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ARTICLE INFO ABSTRACT

Keywords: The effects of sintering conditions on the microstructure, giant dielectric response, and electrical
G‘iant d‘iele'ctric properfies properties of Naj2Y1,2CusTiz 975Tag.025012 (NYCTTaO) were studied. A single phase of Naj 2Y1,
First principle calculations 2Cu3Tis012 and a high density (>98.5%) were obtained in the sintered NYCTTaO ceramics.
Microstructure L First-principles calculations were used to study the structure of the NYCTTaO. Insulating grain
Maxwell—Wagner polarization . . . . . . . .

NYCTO boundaries (i-GBs) and semiconducting grains (semi-Gs) were studied at different temperatures

using impedance and admittance spectroscopies. The conduction activation energies of the
semi-Gs and i-GBs were Eg ~ 0.1 and Egp, ~ 0.6 eV, respectively. A large dielectric constant (¢’ ~
2.43-3.89 x 104) and low loss tangent (tand ~ 0.046-0.021) were achieved. When the sintering
temperature was increased from 1070 to 1090 °C, the mean grain size slightly increased, while ¢’
showed the opposite tendency. Furthermore, the breakdown electric field (Ep,) increases signifi-
cantly. As the sintering time increased from 5 to 10 h, the mean grain size did not change,
whereas ¢ and Ej increased. Variations in the dielectric response and non-linear electrical
properties were primarily described by the intrinsic (Egp) and extrinsic (segregation of Na—, Cu-,
Ta-, and O-rich phases) properties of the i-GBs based on the internal barrier layer capacitor
effect.

1. Introduction

Recently, electronic devices driven by advanced materials have been rapidly developed. Electronic devices consist of integrated
circuits (ICs) and passive components. For passive components, capacitors are one of the most important components in many

* Corresponding author.
E-mail address: spornj@kku.ac.th (P. Srepusharawoot).

https://doi.org/10.1016/j.heliyon.2023.e12946

Received 3 December 2022; Received in revised form 10 January 2023; Accepted 10 January 2023

Available online 14 January 2023

2405-8440/© 2023 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:spornj@kku.ac.th
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e12946
https://doi.org/10.1016/j.heliyon.2023.e12946
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e12946&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e12946
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Saengvong et al. Heliyon 9 (2023) 12946

electronic circuits [1-3]. Developing a dielectric material to increase its performance is essential for improving capacitor technologies
that tend to reduce the capacitor size without affecting its capacitance. This can be accomplished by increasing the dielectric constant
(&) of the dielectric layer. Although many parameters of a dielectric material must be considered before considering their use, the
fundamental requirements of dielectric materials for capacitor applications are high €', low loss tangent (tand), and excellent tem-
perature and frequency stability [1].

CaCusTigO15 (CCTO) and related compounds are non-ferroelectric ceramics that can exhibit very large &' values of 103—105,
depending on the sintering conditions, preparation methods, electrode materials, doping ions, and other parameters [4-10]. A large ¢’
value was observed over wide temperature and frequency ranges. However, a large tand value (>0.05) remains a significant barrier for
its application in electronic devices. Thus, the dielectric properties of CCTO ceramics have continuously been improved. The origins of
the dielectric and electrical properties of CCTO ceramics have also been intensively studied [4,5,11-17]. The heterogeneous micro-
structure of CCTO ceramics consists of insulating grain boundaries (i-GBs) and semiconducting grains (semi-Gs). This special
microstructure is are referred to as the internal barrier capacitor (IBCL) structure [11,18,19]. The IBLC model is extensively accepted to
explain the giant ¢ in CCTO-based ceramics. Accordingly, the electrical properties of semi-Gs and i-GBs are important for their
dielectric properties and applications. Therefore, investigations of the microstructural evolution, relevant dielectric response, and
electrical properties have been widely performed.

Dopant substitution has been used extensively to improve the dielectric and electrical properties of polycrystalline ceramics. For
CCTO ceramics, substitution of Ta>" ions caused degradation of the dielectric properties due to a remarkable increase in tand, which is
undesirable for capacitor applications [15,16,20-23]. The average grain size of Ta>"—doped CCTO decreased with increasing Ti>"
content, whereas tand was greatly increased because of the destruction of the potential barrier height at the i-GBs. Accordingly, the
nonlinear current density—electric field (J-E) properties were also degraded.

