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EXAFS and XANES S K-edge spectra were collected at room temperature for binary GeS, glasses
(1.5 = x = 7) and ternary (1 — y)GeS, + yAg,S glasses (0.25 = y = 0.50). By EXAFS, only the first
coordination sheil was resolved. The results, for binary glasses, are consistent with the Chemical
Ordered Nelwork model: only S-Ge bonds were found for Ge-enriched glasses (x = 2) while mixed
surroundings, constituted by both §-Ge and S5-5 bonds, exist for S-rich compositions (x > 2). For
ternary glasses. only S—-Ge bonds have been evidenced. From XANES spectra, it seems that binary
S-enriched glasses are constitiied by polymeric $ chains cross-linked by germanium atoms, On the
other hand, for ternary glasses, the XANES spectra show clearly the mixed environment of sulfur -
with 8-Ge and S—Ag bonds. Furthermore, the sulfur surrpundings seem rather similar to those of

aAgyGeS,, for Ag,S-enriched glasses.

I. Introduction

Germanium chalcogenide glasses present
applications as memory or switching de-
vices (/-2). On the other hand, thin films
dopcd with silver are intercsting materials
for submicrometcr lithography (3). Further,
bulk glasscs with Ag* cations are promising
sohd electrolytes (4, 5). Due to all these
potential applications these glasses, particu-
larly the Ge-X (X = 5, Se) binary composi-
tions, have been widely investigated for the
last two decades. Although the physical
properties are well known, the fundamental
processes occurring in the amorphous mate-
rials are still uanclear. This is mainly due to
the fact that the atomic packing of these
glasses is not well known.

The ternary (1 — y)GeS, + yAg,S glasses
are highly ionically conducting and present
negligible electronic conduction (5, 6). Fur-
thermore, the ionic conduction phenomena
of these materials are studied using differeat
experimental techniques (7, 8).

In order to improve our understanding

0022-4596/93 $5.00
Copyright © 1993 by Academic Press, Ing,
All cghts of reproduction in any form reserved,

© 1993 Academic Press. Enc.

of the ionic transport processes, a struct-
ural characterization of the Ge-§ and
GeS,-Ag,S glassy systems has been under-
taken by X-ray Absorption Spectroscopy
(XAS). Thus, Ge K-edge EXAFS (Extended
X-ray Absorption Fine Struciures) experi-
ments, carricd out at room and Jow tempera-
tures, have allowed us to characlerize the
first three Ge coordination spheres, thus im-
proving our knowledge of the local and me-
dium range order surrounding germanium
atoms (9, 10). It has been demonstrated that
Ge is fourfold coordinated in all these sulfide
glasses. For GeS§, binary glasses, Ge is only
surrounded by § atoms for S enriched
phases (x = 2) whereas for the Ge enriched
ones (v < 2) both Ge-S and Ge~Ge bonds
exist. The existence of edge and corner shar-
ing GeS, tetrahedra has been shown, dem-
onsfrating that the GeS, glassy structures
present layered clusters based on the aGeS,
crystalline network. Furthermore, the de-
grees of depolymerization of corner and
cdge sharing tetrahedra in the glasses have
been estimated from aGeS, crystal struc-
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ture. When the atomic composition deviates
from Ge§, stoichiometry, the depolymeriza-
tion of GeS, clustering increases signifi-
cantly leading to a structural distortion in
the intermediate range order. The Ag,S ad-
dition to glassy (g)GeS, induces an im-
portant increase of the depolymerization of
edge and corner sharing tetrahedra leading
to a distortion of the local (GeS, units) and
of the Medium Range Order (MRO).

In addition, a Ag K-edge EXAFS study
has been made at different temperatures
(11). These experiments show that the sil-
ver, in these glasses, is surrounded by three
sulfur atoms (Ag-S: 2.50 A) in very distorted
sites. These sites, for Ag,S enriched glassy
compositions, seem closer to those existing
in the @ AgyGe S, crystal structure (12) phase
than to those in the low temperature o-
monoclinic form of Ag,S, named acanthite
(13).

