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DIELECTRIC/COPPER OXIDE/SEM/XRD

This thesis is concerned with the study of the dielectric properties of CuO
ceramics prepared from the CuO powder obtained from commercial, direct thermal
decomposition (DT) and polymer pyrolysis solution route (PR) methods. The DT
and PR prepared precursors were calcined at 500, 600 and 700°C in air for 6
h to obtained the crystalline CuO powders with the particle size in the range
of 33 - 39 nm and 26 - 34 nm for the DT and PR powders, respectively. The
particles size of the commercial crystalline powder is about 43 nm. XRD analysis
of these powders shows main phase of the CuO. SEM micrographs reveal that
the particle size of the powders increased with increasing calcination temperature.
CuO ceramics are prepared from the synthesized powders by sintering. Sintering
is conducted in air at 900°C and 950°C for 10 h. The grain sizes of the ceramics
obtained from the sintering of the commercial, DT and PR powder are in the
range of 2 - 3 yum, 2 - 11 gm and 1 - 36 pm, respectively. All of the sintered CuO
ceramics show similar dielectric behavior at the temperature between -50 to 100°C
at the frequency between 100 Hz to 1 MHz. Specifically, they exhibit a Debye-like
relaxation and showed giant dielectric response with a giant dielectric constant
of & ~ 10* - 10° in the frequency range of 1 - 100 kHz. To study the annealing
effect on the dielectric properties, the obtained ceramics are then annealed in Ar
atmosphere. The dielectric behavior of the as-, Ar-samples can be explained based

on a impedance spectroscopy (IS) model. This impedance spectroscopy model and



its equivalent circuit consist of a series connection with external and internal part.
From the fitting results with this model, it is found that the external resistance
(Rest) is higher than the internal resistance (R;,;). The dielectric constant of these
ceramics is decreased after annealing in argon, and can be increased again by re-
annealing in oxygen at 700°C for 2 h. The decrease and increase of the dielectric
constant are closely related to the concentration of the oxygen vacancies (oxygen
ion) in the ceramics. The giant dielectric constant of the ceramics prepared from
the DT powder is higher than those of the ceramics prepared from the commercial
and PR powder. The dielectric loss tangent of the DT ceramics is higher than those
of the other two ceramics. In addition, the dielectric constant is decreased with
the increase in the dc-bias voltage since free charge carriers activate to overcome
the potential well of the external part of CuO ceramics. The dielectric constant
and dielectric loss tangent depend also on the uniaxial compressive stress. Both
parameters increase to the maximum value with increasing the compressive stress.
They then begin to decrease with further increasing of the compressive stress.
This stress-dependent dielectric behavior can be ascribed based on the electrical

polarization at interface between electrode and sample surface.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Dielectric oxides constitute a large proportion of materials which are hav-
ing large-scale technological applications. Recently, there is an increasing demand
on dielectric materials to surpass their present abilities to be of use in the fast
changing world of electronic devices. Hence, search for new method and new ma-
terials which an unusual property is of great importance. Giant dielectric materials
(¢/ ~ 10%) have been attracting much attention due to their potential applications
in the microelectronic industry. CaCu3Ti;O12 (Subramanian et al., 2000; Ramirez
et al., 2000; Maensiri et al., 2007; Masingboon, 2008; Thongbai et al., 2008b),
Li, TiyNi;_;_,O (Thongbai et al., 2008c), A(Fei/2B/2)O3 (A = Ba, Sr, Ca and
6B = Nb, Ta, Sb) (Raevski et al., 2003), and CuO (Sarkar et al., 2006; Sarkar et al.,
2008a; Sarkar et al., 2008b; Thongbai et al., 2008b; Thongbai et al., 2008c) ceram-
ics are included in the group of so-call “giant dielectric material”. It was found that
the electrically heterogeneous structure, i.e., semiconducting grain and insulating
grain boundary (GB), can be observed in these materials (Sinclair et al., 2002; Liu
et al., 2006; Sarkar et al., 2008a). Thus, it is widely accepted that the origin of
the giant dielectric properties in these materials is associated with internal barrier
layer capacitance (IBLC) effect, based on the interfacial polarization (Maxwell-
Wagner polarization) at the GB (Chung et al., 2004; Liu et al., 2005) and/or
electrodes (Lunkenheimer et al., 2004). However, the completed explanation of

such giant dielectric behavior in these materials is not completely understood. All



of these giant dielectric materials are of great interest because they are lead free
environmentally friendly materials. Among of the giant dielectric materials, CuO
ceramic show a greatest motivation due to its low cost and simple compound.
Moreover, CuO can easy be prepared in the pure form and available commercially
on a large scale. There was reported that the giant dielectric properties were con-
tributed by the electrical response of grain and GB (Sarkar et al., 2008a). The
grain contribution shows a significant role for the giant dielectric behavior at low
temperature, whereas the GB contribution is evidence around room temperature
and above. Most recently (Thongbai et al., 2008b), it was found that such grain
contribution was affected by the grain size. Moreover, it was found that the dc
bias had a remarkable influence on the GB contribution. These were supported by
the study of the ac electrical conductivity of the CuO ceramics (Thongbai et al.,
2008c). However, the reason why grain and GB contribute to the giant dielectric is
not completely understood. (Sarkar et al., 2008a), suggested that the contribution
of grain might be due to the presence of defects such as oxygen vacancies and
existence of internal domains, but the experiments that may use to elucidate these
suggestions has not been carried out.

It is widely accepted that the concentration of oxygen vacancies in many
oxide ceramics has remarkable effect on their electrical properties. In general, the
concentration of oxygen in oxide ceramics can be increased (decreased) by anneal-
ing these ceramic in oxidizing atmosphere, i.e annealed in Oy at intermediately
temperature (reducing atmosphere, i.e., annealed in Ny or Ar)

In this thesis, I study the synthesis and giant dielectric properties of CuO
ceramics prepared by a variety of methods including direct thermal decomposi-
tion method and solution routes such as polymer-pyrolysis route. These methods

are chemical process, which has received considerable attention due to its relative



simplicity and usefulness for obtaining a homogeneous and fine powder precursor.
The synthesized fine CuO powders are characterized by thermo-gravimetric and
different thermal analysis (TG-DTA), X-rays diffraction (XRD), scanning electron
microscopy (SEM). Then, the CuO ceramics fabricated using powders prepared
by direct thermal decomposition method and solution routes, are sintered in the
temperatures at 900 and 950°C for 10h in air. The dielectric properties of CuO
ceramics are measured using a Hewlett Packard 4194A Impedance Gain Phase
Analyzer at an oscillation voltage of 1 V. The giant dielectric behavior of sin-
tered samples and samples with post-sintering annealing in argon and oxygen is
discussed. Moreover, the effects of the dc-bias voltage and uniaxial compressive

stress on the giant dielectric response in these CuO ceramics are investigated

1.2 Research objectives

1.2.1 To synthesize CuO powders using a direct thermal decomposition and
polymer-pyrolysis solution methods and use these prepared powders for fabrication
of CuO ceramics.

1.2.2 To characterize the properties of the obtained CuO powders and ce-
ramics.

1.2.3 To study the dielectric properties of CuO ceramics as functions of
frequency, temperature, dc-bias voltage and uniaxial compressive stress.

1.2.4 To gain better understanding concerning with the origin of the ob-

served giant dielectric response in the CuO ceramics.



1.3 Expected results

1.3.1 Single phase CuO powder can be prepared by the direct thermal de-
composition method and by the polymer-pyrolysis solution route methods.

1.3.2 Understanding the dielectric properties of the CuO ceramics as func-
tions of frequency, temperature, dc-bias voltage and uniaxial compressive stress.

1.3.3 Better understanding about the origin of the observed giant dielectric
response in the CuQO ceramics.

1.3.4 At least two papers carrying out in this work will be published in the

international Journal.



CHAPTER 11
REVIEW OF STRUCTURE AND GIANT

DIELECTRIC PROPERTIES OF CuO

This chapter presents the reviews of structural and giant dielectric proper-
ties of CuO ceramics. The effect of the processing parameter on dielectric prop-
erties of CuO material is included together with the recent results on the effect of

uniaxial compressive stress on the giant dielectric constant.

2.1 Structure and thermal analysis of CuO

The CuO belongs to the monoclinic crystal system, with a crystallographic
point group of 2/m or Cy,. The space group of its unit cell is C2/c, and its
lattice parameters are a = 4.6837(5),b = 3.4226(5),c = 5.12838(6), = 90°, 5 =
99.54(1)°,v = 90° (http://en.wikipedia.org/wiki/CuQO). The copper atom is co-
ordinated by 4 oxygen atoms in an approximately square planar configuration.
Collins and co-workers (1989) reported the preparation of CuO by oxidation
of copper metal and decomposition of the nitrate. The structure (Figure 2.1)
shows copper with essentially square planar coordination of oxygen atoms around
the copper atoms. The apace group is also C2/c with unit cell dimensions
a = 4.6837(5)A, b = 3.4226(5)A, ¢ = 5.1288(6)A and 3 = 99.54(1)A. Each
copper atom has four oxygen neighbors at 1.96 .

A. Y. Obaid and co-worker (2000) reported the kinetic of thermal decom-

position of the Cu(CH3C0O0)2.HyO powder which was studied in air and nitrogen
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Figure 2.1 Structure of CuO (Collins et al., 1989).

atmospheres by means of DTA-TG (Figure 2.2) and SEM measurements (Figure
2.3). The kinetics of the thermal decomposition steps in air was studied using
isothermal and non-isothermal thermo-gravimetric techniques. The results were
discussed in terms of various reaction interface models and different techniques of
computational analysis of non-isothermal data. The activation parameters, cal-
culated by using a composite method of integral analysis of non-isothermal data,
revealed not only their independence from the heating rate and fractional reac-
tion, but also a better correlation and agreement with the results obtained under

isothermal conditions.

2.2 Dielectric behavior of CuO ceramics

The dielectric properties of CuO material was first reported by (Sarkar
et al., 2006). They first reported the giant dielectric response in pure copper (II)

oxide (CuO) ceramics. The giant dielectric constant of this oxide was found to
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Figure 2.2 TG-DTA curves for the Cu(CH3COO),.H2O powder in (A) air and
(B) nitrogen at a heating rate of 15°C (Obaid et al., 2000).

be about 10* — 10° at low frequencies. It is interesting that these high values of
dielectric constant are not associated with any impurities of the dopants. Thus,
the grain boundary effect on the electrical conductivity, which usually originates
from a grain boundary potential barrier, did not relate to the impurity phase at
the grain boundary. However, it was proposed that the different valence states of
Cu?t and Cu?t were detected in the microstructure of the CuO ceramics; Cu®*
was found to be rich inside the grains, but indigent at the grain boundaries (Sarkar
et al., 2008a).

The different electrical conductivities between the grains and grain bound-
aries of the CuO ceramics were attributed to the difference in the amount of Cu®*
between these two regions. Thus, the observed giant dielectric properties of CuO
ceramics were suggested to the interfacial polarization at the interfaces of grain
boundaries (Sarkar et al., 2006). Dielectric spectroscopy analysis revealed that the
grain contribution played a major role for the giant dielectric constant value at

low temperature, whereas grain boundary contribution dominated around room



Figure 2.3 SEM micrograph revealed the changes in texture and morphology that
accompany the thermal decomposition of Cu(CH3COO)3.HyO in air: (a) parent
compound at room temperature, displaying relatively large crystals of different
sizes, (b) parent compound after partial dehydration at 120°C, (c¢) sample calcined
at 200°C after complete dehydration of the parent compound to the anhydrous
salt, (d) sample calcined at 300°C, showing partial decomposition and fissioning of
the anhydrous salt, (e) sample calcined at 500°C, showing complete decomposition
of the anhydrous salt into small crystallites with a cubic crystal habit and some
aggregation of particles and (f) sample calcined at 800°C, showing coalescence of
the small crystallites into large aggregates accompanying the oxidation of Cu to
CuO (scale bar: a, b and ¢ . 100 mm; d, e and f. 10 mm) (Obaid et al., 2000).

temperature and above (Sarkar et al., 2008a). To date, only a few studies have in-
vestigated the electrical and dielectric properties of the CuO ceramics. The effects
of ions doping and dc-bias on the dielectric and the related electrical properties of
the CuO ceramics are still missing.

Other special features of CuO were also discovered by (Sarkar et al., 2006).
They found that the dielectric constant is about 10*, almost independent of tem-
perature (above 230 K) and frequency in kilohertz region and suddenly decrease
at the temperatures below 150 K (Figure 2.4). In addition to the fact that CuO
holds a large dielectric constant that barely varies in the temperature range from

150 K to 350 K as shown in Figure 2.4. The reported dielectric loss, or tand



shows in Figure 2.5 is less than 10 when the temperature is higher than 300 K
and a large peak occurs at around 200 K. Frequency dependence is also shown
from 150 K to 350 K in a wide frequency range between 1 kHz to 1 MHz for both
dielectric constant and loss. With the increasing frequency, the dielectric constant
decreases in the entire temperature range and the dielectric loss peak shifts to
higher temperatures with small increase in the maximum value of the peak. This
behavior satisfies the relaxation excitation well. The origin of the giant dielectric
constant in CuO comes from the excess hole, the conduction mechanism in CuO
mainly governed by hole hopping between Cu?T and Cu*. Hopping of holes pro-
duces Cu®T around Cu®* causing CuO grains to be enriched with Cu®™ (P-type

conductance) which become semiconducting.
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Figure 2.4 (a)Temperature-dependence of dielectric constant of CuO at selected
frequencies. The inset displays frequency dependent dielectric constant of CuO at
various fixed temperatures (Sarkar et al., 2006).

To support the earlier report (Sarkar et al., 2008a) presented the dielectric
spectroscopy study elucidating the grains and grain boundary (GB) contributions
to the total k ~ 10* of CuO. Impedance spectroscopy (IS) analysis has also been
carried out to interpret the electrical behavior of grains and grains boundary to

show that the high x response in the sample is associated with internal barrier
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Figure 2.5 (b)Dielectric loss tangent, tan g, of CuO at different fixed tempera-
tures. The inset shows typical Arrhenius plot or the relaxation time 7 with inverts
temperature of CuO sample (Sarkar et al., 2006).

layer capacitance effect. Figure 2.6 shows the grains and GBs with average grain

size of about 1.4 ym

Figure 2.6 SEM micrograph of CuO presenting reasonably uniform microstruc-
ture of the ceramic with average grain size about 1.4 ym. The inset shows distinct
GBs thickness about ~ 15 - 20 ym surrounding CuO grains (Sarkar et al., 2008a).

The frequency dependent dielectric permittivity of CuO measured within
the temperatures 160 - 320 K is shown in Figure 2.7. The dotted line separates
the response of grains and grain boundary to the total dielectric permittivity. It
is seen from Figure 2.7. (inset) that transition frequency (T¢) between grains and

GBs response increases with increasing temperature.
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Figure 2.7 Cole-Cole plot of CuO at 170 K revealing the €5 ~ 8832. The inset de-
picts the frequency dependence of dielectric permittivity of CuO at different fixed
temperatures showing the contribution of grains and GB to the overall dielectric
response of CuO ceramic (Sarkar et al., 2008a).

At 160 K, the dielectric constant is mainly due to grains while GB contribu-
tion starts at above 200 K. It is seen that at room temperature (RT ~ 300 K), the
contribution of the grain effect is about 8800 out of the total dielectric constant
of about 21000 (inset of Figure 2.7) which signifies that GB response dominates

over grain contribution at room temperature and above.
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Figure 2.8 Impedance complex plane plots of polycrystalline CuO at 170 K (the
equivalent circuit at 170 K is shown in the upper inset). The lower inset shows
the Arrhenius plots of Rg and Rgp of the CuO sample (Sarkar et al., 2008a).
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The study of impedance spectroscopy proves that there exists no phase
transition in CuO material. Experimental data, simulated by an equivalent cir-
cuits, composed of two parallel RC' elements connected in series, one representing
semiconducting grains and the other insulating internal layers (as shown in inset
of Figure 2.8). The complex impedance, Z*, for this equivalent circuit could be
easily obtained,

_ Ry, Ry
1+ ingRg 1+ ingbRgb

*

(2.1)

where R and C' are respectively the resistance and capacitance, the subscripts g
and gb refer to the grains and GB, respectively. Note that this model has been
simplified by supposing that all of the grains and GB are uniformly distributed.
In practice, the irregular distribution should be taken into consideration. Thus,

Eq. (2.1) could be further modified as

R Rgp
oMt M 2.2
1+ (iwCyRy) 14 (iwCoRyp)” 22)

in which the parameters a and ~ are used to express the relaxational time distri-
butions.

The grain and GB responses can be identified by the impedance revealed
in arcs. The plot for CuO ceramics at 170 K (as shown in Figure 2.8) has a large
arc with a small arc at high frequencies. It is shown that the first component has
a resistance of 28.34 k{2 with a comparatively lower capacitance. The second com-
ponent, comparatively, has a resistance of 2.89 M() . Both Rs and Rgp obtained
from fitting Z* plots obey the Arrhenius law (show in inset of Figure 2.9) pro-
vide the activation energies of the grain (Fg = 0.19 eV) and the grain boundary

(Egp = 0.23¢V). Thus the impedance spectroscopy analysis (IS) clearly demon-
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strates that the grain boundaries are more resistive than grains in polycrystalline
CuO. Therefore, the little difference between Eg and Egp of CuO simply suggests
that the composition of the GBs is slightly different from that of grains. This type
of dissimilarity in composition between grains and grain boundaries of CuO arises
due to the presence of minute about of Cu*. The scanning tunneling spectroscopy
(STS) performed on grains and GBs regions shows that the concentration of Cu?*
is lesser in GBs than that in grains, and Schottky-type barrier might be present
due to the space charge layer at GBs.

In general, the impedance spectroscopy (IS) analysis distinguishably proves
much more conducting nature of the grains rather than GBs, primary criteria for
becoming an internal barrier layer capacitance (IBLC). A small difference between
activation energies of grains and GBs has also been observed, which suggests ge-
ometry as well as geometric structure of GBs are slightly different from those of
grains. However, the IS technique itself is unable to provide information on the
composition or electronic structure of the grains and GBs of CuO.

To support the earlier research Sarkar and co-worker (2008b) studied the
origin of electrical heterogeneous microstructure in CuO from scanning tunneling
spectroscopy. The result from the scanning electron microscopy shows that CuO
ceramics exhibit uniform microstructures that grains are separated by discrete
grain boundaries (GBs). Figure 2.9 shows grains (mark by the point X) and
GBs (mark by the point Y) performed by scanning tunneling spectroscopy (STS).
Figure 2.10 (a) shows the I-V plot measuring at point X in Figure 2.9. The value
of the observed current for maximum applied STM tip bias voltage (~ 1.25 V)
is about 100 nA. While the value of the observed current at position Y for a
maximum applied bias voltage (~ 1.25 V) on the STM tip, is about 5 nA.

Figure 2.10 (b) shows the plot of the band profile at the point X of a
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21.6nm

Figure 2.9 STM image of CuO sample showing GBs between the CuO grains. X
and Y are the two points on grains and GBs, respectively (Sarkar et al., 2008b).

typical CuO grain. As can be seen in the Figure that the valence band (Ey)
and conduction band (E¢) positions are clearly distinguished from local density
of state (LDOS) spectra of the CuO grain. The LDOS profile on the grain reveal
that the band gap of CuO is 1.32 eV. The zero value of the voltage corresponds
to the Er position in the CuO grain. The position of Er on the LDOS profile
confirms that the material is P-type.

The STS measurements directly exhibit that Cu®* is mostly accumulated
within the semiconducting grains, but the concentration of Cu®* is negligible in
insulating GBs. This type of electrically heterogeneous nature of CuO ceramics
is, in turn, responsible for the formation of the barrier layer capacitance elements
(BLCEs) in polycrystalline CuO.

Thongbai and his co-worker (2008a) reported the effects of grain, grain
boundaries (GBs) and dc-bias electric field on giant dielectric in high purity CuO
ceramics. The result of this study showed that the giant dielectric constant of
~ (2.8 — 3.7) x 10* was observed in the high purity CuO (99.999%). It increases

from ~ 2.8 x 10* to ~ 3.7 x 10* for the mean sizes of the CuO-1 and CuO-2
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Figure 2.10 (a) Tunneling spectroscopic I-V characteristics on the CuO grain at
point X (Figure 2.9) and (b) the [(dI/dV)/(I/V)-V] curve at point X, obtained
from the I — V data at that point. FEy, Er, and E¢ represent the positions
of valance band, Fermi level, and conduction band, respectively. (c) Tunneling
spectroscopic I — V' behavior on the GB of the CuO sample at point Y of Figure.
2.9 (Sarkar et al., 2008b).
grains increas from 4.75 £ 1.741 to 9.57 £+ 3.01 pm. Figures 2.11 (a) and 2.11 (b)
show the SEM micrographs of the CuO grains reported by Thongbai et al. They
concluded that the giant dielectric respond in CuO ceramics is attributed to the
internal barrier layer capacitance (IBLC) effect. According to the simple series
model for the IBLC, the dielectric constant can simply be expressed as &’ ~ eg,d/t
, Where €4y, is the dielectric constant of the boundary layer, d is the grain size and
t is the boundary layer thickness.

In addition, the activation energy (F,) increases from 0.195 to 0.230 eV
when the grain size increases from 4.57 + 1.71 to 9.57 & 3.01 um. The increase in

the Ea values with increasing grain size observed in this CuO samples may due
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Figure 2.11 SEM micrograph of the CuO ceramics (a) CuO-1sintered at 920°C
and (b) CuO-2 sintered at 980°C (Thongbai et al., 2008b).

perhaps to the domain boundaries (DBs) within the grain. DBs usually develop
inside larger grains and influence mobility of charge carriers at different frequencies,
i.e., the migration of charge carriers is restricted by DBs. The complex impedance
(Z*) plot containing a large semi circular arc at a low frequency corresponding
to the resistance of GBs with the nonzero intercept on the Z’ axis at a high
frequency corresponding to grains. Figure 2.12 demonstrates the effect of dc-bias
voltage. They found that the dielectric constant decrease with increasing the
dc-bias voltage. While the resistance of GBs decreases, the resistance of grains
remains constant.

