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A satisfactory understanding of ionic transport mechanisms in glasses has not been achieved to date.
Recently, models (coupling model, jump diffusion model, and diffusion controlled relaxation model)
based on study of the dynamic of the mobile ions have been developed. To date they have been mainly
supported by data obtained on poorly conductive glasses. The very recent results obtained on highly
conductive glasses in the systems Ag,X-GeX,—(Agl) (X = S, Se) and Li,S-SiS,—(Lil) in a very large
frequency domain by mechanical, electrical, NMR spectroscopies, and by QENS are used to illustrate
these models. Also, structura] effects influencing the dc conductivity in these glasses are presented

and interpreted in terms of the weak electrolyte theory and the Stuart-Anderson approach.

Academic Press, Inc.

Introduction

Considerable research effort over the past
20 years has concerned the family of materi-
als, referred to as solid electrolytes, which
comprises materials with reduced structural
organization such as glasses.

Until recently the main aim of work on
ionic conductive glasses was to seek in-
creasingly high conductivity. For example,
progress was made in a period of a few years
from mediocre Li* conductivity of some
10~° Sm ™! to high conductivity of some 10~!
Sm~! at ambient temperature. Today there
is less stress on this effort to minimize the
ohmic drop caused by the electrolyte in elec-
trochemical devices. Indeed, conductivity
is no longer the limiting factor, since appli-
cations are envisaged in microionics—the
most promising field for glasses. The use of
thin films minimizes the internal resistance
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of the devices and hence allows much lower
conductivities while keeping ohmic drop to
reasonable proportions.

On the other hand, transport phenomena
in glasses are still not well known. Although
the predictive nature of some thermody-
namic approaches such as the weak electro-
Iyte theory (/) enable the synthesis of high-
performance materials, they do not allow
the microscopic modelling of ion move-
ments. The first attempt was made forty
years ago, when Anderson and Stuart re-
lated the activation energy of conduction
to several characteristic parameters of the
glasses (2).

The two preceding models are based es-
sentially on measurements of o4, and do not
attempt to explain the frequency responses
of ionic conductive glasses. It appeared only
recently that such investigations should pro-
vide information on the dynamics (relax-
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ational aspect) of mobile species in non-
crystalline solids such as glasses.

Three models have been proposed to
date. They are the Coupling Model devel-
oped by Ngai and co-workers (3-5), the
Jump Diffusion Model developed by Funke
and co-workers (6, 7) and the Diffusion Con-
trolled Relaxation Model from Elliot and co-
workers (§—10). They first attempted to ac-
count for the frequency-dependence of con-
ductivity, which is a consequence of the
nonexponential nature of the relaxation in
the time domain. They have then been ex-
tended to NMR measurements and attempt
in particular to explain the departure from
the classic BPP model describing the tem-
perature dependence of the spin lattic relax-
ation rate (SLR) (/1-13).

As is admitted by the authors themselves,
these models are based on experimental data
for conventional oxide glasses, which are gen-
erally poor conductors. Study of chalcogen-
ide glasses, whose conductivity is extremely
high in comparison to the oxide equivalents,
could provide experimental data giving more
information and thus more solid bases for the
models above. In particular, correlations
could be established between conductivity
and NMR measurements, since the ‘‘high
temperature’’ branch of the ““log (T})"! vs
T~ curves may be reached.

We attempted to illustrate this below with
examples taken mainly from the lithium thio-
silicate or silver thiogermanate families. We
first examined the ‘‘structural” effects on
conductivity: the role of chalcogens, dopants,
and formers. Ion dynamic was then investi-
gated. The various conditions of glass synthe-
sis and general studies on their properties are
not discussed. Interested readers will find this
information in Refs. (I4) to (16).