To complete this structural characteriza-
tion, a sulfur K-edge XAS analysis has been
undertaken at room temperature. We report
in this paper EXAFS and XANES (X-ray
Absorption Near Edge Structure) results
obtained for GeS, binary blasses and for
(I — ¥)GeS, + yAg,S ternary glasses.

II. Experimental Considerations

All the syntheses were made in silica am-
poules sealed under high vacuum. Bulk
chalcogenide glasses were obtained by typi-
cal quenching in water (5). The high temper-
ature form, «GeS,, was synthesized from g-
GeS, recrystallized at 700°C for an entire
week. The aAg,S phase was prepared from
AgNO, and Na,S - 9H,0 in a water solution
and aAggGeS, was obtained from aAg,S and
g-GeS, compounds at 1000°C during 1 week.
The different forms of sulfur were commer-
cial chemicals: ALDRICH gold label quality
for crystallized a sulfur (S; rings) and the
polymerized o sulfur ([S], chains} synthe-
sized by “OMEGA SOUFRE’" ¢ompany
and labelled as ““CROSOR D20.”” This wS
was dispersed, just before the XAS experi-
ments, in CS, solvent in order to dissolve
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an eventual a5 proportion. The ¢rystalline
quality or the glassy state was checked by
X-ray diffraction. The atomic compositions
of the glasses were measured by energy dis-
persive X-ray analysis.

Low energy XAS experiments, such as
the S K-edge one (2472 eV), need very care-
ful sample preparation to register good
quality spectra. Each bulk compound was
ground and sieved to obtain a homogeneous
granulometry powder (5 wm). These pow-
dered samples were then dispersed in abso-
lute ethanol before being settled on a micro-
pore membrane to obtain a sample deposit
as homogencous as possible, The sample
concentration around 1.85 mg/cm?® was cal-
culated to record absorption spectra with
edge step Aux of 0.5 to 0.7.

The S K-edge XAS spectra were regis-
tered at room temperature, on the D44 beam
line of the DCI storage ring at LURE
(Orsay), under vacuum to avoid important
X-ray absorption by the air at these ener-
gies. The DCI storage ring was operating at
1.85 GeV with a 250-mA beam current. Data
were collected in the transmission mode us-
ing two ionization chambers filled with a
He-Ne mixed gas. The monochromatiza-
tion was made by a double Si (111) crystal
monochromator and the harmonic energies
were rejected using a grazing incidence mir-
ror (/4). The energy calibration was recur-
rently checked, particularly for XANES
spectra, using «S as reference (2472 eV).
The energy steps and the counting time,
which could be varied to satisfy the experi-
mental requirements, were usually set at 0.1
eV and 2 sec for XANES experiments and
at 1 eV and 2 sec for EXAFS spectra. The
energy resolution was around 0.8 ¢V and
several scans were necessary for each sam-
ple to improve the ratio of signal to noise.

III. XAS Data Analysis

The typical EXAFS treatment has been
fully described elsewhere (/5) and the com-
puter programs used were adapted to a Mac-
intosh computer by A. Michalowicz (/6).
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Background absorption was extrapolated
above the threshold energy E, (the energy’s
Zero point Ej is taken at the inflection point
of the absorption edge) by the Lengeler—
Eisenberger analytical method (17) and re-
moved from the experimental absorption
coefficient signal, u(E). The atomic absorp-
tion, p(E), was approximated by a sixth
degree polynomial function. The normal-
ized EXAFS oscillations x(k) = [wk) —
ol g(k) with k(A™Y) = [2m/&? - (E -
E,)]'? can be expressed on single scattering,
plane wave, and harmonic approximations
by

N, - Fm, k —2R,
0 = =3 | M e ()

. exp(—z,l(z(]'lz) - Sin(ZkRi + (1)1("())’

where N, is the number of scattering atoms
of type { which are at an average interatomic
distance R, from the central atom, F{m, k)
is the backscattering amplitude, and X is the
mean free path of the photoelectron. The
Debye—Waller factor o takes into account
both the static structural disorder and the
atomic thermal motion and $,() is the total
phase shift of the photoelectron including
the central and the backscattering atom
phase shifts.