Thongbai and his co-worker (Thongbai et al., 2008c) also reported the
correlation between giant dielectric response and electrical conductivity of CuO
ceramics. The dielectric dispersion was in good agreement with the Debye-like
relaxation model at low temperature, but it deviated from the model at low fre-
quencies as the temperature increased. High-¢’ response in this CuO ceramic was
attributed to the contributions of grain and GBs conductivity relaxations, respec-
tively. The conductivity of GBs was found to increase with increasing dc bias.

Li and co-worker (Ming et al., 2009) studied the relaxer ferroelectric-like

high effective permittivity in leaky dielectric/oxide semiconductor induced by elec-
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Figure 2.12 Impedance spectra as a function of dc bias for CuO-1 at room tem-
perature: inset (1) displays the frequency dependent of the for CuO-1 under 0 -
3 V dc bias, and inset (2) shows and expended view of the high frequency data
close to the origin (Thongbai et al., 2008b).

trode effect: A case study of CuO ceramics. In this study, the electrical behavior
of copper oxide (CuO) ceramics sintered at 920°C was characterized by a combi-
nation of fixed, radio frequency (RF) capacitance measurements, and impedance
spectroscopy (IS). Fixed RF capacitance measurements on ceramics with sput-
tered Au electrodes revealed a temperature- and frequency-dependent high effec-
tive permittivity of ~ 10* in the temperature range of 150 - 320 K. The response
was similar to that observed for relaxor-ferroelectrics; however, the magnitude of
the effect can be suppressed by thermal annealing of the ceramics with Au elec-
trodes in air at 300°C or by changing the work function of the electrode material
by using In-Ga as opposed to Au. IS data analysis revealed the ceramics to be
electrically heterogeneous semiconductors with a room temperature dc resistivity
i10*Q-cm , consisting of semiconducting grains with relative permittivity, ¢, < 10
and slightly more resistive grain boundaries with “effective” permittivity, .z, of
~ 110. Samples with Au electrodes exhibited an additional low frequency response

with €. ~ 10%. A dc bias experiment showed the capacitance behavior of this
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additional response to obey the Mott-Schottky law and thus confirming it to be
a non-Ohmic electrode contact. They concluded that an electrode rather than a
grain boundary effect was the primary source for the high effective permittivity
in CuO ceramics, although the latter was also present and did give additional
effective permittivity. Their work demonstrated how an extrinsic effect associ-
ated with non-Ohmic electrode contacts can; (i) dominate the RF capacitance
spectra of leaky dielectrics/oxide semiconductors over a wide temperature and fre-
quency range; and, (ii) manifest a dielectric response more typically associated

with relaxor-ferroelectrics.

2.3 Effect of uniaxial compressive stress on the giant di-

electrics

Thongbai and his co-worker (Thongbai et al., 2007) studied the giant di-
electric behavior of CaCu3TisO5 ceramics subjected to post-sintering annealing
and uniaxial stress. The CaCusTisO;9 ceramics were sintered at 1100°C for 6 and
16 h in air and these subject to post-sintering annealing in argon. They found
that the pre-sintered ceramic at 1100°C for 6 h (CCTO-6) exhibit lower dielectric
constant (¢') than the pre-sintered ceramic at 100°C for 16 h (CCTO-16) by one
order of magnitude. The dielectric behavior of both samples exhibit Debye-like re-
laxation, and can be explained based on Maxwell-Wagner model. The Debye-like
relaxation and dielectric loss tangent (tan ) for both samples are shown in Figure
2.13 a and b, respectively.

The ceramics post-sintering annealing in argon for 5 h leads to a significant
increase in &’ for the CCTO-16 but a slightly decrease for CCTO-6. The dielectric
constant, &', of CCTO-16 ceramics after annealing in argon increase with increasing

temperatures, and exhibits a peak at about -50°C (Figure 2.13), which is closely
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Figure 2.13 (a) Frequency dependence of the dielectric dispersion showing at
several temperatures for the sintered materials of CCTO-6 and CCTO-16. (b)
Frequency dependence of the dielectric dispersion showing at several temperatures
for the sintered materials of CCTO-6 and CCTO-16 (Thongbai et al., 2007).

related to the oxygen vacancies.
They found also that the dielectric properties of the argon-annealed samples
change significantly with the applied compressive stress the absolute change can

reach 25% at maximum stress of 130 MPa, see in the Figure 2.14 (a) and (b).
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Figure 2.14 Uniaxial stress dependent of ¢’ and tand at a frequency of 100 Hz
for the samples of (a) CCTO-6 and (b) CCTO-16 after annealing at 1000°C for 5
h under flowing argon (Thongbai et al., 2007).

Figure 2.14 (a) shows the dielectric constant (') and tan § decrease with in-
creasing stress for the CCTO-6-Ar ceramic, and, interestingly, continue to decrease

upon the reduction of applied stress. On the other hand, the dielectric proper-
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ties of CCTO-16-Ar ceramic increase when the stress is increased and decreased
when the stress gradually reduced, as shown in Figure 2.14 (b). They show that
very high dielectric constant observed in CCTO ceramics is attributable to highly
resistive grain boundaries. As mentioned that the CCTO-16-Ar ceramic, which
has been subjected to longer sintering (16 h), possessed one order of magnitude
higher dielectric constant, possibly due to higher concentration of the acceptor
state (oxygen vacancies) available in the grain boundaries of the ceramic. With
lower concentrations of acceptor states, the CCTO-6-Ar should contain more mo-
bile dipoles that can easily be activated by the applied stress. Hence, this leads
to a stress-induced ageing mechanism, as reported previously by Yimnirun and
co-workers (Yimnirun, 2006; Yimnirun et al., 2006a; Yimnirun et al., 2006¢), that
results in the decrease in the dielectric constant and dielectric loss. This stress-
induced ageing is irreversible, as the dielectric properties continue to decrease even
upon reduction of the applied stress (Figure 14 (a)). On the other hand, in the
case of the CCTO-16-Ar ceramic, with higher concentration of the acceptor states,
there are competing mechanisms between the stress-induced ageing and the elastic
deformation Initially, with the stress-induced ageing mechanism still dominating,
most of the acceptor states come to rest at the grain boundaries and stabilize the
stress influence, as it was observed that the dielectric properties were rather stable
at lower stress level. A further increase in the compressive stress may result in a
slight decrease in the grain boundary thickness. The effective dielectric properties
of this ceramic, which can be regarded as the boundary layer capacitor (BLC),
therefore increase, and the decrease in the effective dielectric properties follows

with the reduction of the stress, as observed in Figure 2.14 (b).



CHAPTER III

DIELECTRIC PROPERTIES OF MATERIALS

This chapter provides theoretical background for electrical properties re-
lated to CuO materials including theories relating macroscopic measurements to
microscopic quantities, sources of polarizability, dielectric relaxation, dielectric

behaviors in alternating fields and theory of impedance spectroscopy.

3.1 Theories relating macroscopic measurements to micro-

scopic quantities (Von Hippel, 1954)

The electrical engineer is most concerned with dielectric materials in rela-
tion to capacitor in an electrical circuit. The principal characteristic of a capacitor

is that an electrical charge, ) , can be stored. The charge on a capacitor is

Q=CV (3.1)

where V' is the applied voltage and C' is the capacitance. The voltage is directly
proportional to the amount of charge stored and the current passing though the

capacitor is given by

ldt

V=
C dt

QIO

The capacitance, C' , contains both a geometrical and a material factor. For a

large plate capacitor of area, A , and thickness, d , the geometrical capacitance in
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vacuum is given by

A
O() = 360, (33)

where €g is the permittivity or dielectric constant of a vacuum. If a ceramic

material of dielectric constant, ¢ , is inserted between the capacitor plates,

C = Cos = Oy, (3.4)

€0

where £’ is the relative permittivity or relative dielectric constant. This is the ma-
terial property determining the capacitance of a circuit element and is of principal
concern to the ceramist.

A dielectric material reacts to an electric field differently from a free space
because it contains charge carriers that can be displace and charge displacement
within the dielectric can neutralize a part of the applied field. From Eq. (3.1) and

(3.4), we can write for a capacitor containing a dielectric
£ (3.5)

That is, only a fraction of the total charge, the free charge, @}/’ , set up an
electric field and voltage toward the outside; the remainder, the bound charge,
is neutralized by polarization of the dielectric. We can schematically represent
(Figure 3.1) the total electric flux density, D , as the sum of the electric field, E,

and dipole Chaurge,l5 :

Il
I
iy
=
_l’_
oL
I
™
o

(3.6)

Where the polarization is the surface charge density of the bound charge, equal to
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the dipole moment per unit volume of material:

P=Nj (3.7)

where N is the number of dipoles per unit volume and fi is the average dipole mo-
ment. The electric dipole moment corresponds to two electric charges of opposite

polarity, +@), separated by the distance, d:

i=Qd (3.8)

Thus polarization can equivalently designate either the bound charge density or

the dipole moment per unit volume. From Eq. (3.6),

P=¢E —eyE =¢o(c' — 1)E. (3.9)

Another measure of the ratio of polarization to applied field is the electric suscep-

tibility:

(3.10)

The susceptibility is the ratio of the bound charge density to the free charge
density.
The average dipole moment, (fi), of the elementary particle is proportional

to the local electric field, EL, which acts on the particle:

(i) = aEy. (3.11)

The proportionality factor, «, the polarizability, is a measure of the average dipole
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Figure 3.1 Schematic representation of polarization by dipole chains and bound
charge (Von Hippel, 1954).

moment per unit of local field strength. An alternate expression for the polariza-

tion then is

P = NakE,. (3.12)

In condensed phases, there are always strong interactions between dipoles. A
simple and valuable approach is to consider a point dipole as contained in an
empty sphere, which is surrounded by bulk material (see Figure 3.2). The idea is
to isolate a single dipole, and to distribute charges around the cavity such that

the bulk field lines are not affected by the presence of the cavity.

+ & + &+

Figure 3.2 Cavity model used to construct physical representation of a single
dipole moving with an electric field. The cavity and distribution of charges on
the inside of the cavity, which neutralize the dipole, are constructed such that the
bulk electric field lines are unaffected by the presence of the cavity (Blythe, 1979).

The local field is a sum of the field due to charges on the electrodes and

the field from the sample outside the cavity (EL = Eo + Ep). After integrating
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the fields around the cavity and adding the electrode field E+P /€0, where E is
the external field, £, = E + %. From Eq. 3.12 the Clausius-Mossotti (Lorentz)
relation emerges

Na -1
380 _€/+2'

(3.13)

This relates the dielectric constant to the electronic polarizability.

3.2 Sources of polarizability

Basically, polarizability is a consequence of the fact that the molecules,
which are the building blocks of all substances, are composed of both positive
charges (nuclei) and negative charges (electrons). When a field acts on a molecule,
the positive charges are displaced along the field, while the negative charges are
displaced in a direction opposite to that of the field. The effect is therefore to pull
the opposite charge apart, i.e., to polarize the molecule. There are different types
of polarization processes, depending on the structure of molecules which constitute
the solid.

There are various possible mechanisms for polarization in a dielectric mate-
rial. One process common to all materials is electron polarization (Figure 3.3 (a)),
or the shift of the center of gravity of the negative electron cloud in relation to the
positive atom nucleus in an electric field. A second mechanism is the displacement
of positive and negative ions in relation to one another, called ionic or atomic
polarization (Figure 3.3(b)). A third kind of polarization, uncommon in ceramics,
is associated with the presence of permanent electric dipoles which exist even in
the absence of an electric field. An unequal charge distribution between partners

in a molecule or complex ion is not uncommon; when a field is applied, these tend
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Figure 3.3 Schematic representation of different mechanisms of polarization: (a)
electronic polarization, (b) atomic or ionic polarization, (c¢) orientation or dipolar
polarization and (d) space charge polarization (Von Hippel, 1954).

to line up with the electric dipoles in the direction of the field, giving rise to an
orientation polarization (Figure 3.3 (c)). A final source of polarization is mobile
charges which are present because they are impeded by interfaces, because they
are trapped in the material. Space charges resulting from these phenomena appear

as an increase in capacitance as far as the exterior circuit is concerned (Figure 3.3

(d))-
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In general, therefore, the total polarizability of the dielectric can be repre-

sented as the sum of these:

o=, + a; +ag + ag, (3.14)

where «, is the electronic, «; the ionic, ay the orientation or dipolar and «, the
space charge polarizability.

The typical dependence of the polarizability on frequency over a wide range
is shown in Figure 3.4. In the range from 10° — 103 Hz is the radio wave section
of the spectrum, the interfacial or space charge polarizability responses. It can be
seen that in the range from 10® — 107 Hz, some frequency usually in the microwave
region, the polarizability is essentially constant. In the neighborhood of this fre-
quency range, however, the polarizability decreases by a substantial amount. This
amount corresponds precisely, in fact, to the dipolar contribution, ay. The reason
for the disappearance of a4 in the frequency range w > wy is that the field now
oscillates too rapidly for the dipole to follow, and so the dipoles remain essen-
tially stationary. The polarizability remains similarly unchanged in the frequency
range from wy — w; and then drops down at the higher frequency. The frequency
w; lies in the infrared region, and corresponds to the frequency of the transverse
optical phonon in the crystal. For the frequency range w > w; the ions with their
heavy masses are no longer able to follow the very rapidly oscillating field, and
consequently the ionic polarizibility, «;, vanishes. Thus in the frequency range
above the infrared, only the electronic polarizability remains effective, because
the electrons, being very light, are still able to follow the field even at the high
frequency. This range includes both the visible and ultraviolet regions. At still

higher frequencies (above the electronic frequency, w.) however, the electronic con-
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tribution vanishes because even the electrons are too heavy to follow the field with
its very rapid oscillations. The frequencies wy and w;, characterizing the dipolar
and ionic polarizabilities, respectively, depend on the substance considered, and
vary from one substance to another. However, their orders of magnitude remain
in the regions indicated above, i.e., in the microwave and infrared, respectively.
The various polarizabilities may thus be determined by measuring the substance

at various appropriate frequencies.
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Figure 3.4 Frequency dependence of several contributions to the polarizabil-
ity (Lasaga and Cygan, 1982).

3.3 Dielectric relaxation

It is important to clarify the meaning of relaxation. Time and temperature
are linked: higher frequencies correspond to shorter times for the response of
a material to a stimulus, which is also equivalent to lowering the temperature.
Every dipolar motion will have a particular point below or above which it freezes
out; i.e., at sufficiently low temperature or high frequency, thermally-activated
motions cannot overcome steric barriers (Figure 3.5). At the transition from the

mobile to the immobile state, the simplest representation assumes that change in
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polarization is proportional to the current value. The corresponding correlation
function decays exponentially in time (e™*/7) and results in a broad peak in the

frequency-dependent energy loss (Schonhals and Kremer, 2003).

tNE GhE |t
(D @%}@ @if ft's‘

Free Transition: t=t Frozen

=

—
<

Temperature. Time

Figure 3.5 Schematic illustration of the dipolar transition from a mobile to im-
mobile state under an ac field. At high temperatures and long switching times of
the field, dipoles are free to move with the field. As the temperature decreases or
the switching time decreases, the ions no longer have sufficient energy to remain in
phase with the field. At some intermediate time, the time constant of the process

is equal to the switching time and the correlation function is maximized (Klein,
2007).

In dielectric spectrum, this transition-related peak is termed a relaxation.
Most real relaxations are broadened more than predicted by this simple, but the
behavior is still dominated by the characteristic correlation function and relaxation
time.

An ideal relaxation is illustrated in a combined plot of ¢’ and €” (see Figure
3.6). These two quantities represent the real and imaginary parts of the dielectric
constant, respectively. (The terms dielectric constant and dielectric permittivity
are interchangeable). They also constitute the in-phase and out-of phase compo-

nents of the complex dielectric constant £* :

e =¢ —ie", (3.15)

where ¢ = /—1. At temperatures above and frequencies below the freezing point,
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the real part of the dielectric constant, &', is larger because of the ability of the

dipoles to respond to the applied field.

free dipoles

e"(T)T,)

8-’/\
maximum frozen
loss dipoles
log f

Figure 3.6 Appearance of ¢’ and €” for a Debye relaxation. ¢, is the low-frequency,
or relaxed, dielectric constant, and ¢/ is the high-frequency, or unrelaxed, dielec-
tric constant. The value of ¢” at its maximum is half the relaxation strength. The
dotted curve indicates the shift in the dielectric loss due to increased tempera-
ture (Moulson and Herbert, 2003).

3.4 The dielectric behavior in alternating fields

In the solid state, dipolar alignment can take considerable time and hence
the polarization takes time to develop when a static field is applied. If an alter-
nating field is applied then the polarization may fully develop at sufficiently low
applied frequencies but if the frequency of the applied field is too high then the field
is reversed before the polarization has responded and the net effect is no response.
The magnitude of the polarization thus drops off as the frequency is increased.
The phase of the response also changes. At low frequencies the polarization and
the field are in phase but at high frequencies the polarization lags by 90°C . This
characteristic drop off in response is known as a relaxation.

To capture both the magnitude and phase of the response a complex relative
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dielectric constant, £*, can be defined:

e =¢ — ", (3.16)

where i = \/—1, ¢ is the real part of the relative dielectric constant which expresses
the maximum stored electrical energy and €” is the imaginary part of the relative
dielectric constant, commonly known as the dielectric loss, which represents the
energy dissipated per cycle (in the form of heat). Both &’ and £” are experimentally
measurable quantities which may be used to characterize the dielectric dispersion
over a range of frequencies and temperatures.

The ratio £” /€', is known as the dielectric loss tangent or dissipation factor

and is expressed as:

tand = — (3.17)

7?

™M

where 90-0 is the phase angle between current and voltage.

Experimentally, in order to measure the permittivity of a ceramic sample,
the alternating voltage given by the real part of V' = Vpe™! (where V; is the
amplitude, w is the angular frequency and ¢ is the time) is applied across the
ceramic sample which is sandwiched between two electrodes (as shown in Figure
3.7) at a temperature 7. The measured current is the real part of a complex

current, I*, given by:

av A%
C s C, o = we c,vV (3.18)

where C* is the complex capacitance of the sample and Cj is the vacuum capaci-

tance between the two electrodes (the distance between two electrodes is equal to
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the thickness of the sample, d;). Inserting Eq. (3.16) into Equation (3.18) gives

'
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baxp electrod

il ¥

L=
("‘u} Fr=Fe" d, = sabple [ ]

il { varcumm )
‘\. | |

btbn elecirode

Il

Figure 3.7 A circuit diagram of dielectric measurement (Moulson and Herbert,
2003).

I* = wC,(e" +ie")V. (3.19)

The dielectric sample can be considered as an equivalent parallel circuit (Von Hip-
pel, 1954) as shown in Figure 3.8. The admittance, Y* (reciprocal of the

impedance) of this circuit can be expressed as:

1
Y= = tiwG,, (3.20)

P

where R, and C), are the parallel resistance and capacitance of ceramic dielectric

respectively. The current, I*, passing through the circuit can be represented as:

1
I'=VY" = (5 +iwC)V = In+ilc, (3.21)

P
where I, and I¢ is the real and imaginary part of the current, I*, respectively.

Equating Eq. (3.19) and (3.21) yields:

1
(WCe" +iwCoe" )V = (R— +iwC,)V = Ig +ilc. (3.22)

P
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From Eq. (3.22) ¢’ and €” can, then, be calculated as follows:

r
IR IC
V=V it @ Fy —
r
>
EY (k)

Figure 3.8 The equivalent parallel circuit of a dielectric ceramics (a) and corre-
sponding phase diagram (b). (Rp and Cp are the parallel resistance and capaci-
tance of polymer dielectric respectively (Von Hippel, 1954).

Cp
= =P 3.23
N AT (3.23)
Iy 1
"= = 3.24
ST WOV wOR, (3:24)
and
e In
tand = — = —. 3.25
mi= 5 = 1o (3.25)
Eq. (3.24) can be rewritten as:
1 G
"= =2 3.26
c wC,R, wC,’ ( )
where G, = RLP is the AC conductance, which in general is a combination of

genuine conductivity (i.e. the motion of charges) and the conductance due to
any time dependent polarization processes (i.e. the motion of dipoles). If the

electrode plates have area A and separation, d, (sample thickness), G, and Cj can
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be presented as:

G, = e (3.27)
and

C, = 5;;4, (3.28)
hence,

& = gjw, (3.29)

where o is the conductivity. In general, o will include both the time dependent
polarization effects and genuine conduction (o4.) arising from free charges, and is

assumed to be frequency independent at these low frequencies.

3.5 Theory of impedance spectroscopy

AC impedance spectroscopy (Sinclair and West, 1989) is a powerful tech-
nique that gives information on the electrical properties of polycrystalline materials
over a wide range of frequency. Not only electrode capacitance but also grain, grain
boundary and domain boundary resistances and capacitances can be obtained by
this method. The complex plane method is frequently used to analyze impedance
data. In the complex plane, Z* method, imaginary part (Z”: capacitive) of the
impedance is plotted against the real part (Z’: resistive). To extract resistances
and capacitances of the sample, an equivalent circuit is used to model the electrical
response. For example, in case of CCTO three parallel resistor-capacitor, RC', ele-

ments in series were used to describe the contributions from grain, grain boundary
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and domain regions.
The detailed data processing is illustrated by two examples (West, 1989).
The relationship between the current, I, and the resistor, R, under an applied

voltage, V', is defined by Ohm’s Law:
v
I=—. 3.30
’ (330)

A pure capacitor allows the passage of a frequency dependent AC current given

by,
I =iwCYV, (3.31)

where w is the angular frequency (= 27 f, with the applied frequency, f, in Hz)

and ¢ = y/—1. These equations can be expressed in terms of the impedance, Z,
V
I =—. 3.32
4 (3.32)

Example I. If a resistance and capacitance were combined in series as shown in
Figure 3.9 (a), the total voltage drop, V', and the total impedance, Z, will be

expressed as,

I 1
V=Vi+Vo=IR4+ —=1TR+ — 3.33
1tV +iwC’ ( +iwC>’ ( )
1 7
Z—=R4+—=R— . 34
R+MC R C (3.34)

This impedance equation contains the real and imaginary parts. Therefore, the
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complex impedance, Z*, is given by,

Z7* =7 —iZ", (3.35)
1
7' =R, 7/ = —. .
R, e (3.36)

Example II. When the R and C are arranged in parallel in the circuit (Figure

3.9 (b)), the reciprocal complex impedance can be used for analysis.