Sintering conditions are generally designed and investigated to obtain the designed ceramic microstructure that leads to improved
dielectric properties. The microstructure of CCTO-based ceramics can be modified by varying their sintering conditions. The average
grain size of CCTO tends to increase with increasing temperature and sintering duration [12,24-27]. Accordingly, the ¢ value of
undoped CCTO increased continuously with sintering time and temperature. Furthermore, the sintering conditions can control the
nonlinear J-E properties of CCTO ceramics [7,24,25].

In addition to CCTO, other oxides in the ACu3TisO12 famlly (A= Naj,/2Y1/2, Naj2B1,2, Y3,2, B3 /2, Cd, Lay/3, Smy/3, Naj 2Smyj /2, and
others) have also been systematically studied because of their large ¢’ values with relatively low tand compared to that of CCTO [9,10,
17,28-34]. Among them, the Na;,5Y;,2CusTi4O12 (NYCTO) ceramic has received extensive attention because it exhibited a high
¢>10* and low tan5<0.1 [12,35-37]. Most recently, we found that the substitution of NYCTO ceramics with Ta®" on the Ti**
(NYCTTaO) site can improve the dielectric properties [38]. Furthermore, computational calculations of the NYCTTaO structure have
not yet been reported. Thus, the NYCTTaO ceramic is one of the most interesting oxides in the ACusTi4O12 family. Unfortunately, the
effects of sintering conditions on the microstructure and dielectric properties, as well as the nonlinear J-E properties, have not been
reported. The investigation of sintering effects may provide important results to clearly understand the dielectric response behavior of
NYCTO ceramics.

In this study, we synthesized Na; 2Y;,2CusTis3 975Tag.025012 ceramics using the solid—state reaction (SSR) method under different
temperature conditions. First—principles calculations were used to study the structure of the NYCTTaO. The effect of sintering on the
microstructure of the ceramics was also investigated. The dielectric properties were analyzed as functions of frequency and temper-
ature. The electrical behavior was studied using impedance and admittance spectroscopies. The origins of the dielectric and nonlinear
electrical properties were discussed in detail.

2. Experimental methods
2.1. Experimental details

The Naj 2Y1,2CusTis 975Tag. 025012 powder was prepared using SSR method. NapCO3 (99.9%), Y203 (99.99%), CuO (99.9%), Taz05
(99.99%), and TiO, (99.9%) were mixed using a wet ball-milling method in ethanol for 24 h; the details are explained in a previous
work [8]. The ceramic samples were obtained by sintering the compact powders at 1070 °C for 5 and 10 h and sintering at 1080 and
1090 °C for 5 h. These samples are referred to as the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO samples, respectively.

The phase compositions were measured by X-ray diffraction (XRD, PANalytical, EMPYREAN). The XRD results were analyzed using
Rietveld refinement. The densities of the ceramics were measured using Archimedes’ method. The surface microstructure was
analyzed using a scanning electron microscope (SEM, MiniSEM, SEC, SNE-4500 M). The elemental components were analyzed by SEM
mapping using field-emission scanning electron microscopy. The samples were characterized by the X-ray photoemission spectroscopy
(XPS, PHI5000 VersaProbe II, ULVAC-PHI). The details of the dielectric and electrical measurements are described in our previous
study [21]. The dielectric properties were measured in the frequency range of 10-10° Hz and the temperature range of
—60 °C-210 °C. The nonlinear J-E properties were tested at 25 °C.

2.2. Computational details
The most preferable locations for Ta and oxygen vacancies in NYCTO were computed using the Vienna Ab initio Simulation Package

(VASP) [39] which is a software based on density functional theory. The Perdew-Burke-Ernzerhof [40] exchange correlation func-
tional was chosen under the PAW pseudopotential. The valence states of Cu, Ti, and O were reported in a previous work [8]. For Y, 4s,
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4p, 5s, and 4d valence states were used. Additionally, we used the 2s, 2p, and 3s states and the 5p, 5d, and 6s states for Na and Ta,
respectively. For all calculations, a plane-wave energy cut-off of 470 eV was used. Furthermore, the- I'-point of k-point mesh was
chosen because of the very large size of the used structure.

