JOURNAL OF MATERIALS SCIENCE 28 (1993) 5060-5064

An investigation of the electrical, optical
and DSC properties of a copper—phosphate
glass composition
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The variation of some physical properties of equimolar copper-phosphate glasses has been
reported in the literature. The present work studied a 60 mol% P,05-40 mol% CuO glass
system using electrical conductivity, infrared absorption, optical absorption spectroscopy and
differential scanning calorimetry. The results revealed an increase in the activation energy and
the optical energy gap compared with that for equimolar P,O,-CuO, which could be
attributed to the variation of reduced valence states of the copper ion in the process of glass
formation. The relation between the a.c. electrical conductivity with frequency was found to

be almost temperature-independent. Infrared measurement revealed similar trends to those
reported for the same glass composition. DSC measurements showed endothermal peaks at
360, 520, 560 and 580 °C for this glass composition.

1. Introduction

The general condition for semiconducting behaviour
is that the transition metal ion should be capable of
existing in more than one valence state, so that
conduction occurs by the movement of carriers from
lower valence states to higher valence states. The
electrical conductivity has been shown to be related to
the ratio and relative concentration of the ions in the
different valence states [ 1, 2]. In particular, the copper
phosphate glasses are electronic conductors in which
the transport mechanism involves the exchange of
electrons between Cu® and Cu?” ions [3].

Several papers have appeared recently reporting the
properties of glassy and amorphous semiconductors
based on the phosphate glass system [4-9]. During
the last few years, many workers have studied glasses
containing mixed transition metal ions. Bogomolova
and co-workers [10-12] have studied the P,Os-
BaO-V,0.,-Cu0O and P,0,-Ca0O-V,0,-CuO glas-
ses, and reported that a strong exchange interaction
exists between Cu?® and V** ions, leading to the
mixed exchange Cu?* and V** pairs formation.

Various properties of copper—phosphate glass con-
taining small amounts of rare-earths have been re-
ported [13, 14]. Kutub et al. studied the effect of the
addition of cupric oxide on the optical, infrared
absorption [15] and electrical measurements [16] of
vanadium—phosphate glasses.

In the present work we report some-electrical, op-
tical absorption, infrared absorption spectrum and
differential scanning calorimetry measurements of
glasses containing 60 mol% P,0; and 40 mol %
CuO.

Owing to the differences in the results obtained here
from those previously published for 50 mol %
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P,0;-50 mol % CuO [17], a comparison of the two
glass compositions is included.

2. Experimental procedure
2.1. Glass preparation
60 mol % analytical reagent grade phosphorus pen-
toxide and 40 mol % cupric oxide were carefully
mixed in an alumina crucible and heated at 300 °C for
1 h. This initial heating served to minimize material
volatilization. The crucible was then transferred to
another furnace maintained at a selected temperature
of 1000°C and left for 2 h with frequent stirring.
The homogenized melts were then poured on to a
clean stainless steel plate and cast into a disc shape
with diameter 2 cm and thickness about 2 mm. The
disc was immediately transferred to another furnace
which was already maintained at 300 °C. The furnace
was kept at this temperature for 2h and then was
switched off to cool down to room temperature.
X-ray diffraction measurements confirmed the
glassy nature of the samples examined.

2.2. Electrical measurements

For d.c. conductivity measurements, the disc-shaped
sample was ground to a thickness of about 1 mm.
After grinding, the sample was polished and then
evaporation of gold electrodes was carried out in
vacuum. Because of the high resistance of the glass
sample, it is preferable to use guard-ring electrode
configuration in order to eliminate the surface leakage
and to measure the true bulk resistance of the glass.
The sample was then heated at 200°C for 1 h in order
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to harden the gold ¢lectrodes. The electrical measure-
ments were made by standard techniques. The circu-
lating current was measured using a Keithley 610
electrometer, and a stabilized 247 Keithley power
supply was used as a voltage source. The temperature
of the sample was monitored using a chromel-alumel
thermocouple attached to it.

For a.c. measurements, the frequency range covered
was from 1-500 kHz. A voltage signal of 5V was
supplied across the sample using a BK-Precision func-
tion generator 3010.

2.3. Optical measurements

For optical measurements, thin blown films of the
glass sample were prepared by blowing in air using an
alumina tube. Films ranging in thickness from
3-15um were obtained. All thin films were unan-
nealed when used for optical absorption measure-
ments. The optical absorption measurements were
carried out at room temperature in the wavelength
range 185-900 nm using a Varian model Cary 2390
spectrophotometer. In the low absorption region
(¢ < 10* cm ™) multiple interference effects were well
pronounced and use of this was made in determining
the thickness of the films.