.1 1

where A* is the complex admittance. Therefore the following equations are derived.

A= At iA (3.38)
A= }l%, A = wC (3.39)

The complex impedance can be determined by the complex admittance,

| 1 N\ R
o _E_(Tz“w) ~ 1t iwkC
B R(1 —iwRC) _ R—RiwRC
- (1 +iwRC)(1 —iwRC) 1+ (wRO)?
_ R R wRC (3.40)

1+ (WRC)? 14 (wRC)*
Therefore,

R wRC
7= — T and7' =R—T
z and 20 =Ry ey

1+ (WRC) (3:41)

In summary, the impedance data can be described by three different com-

plex formalisms: the complex impedance, Z*, the complex admittance, A*, and
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Figure 3.9 An illustration of the simplest combinations of a resistor and capacitor,
along with the impedance behavior shown to the right of the electrical analog. R
and C are the magnitudes of the resistor’s resistance and capacitor’s capacitance,
respectively. (a) Series combination and (b) parallel combination of resistance and
capacitance. The lines in the impedance plots are derived from the locus of points
evaluated at different radial frequencies, w (Bruce, 1987).

complex permittivity, e* as follows (West, 1989). i.Complex impedance:

?

7" =Ry — — 3.42
R= o (3.42)
(s = series)
ii.Complex admittance:
* * *\—1 1 .
A(or Y*) = (Z")" = T +iwC, (3.43)
P

(p = parallel)
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iii.Complex permittivity:

e* = ,A = — " (3.44)
1WEQ

This chapter provides theoretical background for electrical properties re-
lated to CuO materials including theories relating macroscopic measurements to
microscopic quantities, sources of polarizability, dielectric relaxation, dielectric

behaviors in alternating fields, and theory of impedance spectroscopy.



CHAPTER IV

EXPERIMENTAL DETIALS

This chapter is concerned with the experimental details carrying out in
this work. Two novel methods for synthesizing copper oxide (CuO) powder are
introduced. The synthesized powders together with a commercial CuO powder
are used to prepare CuO ceramic samples. Finally, characterization methods and

details of the dielectric measurements of the CuO ceramic samples are explained.

4.1 Preparation of CuO powder

Apart from the commercial powders obtained from the Aldrich Co. Ltd.,
with 99.99% purity, we were successfully synthesized CuO powders using two sim-
ple methods namely direct thermal decomposition method (DT method) and poly-

mer pyrolysis solution method (PR method).

4.1.1 Direct thermal decomposition method

The starting material for this method is Cu(CH3COQO),.H50O powder. The
powder was put into an alumina crucible and then calcined separately at different
temperatures of 500, 600 and 700°C in air for 6 h. The calcined powder was then
ball milled (~ 80 rpm ) in a sealed alumina vial using zirconia balls under ambient

condition for 5 h. The final product obtained was black crystalline powder.
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4.1.2 Polymer Pyrolysis solution method

The chemical reagents used in this method are copper nitrate (Cu(NHj)o
.3H50), ammonium per sulfate ((NH4)2S,0,4) and acrylic acid. The experimen-
tal procedure started by dissolving copper nitrate 241.6 g in 300 g acrylic acid
aqueous solution (Acrylic:HoO = 70:30 wt%) under stirring. The molar fraction
of nitrate:solution was fixed at 1:2; then a small amount (about 0.5 g) of 5%
(NH4)2S204 aqueous solution was added to the mixed acrylic acid solution to pro-
mote the polymerization. Under heating at 60 - 70°C for 5 h the mixed solution
was dried at 100°C for 24 h to form the well-distributed polyacrylate salt. The
polyacrylate salt was then ball milled (~ 80 rpm) in the sealed alumina vial using
zirconia balls under ambient condition for 5 h. Finally, the powder was calcined at
500, 600 and 700°C for 6 h in air. The final product obtained was black crystalline

powder.

4.2 Preparation of CuO ceramic

For preparation of the CuO ceramic samples, the commercial and the syn-
thesized CuO powders were separately pressed at 150 MPa into pellets of 15 mm
in diameter and about 1 to 2 mm thick using a uniaxial pressing machine. Finally,
these pellets were sintered at 900 and 950°C for 10 h in air in a box furnace with

the heating and cooling rates of 5°C/min.

4.3 Samples annealing

The obtained CuO ceramic samples were then annealed in an atmosphere
of flowing argon gas (99.995% purity) at 700°C for 2 h and some of the samples

were then re-annealing in the atmosphere of flowing oxygen gas at 700°C for 2 h.
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The flowing rate of the gases was about 5 lit./min.

4.4 Samples characterization

The Cu(CH3COO0)5.Hy0 powder and the dried powder precursors prepared
as solution method were characterized by TG-DTA (Pyris Diamond TG/DTA,
Perkin Elmer Instrument, USA). This technique was used to determine the de-
composition and crystallization temperatures (or phase changes) of the powder.
The analyses were performed with a heating rate of 15°C/min in static air up to
1000°C. The phase of the CuO powders and ceramics was characterized by X-ray
diffraction (XRD) (PW3040 Philips X-Pert MPD Multi Purpose CuKa radiation
with A = 0.15406 nm). The results of the X-ray diffraction were also used to esti-
mate of the crystallite size of the CuO powder. From the line broadening of corre-
sponding X-ray diffraction peaks, the crystallite size (D) was estimated using the
Scherrer formula (Cullity and Stock, 2001):D = [%’;9, where X is the wavelength
of the X-ray radiation, K is a constant taken as 0.75, 6 is the diffraction angle.
B3 is the full width at half maximum (FWHM) and is given by 3 = /(32 — 32,
where 3y and [3; are the widths from the observed X-ray peaks and the width due
to instrumental effects respectively.

The microstructures of the CuO ceramics were characterized using a scan-
ning electron microscopy or SEM (LEO SEM 1450VP, UK). The grain size of
each CuO ceramic sample was measured using a standard line intercept technique
from the SEM micrographs of the CuO ceramic surface. Average grain size was
obtained by measuring at least 200 intercepts for each micrograph.

Throughout this work, symbols were assigned for the CuO ceramic samples
obtained from each stage of the preparations beginning with the sintered CuO

ceramics fabricated from commercial and the three CuO powders calcined at 500,
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600 and 700°C following by the annealing under the flowing argon and then re-

annealing in the flowing oxygen as summarized in Table 4.1.

Table 4.1 Symbols for the CuO ceramics fabricated using the CuO powder pre-
pared from different methods. Methods Symbols Detail of samples.

Methods Symbols Detail of samples

Commercial as-Cu0-99.99a  The CuO sintered at
CuO powder 900°C in air for 10 h
with 99.99% as-Cu0-99.99b  The CuO sintered at
purity 950°C in air for 10 h

Ar-Cu0-99.99a

Ar-Cu0-99.99b

05-Cu0-99.99a

02-Cu0-99.99b

The Cu0-99.99a annealing
under flowing argon at 700°C for 2 h
The Cu0-99.99b annealing
under flowing argon at 700°C
for 2 h

The Ar-Cu0-99.99a annealing
under flowing oxygen at 700°C
for 2 h

The Ar-Cu0-99.99b annealing
under flowing oxygen at 700°C
for 2 h

4.5 Dielectric property measurement

The dielectric properties of the sintered CuO ceramic samples before and

after the annealing were measured. These properties are important in considering

for the practical application of high dielectric materials. The dielectric response

(capacitance, Cp, and loss tangent, tand) of the as-sintered ceramics, the ceram-

ics after annealing in argon and the ceramics after re-annealing in oxygen were

measured using a Hewlett Packard 4194A Impedance Gain Phase Analyzer over a

frequency range from 100 Hz to 1 MHz and at an oscillation voltage of 1 V. Silver

paint was coated on both surfaces of the samples and learn these to dry over night.

The measurements were performed in the temperature range from -50°C to 130°C
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Table 4.1 Symbols for the CuO ceramics fabricated using the CuO powder pre-
pared from different methods (Continue).

Methods Symbols Detail of samples
Direct thermal as-CuO5-DTa The CuO calcined at 500°C and
decomposition sintered at 900°C in air for 10 h

method as-CuO6-DTa The CuO calcined at 600°C and
sintered at 900°C in air for 10 h

as-CuO7-DTa  The CuO calcined at 700°C and
sintered at 900°C in air for 10 h

as-CuO5-DTb  The CuO calcined at 500°C and
sintered at 950°C in air for 10 h

as-CuO6-DTb The CuO calcined at 600°C and
sintered at 950°C in air for 10 h

as-CuO7-DTb The CuO calcined at 700°C and
sintered at 950°C in air for 10 h

as-CuO5-DTa  The CuO5-DTa annealing under
flowing argon at 700°C for 2 h

Ar-CuO6-DTa  The CuO6-DTa annealing under
flowing argon at 700°C for 2 h

Ar-CuO7-DTa  The CuO7-DTa annealing under
flowing argon at 700°C for 2 h

using an inbuilt cooling-heating system. FEach measured temperature was kept

constant with an accuracy of +1°C. The complex permittivity,e* , was calculated

as follows:
e =¢' — g, (4.1)
where
g = i—j, (4.2)
and

e = &' tan . (4.3)
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Table 4.1 Symbols for the CuO ceramics fabricated using the CuO powder pre-
pared from different methods (Continue).

Methods Symbols Detail of samples
Direct thermal Ar-CuO5-DTb  The CuO5-DTb annealing under
decomposition flowing argon at 700°C for 2 h

method Ar-CuO6-DTb ~ The CuO6-DTb annealing under
flowing argon at 700°C for 2 h
Ar-CuO7-DTb ~ The CuO7-DTb annealing under
flowing argon at 700°C for 2 h
05-CuO5-DTa  The Ar-CuO5-DTa annealing under
flowing oxygen at 700°C for 2 h
02-CuO6-DTa  The Ar-CuO6-DTa annealing under
flowing oxygen at 700°C for 2 h
05-CuO7-DTa  The Ar-CuO7-DTa annealing under
flowing oxygen at 700°C for 2 h
02-CuO5-DTb  The Ar-CuO5-DTb annealing under
flowing oxygen at 700°C for 2 h
02-CuO6-DTb  The Ar-CuO6-DTb annealing under
flowing oxygen at 700°C for 2 h
05-CuO7-DTb  The Ar-CuO7-DTb annealing under
flowing oxygen at 700°C for 2 h

€0 is the permittivity in free space, A is the sample area and d is the sample
thickness.

The complex impedance, Z*, was calculated as follows:

1
/A 4.4
iwCoe*’ (44)

where w is the angular frequency w = 27 f. Cy = g9A/d is the empty cell capaci-
tance.

The values of the impedance were obtained by a complex plane method,
known as Cole-Cole plot (Sinclair and West, 1989), which plots between the real
part, Z’, and the imaginary part, Z”, according to the x and y axis, respectively.

The data usually takes the form of semi-circles. The Cole-Cole plot is especially
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Table 4.1 Symbols for the CuO ceramics fabricated using the CuO powder pre-
pared from different methods (Continue).

Methods Symbols Detail of samples
Polymer as-CuO5-PRa  The CuO calcined at 500°C and
Pyrolysis sintered at 900°C in air for 10 h

solution method as-CuO6-PRa  The CuO calcined at 600°C and
sintered at 900°C in air for 10 h

as-CuO7-PRa  The CuO calcined at 700°C and
sintered at 900°C in air for 10 h

as-CuOb-PRb  The CuO calcined at 500°C and
sintered at 950°C in air for 10 h

as-CuO6-PRb  The CuO calcined at 600°C and
sintered at 950°C in air for 10 h

as-CuO7-PRb  The CuO calcined at 700°C and
sintered at 950°C in air for 10 h

Ar-CuO5-PRa The CuO5-PRa annealing under
flowing argon at 700°C for 2 h

Ar-CuO6-PRa The CuO6-PRa annealing under
flowing argon at 700°C for 2 h

Ar-CuO7-PRa  The CuO7-PRa annealing under
flowing argon at 700°C for 2 h

useful to estimate the electrical properties of polycrystalline sample since it can
estimate the electrical property of grain and grain boundary separately. Therefore,
the complex impedance plots were used to investigate the electrical properties of
polycrystalline CuO pellets in the temperature range of -50°C to 130°C.

The dielectric properties and dielectric loss tangent (tand) under uniaxial
compressive stress were measured by LCR-meter (Instrek LCR-821). The uniaxial
compressive stress machine used in this study was designed and described by
Yimnirun and co-workers (Yimnirun et al., 2003; Yimnirun et al., 2005; Yimnirun,
2006). The room temperature (~ 27°C) capacitance and the dielectric loss tangent
were obtained at frequency range 1 to 200 kHz under uniaxial compressive pre-
stress levels up to 65 MPa. The dielectric constant was then calculated from a

parallel-plate capacitor equation, e.g. &, = Cd/egA, where C is the capacitance
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Table 4.1 Symbols for the CuO ceramics fabricated using the CuO powder pre-
pared from different methods (Continue).

Methods Symbols Detail of samples
Polymer Ar-CuO5-PRb ~ The CuO5-PRb annealing under
Pyrolysis flowing argon at 700°C for 2 h

solution method Ar-CuO6-PRb  The CuO6-PRb annealing under
flowing argon at 700°C for 2 h
Ar-CuO7-PRb ~ The CuO7-PRb annealing under
flowing argon at 700°C for 2 h
05-CuO5-PRa The Ar-CuO5-PRa annealing under
flowing oxygen at 700°C for 2 h
02-CuO6-PRa  The Ar-CuO6-PRa annealing under
flowing oxygen at 700°C for 2 h
05-CuO7-PRa The CuO7-PRa-Ar annealing under
flowing oxygen at 700°C for 2 h
02-CuO5-PRb  The Ar-CuO5-PRb annealing under
flowing oxygen at 700°C for 2 h
02-CuO6-PRb  The Ar-CuO6-PRb annealing under
flowing oxygen at 700°C for 2 h
05-CuO7-PRb  The Ar-CuO7-PRb annealing under
flowing oxygen at 700°C for 2 h

of the specimens, d and A are, respectively, the thickness and the area of the

electrode, and ¢ is the dielectric permittivity of vacuum (8.854 x 10'* F/m).



CHAPTER V

CHARECTERIZATION OF CuO

In this chapter, the basic characteristics such as thermal behavior, phase
composition, microstructure and morphology of the dried precursors and calcined
powders are shown and discussed in section 5.1. Phase composition and mi-

crostructure of the sintered samples are presented in section 5.2.

5.1 Characterization of CuO powder

5.1.1 The thermal behavior of the as-prepared powder

The thermal behavior of the as-prepared CuO precursor powder was inves-
tigated by TG-DTA analysis at a heating rate of 15°C in static air from room
temperature to 1000°C. The results of TG-DTA measurements of the as-prepared
CuO precursor powders prepared by DT method are shown in Figure 5.1. In Figure
5.1 the TG curve contained two steps decrease of weight loss due to dehydration
and decomposition of the anhydrous salt. The first step was endothermic took
place in the temperature range of 110 - 150°C, involving the loss of one molecule
of water with a mass loss of about 10%. The second step started at about 200°C
and was completed at about 300°C; it was exothermic, due to oxidation and re-
duction corresponded to a mass loss of about 58%, giving rise to decomposition
of the anhydrous salt to copper metal. Above 300°C, a slightly increase of mass
was observed in the TG curve and a corresponding broad exothermic peak in the

DTA curve, due to the partial oxidation of Cu to CuQO. In addition, the clear
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plateau formed at 400°C on the TG curve indicates the formation of CuO as a
decomposition product. It is noted that the TG-DTA curves of the as-prepared
precursor powder of the PR method cannot be measured as the sample composes

of the pure phase of CuO only.
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Figure 5.1 TG-DTA curves of the as-prepared precursor powder of CuO prepared
by using DT method.

5.1.2 X-rays diffraction of the calcined powder

The XRD patterns of commercial CuO powder (99.99%, purity, Aldrich) is
shown in Figure 5.2. It is clearly seen from this figure that the commercial CuO
powder shows a single phase of CuO (JCPDS card No.05-0661). The crystalline
size of this powder (by using Sheerer formula) is obtained to be 43.39 £+ 9 nm.
The monoclinic lattice parameters a, b and ¢ calculated from the XRD spectra by
using the Rietveld method (Ahmed Farag et al., 2001) are obtained to be 4.6950(2),
3.4391(2) and 5.1492(3) A respectively. These values are comparable to those of
the lattice constants a = 4.684, b = 3.425 and ¢ = 5.129A for the standard data.

Figure 5.3 shows the XRD patterns of dried precursor and calcined powders

prepared by the DT method at various calcined temperatures. The main peaks
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Figure 5.2 XRD patterns of the commercial CuO powder (Aldrich, 99.99%).
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Figure 5.3 XRD patterns of the as-prepared precursor and the powders calcined
at 500, 600 and 700°C in air for the DT method.
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of all calcined powders display a main phase of CuO. However, the second phases
of CuyO (JCPDS card No.75-1571) and Cu (JCPDS card No.85-1326) can be
observed in the dried precursor. From the line broadening of the main peaks, the
crystallite size was estimated using the Scherrer’s formula (Cullity and Stock, 2001)
and Stock, 2001). The crystalline sizes of the powders calcined at 500, 600 and
700°C are obtained to be 32.83 4+ 7, 35.32 + 8 and 39.18 £ 10 nm respectively.
The lattice parameters a,b and ¢ calculated from the XRD spectra (by using
Rietveld method) are 4.6862(4), 3.4250(3) and 5.1322(4), 4.6868(5), 3.4263(4) and

5.1334(5), 4.6862(4), 3.4250(3) and 5.1322(4)A for the CuO powders calcined at

500, 600 and 700°C, respectively.
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Figure 5.4 XRD patterns of the as-prepared precursor and the powders calcined
at 500, 600 and 700°C in air for the PR method.

Figure 5.4 shows the XRD patterns of dried precursor and calcined powders
prepared by the PR method at various calcined temperatures. The main peaks
of all calcined powders display a main phase of CuO. However, the second phases

of CuO (JCPDS card No.75-1571) and Cu (JCPDS card No.85-1326) can be
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observed in the dried precursor as also found for the DT method. From the line
broadening of the main peaks, the crystallite size was again estimated using the
Scherrer formula (Cullity and Stock, 2001) and found to be 25.87 + 4, 28.05 £ 8
and 34.44 + 7 nm for the powders calcined at 500, 600 and 700°C, respectively.
The lattice parameters a,b and ¢ calculated from the XRD spectra (by using
Rythwell method) are 4.6840(3), 3.4269(3) and 5.1315(4), 4.6839(3), 3.4246(3)
and 5.1306(3), 4.6862(3), 3.4238(2) and 5.1317(3)A for powders calcined at 500,
600, and 700°C, respectively.

The crystalline size and lattice parameter of the commercial CuO, DT and
PR powders are summarized in Table 5.1. The crystalline size of all CuO powders
is in the order of nanometer scale. The crystalline size of the commercial CuO
powder is 43.39 £ 9 nm. The crystalline sizes of DT and PR powders increase from
32.83 nm to 39.18 nm and 25.87 nm to 34.44 nm as the calcination temperature
is increased from 500°C to 700°C, respectively. The crystalline sizes of the CuO
powders prepared by the PR method is smaller than those prepared by the DT
method at the same calcination temperature, since in the PR method, a soluable
synthesis technique can afford an intimate and homogeneous mixing of metal ions
at the atomic scale, thus reducing the diffusion path length required. Shorter
diffusion lengths require shorter reaction times and lower temperature. The lattice
parameters a, band ¢ of the powders calculated from the XRD spectra are close to
those of lattice constants quoted in the standard data.

The XRD patterns of the precursor prepared by the PR method (shown
in Figure 5.4) show that the precursor contains crystalline Cu,O and Cu metal.
This indicates that the metal nitrates form oxides in the first step of the process
or during the heat treatment. From the XRD results the phase composition of the

prepared CuO powders calcined in the range of 500 - 700°C consists of the main
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Table 5.1 The crystallite size and lattice parameter of the commercial CuO, DT

and PR powders.

. Particle Lattice parameter
powders Material size (nm) a(;l) b(A) C(A)
standard ~ JCPDS(05-0661) - 4.684 3.425 5.129
Commercial Cu0-99.99P 43.39 £ 9 4.695 3.439 5.149
P500-DT 32.83 £ 7 4.6862(4) 3.4250(3) 5.1322(4)
DT method P600-DT 35.32 £ 7 4.6868(5) 3.4263(4) 5.1334(5)
P700-DT 39.18 £ 10 4.6862(4) 3.4250(3) 5.1322(4)
P500-PR 25.87 £ 4 4.6840(3) 3.4269(3) 5.1315(4)
PR method P600-PR 28.05 £ 8 4.6839(3) 3.4246(3) 5.1306(3)
P700-PR 34.44 £ 7 4.6862(3) 3.4238(2) 5.1317(3)

5.1.3 SEM analysis of the CuO powder

Morphology of the commercial CuO, DT and PR powders revealed by SEM

are shown in Figures 5.5 - 5.7. Figure 5.5 shows CuO particles with the average

size of about 43 nm for the commercial CuO powders. Figure 5.6 shows CuO

particles with the average sizes of about 32, 35 and 39 nm for the DT-prepared

CuO powders, calcined at 500, 600 and 700°C, respectively. Figure 5.7 shows CuO

particles with the average sizes of about 26, 28 and 34 nm for the PR-prepared CuO

powders calcined at 500, 600 and 700°C, respectively. It is seen from Figures 5.5

- 5.7 that some agglomerates are observed in all of the calcined powders, and the

particle size of the powders increases with increasing the calcination temperature.
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Figure 5.5 SEM micrographs of the commercial CuO powders.

