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Abstract

The structure of the Cu,sAss,Ses; amorphous alloy has been studied by X-ray absorption spectroscopy to
determine the chemical environment of the three elements. Data are in accordance with the fourfold Cu
coordination and an increase in the As and Se coordination numbers, compared with the coordination obtained for

the amorphous As,Se; compound.

1. Introduction

It has been shown [1] that the addition of a
transition series element in amorphous material
can lead to changes in their resistivity. The family
obtained by adding Cu to the As-Se glasses is
interesting because the electrical conductivity in-
creases and the activation energy decreases by Cu
addition. These electronic properties are related
to a structure in which atoms are assumed to be
tetrahedrally coordinated [2]. The aim of the pre-
sent work is to determine the distance and the
coordination of the components.

The electrical properties of Cu—As—Se amor-
phous alloy system has been attributed to the
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formation of Cu—Se bonds [3]. Electrical conduc-
tion at room temperature may be due to the
electronic structure associated with these bonds
rather than those of a As-Se or Se-Se bond [2].

The short range order of some alloys of this
family has been investigated [3,4]. X-ray diffrac-
tion methods have been applied to determine the
bonding and topology features of Cu,;As,,Ses;
glassy semiconductor [5,6]. Combined X-ray
diffraction and X-ray absorption methods have
been used in a study of CugAs,Se,, and
Cu,,As;,Sey; glasses [7,8] in which the As/Se
ratio differs and the Cu concentration spans the
range of glass formation.

Experimentally, the metal atoms are tetrahe-
drally coordinated [2,9,10] and the general struc-
tural model proposed by Liu and Taylor [11] gives
a tetrahedral structure when Cu is added to the
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glasses. Extended X-ray absorption fine structure
(EXAFS) spectroscopy is a useful technique to
determine pair distances and coordination num-
bers separately for the three components. It has
been recently used for other alloys of the same
Cu-As-Se amorphous family [12]. The average
coordination number will be calculated from the
EXAFS data and compared with that obtained
from wide angle X-ray diffraction spectroscopy.
Monte Carlo methods will be used to construct a
model of the structure [13-15]. The EXAFS ex-
periments have been performed at the three ab-
sorption K-edges of the Cu, As and Se elements
at room temperature. Initially three samples were
selected with compositions CugAs,eSeq, Cuye-
As;,Se;; and Cu,sAs,,Ses,. The large difference
in Cu concentration will provide data from which
differences in the structure of these three compo-
sition can be determined. Results for CugAs,Se,
and Cu,As,;Se;; samples have been reported
[7,8]. In the present work, EXAFS experiments
are reported on the Cu,5As;,Ses; composition
and are compared with the previous X-ray
diffraction studies. EXAFS investigations have
been performed on some Cu,(Asg,Se)c)igo_x
samples at the Cu K-edge by Hunter et al. [4] and
by Laderman et al. [16] in a wide range of Cu
concentration. In this work, the selected value for
x (x =15) differs from those previously reported.
EXAFS data are analyzed taking into account the
theoretical backscattering phase and amplitude
functions which avoid the problem of references
compounds.

2. Experimental

Amorphous bulk materials were prepared by
the wusual melt—-quench technique; the con-
stituents, Cu, As, and Se (4N purity), were
weighed and sealed in an evacuated quartz am-
poule, which was then heated at 950°C for 4 h.
During melting, the tube was rotated in order to
mix the constituents to ensure a homogeneous
liquid [17].

EXAFS experiments were carried out on the
EXAFS-III beamline at D.C.I. storage ring
(Orsay) with an electron beam energy of 1.85

GeV and an average current of 250 mA. Data
were collected with a fixed exit monochromator
using two Si(311) crystals in transmission mode;
detection was made using two ion chambers filled
with air. The fast EXAFS data acquisition opera-
tion mode [18] was used to collect at least ten
spectra to improve the signal to noise ratio. En-
ergy resolution was estimated to be better than 2
eV based on the Cu foil 3d near edge feature
[19]. The energy calibration was monitored using
the Cu foil sample, and was set as 8991 eV at the
first maximum above the edge.

Samples were prepared by grinding, sieving
and then selecting particles < 10 um in size by
floating the powder. The particles were then
spread on a tape. About two layers of tape were
used to fabricate samples with an adequate ab-
sorption jump (0.1 < Apx <1.0) and a maximum
for the total absorption less than 1.5 (ux < 1.5).

3. Results

Fig. 1 shows the extended X-ray absorption
spectra at the K-edge of the three components of
the sample Cu;;As,,Ses;. The same sample
thickness was used for all measurements.

