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Abstract. Measurements of AC resistivity have been carried out on sol-gel-derived glasses in
the system xS0 (1 — x) S0, with x = 0.07and0.23 for frequenciesfrom2 kHz to 100 kHz
in the temperature range 80~400 K. The AC resistivities show a sharp minimum at around
310 K. This is ascribed to 2 reduction in the ratio of [Sb*] to [Sb™] in these glasses as a
function of temperature. Another minimum is observed at temperatures of 178 K and 209 K
for glasses 1 and 2, respectively. The frequency exponent s for AC resistivity also shows a
maximum as a function of temperature at around these temperatures. The correlated barrier
hopping model has been used to explain the teend of s in the temperature range 170-290 K
whereas the overlapping long polaron tunnelling mechanism appears to give the correct
variation in the temperature range 100-170 K. Both the glasses show anomalously large
values of dielectric constant in the range 1000-6000 at a frequency of 2 kHz at around 310 K.
Analyses of all these data indicate that there are antimony-rich and antimony-deficient layers
present in this glass system.

1. Introduction

Oxide glasses containing transition-metal ions have been extensively studied because of
their semiconducting properties (Murawski et a/ 1979, Hirashima ez a/ 1987). The latter
arise due to the presence of variable valence ions such as V**-V>* Fe’*-Fe** and Cu*-
Cu?* within the oxide glass matrix. A strong electron-phonon interaction in these
systems results in the formation of small polarons. The transport properties of these
glasses are controlied by the hopping of small polarons between the low- and the high-
valence sites of the transition-metal jons. The presence of Sb,0; or As,Q; in silicate
glasses leads to interesting electrical behaviour at a temperature of around 300K,
Electrical conduction in these glasses below 300 K has been shown to arise owing to the
hopping of a pair of electrons (bipolarons) between ion sites having different valencies
i.e. Sb>*-Sb’* and As**-As’* (Chakravorty er af 1979, Kurnar and Chakravorty 1980).
In melt-quenched glasses which have been studied mostly so far the [Sb3]/[Sb**] or
[As*]/{As™] ratio has been found to have values ranging from 0.03 to 0.36. On the
other hand our recent work indicates that it is possible to retain a much higher fraction
of arsenic ions in the pentavalent state when the glass in the As,0;-8iQ, system is
prepared by the sol-gel route (Datta eral 1991). Such sol-gel-derived glasses have shown
an interesting dielectric behaviour. We have now prepared glasses in the Sb,0-Si0,
system using the sol-gel technique. The acCelectrical behaviouris found to beinteresting.
We describe the details of these results in this paper.
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Table 1. Compositions of the glasses studied and some of their physical parameters.

Average
Antimony intersite
concentration  separation
HO Sb, 0 Density N, R
Glass {mol%) (mol%) (gem™Y) (cm=Y) (A)
1 92.9 7.1 2.11 2.4 % 10% 7.5
2 76.7 233 .. 6% 6.6 % 10 5.3

2. Experimental details

The starting compositions for the two glasses investigated are 10 Sb;0,-90 8iO; and 30
Sb,05-70 SiG, (in mole per cent), respectively. The final compositions as determined
by chemical analyses are, however, markedly different from the above and the relevant
values are summarizedintable 1. Itisevident that the final compositions are substantially
different from the starting values. Such a difference arises because of the loss of some
of the antimony ions by volatilization during the heat treatment schedule. The solin the
present case has been prepared by mixing a solution of SbCl; in hydrochioric acid with
another of silicon tetraethoxide in ethyl alcohol. The former is made by treating the
required amount (a few grams) of analytical grade Sb,0; in about 10 em® of hydrochloric
acid at room temperature and the latter is obtained by mixing about 2 cm?of Si(OC,H;),
in 10 cm®of ethyl alcohol, both the solutions being stirred continuously for about 10 min.
It should be noted that the exact amounts of Sb,0; and Si(OC,H.),, respectively, are
determined by the target composition of the glass sample mentioned as above. About
2cem? of distilled water is added to the mixture and the resulting solution is stirred at
room temperature for 30 min. The sol is allowed to gel in a Petri dish for 4-5 d. The gel
iskeptat 323 K for 2 d after whichitisheated at arate of about 1 K min~'toatemperature
of 773 K where it is held for 2 h before being cooled to room temperature. The densities
of the glasses prepared are measured by the Archimedes principle using acetone as the
liquid. The density values are given in table 1.