5.2 Characterization of CuO ceramics

5.2.1 X-ray diffraction analysis

In this section, the X-ray diffraction technique has been used to carry out
phase analysis and study the effect of sintering temperature on the CuO ceramics’
structure.
5.2.1.1 X-ray diffraction analysis of the commercial CuO ceramics

The XRD patterns of CuO ceramics prepared from commercial powder,
and sintered at 900°C and 950°C for 10 h in air, are shown in the Figures 5.8
(a) and (b) respectively. Figure 5.8 (a) shows the XRD patterns of the CuO ce-
ramics before surface polishing. Apparently, all of these specimens reveal similar
diffraction patterns. Therefore, there is no significant change of crystalline phase
intensity at these two sintering temperatures. The different phase is related to the
structure of space group C2/c according to JCPDS No.05-0661. It is also observed
that all the CuO ceramics show distinct (110), (-111), (111), (-112), (-202), (020),
(202), (-113), (-311), (220), (311) and (-222) planes, thus demonstrating a poly-
crystalline characteristic. This indicates that all of the ceramic samples prepared

in the present study have a good polycrystalline structure in spite of their differ-
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Figure 5.6 SEM micrographs of the DT-prepared CuO powders calcined at (a)
500°C, (b) 600°C and (c) 700°C for 6 h in air, respectively.

ent microstructures. The monoclinic lattice parameters a, b and ¢ calculated from
the XRD spectra are 4.6869(2), 3.4224(2) and 5.1294(2), 4.6879(4), 3.4224(3) and
5.1305(4) A for Cu0-99.99a and Cu0-99.99b respectively. These values are close
to those of the lattice constants a = 4.684, b = 3.425 and ¢ = 5.129 in the stan-
dard data. Figure 5.8 (b) shows the XRD patterns of CuO ceramics after 1/3 of
the pellets were polished off. The results show the decrease of the peaks intensi-

ties in (111) plane and the increase of that with small amount in (-111) plane of
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Figure 5.7 SEM micrographs of the PR-prepared CuO powders calcined at (a)
500°C, (b) 600°C and (c) 700°C for 6 h in air, respectively.
Cu0-99.99b ceramic, while the peaks intensities of the other planes do not change.
5.2.1.2 X-rays diffraction analysis of CuO ceramics prepared by DT
method

The XRD patterns of the DT-prepared CuO ceramics sintered at 900°C for
10 h in air before and after surface polishing are shown in Figures 5.9 (a) and 5.9
(b) respectively. This confirms the main phase of CuO in all samples although a

small amount of intensities are presented in all polished ceramic surface. Moreover,
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Figure 5.8 XRD patterns of CuO ceramic prepared from commercial CuO pow-
ders (a) before polishing (Cu0-99.99a) and (b) after polishing (Cu0-99.99b).

it is observed that all the CuO ceramics show distinct (110), (-111), (111), (-112),
(-202), (020), (202), (-113), (-311), (220), (311) and (-222) planes thus demon-
strating a polycrystalline characteristic. Similar patterns are also observed for the
CuO ceramics sintered at 950°C for 10 h in air before and after surface polishing as
shown in Figures 5.9 (c¢) and 5.9 (d) respectively. The monoclinic lattice parame-
ters a, b and ¢ of unpolished samples calculated from the XRD spectra are respec-
tively 4.6874(3), 3.4237(3) and 5.1315(3)A for CuO5-DTa; 4.6870(3), 3.4226(2)

and 5.1310(3) for CuO6-DTb; 4.6876(3), 3.4227(3) and 5.1312(4)A for CuO7-
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DTa; 4.6874(4), 3.4228(3) and 5.1315(4)A for CuO5-DTh; 4.6882(3), 3.4227(3)
and 5.1319(4) for CuO6-DTh; 4.6874(2), 3.4222(1) and 5.1313(2) A for CuO7-DTb.
These values are close to those of the lattice constants a = 4.684, b = 3.425 and

¢ = 5.129A in the standard data. The monoclinic lattice parameters a, b and ¢ of

polished samples are also similar to these values.
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Figure 5.9 XRD patterns of DT-prepared CuO, sintered at 900°C for 10 h in air
(a) before polishing and (b) after polishing (CuO5-DTa, CuO6-DTa and CuO7-
DTa) and the samples sintered at 950°C for 10 h in air (c) before polishing and
(d) after polishing (CuO5-DTb, CuO6-DTb and CuO7-DTb).



58

5.2.1.3 X-ray diffraction analysis of CuO ceramics prepared by PR
method

The XRD patterns of the PR-prepared CuO ceramics sintered at 900°C for
10 h in air before and after surface polishing are shown in Figures 5.10 (a) and
5.10 (b) respectively. This confirms again the main phase of CuO in all samples
and the distinct (110), (-111), (111), (-112), (-202), (020), (202), (-113), (-311),
(220), (311) and (-222) planes demonstrate a polycrystalline characteristic. Sim-
ilar patterns are also observed for the CuO ceramics sintered at 950°C for 10 h
in air before and after surface polishing as shown in Figures 5.10 (¢) and 5.10
(d) respectively. The monoclinic lattice parameters a,b and ¢ of the unpolished
samples calculated from the XRD spectra are respectively 4.6866(3), 3.4233(2)
and 5.1309(3)A for CuO5-PRa; 4.6875(3), 3.4210(3) and 5.1303(4) for CuO6-
PRb; 4.6899(4), 3.4206(3) and 5.1313(4)A for CuO7-PRa; 4.6869(3), 3.4222(2)
and 5.1307(3) A for CuO5-PRb; 4.6899(2), 3.4196(1) and 5.1314(2) for CuO6-PRb;
4.6875(2), 3.4231(2) and 5.1312(2)A for CuO7-PRb. These values are close to
those of the lattice constants a = 4.684, b = 3.425 and ¢ = 5.1294 in the standard
data. The monoclinic lattice parameters a, b and ¢ of polished samples are similar
to these values. It is obvious that the peaks’ intensities of (-111) and (111) planes

in the polished samples of CuO6-PRb and CuO7-PRb ceramics are decreased.

5.2.2 SEM analysis

5.2.2.1 SEM analysis of the commercial powder-prepared CuO ceramics

It is well known that many physical properties such as mechanical property,
electrical property of polycrystalline CuO are very sensitive to the microstruc-
ture (Sarkar et al., 2008a; Thongbai et al., 2008b). Thus, the information as-

sociated with the physical parameters of each component that constitutes the
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Figure 5.10 XRD patterns of PR-pprepared CuO ceramics, sintered at 900°C for
10 h in air (a) before polishing (b) after polishing (CuO5-PRa, CuO6-PRa and
CuO7-PRa) and the samples sintered at 950°C for 10 h in air (c¢) before polishing
and (d) after polishing (CuO5-PRb, CuO6-PRb and CuO7-PRb).

microstructure is very important in comprehension of the materials’ properties.
In this topic the microstructure of the commercial powder-prepared CuO ceramics
with different sintering temperatures was studied by SEM. Figures 5.11 (a) and
(b) show the surface morphology of the Cu0-99.99a and Cu0-99.99b with the
mean grain size of 3.9 + 1.5 and 6.5 + 2.3 m respectively. From these results,

all grains have larger dimensions as temperature increases. This suggests that
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the morphologies increase with increasing the sintering temperature. In addition,
with an increase of sintering temperature, the grain boundary is significantly re-
duced. A similar phenomenon was observed by Thongbai and Sarkar (Thongbai
et al., 2008b; Sarkar et al., 2008a). Significantly, stoichiometry of the grain and
the grain boundary of CuO ceramics are also found to be strongly dependent on
the sintering temperature, which is confirmed to be insensitive to the process-
ing conditions. These microstructural and stoichiometric differences are likely to
have substantial influence on their dielectric properties. The details of which are

elucidated in chapter 6 section 6.1.
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Figure 5.11 SEM micrographs of the commercial powder-prepared CuQO ceramics
after (a) sintered at 900°C for 10 h in air (Cu0-99.99a), (b) sintered at 950°C for
10 h in air (Cu0-99.99a), respectively.
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5.2.2.2 SEM analysis of the CuO ceramics prepared by the DT method

The microstructures of all the DT-prepared CuO ceramics sintered at 900°C
(Cu05-99.99a, Cu06-99.99a and Cu07-99.99a) and at 9550°C (Cu05-99.99b,
Cu06-99.99b and Cu07-99.99b) as revealed by SEM are shown in Figures 5.12
(a), (b) and (c) and Figures 5.12 (d), (e) and (f), respectively. The mean grain
sizes are obtained to be 4.82 4+ 1.07, 4.46 £+ 1.55 and 3.57 £ 1.21 pm for ceram-
ics sintered at 900°C whereas those of the ceramics sintered at 950°C are 5.41 +
2.24, 6.20 £+ 2.16 and 5.00 £ 1.33 um for the samples prepared from the powders
calcined at 500, 600 and 700°C respectively. Similarly to the results obtained for
the commercial powder-prepared CuO ceramics (section 5.2.2.1), all grains have
the larger dimensions as the sintering temperature is increased. This suggests
that the morphologies of the ceramics are changed with extending the sintering
temperature.
5.2.2.3 SEM analysis of the CuO ceramics prepared by the PR method

The microstructures of the PR-prepared CuO ceramics sintered at 900°C
(CuO5-PRa, CuO6-PRa and CuO7-PRa) and at 950°C (CuO5-PRb, CuO6-PRb
and CuO7-PRb) as revealed by SEM are shown in Figures 5.13 (a), (b) and (c)
and Figures 5.13 (d), (e) and (f), respectively. The mean grain sizes are obtained
to be 1.89 £ 0.46, 1.62 £ 0.39 and 2.47 £ 0.47 pum for CuO5-PRa, CuO6-PRa and
CuO7-PRa, respectively, whereas the ceramics sintered at 950°C are obtained to
be 4.61 £ 1.83, 2.54 + 0.86 and 15.62 + 5.64 um for CuO5-PRb, CuO6-PRb and
CuOT7-PRb respectively. The grains have larger dimensions as the temperature is
increased. This suggests that the morphologies are changed with increasing the
sintering temperature as in the case of the DT-prepared ceramics.

As mentioned previously, the grain sizes of all the CuO ceramics, prepared

by PR method are smaller than those of the samples prepared by the DT method
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Figure 5.12 SEM micrographs of DT-prepared CuO ceramics, sintered at 900°C
for 10 h in air after calcination at (a) 500°C (CuO5-DTa), (b) 600°C (CuO6-
DTa) and (c) 700°C (CuO7-DTa) and the samples sintered at 950°C for 10 h in
air after calcination at (d) 500°C (CuO5-DTb), (e) 600°C (CuO6-DTb) and (f)
700°C (CuO7-DTb) respectively.

and the commercial powder-prepared CuO ceramics. This implies that the PR-
prepared CuO ceramics have a finer microstructure than that of the DT-prepared
CuO ceramics. From SEM micrograph, CuO ceramics sintered at 900°C are obvi-
ously more porous than other samples. The porosity is decreased with the increase
in the sintering temperature which is clearly seen in the SEM micrographs of these

ceramic samples sintered at 950°C (Figure 5.10 (b), Figures 5.11 (d), (e) and (f)

and Figures 5.12 (d), (e) and (f)). Moreover, the highest average grain size of
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15.62 £+ 5.64 m is obtained for the CuO7-PRb sample.

Figure 5.13 SEM micrographs of the PR-prepared CuO ceramics, sintered at
900°C for 10h in air after calcination at (a) 500°C (CuO5-PRa), (b) 600°C (CuO6-
PRa) and (c) 700°C (CuO7-PRa) and the samples sintered at 950°C for 10 h in
air after calcinations at (d) 500°C (CuO5-PRb), (e) 600°C (CuO6-PRb) and (f)
700°C (CuOT7-PRb) respectively.
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Table 5.2 Properties of the CuO ceramics sintered in air at 900°C and 950°C for
10 h. Monoclinic lattice parameters (a,b and ¢) obtained by the XRD patterns.
Grain sizes are determined from the SEM image.

Grain Average Lattice parameters
Materials size grain a b c

range(um)  size(mm) (A°) (A°) (A°)

JCPDS (05-0661) - - 4.684 3.425 5.129
CuO- 99.99a 2-8 3.86 = 1.5 4.6869(2) 3.4224(2) 5.1294(2)
CuO- 99.99b 3-12 6.45 + 2.3 4.6879(4) 3.4224(3) 5.1305(4)
as-CuO5- DTa 25-9 4.82 +£ 1.07 4.6874(3) 3.4237(3) 5.1315(3)
as-CuO6- DTa 2-9 4.46 £ 1.55 4.6870(3) 3.4226(2) 5.1310(3)
as-CuO7- DTa 2-6 3.57 £ 1.21  4.6876(3) 3.4227(3) 5.1312(4)
as-CuO5- DTb 2-10 5.41 +2.24  4.6874(4) 3.4228(3) 5.1315(4)
as-CuO6- DTb 3-11 6.20 + 2.16  4.6882(3) 3.4227(3) 5.1319(4)
as-CuO7- DTb 2-75 5.00 + 1.33  4.6874(2) 3.4222(1) 5.1313(2)
as-CuO5- PRa 1-3 1.89 + 0.46  4.6866(3) 3.4233(2) 5.1309(3)
as-CuO6- PRa 1-25 1.62 £ 0.39 4.6875(3) 3.4210(3) 5.1303(4)
as-CuO7- PRa 1-5 247 £ 047 4.6899(4) 3.4206(3) 5.1313(4)
as-CuOb- PRb 2-10 4.61 £ 1.83 4.6869(3) 3.4222(2) 5.1307(3)
as-CuO6- PRb 1-6 2.54 + 0.86 4.6899(2) 3.4196(1) 5.1314(2)
as-CuO7- PRb 4 - 36 15.62 £ 5.64 4.6875(2) 3.4231(2) 5.1312(2)




CHAPTER VI

DIELECTRIC PROPERTIES OF CuO

In this chapter, the electrical properties of the CuO ceramics such as dielec-
tric properties as a function of frequency and temperature of the samples prepared
by using commercial CuO powder, direct thermal decomposition and polymer py-
rolysis solution methods, are examined. The dielectric behavior of the sintered
CuO ceramics, pre- and post-annealing in argon at 700°C for 2 h and then re-
annealing in oxygen at 700°C for 2 h are investigated. The dielectric properties
of polycrystalline CuO ceramics are characterized by the impedance spectroscopy
(IS) model and the correlation between the dielectric properties and the effect of
annealing in argon, oxygen and sintered temperature are discussed. In the last
section, the effects of dc bias voltage and uniaxial compressive stress on the di-
electric behavior of the pre-annealing CuO ceramics are discussed. The notation

of these samples is previously labeled in Table 4.1.

6.1 Electrical properties of the CuO ceramics prepared

from the commercial CuO powder

6.1.1 Dielectric properties

In this section, the dielectric behavior of the as-, Ar-, O,-Cu0-99.99a and
as-, Ar-, O9-Cu0-99.99b samples, are examined. The frequency dependence of
dielectric constant (¢’) and the dielectric loss tangent (tan 0) for these samples

(as-, Ar-; 02-Cu0-99.99a and for as-, Ar-, O2-Cu0-99.99b) are shown in Figures
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6.1 (a-f) on the left and right axis, respectively. In the temperatures ranging from
-50°C to 30°C, the as-Cu0-99.99a (Figure 6.1 (a)) and as-Cu0-99.99b (Figure
6.1 (d)) show the values of the & of (1.85 — 1.99) x 10* and (2.12 — 2.22) x 10*
and show the tand at 1 kHz of (1.85 - 26.30) and (5.45 - 34.39). However, after
annealing in argon the ¢’ is reduced to (2.12 — 2.23) x 10* and (6.60 — 9.38) x 10?
corresponding to the increase of the tand with the values in the range of (73.60-
447.00) and (11.20-72.20) for the Ar-Cu0-99.99a and Ar-Cu0-99.99b (Figures 6.1
(b) and (e)) respectively. Moreover, the ¢’ is increased to the origin at the values
of (2.12—2.23) x 10* and (1.50 — 1.38) x 10 after re-annealing in oxygen, whereas
the tand is reduced to (4.05 - 34.30) and (15.60 - 127.00) (Figures 6.1 (c¢) and 6.1
(f)) for the O2-Cu0-99.99a and O5-Cu0-99.99b, respectively.

As previously seen, both samples (Cu0-99.99a and Cu0-99.99b) exhibit
dielectric constant value ~ (1.2 — 2.2) x 10* and after annealing in argon the
dielectric constant is reduced to ~ (2.1 — 9.4) x 10 and recovered to around
the initial value of ~ (1.5 — 2.2) x 10* by re-annealing in oxygen. Most samples
exhibit the Debye-like relaxation (Ramirez et al., 2000; Lunkenheimer et al., 2004;
Sarkar et al., 2006; Thongbai et al., 2008b). The giant dielectric behavior of
annealing process corresponds to the dielectric loss tangent. Namely, the increase
in two or three orders of magnitude of the dielectric loss tangent after annealing
in argon of both samples (Figures 6.1 (b) and 6.1 (c)) causes the reduction of
the dielectric constant. The decrease in three or four orders of magnitude of the
external resistance (Re.;) (Figures 6.4 (b) and (e)), is due to the oxygen vacancy in
the external part (surface layer and electrode) which is increased, and causes the
accumulation of the charges carrier at the external part (interfacial polarization)
and the total polarization to decrease. However, the dielectric constant can be

recovered around the initial value by annealing in oxygen resulting in the new
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surface layer and the total polarization to be increased. This process the new
surface layer in the samples after re-annealing in oxygen causing the increase of
the external resistance of both ceramics (Figures 6.4 (c¢) and (f)).

As observed in Figures 6.1 (a) - (f), after annealing in argon at 700°C for
2 h, the &’ and tand of the samples are respectively lower and higher than those
of the as- samples. Moreover, at high temperature, both ¢’ and tand values of the
post- annealing sintering samples (Ar-Cu0-99.99a and Ar-Cu0-99.99b) depend
strongly on temperature and frequency than those of the as-samples. It is known
that annealing of the samples in the reducing atmosphere at high temperature
will increase the concentration of oxygen vacancies. This can be expressed by the

following reaction (Wang and Zhang, 2006a):
Op(oxygenionatitsnormalsite) — Vi (oxygenvacancy) + 2e”~ + 502 (6.1)

The decrease in ¢’ for the post-annealing samples is possibly associated with the
decrease of charge carrier accumulated at the interface between surface layer and
electrode. Meanwhile, the increase in tan for the post-annealing samples is as-
sociated with the increase of conducting electron. The ionization of the oxygen
vacancies will create the conducting electron. This process follows the reaction as
shown in Eq. (6.1).

The temperature dependence of dielectric constant and dielectric loss tan-
gent over the temperature range of -50°C to 100°C and between 1 and 200 kHz for
the as-, Ar-, 0,-Cu0-99.99a and as-, Ar-, O,-Cu0-99.99b samples are shown in
Figures 6.2 (a) - (c¢) and 6.2 (d) - (f) (left and right axis), respectively. It is clearly
seen that these samples show giant dielectric constant and which are independent

on temperature (above -50°C) at all frequency. The dielectric loss tangent for all
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of the samples shifts to the higher temperature side with increasing frequency.
This indicates that thermally activated relaxation also occurs in the Cu0-99.99
sample as priviously observed by (Sarkar et al., 2006; Thongbai et al., 2008b).
To make further understanding of the physical nature of the observed di-
electric relaxation of the as-, Ar-; O3-Cu0-99.99a and as-, Ar-, Os-Cu0-99.99b

samples, the data of the dielectric spectra were fitted with the Cole-Cole equation,

€s — Exo

T+ Gor) .

= —j&' =65 +
where £, and ¢, are the static and high frequency limits of dielectric permittivity,
respectively. 7 is the relaxation time, and « is the distribution of the relaxation
time. It is clearly seen from Figures 6.3 (a) - (¢) and 6.3 (d) - (f) that the
relaxation time can be well fitted with the Cole-Cole equation and it is the Debye-
type relaxation. The values of a are obtained to be 0.82 - 0.86, 0.69 - 0.75, 0.7
- 0.78 (region 1) and 0.81 - 0.83 (region 2) for the as-, Ar- and Oy-Cu0-99.99a
ceramics (Figures 6.3 (a) - (¢)), respectively; and 0.69 - 0.75, 0.73 - 0.82 and 0.70 -
0.79 (region 1), 0.83 - 0.92 (region 2) for the as-, Ar- and O2-Cu0-99.99b (Figures
6.3 (d) - (f)), respectively. The relaxation times of these samples are summarized
in Table 1.