A classical procedure has been used to analyze
the EXAFS spectrum [20]: above the edge, the
signal background was removed by a multi-itera-
tion curve smoothing procedure. The analysis of
the EXAFS signal to obtain the position of the
neighbours around the absorber atom has been
carried out using the well known EXAFS expres-
sion [21]

N.
x(k) = Z ;RJ—Z exp( —2k%a?) exp(—I;R;/k)
J J

X f;(k) sin[2kR; + ¢;(k)]. (1)
This expression describes the EXAFS oscillations
for a Gaussian distribution of neighbours around
the absorbing atom, in the single scattering the-
ory and in the plane-wave approximation. k is the
wave vector of the photoelectron, which is related
to the electron mass, m,, and with the threshold
energy, E,, by

k=[(2m./h*)(E - Eg)]'"*. 2)
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N; is the average coordination number for the
Gaussian distribution of distances centered at the
R; value, o; is the Debye—Waller contribution,
¢, (k) =28(k) + y/(k) is the phase shift, 8(k) and
yj(k) being the central and backscattering atom
phase shifts, respectively, f,(k) is the amplitude
function of the backscattering atoms and I is
related to the mean free path of the photoelec-
tron.

Fig. 2 shows the Fourier transform of the
k3x(k) weighted signals for the alloy; a Hanning
window was used within an interval from 3 to 14
A~!. These transforms are related to the radial
distribution functions (RDF) of atoms surround-
ing the three component atoms. The first coordi-
nation spheres are given by the mean peaks cen-
tered about 2 A. EXAFS information from amor-
phous material is related only to the first coordi-
nation sphere because the EXAFS signal is only
sensitive to the short range order.
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Fig. 1. Room temperature EXAFS spectra of the
Cu,5As4,Ses; amorphous alloy taken at: (a) Cu K-edge,
(b) As K-edge and (c) Se K-edge.
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Fig. 2. Fourier transform of the k>y(k) weighted EXAFS
signal of the Cu sAs3,Ses; amorphous alloy at the Cu-edge

(

), As-edge (- - - - - ) and Se-edge (- - - ).

4. Discussion

Data have been fitted in the k- and R-spaces
(Fig. 3) by comparison of experimental filtered
data and the spectra calculated by Eq. (1); finally,
a mean square fitting has been carried out in
k-space to obtain better parameters. f,(k) and
¢ (k) have been taken as those reported by
Mckale et al. [22]. In order to reduce the number
of EXAFS parameters we have taken into ac-
count the different hypotheses previously de-
scribed in the literature [1,5,6]; as can be seen
below, the hypotheses fix some parameters in the
EXAFS data analysis.

The first model we consider is one in which As
and Se fit the ‘octet’ rule [23] and gives for them
a coordination of 3 and 2, respectively. This model
has been tested by trying to fit the three EXAFS
spectra taken at Cu, As, Se K-edges. It is possible
to fit the As and Se data with the 3 and 2
coordinations but the coordination of Cu atoms
would then be in the range from 2 to 3 which is
inconsistent with the data on the area under the
first peak in the RDF.

According to Borisova [1], the chemical inter-
action of Cu with As and Se is due to the partici-
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Fig. 3. Comparison between experimental (points) and calcu-
lated ( ) of the modulus and imaginary part of the
filtered EXAFS data in R-space at: (a) Cu K-edge, (b) As
K-edge and (¢) Se K-edge.
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pation of the 4s! electron of copper in the Cu-Se
chemical bond and the formation of a donor—
acceptor Cu:As bond, and the unshared pair of
electrons of the As atom are donated to the
vacant 4p orbit of the Cu atom. This process
could produce a Cu sp® hybridization and an
increase in the coordination of some As atoms so

D. Gomez-Vela et al. / Journal of Non-Crystalline Solids 167 (1994) 5964

that the structural units appearing in the glasses
would be four-coordinated As atoms (1Cu and
3Se atoms) and four-coordinated Cu atoms (1As
and 3Se). This Cu coordination could likewise be
satisfied by d®s hybridization which is square pla-
nar and could form a ring framework within the
tetrahedral network. Nevertheless, the participa-
tion of d-orbitals in the bond confers greater
instability and is considered less probable [5].
This model will be called, in the following, the
neutral model.

In the short-range order model, it is assumed
that Cu is covalently bonded to As and Se atoms
in a ratio of two to three, implying that 2/5 of
the As atoms will have coordination 4 and 3/5 of
the Se atoms coordination 3. In this model, the
formation of Cu—Cu bonds is ignored because of
their low concentration. These models do not fit,
properly, the EXAFS spectra, because the Cu-Cu
contribution is necessary to have a good fitting of
the Cu environment with that deduced from the
spectra.

