bonds are not the same as for

=020 |
£ | W p—y—— )
- f £ — 057 35K ||
3 0.15 } i x=0.25 300K
S ; s 4 x=0.25 35K 1
= As K Edge !
5 0.10 =1
5
=
= 0.05
5
£ 0.00 »

00 1.0 20 30 40 50 6.0

F1G. 7. Fourier transform magnitudes (uncorrected
for phase shift) of two glasses at low and room tempera-
ture at the arsenic K edge.
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TABLE IV

ARSENIC K EDGE: FIT USING TWO SHELLS FOR THE x = 0.57 GLASsY COMPOSITION

N s Initial R As-se R Asas Ao As-se Ao Asas AE
value? Nagse Nacas (A) (A) (A) (A) eV)
0.0 3.0 0.0 2.41 0.00 0.05 0.00 -2.5
0.5 2.4 0.5 2.41 2.49 0.04 0.01 —-2.6
1.0 1.9 0.9 2.41 2.49 0.03 0.05 —-2.6
1.5 1.5 1.5 2.40 2.50 0.01 0.05 —-2.6

¢ The total N,,_s. plus Ny, 4 is considered here equal to three.

those found in the As_ S, _, glass system. For
example, we cannot throw out:

(i) the existence of clusters of amorphous
arsenic;

(ii) the existence of other different units,
as suggested by the different works de-
scribed previously.

If we consider now the selenium K edge
results, we must assume that the selenium-
rich glasses (x = 0.20) are much closer to
pure selenium than the arsenic-rich glasses
(x = 0.57) are to pure arsenic. That means
that homopolar bondings may be more nu-
merous in the case of selenium, and their
effect must be more important at the sele-
nium edge. The Se-Se homopolar compo-
nent (Rg, s, = 2.33 A) tends to decrease the
average Rg. » bond length (X = As or Se),
and this is exactly what we observed (Table
I1D).

If we now assume that As—As and Se—Se
homopolar bonds exist for enriched arsenic
and selenium glasses, respectively, the
question is to know if it is reasonable or not
to use EXAFS to accurately determine the
respective number of these homopolar con-
tributions. We can thus try to match the two
shells model (As—-Se(As) and Se—As(Se))
with the experimental signal. Before dis-
cussing the results of the adjustments, we
must define the possible number of indepen-
dent parameters (N,,) we can use in the
two shells fitting procedure. This number is
defined as N, = (2AkAR)/m where Ak is

the k space range of the data and AR is
the width of the window used when Fourier
transforming in R space. At the arsenic K
edge, Ak = 12.45 A", AR = 1.125 A, so
that N, = 9.0. This value is therefore the
maximum of independent parameters we
can adjust simultaneously in the fitting pro-
cedure.

Let us now consider the two arsenic-rich
compositions x = 0.50 and x = 0.57: Table
1V shows the fitting results for the x = 0.57
composition. If all parameters are simulta-
neously fitted (N, = 7), the adjustment
shows that for both compositions the results
are dependent on the (As—Se)/(As—-As) ra-
tio, which is defined before the fitting proce-
dure. It is thus very difficult to obtain a
quantitative determination of the number of
homopolar bonds although their existence
is supported. This interpretation does not
agree with what Elliot and Kolobov (9) said,
and EXAFS is definitely not accurate
enough to give an exact value of the hetero-
polar/homopolar ratio. Moreover, the first
As—As mean bond length should be smaller
than the distance of 2.80 A found in their
work, simply because it seems hardly possi-
ble to separate the As—Se and As—As contri-
butions in the Fourier transform moduli, as
shown in Fig. 1.

B. XANES Results

The XANES spectra at the arsenic and
selenium K edges show two phenomena:
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FiG. 8. XANES spectra at the arsenic K edge for
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(i) a feature at 10 eV above the edge (Fig.
8);

(ii) a variation of the area under the white
line related to the arsenic ratio.

For both edges, arsenic or selenium, this
area decreases when the arsenic content in-
creases (Fig. 9). J. M. Lee (I/8) observed
the same qualitative results for the As—S
system.

The full interpretation of XANES results
is very difficult because multiple scattering
phenomena are involved. However, we re-
cently undertook a theoretical analysis of
the As,Se, crystalline phase at the arsenic

2.5 —

—=e— arsenic edge
—=— selenium edge

White Line Area Variation (a.u.)
{

0.1 0.2 03 0.4 0.5

Arsenic Content (x)

0.6

F1G. 9. Variation of the white line area at the arsenic
and selenium K edges with the arsenic content.
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and selenium edges using the formalism of
M. Benfatto and C. R. Natoli (/9). This anal-
ysis may help us to understand the situation
existing for the glasses. For the crystalline
As,Se; XANES spectra, we observed that:

(i) it is possible to reproduce the feature at 10
eV when we consider the first nine nearest
neighbors;

(ii)) when an As—As homopolar bond takes
the place of an As—Se bond in the first shell,
the white line intensity decreases, and the
opposite effect is observed when a Se—Se
homopolar bond is considered.

From these preliminary calculations, one
could suggest a qualitative interpretation of
our observations in the glassy compositions.
As described above, As—As or Se—Se homo-
polar bonds have different influences on the
mean bond length and lead therefore to dif-
ferent changes for the white line intensity.
On the other hand, this intensity also
changes for compositions where homopolar
bonds are not supposed to exist, indicating
that there must be other reasons beside the
homopolar bondings for these variations. At
this step of our calculation, we can only
suggest that in the glasses, where the struc-
ture is disordered when compared to the
crystalline phase, many other complex phe-
nomena are implied and related to these
variations. Further studies are needed in or-
der to better understand this phenomena.

IV. Conclusion

EXAFS has been used to study the atomic
arrangement around As and Se in a large
area of compositions of the As, Se,_, sys-
tem. The analysis of the data allowed us to
discuss the existence of homopolar bonds.
For the selenium-rich region (x < 0.40), the
local structure consists of AsSe; pyramidal
units and Se—Se homopolar bonds that may
form the Se, chains or Seg rings. On the
arsenic-rich region side (x > 0.40) the local
structure consists of both AsSe; pyramidal
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units and As—As homopolar bonds, the ori-
gin of which is not yet fully understood. This
behavior is different from what has been
observed for the arsenic-rich As-S glassy
system. The existence of homopolar bonds
for enriched selenium and arsenic glasses is
in good agreement with the chemical order-
ing network model issued from other tech-
niques. The similarity of the backscattering
phase and amplitude parameters used in the
EXAFS analytical procedure is the main
limit to a quantitative description based on
a two shells model. The XANES qualitative
investigation agrees with the EXAFS struc-
tural description. The variations in the white
line intensity are attributed mainly to
changes occurring in the first shell of
neighbors.
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