From the fitting results, we found that the fitted 7 values at different tem-
peratures (-50°C to 30°C) of the samples are shown in Table 6.1. It is clearly seen
that the relaxation times of the as-Cu0-99.99a (as-7) samples are two or three
orders of magnitude and four or five orders of magnitude higher than those of the

Ar-Cu0-99.99a (Ar-7) and the O-Cu0-99.99a (O-7), respectively. The dielectric
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Figure 6.1 Frequency dependence of the dielectric constant (left axis) and the
dielectric loss tangent (right axis) for the as-Cu0-99.99a (a), Ar-Cu0-99.99a (b),
02-Cu0-99.99a (c), as-Cu0-99.99b (d), Ar-Cu0-99.99b (e) and O2-Cu0-99.99b

(f) samples, respectively.

relaxation time can be obtained by the Arrhenius law,

E

T="Ty exp(kB—tf) , (6.3)

where 7y is the prefator, E, is the activation energy required for the relaxation

process, kg is the Boltzmann constant, and T is the absolute temperature. The

69
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Figure 6.2 Temperature dependence of the dielectric constant (left axis) and the
dielectric loss tangent (right axis) for the as-Cu0-99.99a (a), Ar-Cu0-99.99a (b),
05-Cu0-99.99a (c), as-Cu0-99.99b (d), Ar-Cu0-99.99b (e) and Oz-Cu0-99.99b

(f) samples, respectively.

fitted curves using Eq. (6.3) for the as-, Ar-; 05-Cu0-99.99a and the as-, Ar-, Oo-
Cu0-99.99b samples are shown in the inset of Figures 6.3 (a-1) to (c-1) and the
inset of Figures. 6.3 (d-1) to (f-1), respectively. The values of activation energy
(E;) are obtained to be 0.146, 0.118, 0.113 (1) and 0.106 (2) eV for the as-, Ar-,

0,-Cu0-99.99a, respectively. Similarly, the E. values for the as-, Ar-, and Os-
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Figure 6.3 The frequency dependence of ¢’ at various temperatures (the solid
lines represent calculated values of Cole-Cole equation) and the Arrhenius plots
of dielectric relaxation time, the inset (a-1) to (f-1) for the as-Cu0-99.99a (a),
Ar-Cu0-99.99a (b), 02-Cu0-99.99a (c), as-Cu0-99.99b (d), Ar-Cu0-99.99b (e)
and 02-Cu0-99.99b (f) samples, respectively.

Cu0-99.99b samples are obtained to be 0.168, 0.160, 0.132 (1) and 0.106 (2)eV,
respectively. The estimated values of activation energy (F,) of these samples are

summarized in column 7 and 8 of Table 6.2.
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Table 6.1 Relaxation times of the as-, Ar-, O3-Cu0-99.99a and the as-, Ar-,
0,-Cu0-99.99b samples in the range from -50°C to 30°C.

Temperature Cu0-99.99a Cu0-99.99b

(°C) as-T  Ar-7  Oo-7(us) as-7 Ar-7  Og-7(ms)
(ws)  (us) (1) (2) (us) (us) (1) (2
-50 158 52 92 23 46 32 43 1.6
-40 98 38 6.2 18 23 21.8 3.2 1.25
-30 7.78 3.2 5 15 17 16 2.7 1.06
-20 5 2.3 4 129 116 12 2.2 0.85
-10 43 18 35 11 92 91 173 0.7
0 3.3 1.4 3 084 69 74 12 0.8

10 27 14 24 07 54 54 1 -

20 21 095 21 068 43 43 091 -

30 1.7 081 18 059 33 35 076 -

6.1.2 The impedance analysis

In order to understand the responses of the dielectric dispersion for the
Cu0-99.99 samples, the complex impedance analysis was performed. The complex
impedance analysis has been known to be able to distinguish the resistance between
grain and GBs (Sinclair and West, 1989), by using the complex impedance analysis.
Their experiment can be distinguished the resistance for the external (surface layer
and electrode) at low frequency and the internal (grain and GBs) at high frequency.
On the basis of the impedance spectroscopy (IS) model (Ming et al., 2009), the
equivalent circuit is in series with the parallel RC element of the external and
internal, and the position of the arc in the frequency spectrum depends on their
relaxation time, 7, where 7 = RC (R = resistance, C' = capacitance), because
at the arc maximum the relationship wy.x™ = 1 holds, where w is the angular
frequency (w = 2x f, f is the applied frequency).

For the CuO samples prepared from the commercial CuO powder, the com-

plex impedance, Z*, plots for the as-samples sintered at 900°C and 950°C (as-
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Cu0-99.99a and as-Cu0-99.99b) are shown in Figures 6.4 (a) and (d). For the
measuring temperature between -50°C to 30°C, both samples show a large semi-
circular arc with a small semi-circular arc (Figures 6.4 a and 6.4 d). All data were
interpreted using an equivalent circuit of two parallel RC elements connected in
series, as examined previously. One element corresponds to the internal (RC')int
at high frequency, whereas other elements correspond to the external (RC)ext at
low frequency (Ming et al., 2009).

When the temperature is increased from -50°C to 30°C, the R;,; and R,
decrease from 5,700 2 to 680€2 and 74,00012 to 2,88052; from 6,500€2 to 890€2 and
14,0002 to 2,12012 for the as-Cu0-99.99a and as-Cu0-99.99b samples respectively.

Next, the complex impedance, Z*, plane plots for the Ar-Cu0-99.99a and
Ar-Cu0-99.99b at measuring temperature between -50°C to 0°C are shown in
Figures 6.4 (b) and 6.4 (e), respectively. When the temperatures are increased
from -50°C to 30°C, the R;,; and R,.,; are decreased from 7,100€2 to 1,860€2 and
4,500€2 to 90012 for the as-Cu0-99.99a; from 13,4002 to 3,000€2 and 13,200€2 to
2,90012 for the as-Cu0-99.99b.

In the final part of Figure 6.4, we discuss the dielectric behavior of the CuO-
99.99 after re-annealing in oxygen at 700°C for 2 h. The complex impedance, Z*,
plane plots for the O5-Cu0-99.99a and O5-Cu0-99.99b at measuring temperatures
between -50°C to 0°C are shown in Figures 6.4 (c) and 6.4 (f), respectively. When
the temperature is increased from -50°C to 0°C, the R;,; and R.,; decrease from
1,300€2 to 4322 and 20,700€2 to 4,586f2 for the as-Cu0-99.99a; from 1,358¢) to
42092 and 6,567€2 to 1,626 for the as-Cu0-99.99b, respectively.

The complex impedance, Z*, plane plot of the as-Cu0-99.99a and as-CuO-
99.99b shown in Figures 6.4 (a) and 6.4 (d), which reveal two semicircles intercept

on the Z’ axis at low and high frequencies correspond to external resistance (Rey)
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Figure 6.4 Complex impedance, Z* plots and the expanding scale at a high fre-
quency (inset) for the as-Cu0-99.99a (a), Ar-Cu0-99.99a (b), O2-Cu0-99.99a (c),
as-Cu0-99.99b (d), Ar-Cu0-99.99b (e) and Oy-Cu0-99.99b (f) ceramics, respec-

tively.
and internal resistance (R;,:). Then the external resistance of both samples de-
creases after annealed at 700°C for 2h in argon (Figures 6.4 (b) and 6.4 (e)). This

may be due to the decrease of the charge carrier because of the increase in the
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Table 6.2 The dielectric constant, dielectric loss tangent activation energy, capac-
itance and resistance of internal (R;,;), external (R.,;) of the commercial powder-
prepared CuO samples at 30°C and 1 kHz.

Samples Dielectric tand  Resistance  Capacitance Activation Energy
(") (€) (nF) (eV)

Rext Rint Cext ( 1) (2) ETl ET2
as-Cu0-99.99a 19,900  26.3 2,880 680 2.98 0.146 -
Ar-Cu0-99.99a 2,220 529 490 1060 0.32 0.118 -
02-Cu0-99.99a 22,300 34.3 1,995 296  3.39(1.52) 0.113 0.099
as-Cu0-99.99b 17,800 349 2,120 890 2.61 0.168 -
Ar-Cu0-99.99b 9,380 72.2 1,260 1450 1.5 0.16

02-Cu0-99.99b 13,800 127 744 256 2.1(0.91) 0.132 0.106

oxygen vacancies and the reduction of the surface due to the polishing mechanism,
corresponding to the reduction of the dielectric constant and the increase of the
dielectric loss tangent (Figure 6.1 (b) for the Cu0-99.99a and Figure 6.1 (e) for
the Cu0-99.99b samples, respectively). After re-annealing in oxygen, the com-
plex impedance, Z*, plane reveals one semicircle with a non-zero intercept on the
7' axis at high frequencies and one semicircle at low frequencies corresponding
to the internal and external part, respectively. The semicircle at low frequency
corresponding to the resistance of electrode collapses with the new surface layer
(occuring by the polish surface samples and re-annealing in oxygen) as clearly seen
in Figures 6.1 (c¢) and 6.1 (f). The insets (a-1) to (f-1) of the Figure 6.1 show the
impedance, Z*, plane plot at a high frequency of the samples.

Figures 6.5 (a) and 6.5 (b) show comparison of the dielectric constant for
the as-, Ar-, 05-Cu0-99.99a and as-, Ar-, O,-Cu0-99 samples measured at room
temperature over the frequency range of 1 kHz and 1 MHz. In Figure 6.5 (a),
the € at 1 kHz is 19900 for the as-Cu0-99.99a and is decreased to 2220 for the
Ar-Cu0-99.99a sample. However, the €’ can be recovered to around initial value of

22,300 for the O5-Cu0-99.99a sample. Similar result was observed for the samples



76

sintered at 950°C (Figure 6.5 (b)). The ¢’ value at 1 kHz is 17800 for the as-CuO-
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Figure 6.5 Comparison of frequency dependence of the dielectric constant at room
temperature for the as-, Ar- and O2-Cu0-99.99a (a); as-, Ar- and O2-Cu0-99.99b
(b), respectively.

99.99b and after that decreases to 9380 for the Ar-Cu0-99.99b sample. However,
the &' can be recovered up to 13800 for the O2-Cu0-99.99b. This enhancement of
the &' of these sample is possibly due to the charge carrier in the sample, where
the high dielectric constant in the as-samples is due to the exist of charge carrier
in the samples during the sintering process. And, the &’ value is decreased due
to the decrease of the charge carrier in the Ar-samples. Then, after re-annealing
in oxygen the dielectric constant can be increased again due to the increasing of
charge carrier.

Figure 6.6 shows the plots of the dielectric constant (¢'), dielectric loss
tangent external resistance (R..) and internal resistant (R;,;) as a function of
sintering temperature for the as-, Ar- and O5-Cu0-99.99 samples. In Figure 6.6
(a) the dielectric constant, ', of the as-samples sintered at 900°C is higher than
that of the samples sintered at 950°C, whereas the tand values of both samples
are not different (Figure 6.6 (b)). In Figure 6.6 (c), the R, of the as-sample

sintered at 900°C is higher than that of the samples sintered at 950°C. Finally, the
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Figure 6.6 The plots of (a) the dielectric constant, (b) the dielectric loss tangent,
(c) the external resistance (R..:), and (d) the internal resistance (R;,) for the as-,
Ar- and Og-sample sintered 900°C (V) and 950°C (), respectively.

R;,; of the as-samples sintered at 900°C is lower than that of the samples sintered
at 950°C. Then, in Figure 6.6 (b) the tand values of both samples increase again
corresponding to the decrease in dielectric constant, ¢’. Clearly, the &' decreases
with decreasing in R.,; (due to, i. the charge carrier in the samples decreased
after annealing in argon, ii. The surface layer decreased by the polishing as seen
in Figures 6.6 (a) and 6.6 (c) (point Ar-Cu0-99.99). After annealing in oxygen
(point O-Cu0-99.99), the & can be increased again in corresponding with the
decrease in the tand, the increase in the R,,; and the decrease in the R;,;, due to
the decrease of the oxygen vacancies and the formation of the new surface layer

which gives rise to smaller resistance value than the old surface layer.
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6.1.3 Effect of dc-bias voltage

Figure 6.7 shows frequency dependence of the dielectric constant as a func-
tion of dc-bias voltage (0 - 3.6 V) for the as-samples sintered at 950°C (as-CuO-
99.99a) (a) and the as-samples sintered at 900°C (as-Cu0-99.99b) (b), respectively.
The dielectric constants decrease from 23700 to 3090 and 21200 to 8830 at 1 kHz
with increasing the dc-bias voltage (0 - 3.5 V) for the as-Cu0-99.99a and as-
Cu0-99.99b, respectively. Figures 6.7 (c¢) and 6.7 (d) show the dc-bias voltage
dependence of dielectric constant as a function of (1 kHz - 20 kHz) frequencies
for the as-Cu0-99.99a and as-Cu0-99.99b, respectively. It is clearly seen in Fig-
ures 6.7 (c) and 6.7 (d) that the dielectric constant is slightly decreased when
the dc- bias voltage is increased from 0 to 3.6 V. In addition, the capacitance of
external response is decreased from 2.4 nF to 2.1 nF and 2.5 nF to 2.1 nF for
the as-Cu0-99.99a and as-Cu0-99.99b, respectively. Whereas, the capacitance of
internal response remains constant with the values of 2.0 pF and 2.1 pF for the
as-Cu0-99.99a and as-Cu0-99.99b, respectively.

Figures 6.8 (a) and 6.8 (b) show the complex impedance, Z*, plots, contain-
ing large semicircles corresponding to the external response at low frequencies from
2.8 kHz to 5.0 MHz for the as-Cu0-99.99a and to 1.5 MHz for the as-Cu0-99.99b,
and small semicircles corresponding to the internal response at high frequencies.
As can be seen that at room temperature, the R.,; and the dielectric constant
are decreased with the increase of the dc-bias voltage from 0.3 to 6 V. The R,
decreases from 5600 €2 to 510 €2 and 3200 Q2 to 250 € for the as-samples sintered
at 900°C and 950°C, respectively, when the dc-bias voltage is increased from 0 to
3 V, whereas the R;,; remains constant at 911  and 1066 €2, respectively. In this
study, the capacitance bridge is not balanced at voltages over 3.6 V due to the large

leakage current. When the dc-bias is over the balancing limit, the charge carriers
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Figure 6.7 Frequency dependence of the dielectric constant as a function of dc-
bias voltage (0 - 3.6) near room temperature at 1 kHz for the (a) as-Cu0-99.99a
and (b) as-Cu0-99.99b sample, (c) and (d) show the plot of the dielectric constant
versus frequencies for the as-Cu0-99.99a and as-Cu0-99.99b sample, respectively.

can be transported across potential wall of the external part, thus the free charges
accumulated at the external part (interfacial polarization) are disappeared, and
then the total polarization is only contributed by the internal part. Part of the
decrement in &' value due to the influence of the de-bias is probably contributed
by the external free charge, and the remaining value of &’ after the dec-bias volt-
age over the balancing limit is contributed by internal free charge. Therefore, the
dc-bias voltage should have effect on the electrical properties of the external free

charge, whereas it has no effect on the by internal free charge.
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Figure 6.8 Complex impedance, Z*, plots and the expanding scale at a high
frequency (inset) at each dc-bias voltage (0 - 3 V.) at room temperature for the
as-Cu0-99.99a (a) and as-Cu0-99.99b (b), respectively.

6.1.4 Effect of uniaxial compressive stress

For better understanding on the effect of the dc-bias voltage on the electrical

properties (¢’ and tand), the effect of uniaxial compressive stress on the ¢’ and tand

of the as-samples was studied. Figure 6.9 (a) and (b) and Figure 6.9 (c¢) and (d)

show the stress dependence of the dielectric constant (') and dielectric loss tangent

(tand) at the frequencies of 1 - 10 kHz for the as-Cu0-99.99a and as-Cu0-99.99b,

respectively. There is a significant change of both, the dielectric constant and
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dielectric loss tangent of these ceramics when applied uniaxial compressive stress.
The changes in the dielectric constant of both samples with the applied stress can
be divided into two regions. For the as-Cu0-99.99a ceramics at 1 kHz (Figures
6.9 (a) and 6.9 (c)), the dielectric constant is increased with increasing the applied
stress from 0 to 80 MPa (region 1) and has the maximum value of 2.5 x 10° at 80
MPa, and the dielectric loss tangent is also increased to the maximum value of 22
at 80 MPa. After reaching the maximum, both ¢ and tand decrease to 1.8 x 10°
and 14 at 110 MPa (region 2), respectively. Similarly, the ¢’ and tand of the as-
Cu0-99.99b, as shown in Figure 6.9 (b) and (d), are significantly increased to the
maximum values of 3.6 x 10° and 43 at 45 MPa (region 1), respectively. They are
then decreased to the minimum values of 5 x 10* and 20 at 100 MPa, respectively.
After that the &’ and the tand seem to be independent of the stress up to 125 MPa.
The large ¢’ of both samples, which occurs in region 1, causes a sudden change
in the electrode capacitance due to the uniaxial compressive stress. Because of
the elasticity of the thin electrodes, when the compressive stress is applied the
¢’ is easily increased to the maximum value and it is then decreased towards the
end of the region 1 causing the change in the electrode’s structure. For the same
reason, the internal capacitance can be effected by the apply stress (region 2)
and this can also be applied for the discussion on the de-bias results (Figure 6.8)
because the dc-bias effect is somewhat similar to compressive stress. However,
the much difference between the two applied external forces (stress vs de-bias) is
the mechanical stress that causes the change in the electrode’s structure. Hence a
strong increase in the dielectric properties, whereas the dc-bias (in this case is very
small (0 - 3.6 V) only causes the change within the internal capacitance (grain and

GBs). As a result, the decrease in the properties is observed.
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Figure 6.9 Effect of compressive stress on the dielectric constant ((a) and (b)) and
dielectric loss tangent ((c) and (d)) at room temperature for the as-Cu0-99.99a
and as-Cu0-99.99b.

6.2 Electrical properties of the CuO ceramics prepared by

the DT method

The dielectric behavior as functions of frequency and temperature together
with relaxation behavior for the as-, Ar- and Os-sample sintered at 900°C and
950°C are examined in the first section. The next section is dealed with the
impedance spectroscopy model (IS model) used to study the electrical properties
of these samples. The effect of the de-bias voltage and uniaxial compressive stress

on the dielectric constant and tand are discussed in the last section.
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6.2.1 Dielectric properties

Figure 6.10 demonstrates the frequency dependence of the dielectric con-
stant (left axis) and the dielectric loss tangent (right axis) for the sample pre-
pared from the powder calcined at 500°C and sintered at 900°C and 950°C (the
as-samples ((a) and (d)), Ar-samples ((b) and (e)) and Oy-samples ((c) and
(f))), respectively. Figures 6.10 (a) and 6.10 (d) show the giant dielectric of
(3.39 —4.7) x 10" and (3.38 — 4.6) x 10* with the tand values of (8.9 —46.5) x 10*
and (8.8 - 4.6) for the as-CuO5-DTa and as-CuO5-DTb, respectively. The values
of dielectric constant decreased to (1.2 —1.4) x 10* and (1.8 — 1.9) x 10*, whereas
the values of tand are increased to (8.9 - 200) and (9 - 185) for the Ar-CuO5-DTa
and Ar-CuO5-DTb (Figures 6.10 (b) and 6.10 (e)). However, the dielectric con-
stant can be increased to the values of (1.9 — 2.27) x 10* and (2.45 — 3.09) x 104,
whereas the tand is decreased to the values of (8.92 - 46.5) and (8.81 - 45.9) for
the O5-CuO5-DTa and Oy-CuO5-DTb samples, respectively (Figures 6.10 (c¢) and
6.10 (f)).

Figures 6.11 (a) - (f) show the frequency dependence of the dielectric con-
stant (left axis) and dielectric loss tangent (right axis) for the samples prepared
from the powder calcined at 600°C and sintered at 900°C and 950°C (the as-sample
((a) and (d)), Ar-sample ((b) and (e)) and Og-sample ((c) and (f))), respectively

The ¢ and tand values of the as-CuO6-DTa and as-CuO6-DTb as shown in
Figures 6.11 (a) and (d) are (1.77 — 6.89) x 10* and (1.21 — 1.61) x 10* and
(21.9 - 30.4) and (1.78 - 4.79), respectively. After that the &’ values decrease to
(1.43—1.57) x 10* and (1.27 — 1.61) x 10*, while the tand values increase to (5.78 -
13.9) and (5.54 - 10.7) for the Ar-CuO6-DTa and Ar-CuO6-DTb (Figures 6.10 (b)
and 6.10 (e)), respectively. However, the giant dielectric constant can be increased

to (2.63 —96.25) x 10* and (1.74 — 2.17) x 10%, whereas the tand values are (6.41 -
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72.3) and (9.28 - 96.25) for the O2-CuO6-DTa (Figure 6.10 (c)) and O2-CuO6-DTh
(Figure 6.10 (f)), respectively.

Figures 6.12 (a) - (f) show the frequency dependence on the &’ (left axis)
and the tand (right axis) for the samples prepared from the powder calcined at
700°C and then sintered at 900°C and 950°C, respectively. Figures 6.12 (a) and
6.12 (d) show respectively that the values of ¢’ and tand are (3.07 — 3.89) x 10?
and (4.61 — 5.08) x 10*; (5.54 - 41.10) and (3.78 - 13.0) for the as-CuO7-DTa
and as-CuO7-DTbh. After that the ¢’ values decrease to (1.68 — 1.94) x 10* and
(1.47 — 1.78) x 10*, whereas the tand values increase to (4.08 - 8.29) and (11.3
- 287) for the Ar-CuO7-DTa and Ar-CuO7-DTb (Figures 6.12 (b) and 6.12 (e)),
respectively. Then, the ¢’ and tand values can be increased for the Oy-CuO7-DTa
and O9-CuO7-DTb (Figures 6.12 (c¢) and 6.12 (f)). As observed in Figures 6.10
- 6.12 ((a) - (f)) the dielectric constant and the dielectric loss tangent behavior
of the as-, Ar- and Og-samples prepared from the powder with different calcined
temperature and sintered at 900°C and 950°C are similar to those observed for
the as-, Ar-; Og-samples prepared from the commercial CuO powder as discussed
in section 6.1.1.

The temperature dependence of the dielectric constant (left axis) and the
dielectric loss tangent (right axis) over the temperature range -50°C to 100°C at
each frequency of 1 kHz to 1 MHz for the samples prepared from the powder
at 500, 600 and 700°C and sintered at 900°C and 950°C are shown in Figures
6.13, 6.14 and 6.15, respectively. The ¢’ is independent of the temperature above
-50°C at 1 kHz frequency. The relaxation times of all samples shift to the higher
temperature side with the increase of the frequency. This indicates that thermally
activated relaxation also occurs in the samples similar to those observed in the

samples prepared by commercial CuO powder (Sarkar et al., 2006; Thongbai et al.,
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2008b).