The infrared absorption of thin film glass was meas-
ured at room temperature 1in the range
400-4000 cm "' using an IR-460 Shimadzu double-
beam recording infrared spectrophotometer.

2.4. DSC measurements
Thermal stability of the glass was studied at atmo-
spheric pressure in a Mettler TA-3000 thermal ana-
lysis system. The differential scanning calorimetry
(DSC) technique was applied in the temperature range
303-873 K, where the heat flow to the sample is
measured under thermally controlled conditions. The
sample was well ground into a powder form and about
10 mg was contained in an aluminium crucible for
measurement.

The DSC pattern was then measured relative to an
empty aluminium crucible which served as a reference.

3. Results

3.1. Electrical conductivity

Typical current—voltage characteristics are shown in
Fig. 1 for a glass sample containing 60 mol%
P,05;-40 mol % CuO. Because of the difficulties in
measuring current less than 107'* A with the equip-
ment available, it was not possible to measure currents
at temperatures lower than 100 °C.

At higher temperatures, the conduction was ohmic
and plots of log ¥ versus log I give straight lines. With
increasing temperature, the linear region extends to
lower values of field. The departure from linearity and
the appearance of non-ohmic behaviour occurs at
fields below 3 x 10° Vcem ™! and temperatures higher
than 205 °C. A further increase in temperature (256 °C)
causes the departure from linearity to occur at lower
fields (below 2 x 10° Vem ~1). A similar characteristic
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Figure ] 1-V characteristic for a 60 mol % P,04-40 mol % CuO
glass sample at different temperatures.

has been observed for a phosphate glass containing
50 mol % V,0s, but the departure from linearity,
occurred at fields below 135 Vem ™1, and temperature
above 170°C [16]. Hogarth and Ghauri [18] reported
that for a glass sample of composition 50 mol %
P,0s, 50 mol % CdO, the conductance is ohmic at
fields below 4 x 10* Vcm ™%, while the non-ohmic be-
haviour occurs at fields above 4 x 10* Vem ™ L.

Fig. 2 shows the temperature dependence of d.c.
conductivity, o. The results of the temperature vari-
ations of ¢ showed that in the modest range investig-
ated, log o is a linear function of 1/T for the present
glass sample. The value of the activation energy was
found to be about 1.23 eV which was calculated from
the slope of the curve using the relation

G = 0O, Cxp( - Ea/kT) (1)

where E, is the activation energy, k the Boltzmann
constant, T the absolute temperature, and o, is a
constant. It is found that for a glass sample of com-
position 50 mol % P,0,-50 mol% CuO [17], the
value of E, is 1.05 eV. This indicates that the increase
of CuO in the glass composition increases the electri-
cal conductivity and decreases the activation energy.
Hekmat-Shoar et al. [19] found that the value of E,
for a glass composition of 60 mol % P,0s, 40 mol %
MoO; is 0.71eV and decreases to 0.67¢V for a
50 mol % P,0s, 50 mol % MoO, glass composition.

The a.c. conductivity variation with frequency at
different temperatures has been measured for the glass
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Figure 2 Electrical conductivity as a function of reciprocal temper-
ature for a 60 mol % P,0540.mol % CuO glass composition.

10° T T
10°1 -
e
o
S
© s
1071 -
10° L l
1Q° 10 102 10°

Freguency (kHz)

Figure 3 Variation of a.c. conductivity with frequency at (3) 50 and
(O) 250°C.

sample. It was found that the conductivity at a fixed
frequency varied very slightly with temperature. Fig. 3
shows the variation of conductivity with frequency at
50 and 250 °C.

Similar behaviour has been reported for other glass
compositions [4, 13]. For semiconducting glasses, the
frequency variation of conductivity is usually ex-
pressed by the relation

6 = Ao )
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where A is a constant, o is the angular frequency of
a.c, ¢ is the a.c. conductivity and s is an index; s
usually lies within the range 0.5 < s < 1. It is about
0.79 for our glass sample, and is slightly temperature-
dependent.

3.2. Infrared absorption

The infrared spectrum for 60 mol % P,05-40 mol %
CuQ thin blown film was carried out in the range
400-4000 cm ! and is shown in Fig. 4.

The absorption peaks observed at 420, 500,
750-780, 920, 1080 and 1250 cm~* are in good agree-
ment with the spectra obtained for the
copper—phosphate glasses 13, 14, 207

The bands observed in our study at 1250, 1080 and
750-780 cm ™! could be attributed to the P=0O double
bond, the P-O~ stretching frequencies and the
P-O-P ring frequency, respectively. The absorption
band at 420 cm ™! is known to be at the fundamental
frequency of the (PO, group, which is in close
agreement with the results reported by Hogarth and
Moridi [21]. The broad band at 500 cm ™! observed in
our glass seems to be due to CuO in the glass [13].
This peak is broadened at high copper content {14].
Other workers have noted a shift of band position and
broadening of the band when a transition metal oxide,
such as CuO, is added to P,O5 [13].

