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ABSTRACT

Dielectric properties of some copper sodium phosphate glasses containing alumina have been studied in
the frequency range from 1.05 to 100 kHz under vacuum (10°torr). The dielectric parameters e.g. dielectric
constant, dielectric loss, dielectric loss tangent and ac conductivity, have been calculated. The frequency
dependence of the dielectric constant indicates the presence of dipole electric polarization due to linking of one
Cu®* ion with two non-bridging oxygens and ionic polarization due to the accumulation of sodium ions at the
interfaces. The frequency dependence of the dielectric loss indicates that the conduction is a dominant
contribution to the energy loss. The ac conductivity measurements exhibit the coexistence of electronic (due to
the electron hopping from Cu* to Cu** ions) and ionic (due to the mobility of sodium ions).

Keywords: Dielectric glass, Copper phosphate glass, Glass technology, Glass containing two

transition ions, Alumino-phosphate glass.

1. INTRODUCTION

Oxide glasses are distinguished by several
advantages, e.g. composition diversity, good
chemical durability (especially when some
metallic ions are introduced into their
networks), and low-cost starting materials as
well as their various applications [1]. On the
other hand, phosphate glasses have lower glass
transition  temperature,  higher  thermal
expansion coefficient and higher transmission
in the UV region compared with silicate and
borate glasses [2]. It is known that, phosphate
glasses represent a dielectric energy-storage
material, and therefore, they are useful for
fabricating high energy density devices [3].The
addition of transition metal oxides, such as
Fe,0;, to phosphate glasses makes them more
chemical resistive due to the replacing of the
easily hydrated P-O-P bonds by the stronger
Fe-O-P ones [4]. The effect of ZnO
concentration on the dielectric properties of
magnesium zinc phosphate glasses has been
investigated [5], where the obtained results
showed that the dielectric constant and
dielectric strength rise with increasing ZnO
content due to the increase of the dipole density
associated to Zn** ions. It was found also that

the excessive zinc ions tend to occupy the
interstitial sites instead of substitution sites,
while in sodium phosphate glasses, the addition
of CuO improves also the chemical durability
of the glass networks [6].

However, the present work aims to
investigate the dielectric properties of some
phosphate glasses having the composition,
45P205-32ZHO-(20-X)N82C03-XCUO-3A1203;
(where x = 0, 1, 2, 3, 4 or 5. In addition, the
effect of introducing CuO into the glass
networks on the dielectric parameters will be
also investigated.

2. EXPERIMENTAL

Some phosphate glasses of the composition
45P,05-32Zn0-(20-x)Na,O-xCu0-3 Al,Os5; x =
0,1, 2, 3, 4 and 5, were prepared using the
conventional melt quenching technique.
(NH4),HPO,, ZnO, Na,CO3, CuO and Al,O; are
used as starting materials. Each composition
was carefully weighted and then mixed using a
porcelain mortar. The mixture was then melted
in porcelain crucible placed in a muffle furnace
at 1000 °C for one hour. Then, the melt was
casted on a stain-less steel molds placed in
another muffle furnace at 300 °C. The casted
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melts were left to annealed for one hour and the
furnace was turned off and left to cool to RT

The XRD analysis has been carried out to
confirm the amorphous nature of these glasses
[7]. Five pieces (one of each sample) were cut
and finely polished to become like-slabs with
flat faces to be suitable for the dielectric
measurements. For such a slab, a thin layer of
silver paste was coated on the two opposite
surfaces to serve as electrodes and two metal
electrodes were contacted to the faces of each
slab after the silver paint has dried. The ohmic
contact was confirmed using the I-V
characteristic measurements. The dielectric
measurements were carried out in an evacuated
medium whereas such a sample under
investigation was mounted on the finger of the
holder inside the OPTISTAT-DN2 (OXFORD
NANOSCIENCE CORPORATION) that was
evacuated to about 10®° torr using turbo
pumping station model Pfeiffer HiCube 80 Eco.
The dielectric measurements were carried out
using HIOKI LCR HIiTESTER Model 3532-50
with a frequency range from 1.05 to 100 kHz (+
0.005%).