For further understanding on the physical nature of the observed dielec-
tric relaxation behavior of the as-, Ar- and Os-samples with different sintering
temperatures of 900°C and 950°C (Figures 6.13 - 6.15), the data of the dielectric
spectra are fitted with the Cole-Cole equation (Eq. 6.1). The results of the as-,
Ar-; Og-samples prepared from the powders calcined at 500, 600 and 700°C and
then sintered at 900°C are shown in Figures 6.16 - 6.18 ((a) - (c¢)). Whereas,
Figures 6.16 - 6.18 ((d) - (f)) show the results of the as-, Ar-, Oy-samples sintered
at 950°C. Their relaxation times at the temperature between -50°C to 30°C are
shown in Tables 6.3 - 6.5. It is clearly seen from Figures 6.16 - 6.18 ((a) - (f))
that the relaxation time can be well fitted with the Cole-Cole equation (Cole and
Cole, 1941), indicating that the relaxation time of these samples are the Debye-
type relaxation. The values of o (Eq. 6.2) are obtained to be 0.98, 0.91; 0.81(1),
0.88(2) and 0.89; 0.74(1), 0.91(2); 0.81(1), 0.88(2) for the as-, Ar-, Os-CuO5-DTa
(Figures 6.15 (a-c)) and as-, Ar-, Oo-CuO5-DTb (Figures 6.15 (d) - (f)), respec-
tively. Whereas, Figures 6.16 (a) - (f) show that the « values are 0.91, 0.88, 0.92
and 0.94, 0.94, 0.88 for the as-, Ar-, Oy-CuO6-DTa (Figures 6.16 (a) - (c)) and
as-, Ar-, O5-CuO6-DTb (Figures 6.16 (d) - (f)), respectively. Similarly, the well
fitted results of the as-, Ar-, O5-CuO7-DTa (Figures 6.17 (a) - (¢)) and as-, Ar-,
0y-CuOT7-DTb (Figures 6.17 (a) - (c¢)) show that the « values are 0.94; 0.67(1),
0.89(2); 0.91 and 0.74(1), 0.88(2); 0.90; 0.89, respectively.

From the fitted results, the 7 values at different temperatures (-50°C to
30°C) are obtained as shown in Tables 6.3 - 6.5 for the samples prepared from the
powders calcined at 500, 600 and 700°C, respectively. It is clearly seen that the
relaxation times of the as-CuO5-DTa, as-CuO6-DTa and as-CuO7-DTa samples

are of the same value, while the relaxation times of the Ar-CuO6-DTa samples are
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Figure 6.10 Frequency dependence of the dielectric constant (left axis) and di-
electric loss tangent (right axis) for the as-CuO5-DTa (a), Ar-CuO5-DTa (b),
0y-Cu05-DTa (c), as-CuO5-DTb (d), Ar-CuO5-DTb (e) and O2-CuO5-DTb (f)
samples, respectively.
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Figure 6.12 Frequency dependence of the dielectric constant (left axis) and di-
electric loss tangent (right axis) for the as-CuO7-DTa (a), Ar-CuO7-DTa (b),
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Figure 6.13 Temperature dependence of the dielectric constant (left axis) and
dielectric loss tangent (right axis) for the as-CuO5-DTa (a), Ar-CuO5-DTa (b),
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dielectric relaxation time (inset (a-1) to (f-1)) for the as-CuO5-DTa (a), Ar-CuO5-
DTa (b), O5-CuO5-DTa (c), as-CuO5-DTb (d), Ar-CuO5-DTb (e) and O2-CuO5-
DTb (f) samples, respectively.
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Table 6.3 Relaxation times of the as-, Ar-, Oo-CuO5-DTa and as-, Ar-, O5-CuO5-
DTb samples in the temperature range from -50°C to 30°C.

Temperature CuO5-DTa CuO5-DTb

(°C) as-=T  Ar-7 Oo-7(us) as-7  Ar-m(us)  Og-7(ms)

(ws) (ws) (1) @ @) O @ 1O @
-50 1.56 0.9 85 051 242 48 1.5 5) 1.15
-40 0.84 048 6.3 0.3 1.1 29 082 35 0.66
-30 0.57 0.3 46 02 07 18 05 21 044
-20 0.36 0.2 3.1 014 0.42 1 032 15 0.3
-10 027 015 23 01 031 07 022 11 0.22
0 0.215 0.12 - - 021 047 0.16 0.8 0.15
10 0.18 0.09 1.25 0.07 0.155 0.3 0.12 0.62 0.12
20 0.124 0.071 1 006 012 024 0.1 0.5 0.09
30 0.1 0.055 0.74 0.04 0.09 018 09 041 0.07

Table 6.4 Relaxation times of the as-, Ar-; Oo-CuO6-DTa and as-, Ar-, Os-CuO6-
DTb samples in the temperature range from -50°C to 30°C.

Temperature Cu0O6-DTa Cu0O6-DTb
(°C) as-T  Ar-7  Og-7(us) as-7 Ar-7 Og-7(ms)
(ws)  (us) (1) () (ws) (us) (1) (2)
-50 1.5 28 015 - 90 3.79 1.7 -
-40 09 15 0.088 - - 1.98 0.8 -
-30 0.57 0.88 0.056 - - 1.1 056 -
-20 04 052 0.036 - 24 0.7 039 -
-10 0.27 035 0.025 - 51 044 024 -
0 0.22 0.24 0.018 - 34 0.29 0.17 -
10 0.17 0.17 0.014 - 22 021 012 -
20 0.12 0.13 0.011 - 27 0.15 0.084 -
30 0.11 0.1 0.008 - 19 0.11 0.062 -

about three order of magnitude higher than those of the Ar-CuO5-DTa samples
which have their values lower by about three orders of magnitude than those of
the Ar-CuO7-DTa samples. In addition, the Oy-CuO5-DTa and O5-CuO5-DTb
samples show two relaxation times the value of the relaxation time in region (1)
is five to six orders of magnitude higher than that in region (2) for both samples.

This might be due to the effect of the electrode polarization and the interface
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Table 6.5 Relaxation times of the as-, Ar-, Oo-CuO7-DTa and as-, Ar-, Oy-CuO7-
DTb samples in the temperature range from -50°C to 30°C.

Temperature CuO7-DTa CuO7-DTb

(°C) as-T  Ar-7(us)  Og-7(ps) as-7(ps) Ar-t Og-7(ms)
ws) 1) @ 1) @ 0 @ @ 1) @

-50 1.33 6 .t o7 - 11 1.2 1.2

-40 087 45 064 042 - 85 0.77 0.68

-30 048 2.7 037 028 - 47 049 041

-20 037 1.7 024 02 - - 032 0.27

-10 023 1.2 017 0.15 - 4 015 0.18

0 02 09 013 012 - 3.7 012 0.13

10 0.14 064 0.11 0.1 - 23 0.09 0.09

20 0.13 04 0.06 0.06 - 22 - 0.07

30 0.09 034 - 005 - 19 - 0.05

between electrode and the new surface layer. The dielectric relaxation time of
these samples can be obtained by Arrhenius law (Eq. (6.2)). By using Eq. (6.2)
the fitted curve can be obtained as shown in the insets of Figures 6.16 - 6.18 ((a)
-(c)) and ((d) - (f)) for the as-, Ar-, Oy-CuO5-DTa; as-, Ar-, O5-CuO6-DTa; as-,
Ar-, Oy-CuQO7-DTa and as-, Ar-, Oo-CuO5-DTb; as-, Ar-, O5-CuO6-DTh; as-, Ar-,
O5-CuO7-DTh, respectively. The vales of activation energy (E,) are obtained to
be 0.178; 0.180; 0.180(1), 0.178(2) and 0.206; 0.244(1), 0.228(2); 0.186(1), 0.198(2)
eV for the as-, Ar-; O5-CuO5-DTa (inset (a-1) to (c-1) of Figure 6.16) and as-, Ar-,
02-CuO5-DTb (insets (d-1) to (f-1) of Figure 6.16), respectively. Whereas, the E;
values of the as-, Ar-, O2-CuO6-DTa and as-, Ar-, Oo-CuO6-DTb (insets of Figures
6.17 (a) - (f)) are 0.199; 0.243; 0.210 and 0.257; 0.256; 0.210 eV, respectively. In
addition, the values of activation energy of the as-, Ar-, Oy-CuO7-DTa and as-,
Ar-, O5-CuO7-DTb samples (inset of Figures 6.18 (a) - (f)) are 0.192; 0.209(1),

0.228(2); 0.147 and 0.141; 0.240; 0.225; 0.218 eV, respectively.
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6.2.2 The impedance analysis

In order to understand the responses of the dielectric dispersion of the sam-
ples prepared by the DT method, the complex impedance analysis was performed.
By using the complex impedance, Z*, plots (Figures 6.19 - 6.21 (a) - (f)) most the
samples show a large semicircle at low frequencies with a non-zero intercept on the
Z'" axis at a high frequency (insets of Figures 6.19 - 6.2 (a) - (f)). The data were
interpreted using an equivalence circuit of two parallel RC' elements connected in
series, as reported by Sakar et al., (2008a) and Tongbai et al., (2008a).

As observed in Figures 6.19 (a) and 6.19 (d) when the temperature is in-
creased from -50°C to 0°C, the R;,; and the R, of the as-CuO5-DTa (Figure 6.19
(a)) samples are decreased from 4909 to 372 and 5,400 to 6072 respectively.
Whereas these values for the as-CuO5-DTb samples (Figure 6.19 (b)) decreased
from 66052 to 3912 for the R;,; and 5,530€2 to 832 for the R.,;, respectively. Figures
6.19 (b) and 6.19 (e) show the impedance plane, Z*, plots for the Ar-CuO5-DTa
and Ar-CuOb5-DTb at the temperature between -50°C to 0°C The R;,; values of
both sample decrease from 968¢2 to 95¢2 and 698€) to 95¢2, whereas the R,.,; values
of both samples decrease from 14000€2 to 18402 and 14000€2 to 18402, respec-
tively, when the temperature is increased from -50°C to 0°C. Figures 6.19 (c) and
(f) show the complex, Z* impedance plane plots of the Oy-CuO5-DTa and O,-
CuOb5-DTh, respectively. The R;,; values of both samples decrease from 386f2 to
25182 and 55082 to 802, whereas the R.,; values decrease from 206152 to 5466¢2
and 9901€2 to 1995€2 when the temperature is increased from -50°C to 0°C.

Figure 6.20 shows the complex impedance, Z*, plots of the as-, Ar- and Os-
CuO6-DTa (Figure 6.20 (a) - (¢)) and the as-, Ar- and O-CuO6-DTb (Figure 6.20
(d) - (f)), respectively. Most the samples show large semicircle at low frequencies

(Figure 6.20 (a) - (f)) with a non-zero intercept on the Z’ axis at high frequency
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(inset of Figure 6.20 (a) - (f)). When the temperature is increased from -50°C to
0°C, the values of R;,; and R.,; are decreased from 1030€2 to 1202 and 36602 to
109092 respectively for the as-CuO6-DTa (Figure 6.20 (a)). The values of R;,; and
Rzt of the Ar-CuO6-DTa (Figures 6.20 (b)) are decreased from 176052 to 1602
and 2010012 to 216012, respectively. Whereas, those of the Ar-CuO6-DTb (Figure
6.20 (e)) are decreased from 270052 to 23092 and 2320012 to 251052 respectively. In
addition, the impedance, Z*, plots of the Oy-CuO6-DTa and O5-CuO6-DTb are
shown in Figures 6.20 (c¢) and 6.20 (f). When the temperature is increased from
-50°C to 0°C, the values of R;,; and R.;; of both samples decrease from 744} to
37(2 and 107402 to 1788¢2 and from 1742 to 42) and 2566 to 674(2, respectively.

Figure 6.21 (a) - (c¢) shows the complex, Z*, plots of the as-, Ar- and O-
CuO7-DTa and as-, Ar- and for those of the O,-CuO7-DTh are shown in Figures
6.21 (d) - (f). Most samples show large semicircle at low frequencies with a non-
zero intercept on the Z’ axis at high frequency (inset). When the temperature is
increased from -50°C to 0°C the values of R;,; and R.,; are decreased from 6302 to
1002 and 99402 to 237012 for the as-CuO7-DTa (Figure 6.21 (a)), while the Ry
and R, of the as-CuO7-DTb sample are decreased from 650€2 to 100€2 and 8800%2
to 207012 for (Figure 6.21 (d)). Figures 6.21 (b) and (e) show the decreased of the
R;,; and R.,: values from 8002 to 1002 and 2650012 to 335012 for the Ar-CuO7-
DTa (Figure 6.21 (b)), whereas, those of the Ar-CuO7-DTb samples decreased
from 800€2 to 902 and 10060€2 to 14702 with increasing the temperature from
-50°C to 0°C. In addition, the impedance, Z*, plots of the O,-CuO7-DTa and
0y-CuO7-DTb are shown in Figures 6.21 (c¢) and (f). When the temperature
is increased from -50°C to 0°C, the R;,; and R.,; values of the Oy-CuO7-DTa
decrease from 5242 to 1832 and 206822 to 6422¢2 whereas those of the O,-CuO7-

DTb decrease from 30752 to 4802 and 3618¢2 to 693, respectively. As observed in
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Figures 6.19 - 6.21 (a) - (f), the complex, Z*, impedance plane plots of the as-,
Ar- and Og-samples with different calcined temperature and sintered at 900°C and
950°C are similar to those observed for the as-, Ar-, Os-samples prepared by using
the commercial CuO powder as shown in section 6.1.2.

Table 6.6 The dielectric constant, dielectric loss tangent activation energy, resis-
tance and capacitance of internal and external part of the as-, Ar-, Oy-samples
calcined at 500 - 700°C and the sintered at 900°C (subscript a) and at 950°C
(subscript b) prepared by the DT method.

Samples Dielectric tand Resistance Capacitance Activation Energy
(€) () (nF) (eV)
Rext Rint Cext ( 1) (2) ET]. E7'2
as-CuO5-DTa 47,400 46.5 807 97 7.58 0.178 -
Ar-CuO5-DTa 19,000 200 680 53 2.14 0.18 -
05-Cu05-DTa 22,700 54.4 1,000 42 3.47(2.22) 0.18 0.178
as-CuO5-DTb 46,600 45.9 835 39 5.7 0.206 -
Ar-CuO5-DTb 18,900 185 470 63 2.49 0.244 0.228
05-CuO5-DTb 30,900 58.8 922 45 4.32(3.36)  0.186 0.198
as-CuO6-DTa 68,900 30.4 796 50 4.9 0.199 -
Ar-CuO6-DTa 15,700 139 780 70 2.54 0.243 -
05-Cu06-DTa 32,200 72.3 714 46 4.43 0.21 -
as-CuO6-DTb 16,100 4.79 - - 3.76 0.257 -
Ar-CuO6-DTb 16,100 107 980 90 2.41 0.256 -
05-Cu06-DTb 21,700 96.5 791 53 2.95 0.234 -
as-CuQ7-DTa 38,900 41 1,139 46 5.37 0.192 -
Ar-CuO7-DTa 19,400 83 1,150 30 2.6 0.209 0.228
05-CuO7-DTa 27,700 75 809 41 3.62 0.177 -
as-CuO7-DTb 50,800 13 1,060 46 7.76 0.24 0.141
Ar-CuO7-DTb 17,800 287 860 57 2.66 0.226 -
05-CuO7-DTh 46,000 210 165 21 4.23 0.218 -

Figure 6.22 shows the dielectric constant, &' at room temperature at the
frequency of 1 kHz of the samples prepared from the DT powders. Figures 6.22
(a) and 6.22 (d) show the dielectric constant, &' of the as-, Ar-, Oy-CuO5-DTa
and as-, Ar-, O,-CuO5-DTh, respectively. The as-samples have giant dielectric
constant values 4.74 x 10* and 4.66 x 10* and lower values of 1.90 x 10* and

1.89 x 10* for the Ar-samples, then it increase to 2.27 x 10* and 3.09 x 10* for
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Figure 6.19 Complex impedance, Z*, plots and the expanding scale (inset) for
the as-CuO5-DTa (a), Ar-CuO5-DTa (b), O5-CuO5-DTa (c), as-CuO5-DTb (d),
Ar-CuO5-DTb (e) and Oy-CuO5-DTb (f) samples, respectively.
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Figure 6.20 Complex impedance, Z*, plots and the expanding scale (inset) for
the as-CuO6-DTa (a), Ar-CuO6-DTa (b), O2-CuO6-DTa (c), as-CuO6-DTb (d),
Ar-CuO6-DTb (e) and O2-CuO6-DTh (f) samples, respectively.

the Og-samples. Figures 6.22 (b) and 6.22 (e) show the dielectric constant of

the as-, Ar-, O5-CuO6-DTa and as-, Ar-, O9-CuO6-DTb, respectively. The as-

samples show giant dielectric constant values 6.89 x 10* and 1.61 x 10* and lower

to 1.57 x 10* and 1.61 x 10* for the Ar-samples, after that it increase to 3.22 x 10*
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Figure 6.21 Complex impedance, Z*, plots and the expanding scale (inset) for
the as-CuO7-DTa (a), Ar-CuO7-DTa (b), O-CuO7-DTa (c), as-CuO7-DTb (d),
Ar-CuO7-DTb (e) and Oo-CuO7-DTb (f) samples, respectively.

and 2.17 x 10* for the O-samples. The as-samples (Figures 6.22 (c) and 6.22 (f))
show giant dielectric constant values 3.89 x 10* and 5.08 x 10*. These values are

reduced to 1.94 x 10* and 1.78 x 10* for the Ar-samples, then increased again

to 2.77 x 10* and 4.60 x 10* for the Oy-samples. This enhancement of the &’ in
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these samples is due to the oxygen vacancy presented in the samples as explained
in section 6.1. However, the & cannot be recovered to the original values of the
as-samples (Figures 6.22 (a) - (f), mark V), and it was found that the relaxation
peak of both samples after annealing in oxygen shifts to higher frequencies when
comparing with as- and Ar-samples at the same temperature. This effect might
be result from the depletion resistance of the surface layer in the sample for O,-
samples.

Figures 6.23 (a) - (c) compare the dielectric constant of the as-, Ar- and O,-
samples prepared from the powders calcined at 500, 600 and 700°C as a function of
sintering temperature. The dielectric constant of the as- samples sintered at 900°C
is a little higher than that of the sintered at 950°C for the as-CuO7-DT samples
(Figure 6.23 (c)), but smaller than those of the as-CuO5-DT samples. It can be
seen that, the ¢ of all the samples sintered at 900°C and 950°C are decreased
after annealing in argon (Ar-samples), corresponding to the increasing of the tand
(Figures 6.23 (d) - (f)). However, the &' of the samples can be increased when
re-annealed in oxygen (Og-samples), corresponding to the decrease in the tand
(Figures 6.23 (d) - (f)).

Figures 6.24 (a) - (c¢) compare the external resistance (R.,:) of the as-, Ar-
and Os-samples prepared from the powders calcined at 500, 600 and 700°C as a
function of sintered. The R;,; values of the as-CuO5-DTa and as-CuO5-DTb are
decreased after annealing in argon (Ar-samples) and increased after re-annealing
in oxygen (Os-samples), whereas the R;, values are increased after annealing
in argon and decreased after re-annealing in oxygen for the as-CuO5-DTb, but
these do not occur for the as-CuO5-DTa (Figures 6.24 (a) and (d)). The R
values of the as-samples prepared from the powder calcined at 600°C and then

sintered at 900°C and 950°C (Figure 6.24 (b)) are slightly increased for the Ar-
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Figure 6.22 Frequency dependence of the dielectric constant at room temperature
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and Og-samples, while the R;,; values of the Ar- and O,-samples are increased
and decreased, respectively. The R,,; values of the as-samples prepared from the
powder calcined at 700°C and then sintered at 900°C and 950°C (Figure 6.24 (c))

are decreased for the Ar-samples and decreased for the Os-samples, while the R;,;

values (Figure 6.24 (f)) are decreased for the Ar-samples and increasing for the
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Os-samples sintered at 900°C, and similar results are observed in the Ar- and

Oy-samples sintered at 950°C.

6.2.3 Effect of dc-bias voltage

Figures 6.25 (a) - (c) show the effect of the dc-bias voltage on the dielectric
constants as a function of frequency (10 - 100 kHz) for those samples prepared
from the powders calcined at 500, 600 and 700°C and then sintered at 900°C,
respectively. The dielectric constants decrease with increasing the dc-bias voltage
and then show step decrease with increasing frequencies (inset). Similarly, the
dielectric constants decrease with increasing the dc-bias voltage for the as-samples
sintered at 950°C (Figure 6.25 (d) - (f)). Again the dielectric constants decrease
with increasing frequencies (inset). The decrease of the dielectric constant with
the dc-bias voltage for the CuO-samples prepared by the DT method is similar to
those observed in the CuO-samples prepared from the commercial CuO powder
discussed in section 6.1.3.

