Chapter-V

DC Conductivity Studies

This chapter deals with the dc conductivity results of
three different series which explains in detail the
temperature and composition dependence of dc
conductivity. Hopping mechanism in electronic
conducting samples is discussed on the basis of

Mott's Model.
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5.1 Introduction:

Electrical properties of glasses have been studied extensively for a number of
years due to their potential use in solid state devices. Glasses containing large
amount of transition metal ions (TMI), such as Fe, Co, Mo, W, V etc., are known
to be electronic semiconductors [1, 2]. Electrical properties of these glasses are
determined by the presence of TMI in two different valance states [3, 4], for
example, V** and V™ states in vanadium glasses and Fe*? and Fe*? in iron-based
glasses. Various binary or ternary glass systems have been synthesized using
B20s, P20s and Te(); as network forming oxides and alkali or silver oxides as
network modifiers. In systems containing alkali oxides, ionic conduction along
with electronic conduction contributes in electrical conduction process and the
system will be termed as mixed (electronic-ionic) conductor. In these glasses,
‘crossover’ from predominantly electronic to ionic conductivity can result from
composition dependence. Ionic conduction is due to the motion of the silver or
alkali ions [5]. Transport of oxide ions occurs generally by hopping process
between an occupied and vacant oxide ion site [6, 7].

The glasses in the Agy0O-V,0s-TeO; system are particularly interesting as they
show high electronic conductivity up to 10> Q' cm™ at room temperature [8-10].
In that case, electrical conductivity is found to be purely electronic with a
polarbnic hopping conduction mechanism. Glasses with low concentration of
transition metal oxide and a high concentration of alkali or silver oxides are well
known as super ionic conductors [5]. Purely ionic conducting glasses can be used
as solid electrolytes, and those exhibiting mixed conduction can be employed as
cathode materials in novel advanced electrochemical cells.
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In the present work, glass samples are prepared using V,0s and TeO; as network
formers and BaO and Ag,O as network modifiers. It is reported that [11] on
adding Ba ions, the electronic paths are progressively blocked, causing a decrease
in electronic conductivity because Ba ion acts as glass modifiers. It will create
non-bridging oxygen (NBO) and break the glass network. When we substitute
Ag,0O in this barium vanadate tellurium oxide glass system, it exhibits mixed
cox}ductivity. The Ag' ions act as charge carriers in this glass system while the
electronic conductivity is exhibited due to the presence of vanadium pentoxide.

The electrical conductivity (o) of the glasses was determined by

where ¢ is the thickness, 4 is the area and R is the resistance of the glass samples.
Electrical éonductivity studies have been carried out on the following series of the
glass samples at different temperature range.
1) x (BaO : 1.5 Agy0) - (95-x) V205 —5 TeOy;

where x =25, 30, 35, 40, 45.
2) 10 BaO-y Ag0-(85-y) V20s-5 TeO;

where y =20, 25, 30, 35, 40, 45, 50, 55.
3) 5 BaO-z Agy,0-35 V,0s- (60-z) TeOy;

where z = 25, 30, 35, 40, 45, 50, 55, 60.

5.2 Temperature dependence of DC Conductivity:

The dc conductivity studies of semiconducting glasses with fransition metal

oxides have galvanized numerous studies on vanadate glasses worldwide [12, 13,
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14]. The logarithm of dc conductivity versus 1000/7" for all compositions of three
different series are shown in Figure 5.1 (a), (b) and (c) from room temperature to
below the glass transition temperature. These plots follow the Arrhenius behavior

of the form

Gde = av eXp(~’\j ............ (52)

where crjc is the dc conductivity, ¢% is the pre exponential factor, k is the
Boltzmann constant and W is the activation energy which is calculated by least

square straight line fitting of log <jjc versus 1000/7" plot for all the samples.

Fig. 5.1 (a): log (oT) versus 1000/7"for first series samples.
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Fig. 5.1 (b): log (aT) versus 1000/7" for second series samples.
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Fig. 5.1 (c): log [0T) versus 1000/7"for third series samples.
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Table.5.1: Activation energy of glass samples of three different series.

First series Second series Third series
x (mol%) W(eV) y (mol%) W(eV) z (mol%) W(eV)

25. 0.39 20 0.41 25 0.63
30 0.40 25 . 0.45 30 0.67
35 0.43 30 - Q.58 35 - 0.63
40 0.48 35 0.65 40 0.60
45 0.52 40 0.60 45 0.58

45 0.59 50 0.57

50 - 0.56 55 0.55

55 0.53 60 0.54
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Variation of conductivity with temperature is observed in all the three series
which shows the semiconducting behavior of all glass samples. The plots for all
compositions are linear, indicating thermally activated hopping conductivity. The
calculated values of activation energy are shown in Table.5.1 for all the three
series. The general behavior of the curves afe similar to that reported for V,0s-
P05 glasses [15, 16, 17], V20s-TeO, [18], WO;-P,05 [19], V,05-B,0; glasses

[20].

