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The d.c. conductivity (c~) of V2Os-SnO-TeO2 glasses prepared by the press-quenching 
method was studied at temperatures from room temperature (RT) to 473 K, and the effect of 
annealing on cy was investigated. The conductivity of 50V20~. 20SnO. 30TeO2 glass was 
determined to be 3.98x 10 -4 Scm -1 at 473 K and was unchanged for annealing (6-48 h) at 
493 K, lower than Tg=501 K, while its density increased with annealing time. These glasses 
were found to be n-type semiconductors, and the conduction was confirmed to be due to 
adiabatic small polaron hopping for VzO5 > 50 mol%, and non-adiabatic for 
V205 < 50 mol %. The activation energy for conduction, W, decreased with annealing time. 
Variations in oxygen molar volume of the glasses with annealing time inferred a change in 
glass structure, from loosely to closely packed, resulting in a decrease in vanadium ion 
spacing with annealing. This caused an increase in the polaron band width, producing 
a decrease in polaron hopping energy and VIA. The effect of annealing time on the density of 
50V2Os. 20SnO-30TeO2 glass was explained adequately by Winter's formula. 

1. Introduction 
Electrical conduction of glasses containing transition 
metal oxides (TMO) has been understood in terms of 
the small po!aron hopping (SPH) model [1-7]. Re- 
cently, tellurite glasses [3-7] with TMO have been 
extensively studied. We investigated electrical conduc- 
tion for V205-SnO-TeO2 glasses [6] at temperatures 
between room temperature (RT) and 473 K, and con- 
cluded that the conduction was attributed to be 
adiabatic SPH for V205 >50mo1%, but non- 
adiabatic SPH for V205 < 50 reel %. A d.c. conduct- 
ivity study of VzOs-SnO-TeO2 annealed glass 
systems [7] at low temperatures (RT 200 K) was also 
carried out and variable-range hopping conduction 
[8] was observed at T < RT. On the other hand, 
electrical properties of crystallized glasses have been 
investigated [9-11]. For crystallized glasses in the 
Nb2Os-V2Os-P205 system [9], the d.c. conductivity 
increased remarkably with increasing annealing time 
(0-48 h) from ~ = 10-6-10 -3 Scm -1 at 503 K; the 
activation energy for conduction increased fi-om 0.50 
to 0.20 eV, higher than that of non-annealed glasses 
[9]. However, we found no literature on the effect of 
annealing on electrical conductivity of TMO-contain- 
ing glasses. In the present work, we annealed 
press-quenched glasses in the V2Os-SnO-TeO; sys- 
tem [6] in air and examined effects of annealing on 
SPH conduction and glass density. 

2. Experimental procedure 
The process for the preparation of glass samples is 
described elsewhere [6, 7]. Regent grade 99.9% VzOs, 

99.9% SnO and 99.99% TeO2 were mixed for 20 rain 
in prescribed composition and a batch (5 g) was 
melted in air in a porcelain crucible with in an electric 
furnace at 750 ~ for 1 h. The melt was poured onto 
a copper plate and rapidly quenched by pressing with 
another copper plate. The glass samples of 5 g and 
1.0 mm thickness and 4 cm 2 were obtained. The glass 
transition temperature, Tg, was measured by differen- 
tial thermal analysis (DTA). Based on rg data 
(Tg = 228 ~ for 50V2Os'20SnO-30TeO~ glass), the 
annealing temperature was set to 220 ~ Annealing 
times were 6, 12, 24 and 48 h. The amorphous nature 
of the samples was checked by X-ray diffraction. The 
four-point probe method was employed to determine 
d.c. electrical resistivity from RT to 473 K, where 1 pA 
d.c. current was applied during the measurement. D.c. 
conductivity on the same glass samples in different 
runs agreed within 0.1%. Samples of the same glass 
composition fi'om different batches gave agreement 
within 5% for room temperature conductivity. The 
density of the glasses was measured at 293 K by 
Gay Lussac pycnometry using toluene. The density 
on the same sample in different runs agreed within 
0.01% of error. 