The x(k) EXAFS oscillations were &°
weighted and Fourier transformed (F.T.)
through a Kaiser window between & = 2
and 12 A~". The simulations of the Fourier
filtered experimental signals have been per-
formed using a mean-square fitting proce-
dure, and the backscattered phases and am-
plitudes used were those calculated by
McKale et al. (18).

Thus, these adjustments have led to the
determination of the structural parameters
R. N, and o. Different treatments carried
out on independent spectra of each sample
have allowed us to estimate the statistical
errors made on each parameter.

To compare the different XANES spectra
between themselves, first the absorption
background subtraction has been made by
a Victoreen law, then the specira were nor-
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FiG. 1. F.T. magnitudes, uncorrected for phase shift,
of g-GeS, 5 and g-GeS,, compared to that of aGeS,.

malized by taking an energy point as close
as possible to the atomic absorption pu,(E)
around 80 eV above the absorption edge
(19).

IV. Results
IV.l. EXAFS Results

The k range restriction at k,, = 12 A7,
due to an important increase of the noise at
higher energies, induces truncation effects
by Fourier transforming. This is illustrated
in Figs. 1 and 2 where the F.T. moduli, un-
corrected for phase shifts, of GeS, glasses,
aGeS, and oS, are presented. In all cases,
only the first sulfur coordination shell has
been revealed.

F.T (a.u)

Fi1G. 2. ix(k} Fourier transform moduli, without
phase correction, obtained for S-enriched GeS, glasses
(x = 2) compared with the modulus for aS.
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FIG. 3. Simulation of Kx(k} experimental signal for
the g-GeS; phase.

IV.l.a. Germanium enriched GeS,
glasses (x = 2). Fourier transformed magni-
tudes of g-GeS, s and g-GeS,, compared to
the aGGeS, one in Fig. 1, show that the sulfur
first coordination sphere is very similar for
all these phases. However, the F.T. magni-
tude peak of the glasses is slightly shifted
towards lower distances R and presents a
slightly higher intensity compared to the
aGeS, one (Fig. 1}. The first simulations
of the Fourier filtered EXAFS signals were
made by using experimental backscattered
phases and amplitudes extracted from
a(GeS, spectra. These adjustments lead to
incorrect values of the structural parameters
with coordination numbers of sulfur too
weak, around 1.5, and Debye—Waller fac-
tors Ao = Oyuee = Taces, TCMaining always
equal to zero. Furthermore, the $—Ge bond
lengths obtained (2.18 A) are too short as
compared to the Ge K-edge EXAFS results
(2.22 A) (9, 10). Thus, a new series of simu-
lations of the EXAFS signals has been car-
ried out using the theoretical backscattered
phases and amplitudes calculated by
McKale er al. (18).

The Fourier filtered experimental signats
of g-GeS, ; and g-GeS, have first been well
simulated (Fig. 3) by fitting simultancously
all the structural parameters, N, R, Ao, and
AE;, in a one shell model (sulfur surrounded
only by germanium atoms). Thus, this quan-
titative analysis seems to show that each
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sulfur atom is surrounded only by two
germanium atoms at an average distance of
2.21 = 0.01 A which is in accordance with
the previous Ge K-edge EXAFS results (9,
10). Furthermore, the weak values obtained
for the Debye-Waller factor (o ~ 0.005 A)
show the nondistorted surroundings of sul-
fur atoms in the glasses. These adjustments
of the structural parameter have demon-
strated that the higher peak intensity of F.T.
magnitude, registered for the glasses com-
pared to the aGeS, one (Fig. 1), is due to
Debye—Waller values, o, lower than for
a(GeS;. Thus, it seems that the local sur-
roundings of sulfur in the glass are less dis-
torted than in the «GeS, crystalline net-
work. This phenomenon, already registered
for these materials around germanium
atoms by a Ge K-edge EXAFS study (9),
can be explained by structural constraints
due to long range order in the aGeS, crystal
structure. Thus «GeS, cannot be a good
EXAFS reference in this study,

