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Abstract

In this research, the giant dielectric constant CuO ceramics were successfully prepared by a simple PVA
sol-gel method. Phase composition and microstructure were characterized by X-ray diffraction and scanning electron
microscopy, respectively. The electrical and dielectric properties of the prepared CuO samples were investigated
as functions of frequency (10’ to 6.3x10° Hz) and temperature (-50 to 80 °C). The XRD results revealed that only
the pure phase of CuO was obtained with the crystallite sizes of 21.93+6.53 nm. The sintered CuO ceramics ex-
hibited a giant dielectric response (8, ~ 10%) with weak temperature dependence over the measured temperature.
Interestingly, it was found that the giant dielectric constant of the CuO ceramic at low frequency was reduced by
annealing in Ar, and could be enhanced up to the initial value by annealing in 02. The reversibility of the dielec-
tric constant can be explained by the interfacial polarization at the sample-electrode interface and at the outmost

surface layer-inner part interface, resulting from a non-Ohmic contact

Keywords: Giant dielectric, Dielectric loss tangent, Copper oxide, SEM and XRD



204

1. Introduction

Recently, giant dielectric materials, dielectric
constant (8,) of about ~10*-10°, have been attracted
much attention due to their potential applications in
the microelectronic industry. CaCu}TiAO12 (1-2), Lix_
Tinil_X_yO (3-4), A(F eUZBm)O3 (A=Ba, Sr, Ca and
B=Nb, Ta, Sb) (5), and CuO (6-7) ceramics are included
in the group of so-call “giant dielectric material”. It was
reported that the electrically heterogeneous structure,
i.e., semiconducting grain and insulating grain boundary
(GB), can be observed in these materials (8-9). Thus, it is
widely accepted that the origin of the giant-€ ,properties
in these materials is associated with internal barrier
layer capacitance (IBLC) effect, based on the interfacial
polarization (Maxwell-Wagner polarization) at the GB
(10) and/or electrodes (11). However, the complete
explanation of such a giant-€ "behavior in these materials

is still missing. All of these giant-S,materials are of
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great interest because they are lead free and environment
benign. Among of them, CuO ceramic shows a greatest
motivation due to its low cost and simple compound.
Moreover, CuO can be easily prepared in the pure form
and it is commercially available on a large scale.

In this paper, we fabricated CuO ceramics from
the fine CuO powder prepared by a simple polyvinyl
alcohol sol-gel method. The dielectric properties of the
sintered CuO ceramics were investigated as functions of
temperature and frequency using impedance gain phase
analyzer. Phase and microstructure of samples were
characterized by XRD and SEM, respectively. Influence
annealing on dielectric properties were performed in ultrahigh
purity Ar (99.99%) and high purity 0, (99.98%).

2. Materials and Methods

2.1 Powders preparation
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Figure 1. Diagram for the preparation of CuO powder by a Simple PVA Sol-Gel
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In this work, copper nitrate (Cu(NO})z.3HZO)
was employed as a starting material. The polycrystal-
line CuO powder was prepared by a simple polyvinyl
alcohol (PVA) sol-gel method. In this experiment, 10 g of
(Cu(N03)2.3H20) was dissolved in 60 ml of de-ionized
water under vigorous stir at room temperature (27 °C)
until homogeneous solution was obtained. The nitrate
solution was then mixed in 1140 ml of 5 wt% polyvinyl
alcohol (Mn = 72,000, Fluka) aqueous solution by the
ratio of 1:4 with stirring and heating at 80 °C until a
viscous gel was formed. The gel was dried at 100 °C in
air and ground to fine powder. This powder was calcined
at 400 °C (indexed as P-400) in air for 6 h. The calcined
powder was ball- milled (50 r/min) in a sealed alumina
pot using zirconia balls under ambient condition for 5 h.

2.2 Ceramics preparation

In order to prepare the CuO ceramic, the
obtained ball-milled powder was pressed into pellet
each of 15 mm in diameter and ~ 1-2 mm in thickness
by uniaxial pressing method at 150 MPa. These pellets
were sintered at 975 °C in a box furnace for 10 h in air
with the heating/cooling rate of 5 °C/min. The obtained
pellets were black and called as-sample, denoted by
CuO _as.

2.3 Samples characterizations

The phase and microstructure of CuO powders
and ceramics were characterized by X-ray diffraction
(XRD) (PW3040 Philips X-Pert MPD Multi Purpose
CuK radiation (1 = 0.15406 nm), The Netherlands),
and scanning electron microscopy (SEM) (LEO SEM
VP1450, UK), respectively. Both surfaces of each pellet
of as-sample (CuO_as) were polished, cleaned, dried and

electroded by painting the silver paste on. They were al-
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lowed to dry overnight. The dielectric response of each
sample was measured using a Hewlett Packard 4194A
impedance gain phase analyzer over a frequency range
of 100 Hz and 1 MHz at an oscillation voltage of 1.0 V.
The measurements were performed in the temperature
range of -50 and 120 °C using a built-in cooling-heating
system. In each measurement, temperature was kept
constant with in an accuracy of + 1 °C.

2.4 Samples annealing

In order to study the annealing effect, another
pellet from the same batch was used. This pellet was
heated twice. First, it was annealed in Ar at 700 °C
for 2 h, denoted as CuO_Ar. After annealing, it was
immediately electroded without surface polishing and
keeping dry further for dielectric measurement. After the
dielectric measurement, the surface of CuO_Ar sample
was polished in order to get rid of the electrodes and it
was further re-annealed in O2 atmosphere at 700 °C for
2 h, denoted as CuO_OZ. This CuO_O2 was re-electroded
and the dielectric was re-measured.