From our EXAFS data fitting, we propose a
model intermediate between the neutral Cu
model and the short-range order model. We as-
sume the Cu atoms have a Cu-Se chemical bond
through the formation of sp> hybrids with the 4s'
electron of copper and thus a coordination 4 for
the Cu atoms, and the coordination of As and Se
atoms being relatively the same as in the As,Se,

Table 1
Set of values obtained as the best fit of EXAFS signal
Sample Edge pair E, AE, N d(A) o (A?) r(A 2 € (x1075)
As,Se, (0) [As] As-Se 11857.6 5.0 2 2.41 0.08 0.9 1.45
As-Se 1 2.42 0.08
[Se] Se-As 12643.7 3.0 2 2.42 0.08 0.9 2.39
AsSe;Ag () [As] As-Se 11857.6 13.0 3 2.41 0.105 2.5 1.88
Cu,5As4,Ses, [Cu] Cu-Cu 8976.8 -7.7 0.50 2.23 0.097 1.66 3.54
Cu-As 1.00 2.35 0.098
Cu-Se 2.50 2.37 0.097
[As] As-Cu 11857.5 -34 0.44 2.35 0.068 1.66 8.90
As-Se 3.00 2.42 0.068
[Se} Se—Cu 12646.4 -6.0 0.61 2.37 0.075 1.66 4.84
Se-As 2.00 242 0.075

E,, the energy threshold; A E,;, the energy shift; N, the number of neighbours; R, the distance; o, the Debye-Waller factor; I', the
mean free path contribution factor; e, the residual parameter. The fitting of the crystalline As,Se; and AsSe;Ag are given for

comparison.
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compounds but with the addition of Cu atoms
increases their coordination numbers.

In order to fit the EXAFS spectra, we have
assumed the copper coordination to be one Se
bonded atom and the three others to be bonded
atoms as three numbers proportional to the stoi-
chiometry in the sample; with this hypothesis,
coordination numbers consistent with the EX-
AFS data are given in Table 1. In order to
calculate the Se—Cu partial coordination we have
corrected it by the stoichiometric factor 15 /61 (a
similar correction has been made for As—Cu par-
tial coordinations) and the Se-As and As-Se
coordination has been taken as the same as in
crystalline As,Se; and glass compound (i.e., two
As atoms around the Se and three Se around an
As atom) and the same Debye—Waller factor was
assumed for all the pairs which contributed to the
peak. In order to begin the fitting procedure, the
distances have been taken as the averaged bond-
ing distances given by the model of this structure
[6], and it can be pointed out that they are a very
good approximation.

In Table 1 the coordination number of each
atom and the obtained distances and other EX-
AFS parameters are given. The € parameter gives
the deviation of the calculated EXAFS spectrum
from the experimental data. To evaluate €, we
have defined the residual parameter as e’=
(1/N)X(data; — model;)?. It must be noted that
the obtained coordinations are n(Cu) = 4; n(As)
= 3.44, n(Se) = 2.61, which gives a mean coordi-
nation of 3.1, which is, within errors of measure-
ment, the same as that obtained from the RDF
measurements (3.05 + 0.1) [5] on the same type of
sample.

The pre-edge structure may give information
about site geometry and valence state and the
X-ray absorption near edge structure (XANES)
region contains stereo-chemical information (e.g.,
bond angles). Fig. 4 shows the XANES spectra of
the Cu,;As;,Ses; amorphous sample at the Cu,
As and Se K-edges by comparison with two other
alloys of the Cu—As—Se family. We observe that
valence state does not depend, within errors of
measurement, on the relative concentration of
the elements because the threshold position is
unshifted. The Cu absorption edge is not affected
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Fig. 4. Comparison of XANES spectra at the three absorption
edges for different samples: CugAs,cSeq, CuisAs,,Ses; and
Cu,4As 3;Se;, (respectively from above to below) (a) Cu K-
edge, (b) As K-edge and (c) Se K-edge.

by the Cu concentration nor by the As/Se ratio.
On the other hand, the As and Se K-edge XANES
spectra differ in the features at 11870 and 12 660
eV. A comparison with the As,Se; crystalline
reference compound shows that these difference
are in accordance with the monotonic increase of
their As and Se coordination numbers which make
different environments for the atoms [24].

5. Conclusions

Our fit gives a fourfold coordination for the
Cu atoms and a coordination of 3.44 and 2.61 for
the As and Se atoms, respectively, in accordance
with the RDF measurements. We propose a
structural model in which the copper is always
bonded to one selenium atom and the other three
bonds are occupied by Cu, As and Se proportion-
ately to their concentrations in a sample. The
increase of the As and Se coordination is caused
by the addition of the Cu which forms As-Cu
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and Se-Cu bonds in addition to the As~Se bonds
in the As,Se; compound.
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machine for the allocation of the beam time.
Special thanks must be given to V. Mastelaro and
H. Dexpert for the reference compounds and for
helpful discussion during this work.
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