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The electrical conductivity of glasses with composition (mol%) 22Na,0-8Ca0-65Si0,-5MO0, (M = Si, Ti, Ge, Zr,
Sn, Ce) was evaluated by two different experimental methods: low-voltage ac impedance and high-voltage dc
resistivity. The ac measurements were carried out by the traditional impedance spectroscopy between 90 and
415 °C. In the dc method, a steady-state electric field of about 1 MV/m was applied during 5 s at temperatures
between 100 and 210 °C, and the onset current, I,, was measured. Activation energies between 0.71 and
0.81 eV were obtained. The differences between the values obtained by the dc and the ac methods are within ex-
perimental errors. The high electric field does not influence the concentration nor the mobility of the charge car-
riers for these experimental conditions and glass compositions. The dc method applied showed to be a suitable
alternative to determine the temperature dependence of the electric conductivity of glasses to further calculation
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1. Introduction

Electrical properties of dielectrics and materials with low charge car-
rier concentration had been measured by alternate current (ac) tech-
niques, mainly the impedance spectroscopy, since the direct current
(dc) techniques present inherent difficulties related to the sample po-
larization. Such polarization results in a fast decrease of the current im-
mediately after the electric field had been turned on. For materials with
low concentration of weakly bonded ions that can act as charge carriers
or with permanent or induced electric dipoles, the dc current value is
very low and it is therefore difficult to be measured accurately over lon-
ger time intervals. Soda-lime-silica glasses fall in such class of materials
because the sodium ions, even at higher concentrations and more weak-
ly bonded, have higher difficulty for long range displacements at near
room temperatures. However, for some glass compositions, this situa-
tion can be overcome by applying high intensity electric fields at higher
temperatures allowing that also higher current values can be measured.
Nevertheless, the troubling aspect in dc procedures is that, with increas-
ing time, the more mobile cations, like Na™, will be piled up at the
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cathodic surface, while at the anodic region an alkali ion depleted
layer is formed. The piled up cations can be reduced to metallic atoms
taking electrons supplied by the cathode according to the reaction:

Na* 4+ e”—Na’. 1)

Such recombination process leads to the formation of a high intensi-
ty electric field in the thin layer between the Na™ depleted layer and the
anode while the electric field inside the glass sample is drastically re-
duced, leading to negligible currents. With the application of the ac
techniques, this pile up and the depletion layer formation are avoided
over large frequency and temperature ranges.

It has been observed that just after the application of high intensity
steady-state electric fields on glass samples, a measurable onset current
can be achieved [1]. With increasing temperature, this onset current
also increases according to an Arrhenius behavior, allowing to calculate
the activation energy for the electrical conductivity. In the present
study, the activation energies for several soda-lime-silica glasses were
obtained by a dc method and compared with those obtained by an ac
method, i.e. impedance spectroscopy. According to the authors' knowl-
edge, such kind of comparison has not been performed earlier for differ-
ent glass samples with the same composition.
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2. Theoretical approach
2.1. dc method

The dc method applied in this study is the same as that used in ther-
mal poling of glasses [1]. Fig. 1 shows a current curve for a soda-lime sil-
ica glass at 146 °C for an applied dc electric field of 1 MV/m [2]. In the
present work, the important measurable parameter in this curve is the
onset current, I,, which takes place immediately after the electric field
had been turned on. It is assumed to be measured before the formation
of cationic pile up and depletion layers at the electrodes. Therefore,
knowing the electrode area, A, the sample thickness, d, and the applied
voltage between the electrodes, V,, the electrical conductivity at each
temperature is:

o(T) = (d/A)(1/Vo)lo(T). (2)
The I, values follow an Arrhenius behavior:
Io(T) = € exp(—Eo® /ksT), (3)

where kg is the Boltzmann constant, T is the temperature in K and Cis a
constant. The activation energy for the electrical conductivity, ES, can
then be determined by fitting the data in a log I,(T) vs. T~ ! plot by a
straight line.