3. RESULTS and DISCUSSION:
3.1. The Dielectric Properties:

3.1.1. Frequency Dependences Dielectric
Parameters:

The dielectric measurements were carried
out in a frequency range extending from 1.05 to
100kHz. With the aid of these measurements,
the dielectric parameters e.g. the dielectric
constant (¢), the dielectric loss (g), the
dissipation factor (tan &) and the alternating—
current conductivity (o,) were evaluated for all
composites under investigation. The frequency
dependence of the dielectric parameters are
illustrated in Figures (1, 2, 3 and 4
respectively). The complex dielectric constant
of a material is generally formulated as two
parts: € = € + je; where € is the real part of
dielectric constant, that is a measure of the
energy stored from the applied electric field in
the material and identifies the strength of
alignment of dipoles in a dielectric medium.
While ¢ is the dielectric loss or the imaginary

part of dielectric constant, that is the energy
dissipated in the dielectric associated with the
frictional dampening, which prevents the
displacement of bound charge from keeping in
phase with the field variations. Both the
dielectric constant (¢) and dielectric loss (&)
can be evaluated for the samples under
investigation by measuring the equivalent
parallel capacitance (C,) and the equivalent
parallel resistance (R,) as well as the
geometrical capacitance of vacuum through
the same dimensions of a sample under
investigation (Co), by applying g the
following equations [8],:

£ =Cp/Co = € =|=9
g,A
(1)
” e’
|wCR (2)
P P

where C is the capacitance of the sample
medium in Farad, d is the thickness in
meter, A is the area in square meter, and &
is the absolute permittivity in the free space
having a value of 8.854 x 10™"? Fm™. Based
on the values of the real and imaginary
parts of dielectric constant, the dissipation
factor or loss factor tangent (tan §) means
the phase difference due to the loss of
energy within the material and can be
expressed as [9],

tan d e[S e 3)

The dielectric constant indicates an
electrical polarization which can be occurred
due to the presence of a dielectric material in an
alternating-current  field. There are four
electrical polarization mechanisms specified as
electronic, ionic (or atomic), dipolar (or
orientational) and space charge polarization
[10, 11] and they can be discussed in brief as
follows,

i) Electronic polarization (P.) that arises
due to the displacement of the valence electrons
relative to the positive nucleus and occur at
frequencies up to 10'° Hz.
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ii) Ionic polarization (P;) that arises due to
the displacement of negative and positive ions
with respect to each other. In this type, the ions
cannot be polarized rapidly since they are
heavier than electrons and therefore, ionic
polarization occurs approximately at 10" Hz.

iii) Dipolar polarization (P4) that arises due
to the permanent electric dipole moments of
molecules by which they change their
orientation into the direction of the applied
electric field. Dipolar polarization occurs at
frequencies up to about 10'° Hz.

iv) The space charge polarization (Ps) that
arises due to the mobile charge carriers
impeded at the interfaces. Space charge
polarization typically occurs at frequencies
between 1 and 10° Hz.

The dielectric constant (¢') determines the
maximum energy that can be stored in the
material, while the loss factor (¢') evaluates the
absorption of electrical energy by a dielectric
material that subjected to an alternating
electromagnetic  field.  Furthermore, the
dissipation factor (tan § = € / &) determines
how a material can absorb the electromagnetic
field [10-13]. The wvalues of the alternating
current conductivity (o,) for all samples under
investigation were calculated using the
following relation [14],

Oac(f)=2mfe.€e tand 4

Where f is the frequency of the applied ac
electric field in Hz and tan 6 is the dissipation
factor that describes the phase difference
between the current and voltage with respect to
the applied ac electric field.

Figure (1) illustrates the frequency
dependence of the real part of the dielectric for
all the investigated samples. It is observed that
the real part of dielectric exhibits a noticeable
decrease with increasing the applied frequency
for all samples. The behavior of the real part
(dielectric constant) could be interpreted with
respect to the frequency intervals. At the low
frequency region (1.05 — 8.12 kHz), the
dielectric constant decreases sharply with
increasing frequency indicating a strong
dependence of this parameter on the frequency
at the low frequency region. In the high

