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a b s t r a c t

The atomic structure of chalcogenide glasses As3Se7−xTex (0 ≤ x ≤ 3) and As2Se3−xTex (0 ≤ x ≤ 2.5) has been
investigated by different methods. Short-range order has been studied by Wide-Angle X-ray Scattering
(WAXS). 77Se NMR as well as Raman and infrared measurements were also performed on the different
compositions. We show that the progressive introduction of tellurium in As3Se7−xTex or As2Se3−xTex

induces breaking of Se–Se bonds and the formation of AsSe Te pyramidal units. Experimental data
vailable online 25 September 2010

eywords:
halcogenide glass
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3−x x

also reveal the absence of Te–Te bonds even in the tellurium richest composition which let suppose a
homogeneous repartition of tellurium atoms in the glassy network.

© 2010 Elsevier B.V. All rights reserved.
MR
AXS

aman

. Introduction

Tellurium-based chalcogenide glasses are of growing interest
ecause of their large transparency in the infrared range [1–3] that
llow for example, CO2 detection [4]. They are also very interesting
or their thermo-mechanical or electrical properties [5,6].

In the case of the Te–As–Se ternary system, the special fiber
omposition As3Se5Te2 is used as optical sensors to carry out
iber Evanescent Wave Spectroscopy (FEWS) and investigate at
olecular scale several problems encountered in microbiology, for

xample biochemical changes in human lung cells [7], or in envi-
onmental protection to monitor pollutants in waste water [8].
his glass is also widely used for space optics [9]. Despite these
pplications, there are only few papers dealing with the structure
f the As3Se5Te2 glassy network. Its knowledge is essential for a
ood understanding of mechanical, optical and chemical proper-
ies. An earlier study suggested a two-dimensional glass network
f Se–Te–As chains, which are cross-linked by As–As bonds [10].

recent study proposed a glass network structure built up of

s(Se,Te)3 pyramids in which twofold coordinated Te atoms sub-
titute homogeneously twofold coordinated Se atoms [11].

In this paper, we aim to understand changes in the local glass
tructure as Te is added to the binary systems As3Se7 and As2Se3

∗ Corresponding author.
E-mail address: delaizir@icmpe.cnrs.fr (G. Delaizir).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.09.104
to give glasses in the ternary systems As3Se7−xTex (0 ≤ x ≤ 3) and
As2Se3−xTex (0 ≤ x ≤ 2.5). The techniques employed to probe chem-
ical bonding and Se environments in these glasses are infrared,
Raman and 77Se NMR spectroscopy which are very powerful tech-
niques and they have been already used to characterize structural
chalcogenide glasses [12–14]. A radial distribution function (RDF)
analysis was also performed on the Wide-Angle X-Ray Scattering
(WAXS) measurement results, which are associated with the global
average structural parameters.

2. Experimental

2.1. Sample preparation

Chalcogenide glasses in the As–Se–Te system were prepared by melting a batch
of 10 g of appropriate amounts of commercially available tellurium (99.99%), arsenic
(99.99%) and selenium (99.999%). The reactants were placed in an evacuated sil-
ica tube (10 mm in diameter) which was heated overnight in a rocking furnace at
650 ◦C. The ampoule was then quenched into water to obtain glass rods, which were
subsequently annealed for 1 h near the glass transition temperature, Tg, to remove
mechanical stresses induced on cooling. Then, the different samples were cooled to
room temperature in few hours.

2.2. Measurements
2.2.1. 77Se NMR spectroscopy
The 77Se (I = 1/2) NMR spectra were recorded at room temperature on an Avance

300 Bruker spectrometer operating at 57.28 MHz with a 4 mm MAS probe spinning
at 15 kHz. The spectra were recorded with the maximum spinning speed reachable
(15 kHz), averaging simultaneously the chemical shift and reducing the homonu-
clear dipolar interaction between Se atoms. Fourier transformations were done on

dx.doi.org/10.1016/j.jallcom.2010.09.104
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:delaizir@icmpe.cnrs.fr
dx.doi.org/10.1016/j.jallcom.2010.09.104
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he entire magnetization to improve the signal to noise ratio and to avoid any dis-
ortion of the baseline. The processing and acquisition parameters were 3.5 �s �/2
ulse duration, 30 s recycle time, 1 MHz spectral width, time domain 1K, 3000 accu-
ulated scans. The simulations of the experimental spectra were performed using
modified version of the Winfit Bruker Software.