5.3 Compositional dependence of DC Conductivity:

Glass modifier plays a very important role in the glass formation and also has
characteristics to change the properties of glasses like electrical conductivity,
switching etc. The dependence of conductivity on the modifier content has also
been studied by many workers [21, 22, 23]
The variation of oy and activation energy with the modifier content
(Ba0:1.5Ag,0) in the first series is shown in Fig. 5.12(a} when it is measured at
zero frequency value in a complex impedance plot. Figure shows that oy
decreases continuously except at x=30 mol% where its value is slightly high while
the activation energy increases except for x=30 mol% sample, at which its value is
slightly fow. DC conductivity of the glass samples of first series is also measuréd
| by applying constant current and measuring voltage drop across the sample. The
dc conductivity and activation energy'calculated in this way is plotted against
modifier content in Fig. 5.12(b). Here in this figure, it is clear that conductivity

decreases while the activation energy increases with increasing modifier content.
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It has been previously reported [24, 25] that in vanadate glasses the dc
conductivity is electronic due to the presence of vanadium in different valence
state and depends strongly upon the average distance Ry between the vanadium
ions. As the modifiers are introduced into the vanado-tellurite network, they are
supposed to go into network at interstitial position and break the network of
vanadium and tellurium. Because of the breaking of V,0s structure, the atomic
site spacing between V-V increases. The average distance (Ry.;) was calculated
for the present glasses by Eq.2.26, where Ny is the concentration of vanadium ions
per unit volume, calculated from batch composition and the measured density
(Eq.2.28). These calculated values of Ny and Ry are given in Table.5.2. 1t is clear
from the 'i‘;tble that due to the addition of modifier (BaO and Ag,0), the distance
between vanadium ions increases i.e., Ry increases. Assuming that the
conductivity is due to electron hopping from V** to V** then with increasing R
from 0.39 nm to 0.42 nm , it is reasonable to expect a decrease in dc conductivity.
At the same time, the activation energy appears to increase with increasing
distance between the vanadium ions i.e., Ry. The decrease in conductivity is also
evident from the transport number study of this series where the value (f~145)
decreases continuously with increaéing modifier indicating that the electronic
component is dominating in the series and its value continuously decreases with
modifier. Hence, the resulting effect of the present compoéition in first series is to
decrease the conductivity and increase of the activation energy with the increasing
amount of glass modifier.

Mott’s theory of conductivity in semiconducting oxide glasses suggests that the dc
conductivity is controlled by electron hopping and depends upoﬁ the distance Ry,

between the vanadium ions in first series samples which is also clear >by the small
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value of activation energy (0.39 eV) for 25 mol % glass sample. As it is known,
that if the polaron radius is less than the interatomic distance Ry (i.e., r, < Ry) then
the polaron is said to be “small polaron”. Thus, to confirm the small polaron
existence in our case, we have calculated the polaron radius from the Eq.2.27.v The
calculated value of polaron radius increases from 0.157 nm to 0.167 nm with
increasing modifier (Table.5.2). These small values of polaron radius suggest that
the polarons are highly localized. The density of states N{ E;) is also estimated

[26] from
N(E,) = %nR,fW ........ cernnnd53)

The calculated values of density of states N( Ey) ranges from. 10.41 x 10* to 6.41
x 10*" eV cm™ as listed in Table.5.2. These obtained values for the present
systems are reasonable to indicate localized states and are quite similar to the
Values of other systems based on vanadium for e.g., (3.79-10.49 x 10%' eVl cm

for V,05-Fe,03-TeO, [27] and (3.75-12.4 x 10% eV cm™) for BaO-V,0s system
[28].

Another important polaronic parameter is the small polaron coupling cbnstant Vor
which is a measure of electron phonon interaction and is given by

_2,
hv,

14

Usually, the values of v, > 4, indicate a strong electron phonon interaction [26].
The estimatec'i values of v, in our case, lie in between 13.39 to 12.36, as shoWn in
Table.5.2. These values are larger in comparison with V,0s-Bi;O; glasses doped
with BaTiOs, in which its range is 7.05 to 7.6 [29]. The polaron hopping energy

W), was calculated by Eq.2.25, using the approximation g, = &, = ’, where n is the
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Table.5.2: Some physical parameters of the glass system for first series.