Structural Effects

A. Role of Chalcogen (X = O, S, Se):
Li,X-SiX, System

The main data on these glasses are pre-
sented in Fig. 1. The sulphide and selenide
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FiG. 1. Composition dependence of conductivity
(25°C) and of activation energy in the systems xLi,X-
(I = X)SiX, (X = O (A), S (%), Se (@)).

glasses have comparable electrical charac-
teristics; their conductivities and activation
energies are identical to within the margin
of experimental error. In contrast, the corre-
sponding oxide glasses are distinctly differ-
ent; conductivities are much lower and acti-
vation energies are higher (/7, 18).

All these results lead to suggesting that
the main factor which governs ion move-
ment in these glasses is anion polarizability.
This is comparable for sulphur (7.3) and se-
lenium (7.5) and much lower for oxygen
(3.1). This was forecast by the weak electro-
lyte theory, which claims that increasing o
is the same as increasing the dielectric con-
stant of the medium by acting on atomic
polarizability (7).

The similar electrical behavior of sul-
phides and selenides, and the difference
with oxides, also applies to the structural
aspects. Indeed, oxide glasses consist only
of SiO, tetrahedra sharing corners, whereas
sulphide and selenide glasses contain tetra-
hedra with common edges. This was shown
clearly by high resolution Si NMR; this
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FiG. 2. 59.7 MHz ®Si MAS NMR spectra of glasses
in the system xLi,S—(1 — x)SiS,. (Spinning speeds 4
to 4.5 kHz. Typical conditions: relaxation delay 40
min., 16 scans) (21).

technique is an extremely powerful tool for
characterizing the short range order in
glasses. Specifically, *Si NMR chemical
shifts discriminate between the various
types of SiO, tetrahedra present in alkali
silicate glasses. This is expressed by the
Q(n) nomenclature, where n specifies the
number of Si~O-Si bridges per silicon atom.
The NMR spectra evolve continuously with
an increasing alkali oxide modifier content
x, making it possible to determine the rela-
tive amounts of the different Q(n) species
(19, 20). In lithium thiosilicate glasses (21),
»Si chemical shift differentiation arises not
from the presence of non-bridging sulphur
units (i.e., the various Q(n) species) but
from the presence of edge-sharing units
(i.e., the various E(n) species). The compo-
sitional evolution of the spectra (Fig. 2) is
hence due to a shifting balance between cor-
ner- and edge-sharing silicon tetrahedra, as
successive introduction of Li,S creates non-
bridging sulphur atoms. Specific peak as-
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signments are summarized in Fig. 3 in the
form of a matrix that assigns a Q(n) and an
E(n) symbol to each of the microstructures
shown. The first results of MAS NMR stud-
ies on Li,Se-SiSe, glasses confirm that they
are structurally similar to their sulphur
equivalents (22).

B. Dopant Effect: Li,S-SiS,-Lil System

Dissolving a salt of the same cation as that
responsible for conduction can be used to in-
crease the conductivity of a glass. Thus, 0.6
Li,S-0.4 SiS,, the most conductive of the
sulphur glasses, was doped with Lil (16). A
slight improvement of conductivity with the
lithium ion content was observed. Conductiv-
ity of the glass 0.7 (0.6 Li,S-0.4 SiS,) 0.3
Lil attained the peak values observed in Li*
conductive sulphide glasses (10! Sm™!).

Structural study of these materials by Ra-
man spectroscopy shows that the iodine is
not inserted in the macromolecular chains
but plays the role of plasticizer, enhancing
the cooperative movement of the chains.
This accounts for the decrease in 7, during
the dissolution of Lil (AT, = 30°C). Here
again, the increase in the dielectric constant
of the medium by the introduction of a
highly polarisable ion (I) was probably an
important factor in the increase in conduc-
tivity observed.

C. Stabilizer Effect: Li,§—SiS,~ALS,
System

The effects both on the structure of the
material and on its electrical characteristics,
related to the introduction of a “*stabilizing”’
compound, were examined. Such a com-
pound cannot itself behave as a network
former, but it can become inserted in the
macromolecular network in the presence of
another former.