3.3. Optical absorption

The optical absorption measurements were made for a
thin blown film of 60 mol % P,0:—40mol % CuO
glass sample. Fig. 5 shows the absorbance as a fune-
tion of the wavelength. The general appearance of the
absorption spectrum is similar to that observed by
Khawaja et al. [17] for a 50 mol % P,04—50 mol %
CuO glass system. The optical absorption coefficient,
a(m), may be displayed in a number of ways as a
function of photon energy, #®. The most satisfactory
results were obtained by plotting the quantity (ohw)!/2
as a function of hw as suggested by Davis and Mott
[22]. The coefficient «(w) for many amorphous and
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Figure 4 The infrared absorption spectrum of thin blown film of
copper-phosphate glass.
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Figure 5 Optical absorption as a function of wavelength for a
copper—phosphate glass sample.

glassy materials is found to obey the relation

B(h('o - Eopt)z (3)

and applies particularly in the region of absorption for
which a(w) > 10* cm™'. E,, is the optical gap, B is a
constant and A is the photon energy. Fig. 6 shows the
plot of (ahm)'/* against ho. The value of E,,,, deter-
mined by extrapolating the linear part of the curve to
(ahw)*'? = 0, is 3.90 ¢V. E,,, obtained for a 50 mol %
P,0,-50 m1% CuO was 342¢V [17]. Arzeian and
Hogarth [13] found the value of E_,, was of the order
of 3.95 eV for a 65 mol % P,05-35 mol % CuO glass
system. This indicates that the value of E,, decreases
with increasing CuO content in the phosphate glass.

a(w) ho =

3.4. DSC measurements

The DSC pattern measured for the 60 mol %
P,05—40 mol % CuO glass sample is shown in Fig. 7
for a heating rate of 25 K min~!. It is clear from the
figure that the sample showed endothermal peaks at
360, 520, 560 and 580 °C, while the glass composition
containing 50 mol% P,05-50 mol% CuO showed
only two endothermal peaks at 310 and 475°C [15].
This indicates that increasing P,O5 content and de-
creasing CuO content shifted the 310°C peak to
360°C, and the 475°C peak to 520°C. The 560 and
580°C peaks did not appear in the 50 mol %
P,05-50 mol% CuO, due to the lower concentration
of P,Os.

A process of bond switching or transfer of bonds
occurs, whereby segments of the network can become
detached and able to move relative to the rest of the
network. According to Ray [23], the glass transition
temperature is strictly linked to the density of cross
linking rather than to the bond strength. When the
sample was cooled to room temperature and the DSC
curve re-measured, the same endothermal peaks re-
appeared. This indicates that the glass transition
temperatures in the first measurement were not
permanent, but reversible.

4. Discussion

We believe that the mechanism of conduction in
copper—phosphate glasses is similar to that of
vanadium-phosphate glasses. ESR studies on
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Figure 7 DSC curve of copper-phosphate glass sample taken at a
heating rate of 25 K min™?%,

copper—phosphate glasses showed that the reduced
valency states of Cu?* and Cu* ions were both
present in the glass in varying amounts [13].

In view of these results the conduction in
copper—phosphate glasses may be assumed to be due
to hopping of electrons from the low valence state,
Cu*, to the higher state, Cu?*. Thus, the change in the
CuO content in the glass composition is expected to
alter the ratio (Cu™/Cu,,,;) and consequently controls
the transition probabilities of the conduction electrons
and hence the electrical conductivity and the optical
absorption.

In the light of the above discussion, the values of
the activation energy and the optical gap of
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copper—phosphate glasses could be ascribed to a de-
pendence on the concentration ratio of Cu*/Cu?*
ions in the glasses with various CuO contents.

The infrared spectrum obtained (Fig. 4) is similar to
those spectra of copper—phosphate glasses studied by
Hogarth and Moridi [24]. The absorption peak for
CuO, which appeared at 620cm™! [24], did not
appear in our glass composition. This band seems to
be completely broken down as a consequence of the
P-O-Cu stretching vibration. It has been suggested
that a partial bond such as P-O—-Cu* may be created
in the region 900-1250 cm ™! and the band shifts with
increasing CuQ content [137]. It can be said that the
whole behaviour of phosphate glasses is generally
dominated by their P,O, content which represents the
major constituent.
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