.2.2. Infrared and Raman spectroscopy
Infrared measurements were performed on As–Se–Te bulk glasses at room

emperature on a Fourier-transform vacuum spectrometer (Bruker 113v), equipped
ith two sources (globar and Hg arc), two detectors (DTGS with KBr and polyethy-

ene windows) and five different beam splitters, KBr for the mid-IR and four Mylar
lms for the far-IR (with thickness 3.5–25 �m), to cover the frequency range from
0 to 5000 cm−1. Each spectrum results from the average of 400 scans measured
ith a typical resolution of 2 cm−1. The infrared spectra of bulk glasses were

ecorded in the reflectance mode at quasi normal incidence (11◦), and the complex
efractive index of each sample was obtained through Kramers–Krönig analysis of
ts specular reflectance spectrum [15,16]. The infrared spectra reported in this work
re in the form of absorption coefficient spectra, ˛(�), calculated from the relation
(v) = 4�vk(v) = 2�vε′′(v)/n(v), where n(�) and k(�) are the real and imaginary
arts, respectively, of the complex refractive index, ε′′(�) is the imaginary part of
he dielectric function and � is the infrared frequency (in cm−1).

Raman spectra were recorded at room temperature on a confocal micro-Raman
nstrument (Renishaw) in the backscattering geometry, using the 785 nm excitation
ine of a solid state laser with a typical resolution of 3 cm−1. The spectrophotometer
ncluded a holographic Notch filter for Rayleigh rejection, a microscope equipped

ith a 100× objective and a CCD air cooled detector.

.2.3. WAXS measurements
WAXS experiments were performed using a dedicated two-axis diffractome-

er. Measurements of the intensity scattered by the samples were performed at
he molybdenum K� (0.071069 nm) wavelength. The primary beam was graphite

onochromatized, and fluorescence from As and Se was removed at measurement
ime by energy filtering of the solid state detector. Data sets typically included 457

easurements in the range 0◦ ≤ � ≤ 65◦ for equidistant s values [s = 4�(sin �/�)]. Bulk
owder was introduced in thin walled Lindemann glass capillaries of 1.0 mm diam-
ter. The same treatments were applied to all data sets, i.e. physical corrections for
olarization and self-absorption as well as subtraction of the corrected scattering
rom glass capillary. A 400 �m As3Se5Te2 fiber diameter was also used instead of the
apillary to evaluate the effect of oxidation when crushing bulk glass into powder.

The so-called reduced intensity function was extracted and then Fourier trans-
ormed in order to obtain the RDF. A full description of this procedure can be found
n [17]. Analysis of the experimental RDF provides good estimates of the mean
tom–atom distances in the sample (d). The RDF is defined as the number of atoms
t distance between r and r + dr from the center of an arbitrary origin atom. It can
e written as D(r) = 4�r2�(r) where �(r) is the radial density function representing
n atomic pair correlation function, and converging to the average density �o for a

arge value of r. Below this limit, the �(r) function exhibits peaks pointing to average
nteratomic separations. The position of the first peak in RDF gives the value of the
verage nearest-neighbor bond length r1 and, similarly, the position of the second
eak give the next nearest-neighbor distance r2. Knowledge of both distances leads
o the determination of the bond angle ϕ where ϕ = 2sin−1(r1/r2) and, therefore,
rovides information about the different polyhedra constituting the network.

4006008001000120014001600

ig. 1. Comparison of the 77Se MAS NMR spectra of chalcogenide glasses in the As–Se–Te
pectrum compared to that of As3Se7, while glasses As4Se4Te2 and As4Se6 show similar
ssociated with the three chemical bonding environments of Se in AsxSe1−x glass [15].
Compounds 509 (2011) 831–836

3. Results and discussion

3.1. 77Se NMR results

77Se 15 kHz MAS NMR spectra measured in this work are com-
pared in Fig. 1 for four glass compositions As3Se7, As4Se6 (As2Se3),
As3Se5Te2 (As3Se7−xTex with x = 2) and As4Se4Te2 (As4Se6−xTex

with x = 2). The observed broadening of spectra is in accordance
with the distribution of sites characterizing the amorphous state.