Raman spectroscopy (Fig. 4) showed that
the introduction of ALS; in a 0.5 Li,S-0.5
SiS, glass results in a decrease in non-bridg-
ing Si-S bonds and the appearance of alu-
minium at tetrahedral sites. These two fea-
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F1G. 3. Peak assignments to silicon microstructures in Li,S—SiS, glasses. Each microstructure can
be identified by both a Q(n) and an E(n) symbol. The arrows indicate the process of network conversion

with increasing amount of Li,S (21).

tures confirm that Si is substituted by Al in
the thiosilicate network as follows:

S
| Li*
—S—Si—S~  + 1/2 ALS,
|
S
S S

I |

—S—Si—S—AP*—S—
| | Li*
S S

Li* thus plays a charge compensation role.
These results explain the increase of T,
(AT, = 80°C), reflecting the steady decrease
in the number of non-bridging sulphur atoms
(23).
The replacement of half of the silica atoms
by aluminium in the 0.5 Li,S-0.5 SiS, glass

results in a fall in conductivity from 1072
to 3.5 x 1073 Sm~! and in a simultaneous
increase in activation energy (from 0.32 to
0.39 eV).

These variations are justified by the struc-
ture proposed and Anderson—Stuart’s
model (2). In this model, the activation en-
ergy is the sum of two contributions; one is
electrostatic (E,) and shows the ionicity of
the M™*......... X (X = 0,8, Se) bond, the
other is elastic (E,) and shows the elastic
strain of the glass when the ion moves
(movement through doorways). Although
the growing number of lithium atoms play-
ing a charge compensation role leads to con-
sidering that there is a slight decrease in the
electrostatic part of activation energy, the
strong increase in T, indicates an increase
in the elastic part of this energy. This second
effect is doubtless more important and
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F16. 4. Composition dependence of Raman spectra
in 0.5 Li,S—x AL, S;—(0.5 — x)SiS, glasses. p and I stand
for bridging and non bridging sulphur, respectively.

makes it possible to understand the changes
observed in electrical properties.

It is noted that these structural effects are
small as they result in a decrease in conduc-
tivity by a factor of only 3.

D. Mixed Former Effect:
Li,S-SiS—GeS, System

In some cases, oxide glasses containing
two network formers possess better conduc-
tivity than their binary counterparts. It was
interesting to find out whether such a mixed
former effect could be observed in sulphide
glasses and, if so, to attempt to relate the
phenomenon to the structure of the materi-
als. The y Li,S-(1 — ) [(1 — x) SiS, — x
GeS,] (y = 0.3-0.5 and 0 < x < 1) systems
were studied. Two cases were considered,
depending on the values of y:

—In the glasses richest in lithium, y =
0.5, a monotonic variation of all the charac-
teristic properties (7, p, o) and mono-
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tonic evolution of Raman spectra show that
homogeneous substitution of silica by ger-
manium took place in the glass matrix.

—In the glasses with the lowest lithium
contents, y = 0.3, all the characteristic
properties display non-linear evolution (Fig.
5). An increase of two orders of magnitude
of conductivity was observed with rates of
replacement of silica by germanium of about
0.5. This corresponds to a sharp decrease in
density, an increase in the 7.

Raman spectroscopy showed that this
mixed former effect is the result of a phase
separation with the appearance of a phase
with Li,SiS; composition. This extremely
conductive phase imposes its conductivity
on the materials (/6, 24). This shows the
importance of knowledge of the ‘‘macro-
scopic’’ structure of the glasses in investiga-
tion of transport properties.

Dynamic Studies

Several spectroscopic techniques using
the greatest possible range of frequencies
with the application of different stimuli were
used to obtain information as complemen-
tary as possible: mechanical spectroscopy
(several Hz), impedance spectroscopy
(10-107 Hz), nuclear magnetic resonance
(107-10% Hz), and quasi-elastic neutron scat-
tering (10'°-10'! Hz). The measurement pro-
cedures have been described previously
(25-29).

