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ac conduction in sol-gel-derived glasses in the Si02-As203 system
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ac-resistivity measurements on sol-gel-derived glasses in the system xAs203 ~ (1—x)Si02 with
0.05&x &0.16 have been carried out over the frequency range 2—100 kHz in the temperature range
80—400 K. The ac resistivity for all the glasses shows a sharp minimum at around 317 K. This is as-
cribed to a change in chemical equilibrium of the ratio [As' ]/[As'+] as a function of temperature. In
the temperature range 190—300 K the ac resistivity is shown to arise due to a correlated-barrier-hopping
mechanism involving bipolarons. A small fraction of total arsenic sites is found to participate in the
hopping conduction. The ac resistivity at temperatures below 190 K shows a frequency exponent s, the
variation of which can be qualitatively explained on the basis of the overlapping-large-polaron model.

I. INTRODUCTION

Oxide glasses containing transition-metal ions have
been the subject of considerable interest because of their
semiconducting properties. ' These glasses contain
variable-valence ions such as V +-V +, Fe +-Fe +, and
Cu+-Cu +, respectively, which cause electron hopping
between the localized sites represented by these ions. Sili-
cate and borate glasses containing variable-valence ions
such as Sb3+-Sbs+ and As3+-Ass+ have been shown to
have semiconducting properties. The conduction in
these glasses below 300 K has been ascribed to the hop-
ping of a pair of electrons (bipolarons) between two ions
of different valencies. All these studies have been carried
out on melt-quenched glasses, and the ratio
[Sb +]/[Sb +] or [As +]/[As +] has values varying
from 0.03 to 0.36. We have now prepared silicate glasses
containing arsenic oxide by the sol-gel technique. It has
been possible to retain a much higher fraction of arsenic
ions in the pentavalent state. The ac conductivity of the
resulting glasses also is higher than those found earlier.
The results are reported in this paper.

II. EXPERIMENTAL DETAILS

The starting compositions chosen for the three glasses
studied were 90Si02 10As203, 80Si02 20As203, and
70Si02 30Asz03 in mo1%. However, the final composi-
tions as determined by chemical analyses were markedly
different and their values are summarized in Table I.

Such a drastic change in the amount of arsenic present in
the final glasses as compared with the starting value is
due to the loss of some of the arsenic ions by volatiliza-
tion during the heat-treatment schedule. The sol was
prepared by mixing a solution of AsC13 in hydrochloric
acid with another of silicon tetraethoxide in ethyl al-
cohol. The former was made by treating about 0.4 g
AR-grade As203 in about 6 cm of hydrochloric acid at
50 C, and the latter was obtained by mixing about 2 cm
of Si(OCzH5)4 in 10 cm of ethyl alcohol, both solutions
being stirred continuously for about 10 min. The exact
amounts of As203 and Si(OC2Hs)4 were determined by
the target composition of the glass sample as mentioned
above. After adding some water (-2 cm ) to the mix-
ture, the solution was stirred at room temperature for 30
min. The sols were allowed to gel in a Petri dish for 4—5
days. The gels were kept at 50 C for 2 days, after which
they were heated at a rate of 1'C/min to a temperature
of 773 K where they were held for 2 h before being
cooled down to room temperature. The density of the
glass samples was measured by Archimedes' principle us-
ing acetone as the liquid. The last column in Table I
gives the density values.

Amounts of As + and As + ions present in various
glasses prepared by the sol-gel technique were determined
by the following method.

For determining the trivalent arsenic content, 0.5 g of
the glass sample was dissolved in a mixture of 2 cm HF,
5 cm HC104, and 5 cm distilled water in a Teflon beaker
and digested for 10 min. Water was added and the solu-

TABLE I. Compositions of glasses investigated and some physical parameters.

Glass
No.

Si02
(mol %)

94.2
90.8
84.6

As,03
(mol %)

5.8
9.2

15.4

Density
(g/cm )

1.97
2.29
2.43

Arsenic
concentration

N
(cm ')

2.0X10 '

3.5X10 '

5.5 X10"

Average
intersite

separation
R
(A)

7.9
6.6
5.7
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TABLE II. Ratio [As'+ ]/[As'+ ] for different glasses.

Glass No.