X N, Ry.y rp NEY %
(mol%) | (x10*2em™) || (nm) (mm) || (x10*! eV em™)

25 1.69 0390 |[ 0.157 10.4 13.39

30 1.61 0396 || 0.160 9.49 13.11

35 1.55 0400 | 0.162 8.60 12.89

40 1.47 0408 |[ 0.164 7.29 12.62

45 1.40 0.415 || 0.167 6.41 12.36

Table.5.3: Some physical parameters of first series glass samples.

X W, & log oy
(mol%) (eV) (@' em™)
25 0.28 4.92 3.08
30 0.27 4.96 2.86
35 0.27 4.98 2.32
40 0.26 5.00 223
45 0.26 5.02 1.39
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refractive index of the glass [30]. At present, the standard values of the refractive
index of BaO-Ag,0-V,05-TeO, glasses are not available. In order to obtain these
values we use n = Y, ¢; n;, where ¢; and »; are the concentrations and refractive
indices of the component oxides of the studied glasses. The calculated values of
W), (polaron hopping energy) and g, (effective dielectric constant) are given in
Table 5.3. The log op (logarithm of pre-exponential fa?:tor) was obtained from the
extrapolation of the straight portion of the log (¢7) against 1000/7 curve, shown
in Fig.5.1.(a). The variation of the values of log op with modifier is given in
Table.5.3. This confirms that the non-adiabatic hopping conduction occurs in the
present glass system. As for the non-adiabatic hopping conduction, the term oy
(pre exponential factor) should depend on composition [28, 31].

In the second series 10 BaO-yAg,0-(85-y)V,05-5TeO,; BaO and TeO, are kept
constant at 10 and 5 moi % respéctively while the amount of Ag,0 increases from
20 to 55 mol% and vanadium decreases from 65 to 30 mol %. Fig 5.13, shows the
variation of conductivity and activation energy with Ag;O mol % which clearly
shows that for the first three samples i.e., y=20, 25 and 30 mol%, conductivity
decreases with increasing Ag,O while for the samples y=35, 40, 45, 50, 55 mol%,
conductivity starts increasing with increasing Ag,O content. This suggests a
changeover from predominantly electronic to ionic conductivity."T he activation
energy increases from 0.41 eV (for y=20 mol %) to 0.65 eV (for y=35 mol% ‘
sample) and afte; that it decreases. Usually, the lowest conducting sample has the
highest activation energy or vice versa [32] but in our case, 30 mol% shows
lowest conductivity and 35 mol% shows highest activation energy, may be due to

the reason that the sample having modifier between 30 and 35 mol% might be the
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Fig 5.13: Variation of oy, and activation energy with Ag,;O mol % for second series.

lowest conducting sample. The minima of conductiv'ity on composition have been
observed for glasses of other systems also such as Li;O-WO3-P,0s [33], Na,O-
V20s5-TeO; [34], Li0-MoO;-P,0s [5], Li;0-V205-P20s5 [35], Ago0O- V205-TeOs
[36]. There can be atleast two reasons for the presence of such minima. The most
natural is the decrease of electronic conductivity at the expense of the ionic one
[34]. In this case, electronic and ionic currents are independent of each other.
According to Bazan et. al., [33], the presence of minima is due fo direct coupling
. between electronic and ionic fluxes, caused by the electrostatic interactions
between mobile ions and electrons (pplarons). The argument is that the mobile
electrons (or polarons) formed by the capture of the moving electron by a V*™*
atom are attracted towards the obpositely charged Ag" ions. This so formed

cation-polaron pair tends to move together as a neutral entity. The migration of
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Table.5.4: Some physical parameters of second series glass samples.

y Ny Ry.y Ny Ry ug log oy
(mol%) || (x10”? em™) | (mm) || (x10% em™) | (nm) | (@' em™)
20 1.62 0.39 0.50 0.59 2.88
25 1.55 0.40 0.65 0.54 2.75
30 1.49 0.41 0.81 0.50 3.59
35 1.37 0.42 0.96 0.47 5.17
40 1.28 0.43 1.14 0.44 5.04
45 1.17 0.44 1.32 0.42 5.44
50 1.08 0.45 1.55 0.40 5.58
55 0.95 0.47 1.75 0.38 5.67

Table.5.5: Polaronic hopping parameters for electronic conducting glasses in second

series.

y Fp N(Ey Y% Wi 5
(mol%) (nm) || (x10*' eV’ cm™) (eV)

20 0.159 9.44 13.02 0.27 5.01

25 0.162 8.24 12.67 0.26 5.08

30 0.164 6.15 12.34 0.25 5.14
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these pairs does not involve any net displacement of electric charge so this process
will contribute nothing to the electrical conductivity. When sufficient Ag” ions are
present, the movement of free cations is greater than the movement of free
polarons and hence, the cationic conductivity will once again increases with Ag,O
content. Barczynski et. al. [4] have suggested that by the internal friction method,
it is possible to observe the relaxation of neutral ion-polaron pairs.