To estimate the amount of trivalent antimony, 0.5 g of the glass sample is dissolved
in a mixture of 2 cm? of HF, 5 cm?® of HCIO, and 5 cm? of distilied water in a Teflon
beaker and digested for 10 min. Water is added and the solution stirred with excess
H;BO;for 10 min, keeping its pH value at nearly unity. The solution is now titrated with
0.01 NKMnOQ, (Close et al 1958). To determine the pentavalent antimony content, 0.5 g
of the glass sample is dissolved in a mixture of HF, H,80, and distilled water and
digested for 10 min. After water has been added, the solution is stirred with excess
H;BQO, for 10 min. The pH of the solution is brought to about unity by the addition of
H,50,. About 5 g of potassium iodide is added to the solution, A small amount of
sodium bicarbonate is dissolved in the mixture to create an atmosphere of CO,. The
resulting solution is titrated with 0.02 N sodium thiosulphate using starch sofution as an
indicator {Voge! 1978). Table 2 summarizes the value of the [Sb%*)/[8b**] ratio as
obtained by the above chemical analysis for the two glasses studied. In the last column
of this table we show the values of this ratio for glasses as determined immediately after
heat treatment of the specimens at 353 K for } h. The concentrations N, of antimony ions
in the two glasses have been calculated using the chemically analysed values of the total
antimony and the experimentally determined densities. The average intersite separation
R s calculated from the relation
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Table 2. [Sb**]/[8b**] ratios for the two plasses,

[Sb™]/[5b*]
After heating at 353 K
Glass As prepared forth
1 1.12 0.23
2 0.92 0.43
B.00—
0.0~ B
600
a. (=1
El 2 r
4.00 —
LS o L
4.0 3 1 i 1 ] 2.00 L | 1 | !
2.002 0004  0.006 0.008 04010 D.002 (.004 0.006
wr T

Figure 1. AC resistivity as a function of temperature  Figure 2. AC resistivity as a function of temperature
forglass 1: x,2 kHz;®,5kHz,O,7kHz; M, 10kHz;  forglass2: x,2kHz; ®,5 kHz, O, 7 kHz; W, 10kHz;
0,20 kHz; &, 50kHz; A, 100 kHz, 0,20kHz; A, 50 kHz; A, 100 kHz,

R=(1/N)". (1)

Values of N, and R for the two glasses are shown in the last two columns of table 1.

Electrical measurements have been carried out on specimens of about 0.4 mm
thickness and having an area of about 0.5 ¢em®. Vacuum-deposited gold films on both
faces of a sample act as the electrodes. The specimen holder used is similar to that
described earlier (Chakravorty et al 1979). The Acimpedance measurements are carried
out in 2 General Radio 1615-A capacitance bridge over a frequency range from 2 kHz
to 100 kHz. Measurements are made in the temperature range 80400 K with a stability
of x0.5K.

3. Results

Figures 1 and 2 show the vanation in AC resistivity as a function of temperature at
different frequencies for glasses 1 and 2, respectively. Both these figures show two
minimain the resistivity-temperature plots. For glass 1 the minima occur at temperatures
of around 309 K and 175K and for glass 2 the corresponding temperatures are 310K
and 204 K. The resistivity values in these samples are spread over the range 10%-
10 Q cm in the temperature interval investigated here. It is also observed that the
resistivity decreases as the antimony content in the glass is increased. Figure 3 gives the
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Figure 3. AC resistivity as a function of frequency for  Figure 4. Variation in 5 as a function of temperature
glass 2 at 183 K. for glass 1: —, oLr model; ~~—~—, CBH model.
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variation in AC resistivity as a function of frequency for glass 2 at 183 K. The plot is
typical of both the glasses at different temperatures. It is evident that the resistivity in
these glasses obeys the relation

ple)=e™.