frequency region (8.12 — 100 kHz), this
parameter starts to decrease slightly with
increasing frequency. Since the dielectric
properties arise due to ionic diffusions within a
conducting material when an electric field is
applied and the charge carriers in a glass cannot
move freely throughout the glass matrix but
they can be displaced and polarized as a
response to the applied alternating field.
Therefore higher values of the real part of the
dielectric constant at low frequencies may be
due to the presence of large capacitance at the
electrode—electrolyte interface, which
apparently reduces the ac current [15]. But the
lower values of the dielectric constant (g) at
high frequencies indicates the importance of
these glasses in the construction of photonic
and Non-Linear Optical (NLO) devices [16].
Consequently, the dielectric constant (¢') profile
at low frequencies exhibits a high dispersion
because the ions are not in a position to diffuse
themselves along with the electric field
direction and as a result, charges accumulate in
the space charge region at the electrode-
electrolyte interface due to the net polarization
effect. At higher frequencies, the periodic
revers of the electric field at the interface
occurs so fast that no excess ions can
accumulate in the electric field direction [17]
and hence, the dielectric constant is lowered by
weakening the ion-ion interaction of the dipoles
and as hence their contribution to the
polarization would be reduced gradually.
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Figure 1: The frequency dependence of dielectric
constant (€’) for all samples under investigation;
note that there is a coincidence between the curves
due to the samples containing 0% and 1% CuO.
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Changes in dielectric constant (¢) and
dielectric loss (¢) with frequency exhibit
effects of the dielectric relaxation (see Figures
1&2). Such effects of dielectric relaxation are
observed when the metallic ions are present in
their divalent states [18]. These effects are
observed for all samples under investigation,
due to the formation of dipoles from the
divalent copper ions together with a pair of
cationic vacancies. The considerable decrease
in the dielectric constant and loss factor at low
frequencies observed for these glasses can be
ascribed to the defects produced in the glass
matrix which contribute to the space charge
polarization that comes from the mobility of
ions and defects in the glass networks [19].
Furthermore, the decrease in € and € with
increasing frequency could be explained
according to the fact that, as the frequency is
raised the interfacial dipoles have less time to
orient themselves in the direction of the
alternating field [20-22]. Both the dielectric
loss (¢) and dissipation factor (tan §) exhibit
high dependency on frequency in the shorter
intervals, at the low working frequency region
than that noticed for the real part of dielectric
constant. These parameters undergo sharp
decrease with increasing frequency at the low
frequency interval (1.05 — 8.12 kHz) for all
samples under investigation. Formally, typical
behaviors of dielectric loss (¢) and the
dissipation factor for all samples are obviously
illustrated in Figures (2 & 3) respectively. The
noticed higher values of tan & at the low
frequency range for all samples may be due to
the presence of some defects such as oxygen
vacancies that plays an important role in the
conductivity [23]. The alternating—current
conductivity is known to be related to the
dissipation factor according to the equation
[24],

tand « (o, /w) (5]

The increase in the conductivity is smaller
than that of frequency, and hence tan §
decreases with increasing frequency. It is
evident from Figure (3) that the dielectric loss
tangent decreases with increasing frequency
due to mobility of the conducting species. The

higher the mobility of the conducting species,
the higher would be the dielectric loss tangent
[25].
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Figure 2: The frequency dependence of dielectric loss
(€'") for the investigated samples.
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Figure 3: Frequency dependence of the dissipation
factor for all the studied glasses.

Figure (4) illustrates the frequency
dependence  of the alternating—current
conductivity (0.) in the frequency range
extending from 1.05 to 100 kHz and for all
samples under investigation. It is clear from
this figure that all samples exhibit
approximately gradual linear increase for the
whole working frequency range. Nearly the
same behavior is also observed for sodium
phosphate glass [26].

The measured total conductivity (ot) can be
considered as a summation of the dc and ac
conductivities (04at+0.). The dc part is
independent of frequency and is dominant at
lower frequencies and it appears as a flat dc
plateau at the low frequency region. Such
plateau can be considered as an indicative for
the domination of dc conductivity and it is
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observed at high temperature but unobservable
at room temperature [26]. On the other hand,
the ac conductivity is approximately
independent of frequency at low frequencies
but it is frequency dependent at the high
frequency region. The total conductivity can
follow the power relation [16]

or = 04, + Aw® ©6)

O, = A w® )
where A is a weakly temperature dependent
factor and s is the exponent factor (usually less
than or equal to unity). At the high frequency
region, Aw*>>0q, the total conductivity is equal
to the ac conductivity [27].
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Figure 4:The frequency dependence of the alternating—
current conductivity for the investigated glass
samples.