To understand the origin of As–Se–Te NMR spectra, the posi-
tion of lines corresponding to the three expected type of sites of
twofold coordinated Se are labeled by a, b and c in Fig. 1. Accord-
ingly to [18], these lines are attributed to Se–Se–Se, Se–Se–As and
As–Se–As sites, respectively. Indeed, the AsxSe1−x glass network
is built up of Se chains which cross-link AsSe3 pyramids in agree-
ment with the “chain crossing model” [18]. According to this model,
As atoms are homogeneously distributed within the network and
the length of Se chains cross-linking AsSe3 pyramids depends on
glass composition; the richer the composition in Se the longer the
chains. In this classical frame, the network of As2Se3 (resp. AsSe3)
is constituted of AsSe3 pyramids directly connected by Se corners
(resp. Se–Se dimers) giving rise to a single c line (resp. b line) in the
corresponding NMR spectrum [18]. The structure of As3Se7, that
is to say AsSe2.33, can be seen as intermediate between AsSe1.5
(=As2Se3) and AsSe3. We could therefore assume that As3Se7 is
built up of corner sharing AsSe3 pyramidal units cross-linked by
either Se–Se bonds or direct bridging Se atoms. The related NMR
spectrum does not fully agree with this simple model, since one
needs to use simultaneously three Gaussian components to give
an acceptable account of the experimental band shape (Fig. 2).
In particular, the spectrum shows clearly that, even for this As-
rich composition, Se–Se–Se short sequences are still present in the
glass network [19,20]. Each band contribution has a Gaussian shape
due to the structural disorder inherent to the glass, and the rela-
tive intensities of the three lines are in agreement with the initial
stoichiometry.

The As4Se6 (As2Se3) and As4Se4Te2
77Se NMR spectra are very

similar (Fig. 1). No new lines or line shifts are observed. Thus,
the introduction of tellurium in the initial composition does not
modify significantly the selenium neighborhood in glass. This find-

ing shows that Te substitutes preferentially Se than As in the
glassy network. This is not surprising since Se and Te belong
to the same family of the periodic chart and both are twofold
coordinated.

-800-600-400-2000200 (ppm)

system with various Te contents. The arrow emphasizes the shift of the As3Se5Te2

spectra. The vertical straight lines indicate the position of the mean chemical shift
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ig. 2. 77Se MAS NMR spectrum: reconstruction of the As3Se7 spectrum with three Ga
nd As–Se–As connecting the AsSe3 pyramids (c line 380 ppm). The relative intensi

On the other hand, the introduction of tellurium in the As3Se7
lass, leading to As3Se5Te2, modifies significantly the respective
7Se NMR spectra (Fig. 1). While the a line (Se–Se–Se) contributes
bout 12% of the total As3Se7 band shape, its intensity vanishes
otally in the As3Se5Te2 spectrum. This observation demonstrates
hat the introduced tellurium tends to break Se–Se–Se sequences
y substituting for Se atoms. Moreover, the general shift of the
s3Se5Te2 spectrum compared to that of As3Se7 is due also to

ellurium. This is in agreement with previous observations [21]
howing that the presence of tellurium in the first coordination
hell of Se atoms induces the shift of the corresponding 77Se NMR
ine toward lower chemical shift values. Thus, the shift of b line,
ssigned to As–Se–Se, indicates that part of the added tellurium
ubstitutes Se atoms and leads to formation of As–Se–Te sites, in
greement with the chemical similarity of Te and Se atoms. On the
ther hand, the c line attributed to As–Se–As is still clearly visi-
le and not shifted. Indeed, substitution of Se by Te in this kind
f environment would have diminished this band, indicating that
s–Te–As sites are not favored in these glasses. This is in good
greement with a previous study [11], where it was suggested that
e atoms are homogeneously dispersed in the As3Se5Te2 glassy
etwork.