[As'+ ]f[As'+ ]
After heating at 353 K

As prepared for ~h

9—
E

1.26
1.66
2.70

0.73
0.87
1.31

7—

O
5

tion stirred with excess H3BO3 for 10 min, maintaining
the pH at —1. Titration was carried out on this solution
with 0.01N KMn04. To determine the amount of penta-
valent arsenic, 0.5 g of the glass sample was dissolved in a
mixture of HF, HzSO4, and distilled water and digested
for 10 min. Water was then added and the solution
stirred with excess H3BO3 for 10 min. H2SO4 was then
added to bring the pH of the solution to 1. About 5 g of
potassium iodide was added to the solution. A small
amount of sodium bicarbonate was dissolved in the mix-
ture for creating an atmosphere of Co&. The resulting
solution was titrated with 0.02N sodium thiosulphate us-

ing starch solution as an indicator. Table II summarizes
the values of the ratio [As'+]/[As +

] as obtained by the
above chemical analysis for the three different glasses.
The last column of this table shows the values of this ra-
tio for glasses as estimated immediately after a heat treat-
ment of the specimens at 353 K for —,

' h. The concentra-
tion of arsenic ions, N„and the average intersite separa-
tion R calculated from the equation

are shown in the last two columns of Table I.
Electrical measurements were carried out on specimens

of about 0.4 mm thickness and having an area of around
0.5 cm . Gold electrodes were vacuum deposited on both
the faces of the samples. The ac-resistivity measurements
were carried out in a General Radio 1615-A capacitance
bridge over a frequency range 2—100 kHz. The sample
holder used was similar to the one described elsewhere.
Measurements were made in the temperature range
80—400 K with a stability of +0.5 K.

Optical-absorption spectra of the glasses were taken in
a Hitachi 330 spectrophotometer using air as reference in
the wavelength range 2000-7000 A.
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FIG. 2. Variation of ac resistivity as a function of tempera-
ture for glass 2: 2 kHz ( X ), 5 kHz (R), 10 kHz ( A ), 20 kHz
(6 ), 50 kHz (), and 100 kHz ( 0 ).

III. RESULTS

Figures 1, 2, and 3 show the variation of ac resistivities
as a function of temperature at different frequencies for
glasses 1, 2, and 3, respectively. It is evident that all the
glass samples show a pronounced minimum in their ac
resistivities at a temperature around 317 K. The
minimum value of the resistivity varies from about 10
0 cm in the case of glass 1 to approximately 10 0 cm for
glass 3, showing clearly that this value decreases as the
arsenic content in the glass is increased. It should be not-
ed that the ac-resistivity data in the range 80—290 K is
reproducible on thermal cycling for all the glass composi-
tions.

Figure 4 shows the variation of ac conductivity as a
function of frequency for glass 2 at 184 K. The plot is
typical of other glasses also. It is evident that conductivi-
ty obeys the relation o(co) o-co'. The data were least-
squares fitted to this equation, and the values of s were
found to be less than 1. Figures 5, 6, and 7 give the varia-
tion of s as a function of temperature up to around 290 K
for glasses 1, 2, and 3, respectively. The uncertainty in
the exponent determination is indicated by the error bars
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FIG. 1. Variation of ac resistivity as a function of tempera-
ture for glass 1: 2 kHz ( X ), 5 kHz (~ ), 10 kHz ( A ), 20 kHz
(8, ), 50kHz (~), and 100kHz (0).

FIG. 3. Variation of ac resistivity as a function of tempera-
ture for glass 3: 2 kHz ( X ), 5 kHz (~ ) 10 kHz ( A ), 20 kHz
(D ), 50 kHz (~), and 100 kHz (o ).
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FIG. 4. Variation of conductivity as a function of frequency
at 236 K for glass 2.

FIG. 6. Variation of s as a function of temperature for glass
2: Experimental data (0 ), CBH model with W~ =8 (solid line),
CBH model using W~ and ~0 as parameters (dashed line), and
OLP model (dot-dashed line).

given to the data points in these plots. The implication of
these results are discussed in the next section.

It is interesting to note that some of the s values es-
timated from the experimental results are quite small, be-
ing of the order of 0.2 at a temperature around 275 K.
One explanation would be that the ac conductivity was
being shunted by a parallel dc conduction process. Such
a possibility is ruled out by the fact that the dc resistivity
of all the glasses around 295 K is four orders of magni-
tude higher than the ac resistivity. The dc resistivities of
glasses 1, 2, and 3 are 6.3 X 10', 1.8X 10', and 7.4X 10
Q cm, respectively, at this temperature.

In Fig. 8 is shown a plot of (ahv)'~ as a function of
h v for glass 2, where a is the absorption coefficient and
hv the incident-photon energy. The Ggure is typical of
other glasses. The optical band gap obtained from the in-
tercept of the linear portion of the curve on the abscissa
is 2.5 eV. The values obtained for the other glasses lie be-
tween 2.5 and 3.0 eV.
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FIG. 7. Variation of s as a function of temperature for glass
3: Experimental data ( 0 ), CBH model with WM =8 (solid line),
CBH model using W~ and 'To as parameters (dashed line), and
OLP model (dot-dashed line).