Equation (7) is referred as a universal
dynamic pattern of the ac electrical behavior of
conducting solids and liquids as proposed by
Jonscher [28] based on the exponent s that lies
in the range, 0 < s < 1. It has been used mostly
to characterize the electrical conduction
mechanism in disorder ionic  glasses,
amorphous  semiconductors and  ionic
conductors [29-31]. This power law is related
to the dynamics of hopping transport between
states in the forbidden gap [32]. The
interpretation of the exponent factor (s) usually
involves the analysis of the temperature
dependence of s (s versus T) and composition
dependence of s (s versusx) that makes it
possible to find the relevance of the hopping
mechanism in terms of pair approximation [30].
Based on the aforementioned power law, the
quantity Ino,. was then plotted as a function of
In ®, that depicted in Figure (5). Using this

figure, the values of the exponent s for all
samples under investigation were evaluated by
calculating the slopes of the resulted straight
lines. In the current work, the estimated values
of the exponent s, for the all glasses were found
to be about 0.92 that is less than unity which
represents the ion transport characterized by the
forward-backward hopping process [33]. The
linear behavior of the In(o.)-In(w) relation
indicates the presence of small polaron
conduction mechanism between copper ions in
the investigated glasses [34].

-8.0 -
-9.14

-10.2 4

In(o,)

-11.3

-12.4

In(w)
Figure 5: The variation of In(c.) with In(®).

3.1.2. Effect of Copper Ions Content on the
Dielectric Parameters:

The dependence of the real and imaginary
parts of dielectric are depicted in Figures (6.a &
6.b) respectively. According to Figures (2 and
3), it is seen that, both the real and imaginary
parts of the dielectric decreased with increasing
frequency from 1.05 to 100 kHz. The obtained
maximum and minimum values of the dielectric
parameters (g, € ,tan § and 0,.) are presented in
Table (1) and their variations can be shown in
Figures (6, a & b). According to this figure, it is
observed that & ‘exhibits a nonsystematic
behavior with the variation of CuO content.
However, this trend can be considered as a
fluctuated increase of the dielectric constant
with rising CuO concentration. In order to
interpret this behavior, it have to recall the
dependence of dielectric constant on CuO
content for glasses having lower amounts of
Al,Os, reported in references [35-37].
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Table 1: The max. and min. values of the
dielectric constant, dielectric loss and
ac conductivity

dielectric dielectric AC
Coljo constant € loss € conductivity
(o]
Max Min Max | Min Min Max

0 878.46 | 778.39 [45.08|31.87 | 2.64E-06 | 1.77E-04

1 881.42 | 778.37 |43.71|30.25| 2.56E-06 | 1.68E-04

2 1027.89 | 924.17 |51.50| 36.71| 3.01E-06 | 2.04E-04

3 808.39 | 713.17 |[40.70|28.21| 2.38E-06 | 1.57E-04

4 | 1159.46 | 1017.19 | 60.05| 41.69 | 3.51E-06 | 2.32E-04

5 977.38 | 862.73 |49.44|34.75| 2.89E-06 | 1.93E-04

The dielectric properties of phosphate
glasses with the composition 45P,0s-35Zn0O-
(20-x)Na,O-xCuO, where x =0, 1, 2, 3, 4 or 5
have been studied [35], where the dielectric
constant was found to increase with increasing
CuO content due to the increase of the dipole
density. Since the dipoles are formed as a result
of linking one Cu*" ion with two non-bridging
oxygens. But the space charge polarization,
which comes from the presence of the mobile
Na™ ions is neglected in these glasses.

The addition of one or two mol% Al,Os,
replacing ZnO, into the composition of the
above glasses causes an increase in the molar
volume and hence in the mobility of the present
sodium ions [36 & 37]. Therefore, the charge
polarization becomes of high effect especially
for glasses having low CuO content. The
dominance of the charge polarization extended
to glass having 2 mol.% CuO, when entering
only 1 mol% ALO; [36], while it extends to
glass having 3 mol.% CuO for glasses
containing 2 mol% Al,O; [37].