3. Results 
The X-ray diffractograms of the annealed glasses 
showed no trace of crystallinity. Tg of the present 
glasses was 224~ for 60V2Os-10SnO'30TeO2 and 
228~ for 50V2Os'20SnO'30TeO2, respectively [6]. 
The glasses were found to be n-type semiconductors as 
a result of thermoelectric power measurements. No 
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d.c. polarization of the glasses was observed. Fig. 1 
shows the relationship between density, d, and anneal- 
ing time (6-48 h) for 50V2Os'20SnO-30TeO2 glass; an 
initial and press-quenched glass density before an- 
nealing was 4.012 gcm -3. In Fig. 1, d is shown to 
increase proportionally with increasing annealing 
time. Fig. 2 shows the temperature dependence of elec- 
trical conductivity, or, for the glasses of V205: SnO: 
TeO2 50:20:30, 50:10:40 and 40:10:50mo1% at 
T = 200-473 K. Changes in the slopes in this relation- 
ship are clearly observed at temperatures < 200 K 
[7]. The data in Fig. 2 was fitted for the relation ln- 
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Figure 1 Effect of annealing time on density, d, for 50VzOs' 
20SnO.30TeO2 glass. The line is calculated from Equation 8. 
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Figure 2 Temperature dependence of d.c. conductivity for anneal- 
ing the glass system of V2Os-SnO TeO2 [7]. Annealing time, 6 h; 
VzOs: SnO: TeOz (tool %), O, 50: 20 : 30, Q, 50:10: 40, A, 40:10: 50. 

(oT) ocT - I  by the least-square technique between 
473 K and RT. For these glasses, the best fit was 
obtained with r 2 = 0.9993 (r is the correlation coeffi- 
cient) for R = 2.0 x 10 4 Scm-  1 (R is the range) in o. 
The relationship between log (c~T) and T-~ is linear 
from RT to 473 K, similar to SPH conduction of the 
previous glasses [63. The fraction of the reduced 
vanadium ion, Cv = [V~+]/EV 4+] + [VS+], for 
50Vz O 5" 20SNO. 30TeO 2 glass was 0.117-0.118 for an- 
nealing times from 6 to 48 h, and hardly varied. These 
Cv values shown in Table I, were the same as those for 
the non-annealed glass of 50VzOs'20SnO'30TeOz 
(Cv = 0.117) [6]. Since the conduction mechanism of 
these annealed glasses at low temperatures 
(200 K-RT) has been discussed elsewhere [7], only the 
conduction at high temperatures (RT-437 K) will be 
discussed in section 4.1. 

4. Discussion 
4.1. Electrical conduction for annealed 

glasses 
The electrical conductivity for SPH [12, 13] is ex- 
pressed by: 

(Y vo C(1 -- C)e 2 exp ( - 2c~R) exp ( - W/k T) 
k T R  

(1) 

W = W n +  WD/2, T > O D / 2  (2) 

voC(1 - C)e2exp( _ 2aR) (3) 
r~~ - kR 

where Vo is the optical phonon fi'equency, R is the 
average spacing between transition metal ions 
( =  (1/N)1/3), N is the transition metal ion density, 
C is the fraction of reduced transition metal ion 
( = Cv), a is the tunnelling factor, i.e. the rate of the 
wave function decay, W is the activation energy, WH is 
the polaron hopping energy, WD is the disorder en- 
ergy, k is the Boltzmann constant, | is the Debye 
temperature and ao is the pre-exponential factor. 