A. Results

Typical Arrhenius plots of the conductivi-
ties o,. at 4 different frequencies (10 kHz,
100 kHz, 1 MHz, 10 MHz), together with
04 » are shown in Figs. 6-8 for 0.5 Ag,S-0.5
GeS, (Fig. 6), 0.2 Ag,Se-0.8 GeSe, (Fig.
7), and 0.5 Li,S 0.5 SiS, (Fig. 8) glasses.
Arrhenius plots of the SLR rate 77! have
been included in the figures together with
the values of parameter S. This parameter
accounts for the power law dependence of
the real part of the complex conductivity
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F16. 5. Composition dependence of conductivity and activation energy (a) and of density and glass
transition temperature (b) in 0.3 Li,S 0.7 [(I — x)SiS, — xGeS,] glasses (/6).

’ — 5
O = Oy + Aw’,

where A is a temperature-dependent param-
eterand 0 < S < 1.

The temperature dependence of SLR rate
Ty ! at 2 frequencies 15.8 and 77.7 MHz for
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F16. 6. Temperature dependence of o for 0.5
Ag,5-0.5 GeS, glass. oy (V), o, at 10 kHz (O), 100
kHz (#), 1 MHz (O), 10 MHz (@) (29). Temperature
dependence of S is shown in the inset.

the Li,S-SiS, glass system are shown in Fig.
9. An isochronal (1 Hz) measurement of
complex mechanical modulus g(w) is shown
in Fig. 10 for the 0.2 Ag,Se-0.8 GeSe; glass.
QENS data for 0.5 Ag,S-0.5 GeS, glass
plotted as S(Q) AE vs Q% where AE is the
HWHM of the QENS line shape, S(Q) is the
quasi-elastic Ag~Ag structure factor ob-
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FiG. 7. Temperature dependence of o for 0.2
Ag,Se-0.8 GeSe; glass (see Fig. 6 for symbols) (27).
Temperature dependence of S is shown in the inset.
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F1G. 8. Temperature dependence of o (a), S (b),
T;'at 15.8 MHz (c) for 0.5 Li,S—0.5 SiS, glass (see Fig.
6 for symbols) (28).

tained approximately by summing over the
QENS spectrum, Q being the scattering fac-
tor, are shown in Fig. 11. Characteristic data
for all the glasses studied are provided in
Table 1.

B. Discussion

Measurements of o (27-29) at different
frequencies for all the glasses studied give a
group of practically parallel lines within a
varied temperature range. It can be deduced
that there is an activation energy E,_ which
is practically independent of the frequency
for a given system. It is much smaller than
the activation energy E4. and makes it possi-
ble to determine a parameter 8 = (E..)/Eq4.,
which thus appears to be independent of
frequency within the temperature range in
question. This parameter 8, introduced by
Ngai and co-workers (3-5) when developing
the Coupling Model, corresponds to that of
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the empirical Kohlraush, Williams and
Watts function:

#(1) = exp[—(¢/7)B]

The parameter S (shown in Figs. 6-8) is
temperature-dependent; the minimum is a
more or less marked pseudo-plateau in a
temperature range which appears to corre-
spond to that of the linear portions of the
“log o, vs T™!" curves. The temperature-
dependence of § had already been observed
in oxide glasses (borate and germanate) (30,
31) but the pseudo-plateau was not de-
tected. The temperature range of the studies
was probably not broad enough. Parameters
S and B are linked by the equation § + 8 =
1, as shown in Table 1.

In NMR, although the simple BPP model
can be criticized because it assumes a simple
exponential for the correlation function
G(1), some of its predictions concerning the
temperature-dependence of the SLR rate T
remain valid if a stretched exponential func-
tion is used. For example, the high tempera-
ture branch of the curve ““log T;! vs 77!
is frequency-independent whereas the low
temperature branch is frequency-depen-
dent. The activation energy of the high tem-
perature branch would thus be expected to
be equal to that of oy, because this corre-
sponds to the part of conductivity that is
independent of the frequency. This was ob-
served (Fig. 9 for f = 15.8 MHz and Table
I) (25). It should be noted that only the very
high conductive sulphide glasses display
this feature, which had hardly ever been
observed in oxide glasses.