In the current investigation, the fluctuated
increase of the dielectric constant with
increasing CuO may be due to the dominance
of charge polarization, which leads to reducing
the dielectric constant in the presence of dipole
polarization which associated with Cu*" ions.
Furthermore, it can be suggested that this
behavior may arise due to the appearance of
another parameter which is the presence of Cu”
ions. Babu et al. [38] reported that a part of
copper ions are exist in Cu" state in addition to
Cu®" state especially in glasses containing low

Al,O; concentration. However, the addition of
more than 3 mol% Al,O;into glasses containing
CuO cause some Cu** to transfer into Cu" ions.
These Cu’ ions participate in the network
former positions as CuQ, structural units which
increasing the rigidity of the glass network
[38]. Such cross-links can reduce the degree of
disorder in the glass network and decrease the
space charge polarization [39]. It can be
supposed that Cu” ions play two main roles:

a) They may deactivate the effect of sodium
ions on decreasing the dielectric constant
by reducing the pathways suitable for the
migration of the free sodium ions that build
up the space charges.

b) They can diminish the role of CuO in the
evolution of the dielectric constant due to
the formation of the cross-linking
tetrahedral CuOy, units.

Therefore, the addition of CuO content into
those glasses containing 3 mol%Al,O; is
associated with an increase in the number of
Cu” ions which act as network former leading
to a slight and fluctuated increase in the
dielectric constant with increasing CuO
content.

The variation of the dielectric loss with
CuO concentration of the investigated glasses
exhibits a similar behavior as that of the
dielectric constant. Such variation can be
attributed to the net polarization and the
conduction process [40]. Since the variation of
the dielectric loss for all the studied glasses
show no loss peaks over the whole measuring
frequency range. This indicates that the
conduction loss is the dominant contribution to
the dielectric loss [41].

Figures (7.a & b) show the influence of
CuO content on the ac conductivity of the
investigated glasses at two constant frequencies
(1.05 and 100) kHz respectively. The maximum
and minimum values of the measured ac
conductivity are also presented in Table (1). It
is observed that the ac conductivity exhibits a
slight and fluctuated increase as CuO content
was increased. There are two contributions to
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the conductivity, electronic and ionic
conductivities, where the electronic
conductivity comes from polaron hopping
mechanism while ionic conductivity is related
to the existence of mobile ions. Electronic
conduction is dominant contribution in glasses
containing transition metal oxides due to the
ability of their ions to exist in more than one
valence state [42] and conduction occurs by the
electron transfer from ions in a lower valence
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state to those in a higher valence state. Hence,
glasses containing transition metal ions possess
high tendency to form small polarons and
conduction may occur by hopping of small
polarons between ions in the low and high
valence states [43]. Consequently, electronic
conduction in the studied glasses arises from
the electron hopping between Cu* and Cu*‘ions,
and the polaron hoping is strongly dependent
on the [Cu*/ Cuy] ratio and the average
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Figure 6: The influence of CuO addition on the real £’(a) and imaginary €'’ (b) parts of dielectric constant.
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distance between copper ions (rc.) [44].
Therefore, the addition of CuO causes an
increase in the polaron transfer and enhancing
the conductivity. Moreover, the reduction of the
interionic distance of copper ions with
increasing CuO content [7], makes the electron
hopping to be easier to occur. On the other
hand, ionic conduction is known to be effective
in glasses containing mobile ions, e.g. sodium
ions. The ionic conductivity is also affected by
the number of mobile ions and their mobility.
The presence of Al,O; in the investigated
glasses causes an increase in the molar volume
which act to increase the mobility of sodium
ions remaining their effective role in ionic
conductivity. The appearance of Cu’ ions by
further increase of Al,O; content creates cross-
links within the glass network and reduces the
pathways suitable for free sodium ions
migration. This makes the increase of
conductivity is approximately slight with
increasing CuO content.

4. CONCLUSION:

The dielectric parameters of CuO-doped
phosphate glasses containing alumina have
been investigated in the frequency range from
1.05 t0100 kHz. According to the obtained
results, it can be concluded that, the dielectric
constant, dielectric loss and dissipation factor
decrease with increasing frequency as a result
of space charge and dipole polarization. The ac
conductivity increases also in a slight and
fluctuated manner with increasing frequency.
The calculated s-factor values are found to be
about 0.92. The ac conductivity measurements
confirm the coexistence of both electronic
conductivity (due to the electron hopping from
Cu" to Cu* ions) and ionic conductivity (due to
the mobility of sodium ions).
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