For the adiabatic region, the tunnelling term, ~, in 
Equation 1 is negligible because the dominant factor 
contributing to d.c. conductivity was W [3, 6, 14-18]. 
So, the conductivity is more dependent on concentra- 
tion of transition metal oxide. Since exp( - 2aR) ~- 1, 

TAB LE I Physical paraqmeters of V2Os-SnO-TeO2 glasses 

o Compositions (tool Vo) Anealing time 
(h) 

VzO5 SnO TeOz 

Cv voexp( - 2~R) log ~o W~ 
(s- ~) (s cm- 1) (eV) 

50 20 30 48 
50 20 30 24 
50 20 30 12 
50 20 30 6 
50 10 40 6 
40 10 50 6 

0.118 2.4 • 1012 4.0 0.08 
0.117 2.4 x 1012 4.0 0.08 
0.117 2.4 x 1012 4.0 0.08 
0.117 2.4 x 1012 4.0 0.08 
0.107 b 2.6 x 101; 4.0 0.09 
0.175 b 2.0 x 101~ 2.0 0.09 

Ref. [7]. 
b Ref. [6]. 
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cy is given by: 

(3" 0 
v0C(1 - C)e 2 

kR exp( - 2aR)exp( - W/kT) 

(4) 

In order to confirm exp( - 2~R) ca. 1, the transition 
probability, v| e x p ( -  2~R), in Equation 3 was cal- 
culated using experimental values of Cv and R. The 
result was voexp( - 2~R) = 1.79 x 1011-2.6 x 1012 s - 1  

Apart from this, v| in Voexp(-  2~R) can be cal- 
culated using k |  (h is Planck constant) 
[14-18]. If we assume Go to be several hundred K in 
the present glasses, considering OD = 340-500 K for 
V 2 0 5 - P 2 0 5  [19] and alkaline silicate glasses [20], 
v| is 1012-1013 s - t .  These values agree well with the 
values of v| exp( - 2~R) for VzOs > 50 mol %. So, 
the conduction in this region was attributed to 
adiabatic SPH because exp( - 20~R) can be regarded 
as nearly 1, i.e. c~R -~ 0. When the conduction is due to 
adiabatic SPH, the term voC(1 -C)e2 /kR  in Equa- 
tion 4 is not dependent on V205 concentration, and 
hardly varies in different vanadate glasses 
[3, 6, 14-18]. On the other hand, for 
V205 < 50 tool %, voexp( - 2~R) tended to decrease 
with decreasing V205; this confirms non-adiabatic 
SPH conduction. 

Further, log C~o hardly varied for different V205 
concentrations at various annealing times (Table I). 
However, log a| decreased for VzOs < 50 tool % and 
was lower than V205 > 50 mol %. From this, it is 
concluded that for V205 > 50 tool %, hopping con- 
duction is adiabatic, while for V205 < 50 tool %, non- 
adiabatic SPH conduction occurs. In the adiabatic 
hopping regime, c~ should depend only on W [3, 6, 
14-18] which results in a linearity between log ~ and 
W from Equation 4, and the slope between log c~ and 
W being equal to - 1/2.303kT [3, 6, 14-18]. 

Fig. 3 shows the relation between log c~ and W at 
423 K, giving the predicted slope ( -  1/2.303kT) for 
V205 > 50 mol %. The slope deviated, however, from 
- 1/2.303kT for V205 < 50 tool %. The temperature 

evaluated from the slope was ca. 423 K, which agreed 
satisfactorily with the experimental temperature 
(T = 423 K). These above discussions, applying the 
Mott Austin formula (Equation l) [12, 13], lead to 
the conclusion that the conduction of the present 
glasses was attributable to SPH of electrons. 