.2. Infrared and Raman results

Figs. 3 and 4 present Raman and IR spectra of bulk glasses in
he systems As2Se3−xTex and As3Se7−xTex from x = 0 to x = 2.5 and
, respectively. As shown by NMR [18], the As2Se3 bulk glass can be
escribed as having a network constituted mainly of [AsSe3/2] trig-
nal pyramidal units connected by their corners. The IR bands at
30 and 110 cm−1 are assigned to characteristic modes of [AsSe3/2]
yramids, i.e. to their asymmetric stretching (�3) and bending (�2)
odes, respectively, while the symmetric stretching (�1) vibra-

ion of [AsSe3/2] pyramids gives rise to the strong Raman band at
25 cm−1 [22,23]. Besides these features associated with AsSe3/2
yramids, the infrared and Raman spectra of As2Se3 glass show also
ctivity above 250 cm−1 which indicates the presence of additional
tructural units.
For the bulk As3Se7 composition, the glass network is composed
ainly of corner sharing [AsSe3/2] pyramids and [AsSe3/2] pyra-
ids connected by Se–Se bonds as described above. Indeed, for

he As3Se7 glass the excess of Se would lead to the formation of
Se–Se– bonding in various arrangements including As–Se–Se–As
n bands assigned to sequences Se–Se–Se (a line 820 ppm), As–Se–Se (b line 560 ppm)
2%, 44% and 44%, respectively) are in agreement with the initial stoichiometry.

bridges and Sen chains. The main mode associated with Sen chains
is expected at 238 cm−1 in the Raman spectrum [23–27], and this
might be part of the broad band observed from 200 to 280 cm−1 for
As3Se7 glass. Also, a Raman contribution of As–Se–Se–As entities is
expected at ca. 270 cm−1 [26]. It should be noted that the high fre-
quency IR shoulder at ca. 260 cm−1 and the corresponding Raman
feature at ca. 250 cm−1 are generally related to Se8 rings [23–27].
This finding is also in good agreement with the NMR spectrum
which exhibits a signal above 800 ppm related to such sequences.

Upon substituting Se by Te, the high frequency components in
the 250–270 cm−1 range loose gradually intensity in both Raman
and IR spectra (Figs. 3 and 4), a result demonstrating the grad-
ual destruction of Se–Se bridges in the two series of glasses.
In the Raman spectrum, two intense bands develop at 168 and
205 cm−1 and become the main features at x = 2.5 for As2Se3−xTex

(x = 2 for As3Se7−xTex) glasses. The Raman band at 205 cm−1 can
be attributed to vibrations of Se–Te bonds, as observed in the
system Se1−xTex [28], or to As–Se vibration in mixed AsSe3−xTex

units [29,30]. The latter proposition may contribute predomi-
nantly to this Raman band. The As–Te stretching in tellurium rich
AsSe3−xTex entities (x ≥ 2) would give rise to the Raman band at
168 cm−1 [29,30]. The presence of Te–Te bonds are not expected
from Raman analysis of the spectra which should have a signature
at 150–155 cm−1 [28]. The IR spectra of the x = 2 and x = 2.5 glasses
shows their main band at 220 cm−1. This is consistent with the for-
mation of mixed AsSe3−xTex units, since the �3 mode of [AsSe3/2]
pyramids is active at 230 cm−1 (Fig. 4).

To summarize, the progressive introduction of tellurium in
the structure of glasses As3Se7−xTex and As2Se3−xTex induces the
breaking of Se–Se bonds and the formation of Te–Se bonds and
AsSe3−xTex pyramidal units, in good agreement with 77Se NMR
results.

3.3. WAXS results

The covalent radii of Te, As and Se atoms are, respectively, 0.138,
0.119 and 0.12 nm. Thus, small peaks appearing at very short dis-
tances in Figs. 5 and 6 (e.g. 0.08 nm) are clearly of spurious origin,

since no distance smaller than the sum of the smallest atomic radii
involved in the glass composition can occur.