On the other hand, to confirm the absence
of S-S homopolar bonds in this glassy range
(x = 2), the simulations of the EXAFS oscil-
lations have then been carried out in a two
shell modet including $S—Ge and S-S bonds.
In fact, the number of independent points
for the inverse F.T. signal N, = 2 Ak - AR/
™ = 9(Ak(A~"Yand AR (A) are the windows
used respectively in energy and distance
range for the Fourier filtering procedure)
allows us to adjust eight parameters at the
same time, The results coming out of these
new adjustments of g-GeS, ; and g-GeS, sig-
nals, presented in Table I, corroborate the
twofold coordination of sulfur with germa-
nium without S-S homopolar bonds. Fur-
thermore, the Debye-~Waller values are
very low, indicating that the distribution of
bond lengths is very narrow and that the
sulfur thermal motion is very weak.

On the other hand, the F.T. moduli seem
to present a second coordination shell
around 3.1 A (Fig. 1) which could corre-
spond, taking the phase shifts into account,
to § - - - 8 distances (3.6 f\) existing in the
aGeS, structure. However, the F.T. trunca-
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TABLE 1

S K-EpGce EXAFS RESULTS FOR BINARY GeS,
GLasses (i.5=r =19

Reliability

N R(A) As(A) EyeY)  factor
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tion effects forbid any EXAFS characteriza-
tion of this second shell.

IV.1.b, Sulfur enriched GeS, glasses
(x > 2). F.T. magnitudes uncorrected for
phase shifts of sulfur-enriched glasses are
compared to the aS one in Fig, 2. A gradual
decrease of the F.T. peak intensity and a
progressive shift of its position towards
lower distances are registered when the sul-
fur proportion increases in the glass. To sim-
ulate correctly the F.T. filtered EXAFS sig-
nals of these glasses, a two shell model was
necessary. The adjustment results, Table I,
show mixed surroundings for S rich compo-
sitions constituted by both §—Ge (2.21 =
0.01 A) and S-S (2.05 = 0.01 A) bonds.
Furthermore, the S-S bond proportion in-
creases logically with the sulfur content in
the glass but we obtain only a qualitative
agreement in the trend. This is certainly due
to the too narrow k-range (2—12 f‘\’l) used
and to the weak signal-to-noise ratios of nor-
malized EXAFS oscillations extracted. As
for Ge enriched glasses, the Debye—Waller
values remain very weak,

IV.L.c. Ternary (1-y) GeS, + y Ag.S
glasses. The X-ray absorption of these ter-
nary glasses increases drastically with the
addition of silver at this energy range around
S K-edge. Thus, in the transmission mode
it is very difficult to record EXAFS spectra
with a good ratio of signal to noise. To obtain
correct statistics, we have accumulated sev-
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eral scans for the ternary 0.75GeS, +
0.25Ag,S sample. The F.T. magnitude of
this glass, Fig. 4, presents only one first
coordination peak which is very similar to
those registered for Ges, binary com-
pounds. After this, the simulation of the sul-
fur surroundings needs only one germanium
coordination shell. Indeed, the fitted struc-
tural parameters obtained for the first neigh-
boring sulfur in 0.75GeS, + 0.25Ag,S glass
are 1.7 Ge atoms at 2.21 A with o = 0.04
A. The higher Debye—Waller value obtained
for this ternary glass shows that the S sites
are more distorted in this case than in the
binary glasses. The S-Ag bonds, al-
ready characterized by Ag K-edge XAS
study, have not been revealed here.
This is certainly due to the very high
values of the Debye-Waller factors for
the silver subshell, as previously found
by the Ag K-edge EXAFS results (/1}). In
fact, the high mobility of silver cations in
the glassy network must attenuate the major
part of the EXAFS contributions of the
silver subshell. Furthermore, due to prob-
lems of noise, a narrow k range (2—11 A1)
has been used. This procedure has not
allowed us to characterize silver atoms
whose backscattering contributions inter-
vene at £ values higher than those of sulfur
atoms,

(a.u)

F.T

R(A)

T Ll T T L T T

0 1 2 3 4

F16. 4. k*x(k) F.T. magnitude, uncorrected for phase
shift, of 0.75GeS, + 0.25Ag,S ternary glass.
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FiG. 5. XANES spectra obtained for crystallized
phases.