Figures 6.26 (a) - (f) show the complex impedance (at room temperature)
containing a large semicircle at low frequencies with non zero intercept at high
frequency (inset) on the Z’' axis. The R.,; and the dielectric constant decrease
with increasing dc-bias voltage (0 - 3 V). The R.,; values for the samples prepared
from the powders calcined at 500, 600 and 700°C and then sintered at 900°C
(Figures 6.26 (a) - (c)) decrease from 1,443Q2 to 81€2; 4580 to 114€); 83082 to
87(2, whereas the R;,; values remain constant at 422, 67(2 and 41€), respectively.
Figure 6.26 (d) - (f) show the decreasing of the R.,; values of the samples prepared
from the powders calcined at 500, 600 and 700°C and then sintered at 950°C from
784€) to 82€2; 2,00012 to 120€2; 1,645€2 to 107€2, whereas the R;,; remains constant

at 47, 1102 and 4112, respectively. In this study, the capacitance bridge is not
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the as-, Ar- and Os-samples prepared from the powders calcined at 500°C (a),
600°C (b) and 700°C (c) with the different sintering temperatures of 900°C (V)
and 950°C (O).
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Figure 6.24 The external resistance (R.;:) (a) - (¢) and the internal resistance
(Rint) (d) - (f) of the as-, Ar- and Og-samples prepared from the powders calcined
at 500°C (a), 600°C (b) and 700°C (c) with different sintering temperatures of
900°C (V) and 950°C (0J).

balanced at the voltages over 3.6 V due to the large leakage current. When the

dc-bias is over the limited balance, the charge carrier can cross over the potential

well of the external part (electrode and surface layer), thus they are disappeared at

the interfacial polarization and then the total polarization is only contributed by

the internal part (grains and GBs). The decrement of the €’ due to the influence
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Figure 6.26 Complex impedance, Z*, plot and the expanding scale (inset) at
room temperature as a function of de-bias voltage (0 - 3 V) of the as-CuO5-DTa
(a), as-CuO6-DTa (b) and as-CuO7-DTa (c), as-CuO5-DTb (d), as-CuO6-DTb
(e) and as-CuO7-DTb (f), respectively.

of de-bias is partly contributed by the external free charge and the remaining
contributive beyond the limiting balance of the dc-bias voltage causing from the

internal free charge. Therefore, the dc-bias voltage should have effect on the
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electrical properties of the external free charge, whereas it has no effect on internal

free charge.

6.2.4 Effect of uniaxial compressive stress

The effect of uniaxial compressive stress on the dielectric constant (¢') and
dielectric loss tangent (tand) of the DT-prepared CuO samples were studied .
Figures 6.27 (a) - (c) and Figures 6.27 (d) - (f) show the stress dependence of
the dielectric constant (¢') at the frequencies of 2, 5, 10, 20 and 100 kHz for
the as-samples prepared from the powders calcined at 500, 600 and 700°C and
then sintered at 900°C (as-CuO5-DTa, as-CuO6-DTa, as-CuO7-DTa) and 950°C
(as-CuO5-DTh, as-CuO6-DTh, as-CuO7-DTb), respectively. There is a significant
change in the dielectric constant of the samples when the applied stress is increased
from 0 to 100 MPa. The changes of the dielectric constant with the applied
stress can be divided into two regions. Region 1 might be the effect of uniaxial
compressive stress on the external part (electrode and surface layer), and region 2
might be the internal part (grains and GBs). For the as-CuO5-DTa, as-CuO6-DTa,
as-CuO7-DTa samples (Figures 6.27 (a) - (c)), the dielectric constant is increased
with increasing the applied stress to the maximum values of 4.1 x 107 at 37 MPa,
1.0 x 10% at 37 MPa, and 4.5 x 107 at 55 MPa, respectively. After that it decrease
to 7.2 x 10% at 56 MPa for the as-CuO5-DTa, 12 x 10% at 62 MPa for the as-CuO6-
DTa and 3.2 x 10% at 100 MPa for the as-CuO7-DTa. The results are similar to
those observed for the as-CuO5-DTh, as-CuO6-DTh and as-CuO7-DTb samples
(Figures 6.27 (d) - (f)).

Figures 6.28 (a) - (f) show the independent of the dielectric loss tangent
(tand as a function of uniaxial compressive stress (0 - 100 MPa) at the frequencies

of 2, 5, 10, 20 and 100 kHz for the as-samples prepared from the powders calcined
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Figure 6.27 Effect of the uniaxial compressive stress (0 - 100 MPa) on the di-
electric constant measured at different frequencies of the as-CuO5-DTa (a), as-
CuO6-DTa (b) and as-CuO7-DTa (c), as-CuO5-DTb (d), as-CuO6-DTb (e) and
as-CuO7-DTb (f), respectively.
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Figure 6.28 Effect of uniaxial compressive stress (0 - 100 MPa) on the dielectric
loss tangent of the as-CuO5-DTa (a), as-CuO6-DTa (b) and as-CuO7-DTa (c),
as-CuO5-DTb (d), as-CuO6-DTb (e) and as-CuO7-DTb (f), respectively.

at 500, 600 and 700°C and then sintered at 900°C (as-CuO5-DTa, as-CuO6-DTa,
as-CuO7-DTa) and 950°C (as-CuO5-DTh, as-CuO6-DTh, as-CuO7-DTb), respec-

tively. The tand value as a function of compressive stress (0-100MPa) is increased

and decreased to the maximum and minimum values at the same compressive
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stress of the dielectric constant discussed in the Figures 6.27 (a) - (f). The tand of
the as-CuO5-DTa, as-CuO6-DTa, as-CuO7-DTa samples (Figures 6.28 (a) - (c)),
is increased with increasing the applied stress to the maximum values of 155 at 37
MPa; 300 at 37 MPa; and 175 at 55 MPa, respectively. After that it decreases to
58 at 56 MPa for the as-CuO5-DTa; at 62 MPa for the as-CuO6-DTa and at 100
MPa for the as-CuO7-DTa. Again these results are similarly to those observed in
the as-CuO5-DTb, as-CuO6-DTb and as-CuO7-DTb samples (Figures 6.27 (d) -
(1),

The sudden change in the external capacitance (electrode and surface layer)
gives rise to the change ¢ and tand values of these samples which is due to the

uniaxial compressive stress as discussed in section 6.1.4.

6.3 Electrical properties of the CuO ceramics prepared by

the PR method

In this section, the dielectric behavior as a function of frequency, tempera-
ture together with the relaxation behaviors of the as-, Ar- and Os-sample prepared
from the powders calcined at 500, 600 and 700°C and sintered at 900°C and 950°C
will be presented. The impedance spectroscopy model (IS model) used to study
the electrical properties of these samples and the effect of the dec-bias voltage and
uniaxial compressive stress on the dielectric constant and dielectric loss tangent is

discussed also.

6.3.1 Dielectric properties

Figure 6.29 shows the frequency dependence of the dielectric constant, &

(left axis) and the dielectric loss tangent, tand (right axis) for the sample prepared
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from the powders calcined at 500°C and then sintered at 900°C and 950°C of the
as-samples ((a) and (d)), Ar-samples ((b) and (e)) and Og-samples ((c) and (f)).
Figures 6.29 (a) and 6.29 (d) show the &’ values at the temperature range from
-50°C to 0°C of (1.38 — 1.4) x 10* and (1.20 — 1.4) x 10* and the tand values of
(1.29 — 15.7) and (1.35 — 14.1) for the as-CuO5-PRa and as-CuO5-PRb at 1 kHz,
respectively. After annealing in Ar, the &’ values decrease to (0.52 — 0.79) x 104
and (0.44 —0.75) x 10%, whereas the tand values are (0.79 —12.4) and (0.67 —5.21)
for the Ar-CuO5-PRa and Ar-CuO5-PRb (Figures 6.29 (b) and 6.29 (e)). The
¢/ increases again to the values of (1.13 — 1.34) x 10 and (1.01 — 1.11) x 10%,
while the tand values are (4.46 —91.6) and (4.10 — 43.2) for the O-CuO5-PRa and
05-CuO5-PRD, respectively.

Figure 6.30 ((a) - (f)) shows the frequency dependence of the £ (left axis)
and tand (right axis) for the samples prepared from the powders calcined at 600°C
following by sintering at 900°C and 950°C. The &’ and tand values of the as-CuO6-
PRa and as-CuO6-PRb shown in Figure 6.30 ((a) and (d)) are (1.09 —2.30) x 10*
and (0.9—1.37) x 10* and (0.97—5.57) and (0.98—8.9), respectively. After that, the
values of dielectric constant decrease to (0.46 —0.80) x 10* and (0.92 —6.17) x 103,
while the values of dielectric loss tangent increase to (1.30 —12.3) and (2.7 —5.28)
for the Ar-CuO6-PRa and Ar-CuO6-PRb (Figures 6.30 (b) and 6.30 (e)). Again,
the ¢’ and tand values can be increased to the values of (1.48 —1.88) x 10, (0.96 —
1.02) x 10* and (1.30—80.2), (3.44—42.2) for the O-CuO6-PRa and Oo-CuO6-PRb
(Figures 6.10 (c) and (f)), respectively.

Figure 6.31 shows the frequency dependence of the dielectric constant, &
(left axis) and dielectric loss tangent, tand (right axis) for the samples prepared
from the powders calcined at 700°C and sintered at 900°C and 950°C, respectively.

Figures 6.31 (a) and 6.31 (d) show (0.75 — 1.38) x 10* and (39.4 — 45.7) for the
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dielectric constant, €, with the tand values of (0.82—2.70) and (0.03—0.13) at the
temperature range from -50°C to 0°C for the as-CuO7-PRa and as-CuO7-PRb at
1 kHz, respectively. The values of dielectric constant decrease to (0.36 —2.41) x 10?
and (4.10 — 15.16), whereas the values of dielectric loss tangent increase to (50 —
73.8) and (0.04 — 0.28) for the Ar-CuO7-PRa and Ar-CuO7-PRb (Figures 6.31 b
and 6.31 e), respectively. Then, the dielectric constant, ¢’ and tand show the values
of (0.49 — 0.56) x 10%, (0.96 — 1.15) x 10? and (6.11 — 126), (1.49 — 16.1) for the
0y-CuO7-PRa and O2-CuO7-PRb (Figures 6.31 (c) and 6.31 (f)), respectively.
The dielectric constant and tand values of the Ar- and Os-samples are similar
to those observed for the samples prepared by the DT method and commercial
CuO powder, shown in section 6.2.1. The dielectric constant of the CuO7-PRb
(Figures 6.31 ((d) - (f))) is very small comparing with those of the CuO5-PRb and
CuO6-PRb since there is less oxygen vacancy in the CuO7-PRb sample due to the
high calcined temperature (700°C). This effect is attributed to the high resistance
values which are more than 1MQ.cm compared to those of the resistances of the
samples prepared from the powders calcined at 500°C and 600°C (Table 6.10).
The average grain size of the CuO7-PRb sample is higher by about two to three
orders of magnitude than the other two samples (Figure 5.13 (f)).

The temperature dependence of the dielectric constant (left axis) and the
dielectric loss tangent (right axis) over the temperature range from -50 to 100°C
and the frequency range from 1 kHz to 1 MHz for the as-samples prepared from the
powders calcined at and then sintered at 900°C and 950°C are shown in Figures
6.32 - 6.34 ((a) - (f)), respectively. At 1 kHz, the dielectric constant of most
samples are independent of the temperature at above -50°C. This is corresponded
to the dielectric loss tangent, tand, which shows on the right axis. The &’ starts to

decrease at a higher frequency for the higher tested measuring temperatures. This
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indicates that thermally activated relaxation also occurs in the samples prepared
by the PR method similar to those observed for the DT method, commercial
CuO powder and to those reported by Sakar and Thongbai (Sarkar et al., 2008a;
Thongbai et al., 2008b).

For further understanding on the physical nature of the observed dielectric
relaxation behavior of the as-, Ar- and Os-samples, the values of the dielectric
spectra were fitted the Cole-Cole equation (Eq. (6.1)). The Cole-Cole fitting’s
results for the as-, Ar- and Os-samples are shown in Figures 6.35 - 6.37 ((a) -
(f)), respectively. The results of the Cole-Cole fitting for the samples calcined at
different temperatures are shown in the Tables 6.7 - 6.9. It is clearly seen from
Figures 6.35 - 6.36 ((a) - (f)) and Figure 6.37 ((a) - (c)) that the relaxation time
can be well fitted with the Cole-Cole equation, indicating that the relaxation time
of these samples are the Debye-type relaxation. The values are obtained to be
0.88, 0.93, 0.75(1), 0.93(2) for the as-, Ar- and O5-CuO5-PRa (Figures 6.35 ((a) -
(¢))), and 0.88, 0.93, 0.72(1) and 0.89(2) for as-, Ar- and O2-CuO5-PRb (Figures
6.35 ((d) - (f))). Whereas, Figure 6.36 ((a) - (f)) shows well fitted with the Cole-
Cole equation for the sample prepared from the powders calcined at 600°C and
the « values are obtained to be 0.76(1), 0.85(2), 0.71, 0.67 for the as-, Ar- and
05-CuO6-PRa (Figures 6.36 ((a) - (c))); and 0.85, 0.91, 0.72 for as-, Ar- and
0y-CuO6-PRb (Figures 6.36 ((d) - (f))). Similarly, the well fitted results for the
sample prepared from the powders calcined at 700°C are shown in Figure 6.37 ((a)
- (f)) and the values of a are obtained to be 0.88, 0.93 and 0.74 for the as-, Ar-
and O,-CuO7-PRa (Figure 6.37 ((a) - (¢))). Whereas, for those of the as-, Ar-
and O,-CuO7-PRb cannot fitted with the Cole-Cole equation because there is no
relaxation time for these samples due to the phase changes of the CuO by the high

calcined temperature (700°C) and sintered at 950°C.
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Figure 6.29 Frequency dependence of the dielectric constant (left axis) and di-
electric loss tangent (right axis) for the as-CuO5-PRa (a), Ar-CuO5-PRa (b),
0y-CuO5-PRa (c), as-CuO5-PRb (d), Ar-CuO5-PRb (e) and O,-CuO5-PRb (f)

samples, respectively.
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Figure 6.30 Frequency dependence of the dielectric constant (left axis) and di-
electric loss tangent (right axis) for the as-CuO6-PRa (a), Ar-CuO6-PRa (b),
0y-CuO6-PRa (c), as-CuO6-PRb (d), Ar-CuO6-PRb (e) and O,-CuO6-PRb (f)
samples, respectively.

The relaxation time of all samples can be obtained by the Arrhenius law
(Eq. (6.2)). The fitted curves are shown in the insets of Figures 6.35 - 6.36
((a) - (f)) and Figure 6.37 ((a) - (c)). The values of relaxation time (7) of the
as-, Ar-, O5-CuO5-PRa and as-, Ar-, O,-CuO5-PRb samples are shown in the

Table 6.7. In general, the relaxation time decreases with increasing temperature.
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Figure 6.31 Frequency dependence of the dielectric constant (left axis) and di-
electric loss tangent (right axis) for the as-CuO5-PRa (a), Ar-CuOT7-PRa (b),
0y-CuOT7-PRa (c), as-CuO7-PRb (d), Ar-CuO7-PRb (e) and Oy-CuOT7-PRb (f)
samples, respectively.

At low temperature the relaxation times of the Ar-CuO5-PRa and Ar-CuO5-PRb
samples are higher than those of the as-Ar-CuO5-PRa and as-CuO5-PRb, then the
relaxation times decrease and occur twice for the Oy-CuO5-PRa and O5-CuO5-

PRb. The relaxation time of the as-CuO6-PRa occurs twice as shown in Table 6.8,

while those of the Oy-CuO6-PRa and O5-CuO6-PRb occur only one compared with
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Figure 6.32 Temperature dependence of the dielectric constant (left axis) and
dielectric loss tangent (right axis) for the as-CuO5-PRa (a), Ar-CuO5-PRa (b),
0y-CuO5-PRa (c), as-CuO5-PRb (d), Ar-CuO5-PRb (e) and Oy-CuO5-PRb (f)
samples, respectively.

the O5-CuO5-PRa and O2-CuO5-PRb. No relaxation time was observed in the Os-
CuO7-PRb sample as shown in Table 6.9. The values of activation energy (F;) are
obtained to be 0.144, 0.200, 0.144(1) and 0.133(2) eV; 0.134, 0.205, 0.145(1) and
0.142(2) eV for the as-, Ar-, Oo-CuO5-PRa and as-, Ar-, O5-CuO5-PRb samples,

respectively. For the as-, Ar-, O3-CuO6-PRa and as-, Ar-, Oo-CuO6-PRb samples,



121

5 Calcined 600°C, Sintered 900°C 5 5 Calcined 500°C, Sintered 950°C s
10 10° 10 10
(a)-as ~ g
_w ------- a g)
10*] ] ;10
3
107 o 10 kHz
—— 40 kHz
N —— 100 kHz }
107 —« 200kHz

0
160 40 30 0 20 40 60 80 100 '"60 -40 20 0 20 40 60 80 100
Temperature (0C) Temperature (0C)

Figure 6.33 Temperature dependence of the dielectric constant (left axis) and
dielectric loss tangent (right axis) for the as-CuO6-PRa (a), Ar-CuO6-PRa (b),
0y-CuO6-PRa (c), as-CuO6-PRb (d), Ar-CuO6-PRb (e) and O,-CuO6-PRb (f)
samples, respectively.

the E, values are obtained to be 0.169(1), 0.158(2), 0.212; 0.170 and 0.153; 0.205;
0.167 eV, respectively. Finally, the activation energy values of the as-, Ar-, O,-

CuO7-PRa are 0.177, 0.231 and 0.181 eV, respectively.
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Figure 6.34 Temperature dependence of the dielectric constant (left axis) and
dielectric loss tangent (right axis) for the as-CuO7-PRa (a), Ar-CuO7-PRa (b),
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samples, respectively.

6.3.2 The impedance analysis

In order to understand the responses of the dielectric dispersion of the sam-
ples prepared by the PR method, the complex impedance analysis was performed.
By using the complex impedance, Z*, plots (Figures 6.38 - 6.40 ((a) - (f))) most

samples show a large semicircle at low frequencies with a small semicircle at a
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Figure 6.35 The frequency dependence of €' at various temperatures (the solid
lines represent calculated values of Cole-Cole equation) and Arrhenius plots of the
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PRa (b), O2-CuO5-PRa (c), as-CuO5-PRb (d), Ar-CuO5-PRb (e), and O-CuO5-
PRb (f) samples, respectively.

higher frequency (insets of Figures 6.38 - 6.40 ((a) - (f))). The data were in-
terpreted using an equivalence circuit of two parallel RC' elements connected in
series, as reported by Sakar et al., (2008a) and Tongbai et al., (2008a). However,
the complex impedance, Z*, plots of the as-, Ar- and Oo-CuO7-PRb samples (Fig-

ure 6.40 ((d) - (f))) do not show semicircles due to the effect of high resistant in
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Figure 6.36 The frequency dependence of ¢ at various temperatures (the solid
lines represent calculated values of Cole-Cole equation) and the Arrhenius plots of
the dielectric relaxation time (inset) (a-1) to (f-1) for the samples as-CuO6-PRa
(a), Ar-CuO6-PRa (b), O-CuO6-PRa (c), as-CuO6-PRb (d), Ar-CuO6-PRb (e),
and Oy-CuO6-PRb (f), respectively.
the samples.

When the temperatures increase from -50°C to 0°C the R;,; and R.,; values
of the as-CuO5-PRa (Figure 6.38 (a)) decrease from 1.37 x 10 to 2.7 x 1030
and 1.3 x 105 to 1.74 x 10*Q2, respectively. Those of the as-CuO5-PRb samples

(Figure 6.38 (d)) decrease from 1.35 x 10*Q to 2.95 x 103Q and 1.17 x 10°Q to
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Figure 6.37 The frequency dependence of ¢ at various temperatures (the solid
lines represent calculated values of Cole-Cole equation) and the Arrhenius plots of
the dielectric relaxation time (inset) (a-1) to (c-1) for the samples as-CuO7-PRa
(a), Ar-CuOT7-PRa (b), O2-CuO7-PRa (c), as-CuO7-PRb (d), Ar-CuO7-PRb (e),
and Oy-CuO7-PRb (f), respectively.

1.5 x 10*Q), respectively. While the R;,; and R, values of the Ar-CuO5-PRa
samples (Figures 6.38 (b) and 6.38 (e)) decreased from 4.55 x 10*Q to 6.7 x 103Q
and 5.88 x 10°Q to 6.8 x 10*Q; for those of the Ar-CuO5-PRb decreasing from
8.1 x 100 to 1.11 x 10*Q and 1.49 x 10°Q to 1.5 x 10°Q respectively. Figure

6.38 ((c) and (f)) shows the Rj,; and R, values decreasing from 3.7 x 103 to
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Table 6.7 Relaxation times of the as-, Ar-, Oo-CuO5-PRa and as-, Ar-, Oy-CuO5-
PRb samples in the temperature range from -50°C to 30°C.

Temperature CuO5-PRa CuO5-PRb

(°C) as-T  Ar-7  Oo-7(us) as-7 Ar-7  Og-7(ms)

(1) (ws) () @) (us) (ws) (1) (2)
-50 20 30 15 47 20 46 20 6.6
-40 125 18 11 3.3 14 29 13 45
-30 9 12 78 25 10 18 9 46
-20 6.8 84 55 19 76 127 7 26
-10 515 58 42 15 56 9 6 2
0 4 42 34 13 45 63 45 165
10 3.2 32 26 1 3.8 46 37 14
20 26 25 19 091 315 3.7 32 1.2
30 2.16 1.6 - - 2.7 2.7 - -

Table 6.8 Relaxation times of the as-, Ar-, Oo-CuO6-PRa and as-, Ar-, O5-CuO6-
PRb samples in the temperature range from -50°C to 30°C.

Temperature CuO6-PRa CuO6-PRb
(°C) as-T(us)  Ar-r Og-7  as-7 Ar-7 Og-7
(1) () (us) (us) (us) (us) (us)
-50 - 38 150 15 76 530 26
-40 130 26 90 13 50 300 17
-30 96 18 60 10 33 200 12
-20 65 13.5 40 6.7 23 130 9
-10 46 10 20 5.2 17 85 6.5
0 35 8.1 19 4 13 63 5.2
10 26 6.2 141 29 10 42 4.1
20 23 ) 11 2.4 8.5 32 3.2
30 18 4 8 1.6 6.5 24 2.5

8.7 x 10%Q2 and 2.2 x 10*Q to 3.7 x 103Q for the O-CuO5-PRa; from 6.17 x 103Q
to 1.35 x 103Q and 2.9 x 10*Q to 4.8 x 103Q) for the O5-CuO5-PRb, respectively.