IV. DISCUSSION

The minimum in the ac resistivity observed for all the
glasses at around room temperature is ascribed to a reac-
tion of the type

AszO~ (glass)=As203 (glass)+Ozl .

Differential thermal analyses of the present glasses in-

1.00

12

10-
CV

0
Cl

O4 8

E
I ~l

CV

4 ~

0.50—

0
100

I

200
T (K)

I

250 300 0
2

/
/

/
/

/
/

hv (eV)
FIG. 5. Variation of s as a function of temperature for glass

1: Experimental data (o ), CBH model with W~=B (solid line),
CBH model using W~ and ~0 as parameters (dashed line), and
OLP model (dot-dashed line).

FIG. 8. Variation of absorption coefficient as a function of
photon energy for glass 2.



45 ac CONDUCTION IN SOL-GEL-DERIVED GLASSES IN THE. . . 12 225

dicate that the reaction sets in at around 310 K. This is
similar to results reported earlier in the case of silicate
glasses containing arsenic oxide prepared by the melt-
quench method. ' Chemical analysis carried out on sam-
ples heat treated at 353 K confirm the depletion of As +

ions as described by Eq. (2) (see data in Table II). It
should be noted that the ac-resistivity variation with tern-
perature in the range 290—325 K can be reproduced dur-
ing the cooling cycle of measurement only after holding
the sample at these temperatures for a period of about 12
h. This is indicative of the fact that the above reaction is
irreversible in nature. Data substantiating this aspect
have been presented elsewhere in connection with dielec-
tric permittivity and loss measurements for the present
glass system. '

To explain the low-temperature ac resistivity of the
present glass system, we apply the correlated-barrier-
hopping (CBH) model with two electrons hopping simul-
taneously between the defect sites. " In the present case
the latter are comprised of the As + and As sites. The
ac resistivity in this model is given by

12p(~)=
m X eeocoR

(3)

where X is the spatial density of localized states, e the
dielectric constant of the glass, eo the free-space permit-
tivity, co the angular frequency, and R„ the hopping
length. The latter is given by

2e
1re&0( WM +kT 1 Cnl)1 0)

(4)

where e is the electronic charge, 8'M the barrier height at
infinite intersite separation, k the Boltzmann constant, T
the temperature, and ~0 a characteristic relaxation time,
which is assumed to have a value of the order of the in-
verse phonon frequency, viz. , 10 ' sec. The frequency
exponent s is expressed as

s=1— 6kT
WM+kT lna~o

(5)

Taking 8'M=8, where 8 is the optical band gap of the
material, the value of N has been calculated from Eqs. (3)
and (4) using the ac resistivity of the glass at a frequency
f= 10 cycles/sec. The results are shown in Table III. It
is seem from these results that for both glasses 2 and 3
most of the arsenic sites contribute to the ac transport of
the glasses. For glass 1 it appears that only a small frac-
tion of these ions are participating in the conduction pro-
cess. It should be mentioned here that the true dielectric
constant of glass 1 would be a little higher than the mea-
sured value ( —3.9) used in the calculation of R from Eq.
(4). This is because glass 1 has some porosity, as is ap-
parent from the measured density value of this sample.

The calculated s values for the three glasses as a func-
tion of temperature have been shown in Figs. 5 —7 taking
8 M =8 as the optical band gap. It is evident that the ex-
perimental data do not conform to the predicted values.
The former show a maximum value of about 0.9 at
around 190 K. It appears that the temperature variation
of s in the temperature ranges 100—190 and 190—300 K

TABLE III. Density of states, N, calculated from Eq. (3) for
different glasses.

Glass No.

Optical
band gap B

(eV)
T

(K)
Calculated N

(cm )

R
(A)

2.95
2.50
2.50

245
250
250

4.4X 10'
2.9X10 '

2.7X10 '

11.9
1.6
1.5

+ [ [ ln( 1/coro) WHO/k T]—
+ (8aro WHO) /k T ]

'
) . (8)

TABLE IV. Parameters obtained from CBH model by least-
squares fitting in the temperature range 190—300 K.

Glass No.
1 p

(sec)

10
—13

10-"

(eV)

0.80
0.67
0.66

R
(A)

83
14
14

N
(cm ')

1.3 X 10'
3.9X 10'
3.2X10"

are controlled by two different transport mechanisms.
For fitting the experimental results at the higher-
temperature region, we have used WM and ~o as parame-
ters. The values obtained are summarized in Table IV,
and the least-squares-fitted curves are shown in these
figures. The ~0 value in all cases is reasonable. The WM
values ranging from 0.66 to 0.80 eV for these glasses sug-
gest that the hopping arises due to the presence of local-
ized states at the band edge, some 0.4 eV from the mobili-
ty edge. The fraction of arsenic-ion sites contributing to
ac conduction in these glasses according to the CBH
model is rather small, being of the order of 10 in the
case of glass 1 and —10 for glasses 2 and 3.