2.5 Data Analysis

The complex permittivity ¢ was calculated as

follows
gx—g'—je" (1)
and
, Cd
8 _ 2
€A )
e"=¢'x tand 3)

where Cp is the measured capacitance of the
samples, € is the permittivity in free space, A is the
surface area of the sample, d is the sample thickness,

n . . .. .
€ is loss factor and tanO is dissipation factor.
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3. Results and Discussion

3.1 XRD and SEM Results
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Figure 2. XRD patterns of CuO powder (P-400) and CuO_as ceramic .

Figure 3. SEM micrograph of CuO_as ceramic.
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Fig. 2 shows XRD patterns of the P-400 and
CuO_as samples. Itis clearly seen from figure 1 that both
samples show a single phase of CuO (JCPDS card No.05-
0661). From the X-ray line broadening of the reflection
planes (110),(111),(111),(222),(020),(202),(113),

(§1 1)[ (220)’ (3 1 1) and (222) the crystallite size (D) was
estimated using the Scherrer formula (12),

K24
PeosO

D= 4)

where e is the wavelength of the X-ray radia-

tion, K is a constant taken as 0.975, @ is the diffraction

3.2 Dielectric Results
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angle and /3 is the full width at half maximum (FWHM)
(by using program profile fit 1.0) which is given by
B=(B?-B?)"”, where B and B, are the widths of the
observed X-ray peak and the width due to instrumental
effects, respectively. From this calculation, the crystallite
size was found to be 22 * 7 nm for the P-400 powder.
Fig. 3 reveals the surface morphology of the CuO_as
ceramic by SEM. It is obviously seen that the ceramic
sample shows grain (G) and grain boundary (GB) struc-

tures with the average grain size of 1444 mm.
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Figure 4. Frequency dependence of the dielectric constant at different temperature for the CuO_as sample.

Inset is the temperature dependence of the dielectric constant at different frequency.
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Fig. 4 illustrates the frequency and the
temperature (inset) dependence of the giant dielectric of
the CuO_as sample in the temperature range of -50 to
80 °C. The giant dielectric of the CuO_as samples is near-
ly frequency independent in the frequency range of 10’

to 6.3x10° Hz. Moreover, the inset of F ig. 4 shows the

1500
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temperature independence of the giant dielectric from
-50 to 100 °C in the frequency range of 10° to 10° Hz.
The overall dielectric behavior of the CuO_as ceramics
prepared by a simple PVA sol-gel method is similar to
those observed in the CuO ceramics prepared by high

purity CuO powder (13).
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Figure 5. Complex impedance, Z* plots (Z and Z" ); inset 1 shows non zero intercept at a high frequency and

inset 2 reveals the Arrhenius plots of R . for the CuO_as samples.

Fig. 5 shows the complex impedance Z* plot
of the CuO_as sample at various temperature from -50
to 0 °C. The observed two semicircular arcs indicate that
there are at least two electrical responses in our CuO_as
ceramics. According to the work reported by Li et al.
(14), the large semicircle at low frequency can be as-
signed as the resistance of electrode, which refers to the
external resistance (Rext). The high-frequency electrical
response can be assigned as the internal resistance (R'_m)
owing to the effects of grain and grain boundary. As
illustrated in Fig. 5, with increasing temperature from

-50 to 0 °C, the radius of the large semicircular arc is

significantly decreased with the Rm decreases, while
the non zero intercept on the Z' axis at high frequency
decrease from 37 to 26, 19 and 12 W.cm, respectively
(inset 1). These results are similar to those observed in
the CuO ceramics prepared by using the commercial CuO
powder (13). The Arrhenius plot of Z* data and the Rext
(15) as shown in inset 2 provides an activation energy
of the external effect (Em=0. 158 €V), while the internal
effect data can not be fitted. Thus, the IS analysis clearly
demonstrates that the external effect is more resistive

than the internal effect in CuO_as sample.
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3.3 Annealing Results
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Figure 6. Frequency dependence of the dielectric constant of CuO_as, CuO_Ar and CuO_O2 samples; inset

shows the Complex impedance, Z* plots of these samples.

Fig. 6 shows the high dielectric constant of 206
000 at room temperature and 1 kHz in CuO_as sample.
Interestingly, it was found that this value decreased to
15 200 after annealing in Ar (CuO_Ar sample) and it
can be increased to around 210 666 after re-annealing
in O2 (CuOio2 sample), while the resistances (Rm)
were decreased (inset) from 125 to 90 and 40 W.cm in
CuO _as, CuO_Ar and CuOio2 samples, respectively.
The slightly decrease of Rm in these samples might be
due to the decrease of the samples’ thickness, resulting
from the polishing off the silver paint on their surfaces.
These results strongly indicate that the oxygen vacancy
has a great influence on the dielectric properties of the
CuO ceramic. Based on the previous report (14), it can
be suggested from our experimental data that the external
effect depends on the concentration of oxygen vacancy

at the surface of the CuO ceramic. This implies that the

formation of Schottky barrier at both interface of the CuO
ceramic and electrodes is not only related to the work
function of metal electrode, but also on the surface state
of the CuO ceramic due to the concentration of oxygen

vacancy at the surface.

4. Conclusion

The effect of annealing on the electrical
responses of the electrode and surface layer of the giant
dielectric constant CuO ceramic was investigated. It was
found that the giant dielectric of the CuO_as ceramic was
decreased by annealing in Ar and could be enhanced up
to around the initial value after re-annealing in Oz. These
indicated that the concentration of oxygen vacancy had
an influence on the giant dielectric properties of the CuO

ceramic. The external resistance of dielectric relaxations
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was observed in the CuO_O2 sample, which might be
assigned as the outmost surface-layer, electrode-sample
interface, and GB effects. The giant low-frequency di-
electric response in the CuO ceramic was associated with

the effects of electrode and the outmost surface-layer.
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