4.2. Effects of annealing on activation 
energy 

Fig. 4 presents the relationship between W and an- 
nealing time. W decreased with an increase in anneal- 
ing time. The relationship between cr and annealing 
time (0~48h) for 50V2Os'20SnO'30TeO2 glass is 
shown in Fig. 5. From Fig. 5 ~, at 473 and 463 K was 
3.98 x 10 .4  and 3.16 x 10 . 4  S c m  - 1 ,  respectively, i.e. 
little variation with temperature. However, at 423 K 
ranged from 1.12 x 10 .4  to 1.58 x 10 .4  Scm -1 for 
annealing from 6 to 48 h, i.e. increased with annealing 
time; this was attributable to a decrease in 
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Figure 3 Relationship between log c~ at 423 K and W for annealed 
glasses of the V205 SnO-TeO2 system. 
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Figure 4 Effect of annealing time on W and R for 
50V2Q.20SnO-30TeO2 glass. The lines are drawn as a guide for the 
eyes. 
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W ( = 0.35-0.31 eV) which decreased with increasing 
annealing time (Fig. 4). ~ of the crystallized glass 
from 50Nb2Os"20V2Os'30P2Os (mol%) [9] gave 
(y 10-6-10 -3 Scm -1 for annealing from 0 to 48h. 
This remarkable increase in cy was considered to be 
due to crystallization of the glass with increasing an- 
nealing time at 973 K. In comparison to the present 
glass (50V2Os-20SnO'30TeO2 glass) with the cryst- 
allized glass of 50NbzOs"20V2Os'30P205 [93, the 
changes in cy for the present glass were less than that of 
50NbzOs-20VaO5.30P205 glass, indicating that the 
effect of the annealing period on ~ is rather small for 
non-crystallized glasses. 

The effect of the heat treatments on W will now be 
discussed. The glass density, d, increased with an in- 
crease in annealing time (Fig. 1), i.e. the glass structure 
became more closely packed. So, as a measure of the 
glass structure, the oxygen ion molar volume of the 
glass (V*) [6, 16-18, 21-23] is evaluated as: 

(Mv~o5 -- 16Cv)X + MTeo2Y -b MsnoZ 
V *  = 

d[(5 - C v ) X  + 2 r  + Z ]  

(5) 

where M is molecular weight; X, Y and Z are mole 
fractions of VzOs, TeO2 and SnO, respectively; d is 
density of the glass; Cv is the fraction of reduced 
transition metal ion; Cv = IV 4 +]/IV 4 +] + IV 5 +]. 

Fig. 6 shows the relationship V~ versus annealing 
time for 50V2Os'20SnO'30TeO2 glass. In this figure, 
V~ decreased with an increase in annealing period, 
signifying that the glass structure became more closely 
packed with longer annealing times. This result sug- 
gests a decrease in the mean distance between V ions, 
R, with annealing. The relationship between R, cal- 
culated from the glass density, and annealing time is 
shown in Fig. 4. In fact, R became smaller with in- 
crease in annealing times. 

It is known that R generally affects the polaron 
band width, J [6, 15, 16], in SPH. For adiabatic SPH, 
W using J [24-26], is given by: 

W - 1 / 2 W o  ~- W• = 1 / 2 W p  = 1/2(Ww - 2J) (6) 

where Wp, is the maximum polaron energy 
(1/2Wp, = 0.44 eV [63), Wp is the polaron binding 

energy. In contrast, for non-adiabatic SPH, W is 
described [24-26] as: 

W - 1 /2WD ~- W n  = I / 2 W p ,  (7) 

WD was estimated to be 0.08-0109 eV using the experi- 
mental data in Table I obtained from the conductivity 
measurements at low temperatures [7]. We also cal- 
culated Wn with WD and estimated J using Equation 
5. Fig. 7 shows the relationship between J and anneal- 
ing time, presenting an increase in J with an increase 
in annealing time. This increase in J means an easy 
hopping [6, 16, 173. Besides, the Wn-annealing time 
relation described in Fig. 7 denotes that WH lowered 
with an increase in J and in the annealing period. 
From the above discussion, it is inferred that an in- 
crease in annealing time causes a change in glass 
structure, from a loosely packed to a closely packed 
one, resulting in a decrease in R. As a result, 
W lowered because the increase in J led to a decrease 
in Wn. 