Figures 6.39 (a) and 6.39 (d) reveal that the R;,; and R.,; values are de-
creased from 2.43 x 10*Q) to 4.45 x 103Q and 3.88 x 10°Q to 3.68 x 10*Q; from
3.74 x 10*Q t0 6.9 x 103Q and 3.3 x 10°Q2 to 3.33 x 10*Q2 when the temperatures are

increased from -50°C to 0°C for the as-CuO6-PRa and as-CuO6-PRb, respectively.
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Table 6.9 Relaxation times of the as-, Ar-, Oo-CuO7-PRa and as-, Ar-, O5-CuO7-
PRb samples in the temperature range from -50°C to 30°C.

Temperature CuOT7-PRa CuO7-PRb
(°C) as-1 Ar-7 Op-7 as-7 Ar-7 Os-7
(ns) (us)  (us) (us) (us) (us)
-50 130 30 32 - - -
-40 80 18 21 - - -
-30 56 12 14 - - -
-20 38 8.4 10 - - -
-10 28 58 7.3 - - -
0 20 4.2 5.6 - - -
10 16 3.2 4.3 - - -
20 13.5 2.5 3.2 - - -
30 10 1.6 3.2 - - -

While the R;,; and R.,; values of the Ar-CuO6-PRa and Ar-CuO6-PRb (Figures
6.39 (b) and 6.39 (e)) decrease from 1.12 x 10°Q to 1.46 x 10*Q and 4.7 x 10°Q) to
4.9 x 10*Q; from 5.86 x 10°Q2 to 5.9 x 10*Q and 2.02 x 10° to 1.47 x 10°, respectively.
In addition, the R;,; and R.,; values of O-CuO6-PRa and O,-CuO6-PRb (Fig-
ures 6.39 (c) and (f)) are decreased from 6.5 x 1032 to 1.2 x 103Q and 7.7 x 10*Q
to 3.14 x 103Q); from 1.27 x 10%Q to 2.44 x 103Q and 4.44 x 10*Q) to 8.1 x 103,
respectively.

Figure 6.40 shows the complex, Z*, impedance plots of the as-, Ar, and
Oy-CuOT7-PRb samples. Figures 6.40 ((a) - (c)) show the Ry, and R, values
decreasing from 8.4 x 10*€Q2 to 1.39 x 10*Q and 1.58 x 10%Q to 1.59 x 10°Q); from
1.1 x 10°Q to 1.01 x 10°Q and 1.3 x 10°Q to 9.56 x 10*Q2; from 2.38 x 10*Q2 to
3.9 x 103Q and 2.8 x 10*Q) to 4.2 x 103Q2 for the as-CuO7-PRa, Ar-CuO7-PRa and
09-CuO7-PRa, respectively. The complex impedance, Z*, plots of the as-, Ar-
CuO7-PRb (Figures 6.40 (d) and 6.40 (e)) shows higher resistance values (> 1MQ
at 1 kHz). The R.,; of the O,-CuO7-PRb sample decreases from 1.6 x 1072 to

3.7 x 10%Q as the temperature increases. The dielectric constant, dielectric loss
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Figure 6.39 Complex impedance, Z*, plots and the expanding scale at a high
frequency (inset) for the as-CuO6-PRa (a), Ar-CuO6-PRa (b), O2-CuO6-PRa (c),
as-CuO6-PRbD (d), Ar-CuO6-PRb (e) and O5-CuO6-PRb (f) samples, respectively.

tangent, R, Res, Cint, Cext and the activation energy of these samples are

summarized in Table

6.10.

Figures 6.41 (a) and 6.41 (d) demonstrate the dielectric constant, " of the

as-, Ar-, O5-CuO5-PRa and as-, Ar-, O-CuO5-PRb, respectively. The as-CuO5-
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Figure 6.40 Complex impedance, Z*, plots and the expanding scale at a high
frequency (inset) for the as-CuO7-PRa (a), Ar-CuO7-PRa (b), O2-CuO7-PRa (c),
as-CuO7-PRb (d), Ar-CuO7-PRb (e) and O5-CuOT7-PRb (f) samples, respectively.

PRa and as-CuO5-PRb as-samples have dielectric constant values of 1.41 x 10%

and 1.41 x 10*; then they decrease to 7.9 x 10® and 7.48 x 10? for the Ar-CuO5-

PRa and Ar-CuO5-PRb samples. After that, the dielectric constants increased to

the values of 1.13 x 10* and 1.01 x 10* for the O5-CuO5-PRa and O,-CuO5-PRb,
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Table 6.10 The dielectric constant, dielectric loss tangent activation energies,
resistance and capacitance of internal and external part of the as-, Ar-, Os-samples
prepared from the powders calcined at 500 - 700°C and then sintered at 900°C
(subscript a) and 950°C (subscript b) prepared by the PR method.

Samples Dielectric  tand Resistance Capacitance Activation Energy
(€) (€2) (nF) (eV)
Rext Rint Cext (1) (2) ETl ET2
as-CuO5-PRa 14,000 15.7 6.9 1,400 2.08 0.144 -
Ar-CuO5-PRa 7,900 12.4 16,000 2,420 1.15 0.2 -
05-Cu0O5-PRa 11,300 91.6 1,040 430 1.40(0.66)  0.133 0.164
as-CuO5-PRb 14,049 17.1 5900 1,610 2.15 0.134 -
Ar-CuO5-PRb 7,480 5.21 43,000 3,600 1.1 0.205 -
05-Cu0O5-PRb 10,100 65.9 1,700 690 1.36 0.142 0.145
as-CuO6-PRa 23,000 5.57 12,600 2,250 3.85(1.37)  0.169 0.158
Ar-CuO6-PRa 7,000 12.3 13,100 5,300 1.2 0.212 -
05-Cu06-PRa 14,800 80.2 1,000 540 2.11 0.17 -
as-CuO6-PRb 13,700 8.98 11,400 3,500 2.14 0.153 -
Ar-CuO6-PRb 6,170 5.28 37,000 20,400 1.04 0.205 -
05-Cu0O6-PRb 10,200 42.2 3,100 1,160 1.43 0.167 -
as-CuO7-PRa 13,800 2.07 61,100 6,800 2.32 0.177 -
Ar-CuO7-PRa 2,410 15.6 19,600 29,400 0.52 0.2 -
0,-CuO7-PRa 4,870 126 1,200 1,600 0.77 0.181 -

as-CuO7-PRb 45.7 0.13 ;107 - - -
Ar-CuO7-PRb 73.8 28.3 ;106 - - -
02-CuO7-PRb 115 16.1 106 0.002 - -

respectively. Figures 6.41 (b) and 6.41 (e) show 2.3 x 10* and 1.37 x 10* dielectric
constant for the as-CuO6-PRa and as-CuO6-PRb; they are then decreased to
7.0 x 10% and 6.71 x 10? for the Ar-CuO6-PRa and Ar-CuO6-PRb samples. After
that, these can be increased again to the values of 1.48 x 10* and 1.02 x 10* for the
05-CuO6-PRa and O2-CuO6-PRb samples. In addition, Figure 6.41 (c) reveals
dielectric constant of about 1.38 x 10* for the as-CuO7-PRa, and then it decreases
to 2.41x 102 for the Ar-CuO7-PRa sample. The dielectric constant can be increased
again to the value of 4.8 x 103 for the O,-CuO7-PRa sample. While, the as-, Ar,
and O,-CuO7-PRb shows a small dielectric constant that might be caused by the

small of free charge carrier or oxygen vacancy in the external past due to the high
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calcined temperature. This enhancement of the £’ of these sample is due to the
oxygen vacancy in the sample as discussed in section 6.2.2. The dielectric constant,
dielectric loss tangent, internal resistant (R;,;), external resistant (R..), external
capacitance and activation energy at room temperature of these samples prepared

by the PR method are shown in Table 6.10.

10° Sintered 900°C 10° Sintered 950°C
Calcined 500°C o as-CuO5-PRa Calcined 500°C o as-CuO5-PRb
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Figure 6.41 Frequency dependence of the dielectric constant at room temperature
for the as-, Ar- and O,-CuO5-PRa (a), as-, Ar- and O,-CuO6-PRa (b), as-, Ar- and
0y-CuOT7-PRa (c), as-, Ar- and Oy-CuO5-PRb (d), as-, Ar- and O2-CuO6-PRb
(e) and as-, Ar- and Oo-CuOT7-PRb (f), respectively.
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Figure 6.42 ((a) - (c)) compares the dielectric constants of the as-, Ar- and
0,-CuO5-PR; as-, Ar- and O,-CuO6-PRa; as-, Ar- and O,-CuO7-PR samples as
a function of sintering temperature. While, Figure 6.42 ((d) - (f)) compares the
dielectric loss tangent as a function of sintering temperature for the as-, Ar- and
05-CuO5-PR; as-, Ar- and O5-CuO6-PR; as-, Ar- and O,-CuO7-PR samples. The
¢’ value of the as-CuO5-PRa sample is a little higher than those of the as-CuO5-
PRb sample (Figure 6.42 (a)), and the values of both samples decrease in the
Ar-samples. However, the & values of both samples can be increased again for
the Og-samples, whereas the tand (Figure 6.42 (d)) decreases but increases for
the Ar- and Os-samples, respectively. Similarly, the ¢ and tand values for the
as-, Ar-, O5-CuO6-PRa and as-, Ar-, O,-CuO6-PRb (Figures 6.42 (b) and 6.42
(e)). Figure 6.42 (c) and (f) compare the £ and tand. The ¢ and tand of the as-
sample are decreased for Ar-sample and increased for Os-sample sintered at 900°C,
but the as-, Ar-, Os-samples sintered at 950°C show small dielectric constant and
dielectric loss tangent. The small dielectric constant of these samples might be
due to the small of free charge carrier corresponding to the high resistance which
was discussed previously and shown in the Figure 6.40 ((d) - (f)).

Figure 6.43 ((a) - (d)) compares the external resistant (R.,:) and internal
resistant (R;,;) of the as-, Ar- and Oq-samples prepared from the powders calcined
at 500°C and 600°C as a function of sintering temperatures of 900°C and 950°C.
The R.,: and R;,; values of the as-CuO5-DTa, as-CuO5-DTb, as-CuO6-DTa and
as-CuO6-DTh increase after the samples were annealed in argon and decrease after

annealing in oxygen.
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6.3.3 Effect of dc-bias voltage

Figure 6.44 ((a) - (c¢)) shows the effect of the dc-bias voltage on the dielectric
constant as a function of frequency (1 - 20 kHz) for the samples prepared from the
powders calcined at 500, 600 and 700°C and then sintered at 900°C, respectively.
In Figure 6.44 ((a) - (c)), the dielectric constant decreases with increasing the
dc-bias voltage and it shows step decrease with increasing the frequencies (inset).
Similarly, the dielectric constant decreases with increasing the dc-bias voltage for
the as-samples sintered at 950°C (Figures 6.44 ((d) - (e))). In addition, the di-
electric constant decreases with increasing frequencies (inset of Figures 6.44 ((a) -
(e))). The decrease of the dielectric constant with the de-bias voltage of the CuO

sample prepared by the PR method is similar to those observed with the CuO
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sample prepared by using the commercial CuO powder and the DT method. The
dielectric behavior of these samples was discussed in section 6.1.3. However the
samples prepared from the PR method can be applied dc-bias voltage higher than
the samples prepared by using the DT method, because the R.,; of the sample
prepared from the DT method is smaller than that of the samples prepared by the
PR method.

Figure 6.45 ((a) - (e)) show the complex impedance (Z* plot at room tem-
perature) containing a large semicircle correspond with the external resistance
(Reszt) at low frequencies and small semicircle corresponds with the internal resis-
tance (R;y:) at a high frequencies. The R.,; and the dielectric constant decrease
with increasing the de-bias voltage (0 - 4 V). Namely, when voltages from 0 to 4 V
were applied, the R.,; values for the samples prepared from the powders calcined
at 500, 600 and 700°C and then sintered at 900°C (Figures 6.45 ((a) - (c))) de-
crease from 123002 to 5302 ; from 314082 to 690€2; from 890012 to 220052, whereas,
the R;,; values remain constant at 1800€2; 2840¢2 and 11000f2, respectively. Fig-
ure 6.45((d) - (e)) shows that the R.,; values for the samples prepared from the
powders calcined at 500 and 600°C and sintered at 950°C decrease from 960052 to
530€2; from 190002 to 12002, while the R;,; values remains constant at 24002 and
520012, respectively. The CuO samples prepared from this method which calcined
at 700°C and sintered at 950°C cannot be plotted for the complex impedance,
Z*, because the sample has a phase change has a high resistance. In this study,
the capacitance bridge is not balanced at voltage over 30 V due to the large leak-
age current. When the dc-bias is over the limited balance, the charge carrier can
be crossed the potential well of the external part, thus they are disappeared at
external part (interfacial polarization) and then the total polarization is only con-

tributed by the internal part. We think that part of the decrement in &', due to
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Figure 6.45 Complex impedance, Z*, plots and the expanding scale at a high
frequency (inset) at room temperature as a function of dec-bias voltage (0 - 4) of
the as-CuO5-PRa (a), as-CuO6-PRa (b) and as-CuO7-PRa (c), as-CuO5-PRb (d)
and as-CuO6-PRb (e), respectively. (the as-CuOT7-PRb sample cannot plot the
complex impedance, Z*, plots ).

the influence of dc-bias is contributed by external free charge and the remaining

value of ¢ beyond the limiting balance of the dc-bias voltage is contributed by
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internal part free charge. Therefore, the dc-bias voltage should have effect on the
electrical properties of external part, whereas it has no effect on internal part as

observed previously.

6.3.4 Effect of uniaxial compressive stress

In order to gain more understanding on the effect of the dc-bias voltage on
the electrical properties (¢’ and tand), the effect of uniaxial compressive stress on
the dielectric constant, ¢’ and tand is investigated. Figures 6.46 ((a) - (c)) and 6.47
((d) - (f)) show the stress dependence on dielectric constant (¢') as a function of
1, 2, 5, 10, 20 and 50 kHz for the as-samples prepared from the powders calcined
at 500 - 700°C and sintered at 900°C (as-CuO5-PRa, as-CuO6-PRa, as-CuO7-
PRa) and 950°C (as-CuO5-PRb, as-CuO6-PRb, as-CuOT7-PRb), respectively. The
changes of the dielectric constant and tand of these samples are similar to those
observed of CuO samples prepared by using commercial CuO powder (section
6.1.4) and the PR method (section 6.2.4). Namely, the dielectric constant and
tand with the applied stress can be divided into two regions. For the as-CuOb-
PRa, as-CuO6-PRa, as-CuO7-PRa samples (Figures 6.46 ((a) - (¢))), the dielectric
constant is increased to the maximum values of 3.5x107 at 20 MPa (region 1);
2.2x107 at 50 MPa (region 1); and 4.5 x 107 at 35 MPa (region 1), respectively.
After that the values of dielectric constant are decreased to 2.5 x 10° at 62 MPa
(region 2) for the as-CuO5-PRa; 7.5 x 10 at 62 MPa (region 2) for the as-CuO6-
PRa and 6.6 x 10° at 100 MPa (region 2) for the as-CuO7-PRa. Similar to those
observed for the as-CuO5-PRb, as-CuO6-PRb, as-CuO7-PRb samples (Figure 6.46
((d) - (f))), the values of dielectric constant are increased to the maximum value
of 8.5 x 10° at 30 MPa (region 1); 4.6 x 10° at 25 MPa (region 1); and 5.3 x 10* at

25 MPa (region 1), respectively. Then these values are decreased to 3.3 x 10° at
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62 MPa (region 2) for the as-CuO5-PRb; 3.7 x 10° at 74 MPa (region 2) for the
as-CuO6-PRb and at 62 MPa (region 2) for the as-CuO7-PRb.

The behavior of tand as a function of compressive stress (0 - 100 MPa)
is shown in Figures 6.47 ((a) - (f)). The tand is increased and decreased to the
maximum and minimum value at the same compressive stress as the dielectric
constant discussed in the Figures 6.46 ((a) - (f)). Namely, the tand values of the
as-CuO5-PRa, as-CuO6-PRa, as-CuO7-PRa samples (Figures 6.47 ((a) - (c))),
are increased to the maximum values of 295 at 20 MPa; 365 at 43 MPa (region
1); and 354 at 31 MPa (region 1), respectively. After that the values dielectric
constant are decreased to 60 at 62 MPa (region 2) for the as-CuO5-PRa; 185 at
111 MPa (region 2) for the as-CuO6-PRa and 96 at 46 MPa (region 2) for the
as-CuO7-PRa. Similar to those observed for the as-CuO5-PRb, as-CuO6-PRb,
as-CuO7-PRb samples (Figures 6.47 ((d) - (f))) the values of dielectric constant
are increased to the maximum values of 132 at 31 MPa (region 1); 178 at 31 MPa
(region 1); and 50 at 31 MPa (region 1), respectively, then are decreased to 86
at 54 MPa (region 2) for the as-CuO5-PRb; 155 at 62 MPa (region 2) for the
as-CuO6-PRb and 30 at 62 MPa (region 2) for the as-CuO7-PRb. The large &’
and tand values of these samples, occur in region 1, cause a sudden change in the
external capacitance (electrode and surface layer) due to the uniaxial compressive

stress as discussed in section 6.1.4.
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Figure 6.46 Effect of (0 - 100 MPa) uniaxial compressive stress on the dielectric
constant for the as-CuO5-PRa (a), as-CuO6-PRa (b) and as-CuO7-PRa (c), as-
CuO5-PRb(d), as-CuO6-PRb (e) and as-CuO7-PRb (f), respectively.
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CHAPTER VII

CONCLUSION

In this research, the commercial CuO powder and the CuO powders pre-
pared by the DT and PR methods were used to fabricate the CuO ceramics.
The particle sizes of the prepared CuO powders were calculated using the Scher-
rer formula. The particle size of the CuO powder prepared by the PR method
is smaller than that of the DT method. It was found that the particle sizes of
the CuO powders prepared by these two methods increase with increasing the
calcination temperature. The XRD results reveal that all of the prepared CuO
powders exhibit the diffraction peaks corresponding to the CuO phase for mon-
oclinic structure. Impurity phases cannot be detected from the XRD patterns of
the CuO powders.

To investigate the dielectric and electrical properties of the CuO ceramics,
the CuO powders calcined at the temperature range of 500 - 700°C as well as
the commercial CuO powder were sintered at two different temperature of 900
and 950°C for 10 h in air. The crystal structure of all the sintered CuO ceramic
samples can be indexed as the monoclinic structure similar to that of the CuO
powders. The SEM images of the CuO ceramics revealed that the sintered CuO
ceramics exhibit the obvious grain and grain boundary structure. Large amounts
of porosity can be observed in most ceramic samples. In all cases the average grain
size of the CuO ceramics increases with the increase in the sintering temperature.
All of the CuO ceramics show giant dielectric constant behavior with the values

of about 10® — 10* at room temperature and of low frequency. The temperature
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and frequency dependence of the dielectric properties of these three sets of CuO
ceramics, which were synthesized from the commercial CuO powder and the CuO
powders prepared by the DT and PR methods, are similar. A Debye-like dielectric
relaxation behavior can be observed in all CuO ceramic samples. The giant di-
electric constant value drops rapidly to the low value at low temperature and high
frequency. The rapid decrease in the dielectric constant is accompanied by the
presence of the peak of the dielectric loss (tand and €”) Both of the rapid decrease
in the dielectric constant and the peak of the dielectric loss shift to the higher
frequency with increasing the temperature. The dielectric relaxation behavior of
the CuO ceramics can be fitted using the Cole-Cole model. The relaxation time
of the relaxation process at various temperatures is obtained. As a result, the
activation energies for the relaxation process can be calculated using Arrhenius
law and were found to be in the range of about 0.140 - 0.280 eV.

The dielectric constant of these three sets of the CuO ceramics decreases
after annealing in Ar. Interestingly, the reduced dielectric constant can be tuned
to the initial value by re-annealing in O,. These results should therefore be related
to the concentration of oxygen vacancies at the surface layer of the CuO ceramics.
The polarization at the interface between the inner part and the outmost surface
layer may be responsible for the observed interesting dielectric behavior. The
annealing in Ar and O, can cause the increase and decrease in the concentration
of oxygen vacancies at surface layer, respectively. Consequently, the insulating
surface of the as-CuO sample can be transformed to the semiconducting surface
by annealing in Ar. Then, this semiconducting surface of the Ar-sample can be
reversed to the insulating surface again by annealing in Oy. The polarization at
the interface between the insulating surface and the semiconducting inner part can

be introduced. On the other hand, the polarization at the interface between the
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semiconducting surface and the semiconducting inner part cannot be produced.
Thus, the dielectric constant of the Ar-sample should be smaller than those of the
as-sample and Og-sample.

The electrical properties of the CuO ceramics are studied using the
impedance spectroscopy. The complex impedance plot suggests that the CuO
ceramics are electrical inhomogeneous. The electrical responses in the CuO ce-
ramics can be identified as the electrode, surface layer, grain and grain boundary
effects. The first two effects are assigned as the external effect and the other two
are assigned as the internal effect. The annealing processes also have a remarkable
influence on the electrical properties of the CuO ceramics. The resistance of the
external part decreases after annealing in Ar. However, it can be enhanced to the
initial value by annealing the Ar-sample in Os.

The study of the effect of dc-bias on the dielectric and electrical properties
of the CuO ceramics reveals that the dielectric constant decreases with increasing
the dc-bias voltage. The related result is also observed in which the resistance
of the external part also decreases with increasing the dc-bias. These dielectric
and electrical behavior can be ascribed based on the jump of free charge carriers
crossed the potential barrier at the external part.

The investigation of the effect of the compressive stress on the dielectric
properties of the CuO ceramics reveals that both the dielectric constant and the
dielectric loss increase with increasing the compressive stress to the a maximum
value, then they begin to decrease with further increase in the compressive stress.
This dielectric behavior can be ascribed based on the electrical polarization at

interface between electrode and sample surface.
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