(2)

The values of s for the two giasses at different temperatures have been determined
by the least-squares fitting of experimental data to the above equation. In figures 4 and
Sareshownthevariationins asa function of temperature for glasses 1 and 2, respectively.
The curves show a maximum at a certain temperature, the value of the latter for
glasses 1 and 2 being 178 K and 209 K, respectively. It is interesting to note that these
temperatures are almost identical with those corresponding to the second minima in the
resistivity-temperature plots asshownin figures I and 2, respectively. The data therefore
indicate that the AC resistivity behaviour in these glasses is controlled by two different
mechanisms in the temperature range 100-280 K. The probable physical models which
explain this behaviour are discussed in the following section,

The dielectric permittivity of the present glasses shows an anomalous trend as should
be evident from figures 6 and 7 which correspond to glasses 1 and 2, respectively. Figures
6{a) and 7(a) represent the variation in dielectric constant as a function of temperature
whereas figures 6(b) and 7(b) show the variation in dissipation factor (tan 8} as a function
of temperature for the two glasses, respectively, at different frequencies. There is a
sharp peak in the value of the dielectric constant for both glasses at around 310 K with
a corresponding maximum in the value of the dissipation factor. The maximum value of
the dielectric constant is seen to be around 800 and 6000 at a frequency of 2 kHz for
glasses 1 and 2, respectively. There is a large dispersion of the dielectric constant value
as a function of frequency, the lowest values being 40 and 200, respectively, for these
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Figure 6. (2) Variation in dielectric constant as a function of temperature for glass 1: X,
2 kHz: @, SkHz; O, 7kHz; W, 10kHz; O, 20 kHz; A, 50kHz; A, 100 kHz. {&) Variation
in tan & as a function of temperature for glass 1: x,2kHz; @, 5kHz; O, 7kHz; K. 10kHz;
0,20 kHz; &, 50kHz; A, 100 kHz.

glasses at a frequency of 100 kHz. The temperature corresponding to the peak value of
dielectric constant appears to be identical with that at which the first minimum in the
resistivity—temperature plots arises, asdepictedin figures 1 and 2. A possible mechanism
is discussed in the subsequent section.
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Figure 7. (a) Variation in dielectric constant as a function of temperature for glass 2: %,
2 kHz; @, 5kHz; O, 7 kHz; B, 10kHz; O, 20 kHz, &, 30 kHz; A, 100kHz. (b) Variation
intan 8 as a function of temperature for glass 2: x,2 kHz; @, 5kHz; O, 7kHz; B, 10 kHz;
0O, 20 kHz; A&, 50kHz; A, 100 kHz.
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Table 3. Parameters obtained from the CBH model by least-squares fitting in the temperature
range 170-290 K

Ty Wy R N,

Glass (s} {eV) (A) {em™% N
1 1x10°1? (.68 51 9.3 x 10V
2 Ix 101 0.66 51 1.1 % 108

4, Discussion

The first pronounced minimum in the AC resistivity observed in both the glasses at
around 310 K is ascribed to the following reaction:

SbQOS(glaSS):szo_;(glaSS) + 0, T . (3)

This conclusion is based on the fact that the [Sb™*]/[Sb™*] ratio is reduced drastically
on heating the glasses to a temperature of 353 K, as shown in table 2. Similar results
were confirmed earlier for melt-quenched silicate glasses containing antimony oxide
{Chakravorty et af 1979). It should be noted that the AC resistivity variation with
temperature in the range 280-330K can be reproduced during the cooling cycle of
measurement only after holding the sample at these temperatures for a period of about
100 h. This indicates that the reaction mentioned above is asymmetrical in nature.

The nature of the variation in s as a function of temperature in the range 170-290 K
appears to conform to that characteristic of the correlated-barrier hopping (CBH) model
(Elliott 1987). We therefore apply this model with two electrons hopping simultaneously
between the defect sites in the present case. The latter consist of the Sb3* and Sb¥* sites,
respectively. The AC resistivity in this model is given by

plw) = 12/7° N? g qwRS, (4)

where N is the spatial density of localized states, ¢ the diclectric constant of the glass, g,
the free-space permittivity, w the angular frequency and R, the hopping length. The
latter is given by

R, = 2e*/megy| Wy + kT In (w71,)] (5)

where ¢ is the electronic charge, W), the barrier height at infinite intersite separation, k
the Boltzmann constant, 7the temperature and 1y a characteristic relaxation time of the
order of inverse phonon frequency. The frequency exponent s is expressed by

s=1=6kT/[Wy + kT In(wry)]. (6)

We have attempted to fit the experimental results in the temperature range under
consideration using W\, and t as parameters. It has not been possible to obtain a close
fit although the calculated values show the correct trend. The least-squares fitted curves
are shown in figures 4 and 5 and values obtained for the different parameters are
summarized in table 3. It is evident that the fraction of antimony ion sites contributing
to AC conduction according to the CBH model is small, a typical value being 1072,

From the nature of the variation in s as a function of temperature in the range 100-
170 K it appears that the overiapping large-polaron (OLP) tunnelling mechanism could
be operative here (Long 1982). In this case the polarons have a spatial extent which is
large compared with the interatomic spacing. According to this model the polaron
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Table 4. Parameters obtained from the OLP model by least-squares fitting in the temperature
range 100-170 K.