4.3. Effects of annealing on density 
Next we discuss the effect of annealing on glass den- 
sity. Mine [27] studied annealing effects on the density 
of soda-lime-silica glasses and gave the experimental 
relationship for density change with annealing time as 
follows: 

d(t) = do + const x log t (8) 

where do is initial density of glass at t = 0 rain, and t is 
the annealing time (rain). Providing that Equation 8 is 
applicable to the present glasses, the relationship 
between d and log t should be proportional. After 
the best fit of the data (from Fig. 1 for 
50V2Os'20SnO' 30TeO2 glass) for Equation 8, we ob- 
tained r 2--- 0.9540 (r is the correlation coefficient), 
a slope (const in Equation 8) of 0.454 (gcm- 3 min-1) 
and do = 2.9149 cm -3. This do value was, however, 
different from the experimental do (do = 4.0149 cm-3, 
see Section 3). Accordingly, we conclude that the 
Mine's formula is not applicable to the present glass. 

Effects of annealing time on refractive index of 
glasses have been extensively studied [28-30]. Ac- 
cording to Winter [28], the variations in the refractive 
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Figure 8 The relationship between density and annealing time 
for 50V2Os'20SnO-30TeO2 glass. The line is calculated from 
Equation 12. 

index of optical glasses with annealing time (h) in the 
a-state, i.e. the state named at T =< Tg, and the [3-state, 
i.e. that at T > Tg, were expressed by the following 
formulae: 

t~, = nT + (n~ -- nT)e - v t  (9) 

n = n r  - -  (n~ - -  nT)e -•t (10) 

where nT is the maximum refractive index, n~ and 
n~ are the initial refractive indexes, for a- and [3-states, 
respectively, and, D and B are constants. Winter's 
empirical formulae can be transformed to a den- 
sity-annealing time relationship using Gladston and 
Dale's formula [31] between n and d described as: 

n - 1  
r - (11) 

d 

where r is a constant and not influenced by annealing 
time. 

Since the present glass was under the a-state, we 
have, combining Equation 9 with n = r d -  1 from 
Equation 11: 

d = dT + (d~ - dT)e -Dr (12) 

where dT is the maximum density and d= the initial 
density. The relationship between d and t is shown in 
Fig. 8. In Fig. 8, dT and D were determined using 
experimental d= = 4.014gcm -3 so as to obtain the 
best fit of the experimental data of the density in 
Fig. 1 for Equation 12, which resulted in a maxi- 
mum r 2 value of 0.9978. Finally, we obtained 
dT= 5.062 g cm- 3 and D = 0.014 h -  t. Good agree- 
ments were found in Fig. 8 between the experimental 
density data (open circles in Fig. 8) and the theoretical 
curve (solid line) (Equation 12) of the best fit. Accord- 
ingly, it is concluded that the effects of annealing time 
on the density of the present 50V2Os.20SnO.30TeO2 
glass was adequately explained by Winter's formula. 

5. Conclusion 
Effects of annealing on d.c. conductivity of 
VzOs-SnO-TeO2 glasses prepared by press-quench- 
ing were investigated. Density of 50VzOs.20SnO. 
30TeO2 glass increased with increasing annealing 

time. The conduction for these glasses at 473 K-RT 
suggested that they are n-type semiconductors, at- 
tributed to adiabatic SPH for V2Os > 50 tool %, and 
to non-adiabatic SPH for V2Os < 40mo1%. The 
mechanism of the SPH conduction was not affected by 
post-annealing. Besides, the conductivity was virtually 
unchanged by annealing. However, variations in oxy- 
gen ion molar volume of the glasses, V*, with anneal- 
ing time inferred a change in glass structure, i.e. loose- 
ly packed to a closely packed structure. As a result, 
irrespective of no appreciable changes in cy, the values 
of R, J and Wa varied with annealing. Behaviour of 
the changes in the density of the glass during anneal- 
ing was adequately explained by Winter's formula. 
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