2.2. ac method

The most common ac technique employed to determine the electri-
cal properties of materials is the impedance spectroscopy. It consists in
applying a low amplitude ac voltage over a broad frequency range. In
this technique the electrode polarization, common in dc measurements,
is hindered for frequencies above certain value. The real and imaginary
terms, Z’ and Z" resp., of the complex impedance, Z*, are measured as a
function of the frequency and temperature. These quantities are related
by:

z=-7-jz'. )

The complex conductivity is:

0" =(1/Z")(d/A) =0'—jo ", (3)
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Fig. 1. Current curve for a commercial soda-lime-silica glass sample at 146 °C and applied
electric field of 1 MV/m [2].

where
o1 = (z//zz> (d/A) and 0" = (Z"/Zz>(d/A). (6)

The general behavior of 0’ with the frequency fis shown schemati-
cally in Fig. 2. The dc regime occurs in the frequency range where the
value of the electrical conductivity is constant, characterized by a pla-
teau [3]. The dc electrical conductivity, 0" = 0Oy, is then calculated ac-
cording to Eq. (6). The activation energy for the conductivity after this
ac method, EZ, is also obtained by an Arrhenius equation, analogous
to Eq. (3):

04c(T) = 0, exp(-Eo* /ksT), (7)

where 0, is a pre-exponential factor, equivalent to the electrical con-
ductivity of the sample at very high temperatures (T — ).

3. Experimental procedures

Glasses with composition (mol%) 22Na,0-8Ca0-65Si0,-5MO,,
M = Si, Ti, Ge, Zr, Sn, Ce, were obtained by melting appropriate quanti-
ties of sodium and calcium carbonates, quartz sand, and oxides of the
other tetravalent cations, as previously reported [4]. The melting was
performed in a platinum crucible at about 1450 °C for 2 h, in an electric
furnace. The melt was poured on stainless steel plate, pressed with an-
other steel plate, quenched in cold water, crushed, and remelted. This
protocol was repeated up to 4 times to ensure chemical homogeneity
of the glass. After the last pour, the still-hot glass was transferred to a
preheated furnace at 600 °C for annealing. This temperature is slightly
higher than the glass transition temperatures, T,, of the glasses, which
are below 580 °C [5]. The annealing furnace was further turned off to
allow the glass to cool down slowly to room temperature in order to
avoid internal stresses. Transparent and homogeneous glasses were ob-
tained. As observed earlier [4], these glass compositions offer high resis-
tance to devitrification. Samples were cut with a diamond low speed
saw, lapped with SiC and polished with ceria-based glass polishing
powder.

For the high-voltage measurements, samples had thickness between
1.2 and 1.6 mm. The experimental setup is shown schematically in
Fig. 3. The sample was placed between 10 mm diameter gold foils, gent-
ly pressed by stainless steel electrodes and accommodated in an electric
furnace. The electrodes were connected to a high dc voltage power sup-
ply (Keithley, mod. 246). The applied voltage was between 1.2 and

log o’

I5>T,>T,

Ogc (T3)

Odc (T2)

og. (T})

log f

Fig. 2. Schematic behavior of the o’ vs. fplot (di-log scales) at three different temperatures.
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Fig. 3. Experimental setup for measuring the onset currents, I,, by the dc method.

1.6 kV in order to generate an electric field of 1 MV/m on the sample.
This field intensity was chosen in order to avoid deviation from linearity
that takes place for very high fields [6,7]. Therefore, it was essential to
choose an internal field intensity E < kgT/qa, were a is the jump distance
of a carrier with charge q. For T = 490 K (~220 °C) and a = 4.5 A [4], one
obtains that E should be less than 95 MV/m. The dielectric constant, , of
the glasses is estimated to be higher than 30 and it increases with in-
creasing temperature [8,9], resulting in an internal field, E = E,/k,
lower than 0.3 MV/m for E, = 1 MV/m. Hence the above condition is
satisfied.