Another interpretation would be to assume simple independent ionic and
electronic paths in the glass. An electronic path would consist of a continuous
electronic transferring along a chain, in which V** and V** are regularly disposed.
An ionic path would be made by a regular disposition of non-bridging oxygen
along the network former chains allowing the interstitial pair displacement. On
adding Ag,O in the system, the spacing between vanadium ions (Ry.p) increases,
as shown in Table.5.4. At the same time, the jump distance for the Ag’ ions
decreases and the introduction of non-bridging oxygen facilitates their hopping.
Thus, the electronic paths are progressively blocked causing the electronic
conduction to fall down. The Rye. 4 and Ny, values are calculated by Eq.2.26 and
Eq.2.28 respectively where Fy and My are the weight fraction and molecular
weight of Ag,O respectively. These values are given in Table.5.4.

In the TeO, based glasses, from the ionic conductivity point of view, the
transformation from TeOy4 to TeOs is important because this transition involves a
continuous formation of non-bridging oxygen (NBOs) which are responsible for
the changes in conductivity [37]. In the present system, it is clear from IR studies
(Fig. 4.22) that above y=35 mol % sample, TeO; (peak at 777 em™ is assigned to
TeO3 group) groups are formed and below 35 mol % sample TeO4 polyhedra are

present. Thus, we can say that there is a transition from TeO4 to TeO; with the
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addition of Ag,O which may be the reason for the increase in conductivity. E.
Sanchez et.al. [38, 39] have also marked electronic to ionic conductivity
switchover in Li,0-Te0,-V,0s glass system and explained the increase in terms
of optical basicity according to Li,O content, diminishing the amount of polaron
conductivity and favoring ionic conductivity as Li>O went up to higher
concentration. Hence, in the second series, the whole shape of the.curve for
isothermal conductivity can be seen as the intersect of two curves corresponding
to electronic and ionic conductivities, respectively and the relative minimum as
corresponding to the change of mechanism for the electrical transport process.
AFor the samples, showing dominating electronic conductivity i.e., y=20, 25 and 30
mol%, the polaronic parameters have been calculated, as shown in Table.5.5. The
polaron radius () calculated from Eq.2.27 varies from 0.159 nm to 0.164 nm
with increasing Ag,O content. These values suggest that the polarons are highly
localized and it can be seen that the requirement of applying small polaron theory
i, r, < R are fulfilled in our case. The density of state N(Ey values vary from
9.44 x10* to 6.15 x10* eV' cm™ and the values are reasonable to show
localized states. The small polaron coupling constant v; lies in between 13.02 to
12.34 as shown in Table.5.5 which also indicates strong electron phonon
interaction. The polaron hopping energy (W) calculated from Eqn.2.25 (chapter
2), decreases from 0.27 to 0.25 eV with increasing modifier content in this series
and the values are given in Table 5.5. The effective dielectric constant &, values
that are used for calculating polaron hopping energy are also given in Table.5.5
for the samples showing polaronic conductivity. Pre-exponential factor

(Table.5.4), obtained from the extrapolation of the straight line portion of the plot
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log (oT) versus 1000/7, for all samples of second series, clearly shows that it
~ depends on composition, indicating non-adiabatic hopping for electronic
conducting samples. Table 5.4 also shows that the calculated values of pre-
exponehﬁal factor for electronic conducting region (20 < x < 30) are lower than
those for ionic conducting region (35 <y < 55). Similar results are also obtained
for other glass systems of different compositions [40]. The decrease in polaronic
conductivity from y=20 to 30 mol% is also evident from Fig. 4.25, where
electronic transport number () dominates over silver ion transport number (¢4g)
and (f-145) value decreases from 20 to 30 mol% samples above which silver ion
transport number is dominating and conductivity increases with further addition of
Ag,0 in the system.