Excellent agreement was observed be-
tween activation energies E,. and those
(Bur) deduced from the low temperature
branches of the T, curves. It would appear
that, like E;., Fyur 1S independent of the
investigation frequency chosen (L.armor fre-
quency in this case), at least for frequencies
of less than 40 MHz, as has been shown
recently by Martin and co-workers (32) in a
study of the same type of glass (0.56

0<B<1.
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F16. 9. Temperature dependence of 77! at 15.8 MHz (A) and 77.7 MHz (O) for xLi,S—(1 — x)SiS,

glasses.

Li,S—0.44 SiS,) at four different frequencies
4, 7, 22, and 40 MHz). At lower tempera-
tures, a weakly thermally activated process
occurs. A two-level tunnelling model is of-
ten used to describe this ‘‘extra’’ relaxation
(I3, 33). It is relevant that a comparable
phenomenon appears to occur in Li,S-SiS,
glasses within the same temperature range
on the conductivity curves.

All these analogies confirm that the pro-
cess at the origin of the relaxation is the
same whatever the applied stress, magnetic
field in NMR and electrical field in o, mea-
surements.

In xLi,S-(1 — x) SiS, glasses, measure-
ments of 7, at a higher frequency (77.7 MHz)
revealed more complex behavior of the low
temperature branches. Indeed, a second
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F1G. 10. Temperature dependence of isochronal (1
Hz) Tan Phi and modulus G for 0.2 Ag,Se~0.8 GeSe,
glass. Inset shows the low temperature peak at 3 fre-
quencies: 0.1 Hz (A), 0.3 Hz (B), and 1 Hz (C) (27).

event appeared on the T, curves as can be
seen in Fig. 9. It is less marked for x =
0.6, but the considerable width of the peak
reveals its presence. Comparable behavior
has been shown in the 7, curves of
Li,S-B,S; glasses measured at a high fre-
quency (117 MHz) (34). These features have
not yet been explained. Might they be a sec-
ond type of lithium relaxation? It would be
particularly interesting to perform conduc-
tivity measurements in this frequency range
to find out if the analogy between NMR and
electrical measurement is confirmed.
Because of the problems involved in sam-
ple preparation (rectangular bars, 40 x 4 x
1 mm?), mechanical spectroscopy measure-
ments have been carried out to date only on
0.2 Ag,Se-0.8 GeSe, glass (27). The first
measurements were of the network former
alone in order to distinguish between the
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relaxation phenomena related to the matrix
and those related to mobile ions. In addition
to the main « relaxation toward the vitreous
transition temperature, a second relaxation
peak @ attributed to the relaxation of the
Se—Se—Se microdomains appeared at a
lower temperature. The addition of Ag,Se
modifier resulted in a third low temperature
relaxation peak (Fig. 10) whose 0.3 eV acti-
vation energy was fully comparable to E
(0.34 eV) in these glasses.

Quasi-elastic neutron scattering (QENS)
measurements were performed on 0.5
Ag,5-0.5 GeS, glasses (29, 35). The diffu-
sion coefficient D, of the Ag™ ions was de-
termined at different temperatures from
the S(Q) AE vs Q7 plot (Fig. 11). The value
was significantly higher than that deduced
from the dc conductivity (using the
Nernst—-Einstein equation) and activation
energy was lower. Thus, at ambient temper-
ature, D, = 9.1077 cm? S~ ! whereas D4,
10-°cm?S~'and E, = 0.15 eV while E,_
0.34 eV. It is interesting to note that E, is
extremely similar to the E_ energy deduced
from the frequency electrical measurements
(E.. = 0.14 eV).