The field of 1 MV/m was applied to the sample during about 5 s at
different temperatures. The voltage drop, Vg, on a resistor, R =
(0.991 + 0.001) kQ, in series with the sample (Fig. 3), was measured
with a digital multimeter (Minipa-APPA, mod. ET-2609) with a data ac-
quisition time of 0.5 s. This voltage was measured simultaneously with
the temperature of the sample by suitable hardware and software [2].
The electric current through the sample, i(T), was calculated by Vi/R.
The Iy values were determined experimentally at different temperatures
and the conductivity for this particular situation was calculated by Eq.
(2). At each new selected temperature, the high voltage was turned
on only after the temperature of the sample had been stabilized. The
time needed to achieve this stabilization was of about 90 min. The I,
values were obtained at temperatures between 100 and 220 °C.

The ac measurements were performed employing a Solartron Im-
pedance Analyzer (mod. 1260A). The device was also interfaced with
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Fig. 5. Current pulses with about 5 s duration due to an external electric field of 1.0 MV/m
on a Sn-containing glass at increasing temperature. The horizontal arrows indicate the
onset current, I,, for the corresponding temperatures. Inset: Magnified current pulse for
143 °Cand its I,.

a personal computer through suitable hardware and software. An ap-
plied voltage with amplitude of 2.0 V gave the less noisy results. The Z
"and Z” values where measured on 1 mm thick samples. Circular gold
electrodes with diameters of 10 mm were evaporated on the opposite
parallel surfaces. The frequency range between 1 Hz and 1 MHz was ex-
plored at temperatures between 90 and 415 °C. Plots of log o vs. log f
were analyzed as mentioned in Section 2. Details of these procedures
are presented elsewhere [4].

4. Results

Fig. 4(a) shows the behavior of the current pulses in a Si-containing
glass sample at 145 °C for applied voltage, V,, between 0.5 and 2.8 kV.
Fig. 4(b) shows that the relation between I, and V, is linear up to
2.5 kV, indicating that electrode polarization is indeed negligible
under the conditions stated above. Deviation from linearity is observed
above 2.5 kV, which corresponds to an applied electric field of
1.7 MV/m. Therefore, the chosen value of 1 MV/m for the applied elec-
tric field is within the linear domain. For voltages lower than 0.4 kV,
electrical current could not be detected.

The data between 0.5 and 2.0 kV in Fig. 4(b) were fitted by a straight
line: I, (MA) = —(90 + 2) x 107> + (0.324 & 0.002) V,, (kV). This leads

1.5
V, (kV)

20 25 30

Fig. 4. (a) Current pulses (~10-12 s duration) at increasing applied voltage on a Si-containing glass sample, at 145 °C (sample thickness: 1.5 mm; diameter of the gold electrodes: 10 mm).
The horizontal arrows indicate the onset current values, I,, for some pulses. Inset: Magnification of the dashed square region, between 50 and 60 min. (b) Onset current, I, (V;), obtained
from (a); the solid line is the linear least square fit of the values between 0.5 and 2.0 kV and the dashed lines are extrapolations.
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Fig. 6. 0’ vs. f plots for the Si-containing glass, from impedance spectroscopy
measurements.

to a conductivity of (6.2 & 0.9) x 1078 S cm™!, which agrees with the
value obtained by ac measurements at nearly the same temperature:
~6,7x1078Scem™ "

Fig. 5 shows the results of the current pulses for a Sn-containing
glass sample at increasing temperatures for E, = 1.0 MV/m. The values
of I,(T) were determined after enlarging the time scale, as shown in the
inset. The time interval during which the high voltage had been held on
was short enough so that the I, values obtained at the following higher
temperatures were not significantly affected by eventual previously
formed depletion layer and pile up of cations at opposed electrodes. In
the inset of Fig. 5, an increase of the current during the pulse interval
can be observed. It is attributed to the Joule heating [1,7]. With increas-
ing temperature, the initial slope of each current pulse also increases
faster, leading to higher uncertainties in the determination of the I,
values. Similar measurements were performed on the other glass sam-
ples. Once knowing the values of I, at several temperatures, the electri-
cal conductivity was calculated by Eq. (2).