The peak observed at r = 0.17 nm is due to superficial oxidation
(Se–O or As–O) occurring when the bulk glass is crushed into pow-
der. To make sure that this oxidation does not affect the overall
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Fig. 3. Raman spectra of bulk glasses As2Se3−xTex (a) and As3Se7−xTex (b).

tructure, a WAXS experiment was made first on a pristine 400 �m
n diameter fiber of As3Se5Te2 glass and then after crushing the
ame fiber into powder (Fig. 7). The major difference in the mea-
ured RDFs concerns the amplitude of the peak at 0.17 nm, with

o significant changes being observed in the position of other fea-
ures with the exception of a very small peak at 0.31 nm in the
e, As3Se6.5Te0.5 and As2Se3 compositions (Figs. 5 and 6) likely
elated to a small amount of As and/or Se atoms bridged by oxygen
toms.
Wavenumbers (cm
-1
)

Fig. 4. Far-infrared spectra bulk glasses As2Se3−xTex (a) and As3Se7−xTex (b).

The first neighbor peak of the RDF of vitreous Se, glassy
As3Se7−xTex (0 ≤ x ≤ 3) and glassy As2Se3−xTex (0 ≤ x ≤ 2.5) systems
is located at a distance r1 = 0.24 nm (Figs. 5 and 6), which correspond
to Se–Se bond and/or Se–As bonding. By increasing the amount of
tellurium in glass, this peak shifts slightly to higher r value (from
r1 = 0.24 nm to r′

1 = 0.26 nm). This result is consistent with the for-
mation of As–Te or Se–Te bonds. Therefore, the formation of Te–Te

bonds is unlikely even in the tellurium richest glass composition,
at least in amounts sufficient to influence the average bonding
since feature is observed at ca. r = 0.28 nm. The second peak at ca.
r2 = 0.36 nm observed for all compositions corresponding to Se/Se,
Se/As and Te correlations. This distance is governed by the bond
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Fig. 5. Comparison of experimental RDFs for vitreous Se and As3Se7−xTex (0 ≤ x ≤ 3) glasses.
Fig. 6. Experimental RDFs of glasses As2Se3−xTex (0 ≤ x ≤ 2.5).

Fig. 7. Comparison of the experimental RDFs of a 400 �m in diameter fiber of glass
As3Se5Te2 before and after crushing the fiber into powder.
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ngle ϕ shown schematically in Fig. 8, and shows a clear composi-
ion dependence. In particular, the peak at ca. r2 = 0.36 nm becomes
roader and develops a second maximum around 0.41 nm as the
ellurium content increases. Assuming a bond angle of ϕ = 109◦, dif-
erent bonding configurations are possible for the second-neighbor
istance according to the WAXS results and include As(Se2Te) and
s(SeTe2) pyramidal units (Fig. 8).

. Conclusions

The combined results of infrared, Raman, 77Se NMR and
AXS measurements on As3Se7−xTex (0 ≤ x ≤ 3) and As2Se3−xTex

0 ≤ x ≤ 2.5) glasses allows for a better understanding of the struc-
ure of these chalcogenide glassy materials. As the tellurium
ontent increases in these ternary glass systems, it was found that:

I. First-neighbor Te–Te bonds are unlikely to form. Tellurium
enters the glass network homogeneously by destructing Se
short-chain sequences.

I. Mixed pyramidal units AsSe3−xTex are formed. At low tellurium
contents [AsSe2Te] entities are most favorable, while at higher
contents Te–Te second-neighbors exist in [AsTe2Se] entities.

These results are in good agreement with a previous work on the
s3Se5Te2 glass composition, by reverse Monte Carlo from X-ray
ata, neutron scattering and EXAFS techniques [8]. The structural
odel proposed in [8] is totally compatible with the conclusions

f the present work. In addition, the absence of Te–Te bond-
ng in As–Se–Te glasses appears to be the origin of their good
lass-forming ability, thermal stability and resistivity against crys-
allization, since Te–Te bonding act usually as a good nucleating
gent.

The present findings regarding the nature of chemical bonding
re also consistent with the progressive shift of infrared absorption
o longer wavelengths as selenium is substituted by the heavier
ellurium. This extension of the transmission window in the far-
nfrared spectral domain suggest the use of As–Se–Te rather than
s–Se glasses for the development of optical fiber sensors [4–6].
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