The nature of the variation of s in the temperature
range 100—190 K suggests that the same could arise as a
result of the tunneling of large polarons for which the
spatial extent of the polaron is large compared with the
interatomic spacing. ' According to the overlapping-
large-polaron (OLP) model, the polaron-hopping energy
WH is given by

WH WHo(1 ro/R )—,

where ro is the large-polaron radius, WHO is a constant,
and 8 is the intersite distance.

The equation for ac resistivity p(co) is

12[2akT+ WHoro/R ]p(~)=
1r e2(kT) [N(EF)] coR

where a ' is the spatial decay constant for the localized
electron wave function, N(EF) the density of localized
states at the Fermi level, and 8 the tunneling distance
at angular frequency co and is given by

R„=1/4a([ ln(1/co1o) WHolkT]—
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TABLE V. Parameters obtained from OLP model by least-squares fitting in the temperature range
100-190K.

Glass
No.

WHp

(eV)

0.12
0.07
0.06

I"p
0

(A)

0.1

1.0
1.1

a
(A )

1.1
1.0
1.0

R
(A)

5.1

8.1

8.5

N(EF )

(eV ' cm )

4.5X 10"
5.5X 10"
1.0X10"

The frequency exponent s is shown to be given by

(SR a+6roWHo/R kT)s=1—
(2R „a+ro WHo/R kT )

We have tried a least-squares fit for our experimental
data for s in the temperature range 100-190 K using
W&0, ro, and a as parameters. The theoretical curves ob-
tained are shown in Figs. 5-7, and the values of these
parameters are summarized in Table V. The number of
arsenic sites participating in the OLP mode of conduc-
tion can be calculated from kTN(EF) with T-150 K.
This is found to be of the order of 10' cm, which is
four orders of magnitude smaller than the total number
of arsenic sites, indicating thereby that a small fraction of
the latter are participating in this conduction mechanism.
It should be noted, though, that the theoretical fits to ex-
perimental results are rather poor in this temperature
range. However, this model predicts the correct varia-
tion of s with temperature.

In summary, we have reported that the ac resistivity of
sol-gel-derived glasses in the system xAs203(1 —x)SiOz
with a maximum x value of 0.154 show a sharp minimum
at a temperature around 317 K. The latter arises because
of a chemical reaction which involves conversion of As +

ions to As + ions as a function of temperature. The ac
resistivity in the range 190-300 K has been explained on
the basis of a correlated-barrier-hopping model involving
bipolarons. The latter are provided by the As + and
As + sites. The density of states calculated from the ex-
perimental data indicates that a small fraction of the total
arsenic sites participate in the conduction process and
that these localized states are about 0.4 eV away from the
mobility edge of the relevant band diagram. The frequen-
cy exponent s shows a maximum value of about 0.9 at
around 190 K. The resistivity behavior below this tem-
perature shows a trend which is qualitatively similar to
that predicted by the overlapping-large-polaron model.

ACKNOWLEDGMENTS

A. Datta and A. K. Giri thank the Council of Scientific
and Industrial Research, Government of India, for sup-
port. This work has been supported by a grant from the
National Science Foundation, Washington, D.C.,
through the special Foreign Currency Programme. The
authors are grateful to Dr. Muktimoy Chowdhury and
Prabal Dasgupta for their help in chemical analyses of
the glass samples.

'C. F. Drake and L. F. Scanlan, J. Non-Cryst. Solids 4, 234
(1970).

~L. Murawski, C. H. Chung, and J. D. McKenzie, J. Non-Cryst.
Solids 32, 91 (1979).

A. Ghosh and D. Chakravorty, J. Phys. Condens. Matter 2,
5365 (1990)~

4D. Chakravorty, D. Kumar, and G. V. S. Sastry, J. Phys. D 12,
2209 (1979).

5D. Kumar and D. Chakravorty, J. Phys. D 13, 1331 (1980).
D. Chakravorty and L. G. Kishore Kumar, J. Phys. D 15, 1089

(1982).
~B. Dutta and D. E. Day, J. Non-Cryst. Solids 48, 345 (1982).
SP. Close, H. M. Shepherd, and C. H. Drummond, J. Am.

Ceram. Soc. 41, 455 (1958).
9A. I. Vogel, Textbook of Qttantitatiue Inorganic Analysis (Long

man, New York, 1978), p. 383.
' A. Datta, A. K. Giri, and D. Chakravorty, Appl. Phys. Lett.

59, 414 (1991).
' S. R. Elliott, Adv. Phys. 36, 135 (1987).
' A. R. Long, Adv. Phys. 31, 553 (1982).