IV.2. XANES Results

The XANES spectra registered for well
known phases of the Ag—-Ge-S system are
presented first. Afterward, these reference
results are discussed to characterize the
structure of germanium chalcogenide
glasses.

Thus, XANES spectra of «GeS, (20), na-
tive sulfur aS (27), polymerized wS (22, 23),
alAgGeS, (12), and aAg,S (/3) phases have
been collected. The different spectra ob-
tained are shown in Fig. 5. They exhibit
several XANES resonances labeled, from
the edge, A, B, and C. Their ¢nergy posi-
tions (peak maximum) and the position of
the absorption threshold E; taken at the
maximum of the derivative absorption curve
are given in Table II. We have then tried to
explain the origin of these resonances. For
that, we have taken into account the atomic
nature of the different elements involved in
these phases and of several previous
XANES works made at the suifur K-edge on
rather comparable materials (24-27). The
features of S K-edge XANES spectra in the
first 10 ¢V above the edge (threshoid region)
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are mainly induced by the electronic density
of the empty states. The dipolar selecting
rule is predominant (A/ = 1) and the first
emply states are governed by the degree and
the nature of the chemical bonds between
sulfur and its first neighboring atoms in the
solid state.

In «S and wS structures, each sulfur atom
forms two pure covalent bonds 5-S (2.05
A) mainly due to 3p(S)-3p(S) overlaps, the
electric charge on sulfur is zero, and its elec-
tronic configuration is [Ne] 35%3p*. In the
case of aGeS,, sulfur has two heteropolar
S—-Ge bonds (2.21 A) mainly constituted
from 3p(S)-4sp*(Ge) hybridizations with a
weakly ionic character (the difference in
Pauling’s electronegativity between sulfur
and germanium is 0.7) leading t0 a weak
negative electric charge, —8&, on sulfur
([Ne] 3s73p*+%).

For the aApGeS, and aAg,S phases, the
ionicity character increases with the S—-Ag
bond proportion, thus inducing an increase
of 8 on sulfur (i.e., an increase of the 3p
electron number). Nevertheless, in these
two compounds each silver atom presents
two or three sulfur neighboring atoms be-
tween 2.5 A and 2.6 A (12, 13). These bond
lengths, near to the sum of covalent radii
(eovatent = 2.55 A and 3. = 3.10 A), the
low Ag coordination, and the weak differ-
ence in Pauling’s electronegativity between
sulfur and silver (0.6} suggest that the short-
est S—Ag bonds have a nonnegligible cova-
lent character as has been suggested by

TABLE 11

ENERGIES OF THE RESCNANCES AND OF THE
ABSORPTION THRESHOLDS, E; OF THE CRYSTALLINE
PHASES

E (eV) AfV) BeV) CEV)
a$ 2472.6  2473.4 — 2480.9
@S 24727 24733 24753 24808
aGeS, 4720 24726 MIS0 24796
aApGeS, 24718 24727 24749 24821
aAp,S 2471.7 24732 24749 2483.5
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other authors for the corresponding selenide
glasses (28-30).

Thus, the white line, A, can be assigned
to electron transitions from 1s initial states
to the first empty states involving the 3p(S)
atomic orbitals in the solid state. These ¢lec-
tron transitions are generally labeled, for
convenience, s — 3p in the atomic picture
(24-27). The second peak, B, around 5-6
eV above the Fermi level, would be partly
due to empty states in the conduction band
of the solids involving higher p symmetry
tevels of sulfur atoms. For convenience, we
have labeled this transition ls — “*4p™".