Win o o R, N(Ey)
Glass (eV) (A) (A" (A) {eV-'ecm?
1 Q.12 38 0.50 12.6 1.4 x 10%
2 0.10 4.0 0.49 16.2 8.9 x 10%

hopping energy Wy is given by
Wy = Wi(1 = ro/R) (7)

where ry is the large-polaron radius, Wy, is a constant and R is the intersite distance.
The Ac resistivity can be expressed as follows:

p(w) = 12QakT + Wi ro/R3)/ 7' & (KT [N(Ep))* wR}, (8)

where a~! is the spatial decay constant for the localized electron wavefunction, N(Er)
the density of localized states at the Fermi level and R, the tunnelling distance at angular
frequency @ which is given by

R, = (1/da){[in(1/wTg) — Wio/kT] + V[In(1l/wto) = Wyo/kT)* + 8ar, Wy/kT}.
9]

The frequency exponent s can be calculated from the following equation:
s=1—(8R,a + 6rg Wigo/R,kT)/ (2R, & + ry Wigp/R AT (10)

We have tried to fit the experimental data on s by a least-squares method in the
temperature interval 100-170 K using Wy, rp and « as parameters. The theoretical
curves for glasses 1 and 2 are shown in figures 4 and 5, respectively. The fit is not good
but the calculated values give the correct trend of variation for s as a function of
temperature. It should be noted that the theoretical fit to experimental data is much
better for glass 1 than for glass 2. In the [atter case the maximum value of 5 is found to
be larger than unity. It is likely that in that sample which contains a large amount of
antimony ions there are antimony-rich clusters present within the matrix besides the
antimony-rich laminae as discussed below. This gives rise to an extra space charge
relaxation, thereby making the theoretical fit worse for glass 2 than for glass 1. The
values of the parameters obtained by the fitting procedure are summarized in table 4.
The number of antimony sites participating in the oL? mode of conduction can be
estimated from ATN(Ep) with T=170 K. From the calculated N(Ep)-values we find
this number to be equal to 2.1 x 10! cm~ and 1.3 x 10*' em ™ for glasses 1 and 2,
respectively. These are of the same order as the-antimony concentration present in these
glasses as estimated from chemical analysis and shown in table 1. Comparing these
values of N, with those determined from the ¢BH model, it is evident that most of the
antimony sites contribute to AC resistivity by the oLp tunnelling mechanism. This also
implies that the glasses have regions probably in laminar form having antimony-rich and
antimony-deficient phases. Because of the series configuration of these layers the region
having a higher resistance value would control the overall resistivity change in a particular
temperature interval.

In view of the conclusion drawn above regarding the presence of antimony-rich and
antimony-deficient layersin the present glass system, the high value of dielectric constant
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at around 310 K is believed to arise because of the space charge polarization occurring
at the interface between them. The effect is similar to that exhibited by barrier layer
capacities where the barrier layers are formed at the interface between semiconducting
grains and insulating grain boundaries (Wernicke 1981). However, it should be noted
that in the present system the tails of the relevant curves arise owing to the conversion
of Sb** ions to the Sb** state as the temperature is increased.

5. Conclusions

AC resistivities as a function of temperature of sol-gel-derived glasses in the system
Sb,05=(1 — x)8i0, with x = 0.07 and 0.23 show two minima at temperatures of around
310K and 190K, respectively. The first minimum which is sharp arises because of a
chemical reaction involving the conversion of Sb** jons to Sb>* ions as the temperature
is increased. The frequency exponent s shows a maximum at 178 K and 209 K, respect-
ively, for the two glasses. The trend of s variation can be explained by using CBH and oLP
models in the higher and lower temperature changes respectively. The calculated values
of the antimony site concentration as deduced from these models imply that there are
antimony-rich and antimony-deficient layers present in the glass system. An anom-
alously large value of dielectric constant in the range 10006000 at a frequency of 2 kHz
at around 310 K appears to corroborate such a distribution of antimony ions.
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