Fig. 6 presents a di-log plot of &’ vs. f for the Si-containing glass, ob-
tained from impedance measurements. The o’ values were calculated
according to Eq. (6). The 0 = 0y, plateau shifts to higher frequencies
with increasing temperature. Similar behavior was observed for all
glasses in the present work. The decrease of o’ with reduction of the fre-
quency at higher temperatures is due to electrode polarization, where
charge carriers become trapped or cannot undergo electron-cation re-
combination at the cathode (Eq. (1)) [3,10].
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Fig. 7 presents the Arrhenius plots of the conductivity for the Si- and
Ge-containing glasses obtained by both methods. The activation ener-
gies, E5, and the pre-factor values, o,, in Eq. (7), were calculated by
the least-square analysis of these plots and the results for EX are pre-
sented in Table 1. Fig. 8 is a bar plot of these values. The results obtained
for each glass by both methods are in good agreement.

Fig. 7 shows also that the temperature range for the dc method is
shorter than that for the ac method. The main limitation in the present
dc experimental setup is that the electrical insulation becomes less effi-
cient at higher temperatures and for very high electric fields. Addition-
ally, at higher temperatures the current increases very fast, making it
more difficult to determine I, with enough accuracy.

5. Discussion

According to Fig. 8, the activation energy values obtained by the dc
method are somewhat lower than those obtained by the ac method.
The higher differences were observed for the Ge- and Zr-containing
glasses but they are lower than 5%, and can be considered within the ex-
perimental uncertainties. The uncertainty of the measured I, at low
temperatures is less than 7% and reaches 15% at higher temperatures.
In spite of the high percentage errors of the I, values, the absolute values
of the calculated conductivity are very close to those obtained by im-
pedance spectroscopy, as can be observed in Fig. 7.

The cause of higher uncertainty of I, maybe attributed to the mea-
suring process. This current is calculated from values of Vg measured
on the series resistor (Fig. 3) at each 0.5 s of acquisition. It is determined
by extrapolating the current curve into the time interval between two
successive data acquisition, i.e., between V = 0 up to V, = (1 MV/m)
d. For higher temperatures, where the Joule effect is enhanced, the
slope of the current curve immediately after the electric field had been
turned on is too high, preventing a more accurate determination of
this current. At lower temperatures, the values obtained by the dc and
ac methods show a better agreement because the change in the dc cur-
rent with the time is less pronounced (inset of Fig. 5), allowing a better
accuracy of the I, values.

The time interval between successive acquisitions can influence the
measured values in specific situations because it is related to the time
scale in which some phenomena take place inside the sample. General-
ly, the polarization of soda-lime glasses occurs at higher temperatures
and long time scales (low frequencies) due to the formation of space
charges at the sample surfaces close to the blocking electrodes. As a con-
sequence, conductivity is reduced. According to Fig. 6, a reduction of the
conductivity is more pronounced for temperatures higher than 250 °C
and frequencies lower than 10 Hz, i.e. for time scales higher than 0.1 s.
Analogous behavior had been observed for all glasses presently studied.
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Fig. 7. Superposition of Arrhenius plots of the electrical conductivities obtained by the dc (dashed lines) and the ac (continuous lines) methods: (a) Si- and (b) Ge-containing glasses.
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The frequency associated to the acquisition time interval is 2 Hz and the
I, values were determined for temperatures lower than 220 °C. In such
experimental conditions, the time scale of data acquisition is shorter
than that for the buildup of space charge.

The electrical current measured in the dc method is due to the inter-
action of charges in the sample with the blocking electrodes. Character-
istic phenomena related to this current take place immediately after the
V, has been turned on. Firstly, the electrodes are charged and the cur-
rent increase very fast. The free charge, gy, at the electrodes induces
bound charges, qp, on the sample surface, close to the electrodes. Thus,
the sample becomes polarized due to electronic, atomic and dipolar po-
larizations of the sample which are processes that takes place at short
time scales, corresponding to frequencies higher than 10° Hz [11]. At
larger time scales, i.e., for frequencies between 10° and 1 Hz, the more
mobile cations (Na™) are now able to displace over larger distances, in
a hopping process. In the ac measurements, this is characterized by
the “plateaus” observed in Fig. 6, where the conductivity, o, is constant
for a broad frequency range. With increasing temperature and at higher
time scales, an increasing concentration of cations move toward the
cathode and away from the anode, therefore increasing the bond charge
density, 0, and also the polarization, Py, of the sample. The change of
this polarization with the time is related to the measured current:

ip(t) = dqy,/dt = A(dPy/dt), (8)

where A is the electrode area. The polarization behavior after the voltage
had been turned on is strongly temperature dependent since Joule
heating plays an increasing role at higher temperatures [1]. However,
the onset current, I,, measured within the 0.5 s interval and below
210 °C, is assumed to has not been influenced by such heating. Once
the subsequent measured current is time dependent, the conductivity
is also.

According to the classical theory, the electrical conductivity is given
by [3,12]:

O =nqy, 9)

where n is the effective charge carrier concentration with charge q and
mobility i According to Fig. 7, the conductivity of silicate glasses is tem-
perature dependent. Then, n or/and u should also be temperature de-
pendent according to [13,14]:

n(T) = n, exp(-E¢/kgT), (10)
W(T) =ty eXp(FEm /ksT). (11)

where n, is the concentration of the alkali cations in the glass composi-
tion and Er and E,, are, resp., the energy required for the formation of a
mobile ion and the migration energy of that ion. The minus/plus sign in
the exponential of Eq. (11) means that the mobility increases/decreases
with increasing temperature. For alkali silicate glasses, usually the
minus sign prevails [15]. In this case, E; = Ef + Ep,.

The reaction of the cations at the cathode according to Eq. (1), is con-
sidered to be relevant only at high temperatures and at time scales

Table 1

Activation energies for the electrical conductivity of the M-containing glasses obtained by
the dcand ac methods. The AE,; (%) values are the percentage difference between both re-
sults, taking the EX as the original number: [|EX — ES| / E] 100%.

M ES° (eV) E5 (eV) |AE, (%)
Si 0.75 + 0.03 0.780 + 0.001 38
Ti 0.77 £+ 0.01 0.766 + 0.004 0.5
Ge 0.75 + 0.02 0.785 + 0.002 45
Zr 0.71 £ 0.02 0.746 + 0.002 4.8
Sn 0.74 £+ 0.01 0.757 + 0.002 2.2
Ce 0.78 + 0.01 0.806 + 0.008 3.2
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Fig. 8. Bar plot of the activation energy values reported in Table 1.

higher than 0.5 s. The rate of this reaction gives rise to a reaction current,
i, = dq,/dt, in addition to the polarization current, i,, that increases
faster with increasing temperature due to the high electric field, and is
also time dependent. The consequence of applying a high intensity elec-
tric field during longer time at higher temperatures is the removal of so-
dium from the cathodic surface and, depending on the electrode
composition, the anodic adhesion [1,16]. The voltage pulses produced
on the samples were short enough to avoid the sodium removal. The an-
odic adhesion was prevented by employing gold electrodes.

6. Conclusion

Electrical conductivity of silicate glasses had been determined by a
dc method and their activation energies could be calculated. The results
agree well with those obtained by the conventional ac method (imped-
ance spectroscopy) and small differences are attributed to experimental
uncertainties. In the present case, the dc method gave good results
because:

1) High V, leads to measurable and accurate I, values that enable to cal-
culate the electrical conductivity for several temperatures. There-
fore, the activation energy could be calculated.

2) The effective charge carrier concentration was enough to give mea-
surable I, values.

3) The time between two successive acquisitions were short enough to
avoid the pile up and depletion of charge carriers at the electrodes.
For the measured temperatures, the response of the external electri-
cal circuit was shorter than the acquisition time.

4) There were no evidences of electrode reaction (Eq. (1)).

Therefore, the dc method employed showed to be a confident alter-
native for determining the conductivity and activation energy of silicate
glasses, provided that some experimental conditions were satisfied.

In conclusion, the I, measured in the dc method is due to the same
process of conduction that takes place in impedance spectroscopy, i.e.,
mainly cationic displacement by hopping over distances corresponding
to their nearest neighbor separation.
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