Reviewing the spectra from the two sulfur
forms «S and w8, then from aGeS,, and
finally from aAgsGeS, and aAg,S, we note
a shift of the absorption threshold to lower
energies (Table 11), an intensity decrease of
the white line A, and an increase of the sec-
ond peak, B, intensity (Fig. 5). Thus, the
evolution of these spectra seems directly
connected to the increase of the partial ionic
character of the bonds involved by sulfur
atoms. In fact, the transition probability
given by the Fermi law is directly propor-
tional to the density of empty states. When
the sulfur electric charge increases, 8§, (aug-
mentation of the chemical bond ionicity of
sulfur, S-Ge, S-Ag) the 3p level fills up
inducing a decrease of the 15— 3p transition
probabitity while the 1s — *‘4p” one is fa-
voured. These electron transition phenom-
ena explain perfectly the intensity evolu-
tions registered in Fig. 5 for the first two
peaks, A and B.

On the other hand, the absorption coetfi-
cients depend on the transition dipole matrix
M;. 1In a previous study (37}, it has been
shown that an increase of the valence elec-
tron density (increase of 3p density on sulfur
due to ionicity in our case) increases the
screening effect of the nuclear potential of
the central element leading to an augmen-
tation of M. This screening effect, which
operates in the same way on the intensity
of the white line, A, as that of the density
of empty states, however, seems to be a less
important phenomena. But this screening

ARMAND, IBANEZ, AND PHILIPPOT

effect would also explain the energy shifts
of the absorption threshold, E, (Table II).
Indeed, this effect, easily registered in pho-
toemission spectroscopy (32}, leads to an
energy reduction of the core electron levels
inducing typical chemical shifts. Neverthe-
less, these chemical shifts of the core levels
[s(S} are only a partial explanation because
in XANES spectra the measured energies
depend also on the final state of the electron.

Although the XANES spectra are
strongly influenced in the edge region by the
density of unoccupied states, long and short
range multiple scattering provides an over-
riding modulation which becomes predomi-
nant above the continuum threshold, E,
(ionization potential of the core level). The
multiple scattering range is directly con-
nected to the mean free path, A, of the photo-
electron which depends on its energy (A ~
20AforE~ 10eV, A ~8 A for E ~ 20
eV) (33, 34).

Thus the origin of the C resonances, Fig.
3, is difficult to establish because they are
certainly close to E.. It certainly corre-
sponds to a maximum of the solid state den-
sity which is due more to the sulfur sur-
rounding geometry (multiple-scattering res-
onance) than to the electronic properties,

The XANES spectra of the two sulfur
forms aS and wS are very similar. However,
in the wS case, we can note a shoulder fea-
ture, B, just after the white line, A, which
does not appear for the «S form, Fig. 5. This
small difference is more distinguishable by
the absorption derivative curves, Fig, 6. At
this weak energy, the mean free path of the
photoelectron allows it to probe the M.R.O,
of these phases involving multiple scattering
effects (34). Now, if the structures of ele-
mental sulfur present identical Short Range
Order (8.R.0.) around S atoms, they pre-
sent different M.R.O.: S; rings for the oS
structure and (8], screws for the wS one.
Thus, the existence or not of a white line
shoulder around 5 ¢V above E, could be a
fingerprint of the M.R.O.

1LV.2.a. Germanium enriched GeS, bi-
nary glasses. The XANES spectra of
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F1G. 6. a8 and @S derivative XANES curves, com-
pared to that of the binary glass GeS,.

aGeS,, g-Ge§,, g-GeS, 4, and g-GeS§, 5 are
shown in Fig. 7. All these spectra are very
similar in agreement with the identical S lo-
cal surroundings demonstrated by EXAFS.
However, we note between aGeS; and the
glassy phases a broadening and an intensity
reduction of the different peaks due to the
typical disorder effects. The high similitude
between the aiGeS, and g-GeS, spectra con-
firms that the GeS, glassy structure around
sulfur is based on the crystallized one at
the short and medium range order. This is
consistent with the previous results ob-
tained around germanium (i0).

When the glassy composition is enriched
in germanium, the intensity of the resonance
B decreases to leave only a shoulder feature
for g-GeS, 5, Fig. 7. This evolution is cer-
tainly due to M.R.O. changes induced by
the formation of Ge—Ge homopolar bonds.