In the third series 5 BaO-z Ag,0-35 V,05- (60-z) TeO,; BaO and V,0s are kept
constant at 5 mol % and 35 mol% respectively while Ag,0O increases from 25 to
60 mol% and TeO; decreases from 35 to 0 mol %. Fig.5.14 shows the variation of
conductivity and activation energy with Ag,O mol % for third series. The
conductivity of the samples increases continuously and the highest conducting
sample shows the lowest activation energy because the ions in that samble have to
overcome the smallest energy barrier while conducting [32].

The addition of metal oxide Ag,0O to the glass formers involves incorporation of
oxygen into macromolecular chain formed by the network formers V,0s and
TeO,, thefeby introducing ionic bonds in the giass system. As the modifier
increases, greater numbers of oxygen bridges are broken. The increasing non-
bridging oxygen in the system decreases the length of the macromolecular chains.

So the increasing addition of modifier breaks the bond and facilitates easy
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migration of the conducting ions. When Ag,O increases in the system, spacing
between vanadium ions increases (Table.5.6) while that of Ag™ decreases (Rug.4z)
and the introduction of non-bridging oxygen facilitates their hopping. The

calculated values of Ag" ion concentration (N4g) and jump distance (R4g.4,) for all

—=—loga,
— e Y
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Fig. 5.14: Variation of g, and activation energy with Ag,0 mol % for third series.

the samples are given in Table.5.6. This increasing number of non-bridging
oxygens with silver content is supported by the decrease in the glass transition
temperature (Figs.4.17 & 4.19) with silver oxide content [41, 42].

It is also reported that, when alkali oxides are introduced into the tellurite
network, different structural units are formed at different alkali oxide contents [43,

44, 45, 46]. Similar to alkali tellurite glasses, silver tellurite glasses also exhibit
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Table.5.6: Some physical parameters of third series glass samples.

z Ny Ryy Nyg Rigag
(mol%) | (x10* em™ (nm) (x102 em™) | (nm)
25 ‘ 1.05 0.457 0.75 0.51
30 1.06 0.456 0.90 - 0.48
35 1.07 0.454 1.07 0.45
40 1.07 0.454 1.22 0.43
45 1.07 0.454 1.37 0.42
50 1.08 0.453 1.54 0.40
55 1.08 0.453 1.69 0.39
60 1.07 0.455 1.83 0.38
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structural transition from TeQ, trigonal bipyramids to TeQO; trigonal pyramids
through TeOs:; polyhedra with increasing silver oxide content [47, 48]. The
transition from TeOy4 to TeO; is also confirmed from the FTIR spectra (Fig.4.23)
and the formation of TeO; polyhedra with the increase of Ag,O, might be
responsible for the increase in conductivity and facilitating the ease in transport of
Ag" ions in the glass matrix.

The similar variations of conductivity as a functioﬂ of alkali content have been
reported in other ternary glass systems also [40, 34, 33, 49, 50]. The transport
number study by the EMF method also supports the increase in conductivity with

the addition of Ag,O (Fig. 4.26 and Table.4.1).

5.4 Nature of hopping process:

The nature of hopping mechanism [51, 15] can be ascertained by the plot of log
o4 versus W at an arbitrary chosen experimental temperature. If it gives a slope of
line equal to (1/2.303 £7), the hopping is adiabatic in nature. If it differs from the
said value, non-adiabatic approximation can be considered. The similar plot is
shown for the ‘samples of the first and second series in which polaronic conduction
dominates. In the first series plot, shown in Fig. 5.15, the éstimafed temperature
from the slope is 201.34 K and the experimental temperature is 353 K. As the
estimated temperature is different from the chosen temperature, the term exp(-
2aR) contributes to the conductivity and non-adiabatic hopping is confirmed.
Sakata and co-workers have studied the electrical properties, mainly on the dc
conductivity of many ternary vanadium-tellurite glasses, V,0s-TeO,-R, where the

third component R=Sb [31], Sb,0;, SnO, Biz0s3, ZnO, NiO or PbO [52-57]. It is
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Fig.5.15. Plot of W versus log oy at temperature 353 K for first series.

theoretical siope
tang = 2303k T.

Fig.5.16. Plot of W versus log oy at temperature 353 K for second series.
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found that the electrical conduction is due to the adiabatic small polaron for V,0;s
> 50 mol % and is non-adiabatic for V,0s < 50 mol %, whereas in our case it is
non-adiabatic for V,0s > 50 mol%.

Similar plot for second series at 353 K for y=20, 25 and 30 mol % samples is
shown in Fig. 5.16. Here, the temperature estimated from the slope of the figure is
586 K which is quite different from the experimental temperature i.e., 353 K

which attributes non-adiabatic nature of hopping in these samples.
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