These results are ascribed to the fact that
the QENS measurement probe (short range)
ionic diffuse motions at high frequencies
(=10"! Hz); (the characteristic time scale
monitored by the time of flight neutron spec-
trometer used was 10719-10"12 §).

Conclusions

The various effects which can be termed
““structural’’ and which affect conductivity
in glasses have been illustrated for Li* and
Ag* ionically conductive chalcogenide
glasses. Work concerning their relaxational
behavior through a broad frequency range
(possible because of the high conductivity
of these glasses) was then presented. All the
latter results are still preliminary, but a first
feature should be stressed. Two activation
energies can be deduced in all the materials
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F1G. 11. Plot of the QENS data for 0.5 Ag,S—0.5 GeS, plotted as S(Q)AE vs Q%. Shown as an inset
is the temperature dependence of the Ag™ diffusion coefficient (29).

studied and according to the frequency do-
main investigated. Activation energy E,. is
observed at low frequency (mechanical
spectroscopy, impedance spectroscopy,
high temperature side of the peak of the SL.R
rate). Lower activation energy E’ can be
drawn from high frequency measurements
(QENS (E,), impedance spectroscopy (E,.),
low temperature side of the peak of the SLR

rate (Eqgr)) placing the relation E' = 8 E4
on a more solid experimental footing.

These results must be completed in the
future, in particular by very high frequency
electrical measurements in the GHz range
and by 'Li NMR measurements at frequen-
cies of some 100 MHz to confirm the exis-
tence of the two events on the SLR rate
curves.

TABLE 1
CHARACTERISTICS OF ELECTRICAL CONDUCTIVITIES AND SPIN LATTICE RELAXATION RATES 77!

Glass Composition Eqe Eiknz  Eloowns EiMu. Ejown: (B Enwr® Efur” B B s¢
0.5 Ag,S-0.5 GeS, 0.34 0.15 0.14 0.14 0.13 0.14 — — 0.41 0.57
0.625 (0.5 AgyS-0.5 GeS,) 0.32 0.14 0.13 0.14 0.11 0.13 — 0.08(10.7) 0.4 0.25 0.56

0.375 Agl

0.2 AgySe-0.8 GeSe; 0.34 0.16 0.16 0.15 0.13 0.15 — — 0.44 — 0.66
0.3 Li,S-0.7 SiS, 0.46 — — — — — - 0.19(158 — 0.4
0.4 Li,S-0.6 SiS, 0.37 0.17 0.15 0.16 0.13 0.15 — 0.16(15.8) 0.41 —
0.5 Li;S-0.5 SiS, 0.32 0.13 0.12 0.15 0.12 0.13 0.35 0.12(15.8) 0.41 0.38 0.62
0.6 Li,S-0.4 SiS, 0.32 — — — — — 0.29 0.13(15.8) 0.4
0.56 Li,S-0.44 SiS, (32) 0.33 0.04 0.39 (0.125)% 0.13 0.38

Note. Activation energy values are expressed in eV.

@ Enmr and Efqyy are, respectively, the activation energy of the high and the low temperature sides of the peak of the SLR rate. NMR frequencies

in MH, are given between brackets.

4 Efur has the following values (NMR frequencies in MH, are given between brackets): 0.134(4), 0.137(7), 0.132(22), and 0.096(40).

“B = AE)Eq,.
4B = (Efwp)/Eqe.-

¢ s is deduced from fitting the experimental curves log o, vs log f by simplex method.
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We have chosen not to discuss the appli-
cations of electrolytic glasses here. How-
ever, before concluding, several should re-
ceive brief mention, since they were often
the starting point for much research in solid
state ionics. The promising applications for
conductive glasses are in two main fields.
First, in energy microstorage (36, 37) where
remarkable results have been obtained by
A. Levasseur’s team in Bordeaux (38) and
second, in sensors where thin films of con-
ductive glass are used either in the fabrica-
tion of specific electrodes (e.g., the detec-
tion of heavy ions (39)) or as selective mem-
branes in ISFET (40).
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