IV.2.b. Sulfur enriched binary glasses.
The X ANES spectra of GeS, (x = 2) glassy
phases are compared to the S and wS ones
in Fig. 8. The EXAFS study has shown that
there are 3-8 homopolar bonds in Ge5, sul-
fur-enriched glasses (x > 2). The 1s — 3p
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electron transitions corresponding to the
pure covalent S-S5 bonds appear at higher
energies than those of S-Ge bonds as al-
ready explained above. Thus, the existence
of both 5-8 and 8-Ge bonds for the S-
enriched glasses leads to a broadening of
the white line, A, and to a lowering of its
intensity, Fig. 8 and Table Iil.

On the other hand, the intensity of the B
resonance gradually decreases as the sulfur
proportion increases in the glasses, to be-
come only a shoulder for the very enriched
sulfur compositions (GeS,), Fig. 8. This
might be partly explained by a lessening of
the 1s — “*4p’" transition probability for a
high proportion of pure S-S covalent bonds.
Nevertheless, this structure B is also
strongly influenced by M.R.O. modifica-
tions taken into account by the multiple
scattering effects. Furthermore, both the in-
tensity and the energy of the C resonance
increase for higher sulfur concentrations,
Table ILL. Thus, the spectra of very enriched
sulfur glasses present a strong resemblance
to the w8 one, Fig. 8 and Table 111, while
the oS spectrum does not present a shoulder

{EeS

s

[t

EfeV)

M50 750 ME50 W0 25050 28080

FiGg. 7. XANES curves obtained for Ge-enriched
GeS, glasses (x = 2) and aGeS,.
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FiG. 8. XANES spectra of S-enriched GeS, glasses
(x = 2} compared with those of both crystalline sulfur
forms o and .

;

structure B certainly resulting, as we have
seen, in a different M.R.O. The difference
between S-enriched glasses and wS spectra
and that of &S is well illustrated by the deriv-
ative curves, Fig. 6. This seems to indicate
that the M.R.O. of high sulfur content
glasses is closer to the polyvmerized S
M.R.O. than to the other M.R.O. consti-
tuted by S, rings in aS.

IV2c. (I-y) GeS, + yAg,S ternary
glasses. The addition of the glassy network
modifier Ag,S to the GeS, glass former gives

TABLE III

ENERGIES OF THE RESONANCES AND OF THE
ABSORPTION THRESHOLDS, FE;, OF S-ENRICHED
GLASSES, @S AND aS

Ey (eV) A (eV) B (eV) C (eV)
g-GeS, 2472.0 2472.6 2475.0 2479.6
g-GeS, 2472.1 2472.8 2475.4 2480.0
2-GeS; 2472.1 24731 24753 2480.4
g-GeS,; 2472.1 2473.2 24753 2480.7
@l 2472.7 2473.3 2475.3 2480.8
aS 2472.6 2473.4 — 2480.9

ARMAND, IBANEZ, AND PHILIPPOT

TABLE IV

ENERGIES OF THE RESONANCES AND OF THE
ABSORPTION THRESHOLDS, £;, OF TERNARY GLASSES
AND CRYSTALLINE COMPOUNDS

Ey(€V) A(eV) B(eV) C (V)
y =025 24718 24725 24749 24789
y = 0.40 2471.8 24725 24748 24793
y = 0.50 2471.8 24727 24748 24799
a-AggGeS,  2471.8 24727 24749 24821
aAg.S 2471,7 24732 24749 24835

rise for XANES spectra to a slight reduction
of the threshold energy, E, (Table I'V}, and
to a lowering of the white line A intensity.
Moreover, the resonance B intensity in-
creases significantly, Fig. 9. These evolu-
tions already encountered in Fig. 5 for crys-
talline compounds are due, as shown above,
to an increase of the partial ionicity of the
chemical bond involved by sulfur atoms.
Thus, the evolution of these spectra can be
connected to the existence of S—Ag bonds
in ternary glasses as already found in the
silver K-edge EXAFS study (/7).

b

6

J 075625 0154 §
050Ge5 D508 § i
mﬂxg&GESs

1 uAgIS F

V)

| T T

U650 MO M0 ML 1050 %150

F1G. 9. Comparison of ®Ag,S, eAgyGeS,, and g-GeS§,
XANES curves with those of (1 — ¥)GeS, + yAg,S
(y = 0.25 and 0.50) ternary glasses.
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Furthermore, the intensity of the C peak
decreases for ternary glasses, compared to
g-GeS,, and its energy position moves to-
ward that registered for a-AgyGeS,, Table
1V. Thus, for the highest Ag,S concentra-
tions, the glasses present XANES spectra
closer to the aAggGeS, one than to the
aAg,S spectrum, Fig. 9 and Table IV,

Y. Structural Conclusions

The sulfur K-edge XAS experiments have
allowed us to complete our structural ap-
proach of germanium chalcogenide glasses.
The sulfur local surroundings have been de-
termined by EXAFS as already made for
germanium and silver atoms. On the other
hand, the XANES spectra of the glasses
have been compared to those of known
phases used as the standards. A qualitative
characterization of the glassy structure con-
firming the 5.R.O resuits and giving some
M.R.O. indications has been made in this
way.

Thus, we have demonstrated that the sul-
fur atom is surrounded by 2 Ge atoms
(S-Ge : 2.21 A) for Ge enriched GeS, glasses
(x = 2), while a mixed S environment with
S-Ge and S-S (2.05 A) appears only for S
enriched compositions (x > 2). These results
are in perfect agreement with the previous
ones (%), obtained at the Ge K-edge, show-
ing the existence of Ge-Ge homopolar
bonds for g-GeS, when x < 2. This confirms
that the formation of these binary glasses is
controlled by a chemically ordered process
(chemically ordered network model (35))
and is consistent with the maximum of glass
transition temperature 7, registered for
GeS, stoichiometric glass (36).

Furthermore, the high similarity between
the S K-edge XANES spectra of g-Ge$S, and
aGeS, is also consistent with our Ge K-edge
study. Indeed, this XANES similarity
seems to confirm that the glassy structure
is based on the layered crystalline network,
with GeS, tetrahedral units clustered by
edges and corners, in agreement with the
*‘outrigger raft”’ model (37, 38) and with
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other recent studies (39). Nevertheless, the
“outrigger raft’” model suggests for g-GeX,
(X = 5,5e) the formation of X-X bonds at
the boundaries of the layered clusters (raft).
These homopolar bonds between chalcogen
atoms have not been revealed by our
EXAFS study. Thus, the g-GeX; structure is
certainly constituted by ““layered™ clusters
with edge and corner sharing GeX, tetrahe-
dra distorted in the glassy state, leading to
a three-dimensional structure. This “‘dis-
torted crystalline network™ hypothesis is an
intermediate model between the “*outrigger
raft’” and the ‘‘continuous random net-
work’’ ones.

On the other hand, the XANES spectra
of S-enriched glasses are consistent with the
mixed surroundings of sulfur. They seem to
indicate, too, that the M.R.O. of high sulfur
content glasses is closer to the polymerized
M.R.O. of &S than to that of «S with 5
rings. Thus, the augmentation of S-S bond
proportion would lead to the formation of
polymeric S chains cross-linked with Ge,
rather than of rings. This is consistent with
our recent Anomalous Wide Angle X-ray
Scattering (AWAXS) experiments made on
selenide glasses (g-GeSe, and g-GeSe,) (40)
and also with the ‘‘cross-linked chains
model’ (41).

For (1 — y)GeS, + yAg,S ternary glasses,
the S K-edge EXAFS characterization of
S-Ag bonds has failed. Nevertheless, the
XANES spectra clearly reveal mixed S sur-
roundings with S—Ge and S—Ag bonds as
already found in the Ag K-edge XAS study.
In addition, it seems that the glasses with
important silver concentrations present sul-
fur environments more similar to those en-
countered in the a AgyGeS; crystalline struc-
ture, with a coordination number above
two. This similarity is consistent with the
silver K-edge study (//} and with other
works using scattering techniques (42).
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