3. Results and discussion

The phase formation of the NYCTTaO ceramics that were sintered under various conditions was confirmed by XRD patterns, as
shown in Fig. 1. All samples show a single phase of NYCTO without a detectable second phase. The lattice parameters (a) of the
1INYCTTaO, 2NYCTTaO, 3NYCTTa0, and 4NYCTTaO ceramics were calculated using the Rietveld refinement method and found to be
7.386, 7.386, 7.387, and 7.387 /1’\, respectively. These values are comparable to those reported in the literature [21,35-37,41]. The a
values did not significantly change with sintering time and temperature.

According to the XRD patterns, obviously, the crystal structure of NYCTTaO is identical to that of the CCTO lattice. Therefore, the
CCTO lattice was used as the initial structure in the calculations. To determine the stable structure of NYCTTaO, we must determine the
locations of the Na and Y dopants in the CCTO lattice. Various experimental results reported in the literature for Y-doped CCTO [42,
43] disclosed that the lattice constant of this structure is reduced because the larger ionic radius of the host ions (Ca) is replaced by the
doping ions with smaller ionic radius. The ionic radii of Y3* with 9 coordination numbers, Cu** with 6 coordination numbers, and Ca>*
with 12 coordination numbers are 1.07, 0.73 and 1.34 f\, respectively [44]. The ionic radius of Y3+ is smaller than that of Ca®" but
larger than that of Cu?*. Hence, in this case, the Y>* ions preferentially occupy the Ca sites. Next, the most favorable sites for Na™
doping ions were considered. For Na; /2Sm; ,2CusTi4O12 [45], Na is likely to occupy Cu sites. Therefore, in the current study, Na and Y
ions occupy the Cu and Ca sites, respectively. In this study, a 5 x 2 x 2 supercell of the NYCTO structure was used as the initial
structure. This structure has 800 atoms in total: 40 atoms of Na, 40 atoms of Y, 80 atoms of Cu, 160 atoms of Ti, and 480 atoms of O.
The oxidation state of Ta is 5+. Consequently, Ta>" can only occupy Ti** sites in the NYCTO structure. The substitution of Ta>" at the
Ti** sites resulted in the reduction of Ti*' to Ti®*. For the NYCTTaO structure, one Ta atom was substituted at the Ti site in the
supercell. Its chemical formula is Na4oY40CugoTiis9TaO4gp and its crystal structure is presented in Fig. 2.

Oxygen vacancies (V,) are usually occurred during the sintering process, leading to determine the stable position of V, in the
NYCTTaO lattice (Fig. 2). In our calculations, two possible positions of V, were considered, as presented in Fig. 3(a and b). Fig. 3 (a)
shows that V, was located close to the Ta atom. In contrast, V, was far from the Ta atom, as shown in Fig. 3 (b). The total energies
corresponding to these two structures are shown in Fig. 3 (c). The total energy of Structure B was lower than that of Structure A at
0.583 eV. Hence, based on this result, Ta could not induce V, in the NYCTTaO structure.

Next, we calculated the different electron densities between the NYTTO structures with and without V, (AD(r)), as shown by the
following relation: AD(r) = pnycrro+veT) — Pnyerro(T), Where pyyerroiv,(r) is the electron density of structure A in Fig. 3 (a). In
addition, pyycrro (r) represents the electron density of the NYCTTaO structure, as shown in Fig. 2. The calculated positive AD(r) results
are shown in Fig. 4. Positive AD(r) refers to pyycrroivo(T) > Pnycrro(r). This is directly related to the electron accumulation in
NYCTTaO in the presence of V,, resulting in the reduction of the oxidation states of cations. The oxidation states of Cu and Ti in this
structure are 2+ and 4+, respectively. As shown in Fig. 4, there were pink shades for both Cu and Ti ions. Therefore, the oxidation state
of these ions decreased. Consequently, the charge states of Cu and Ti can be reduced from Cu?* to Cu™ and Ti** to Ti®*, respectively. By
considering the AD(r) of the Ta ion, it was found that the AD(r) is unchanged. This result indicates that the oxidation state of Ta is
unaltered when V, is present in the NYCTTaO structure. Based on our electron density analysis, the charges of Cu and Ti tend to be
reduced, whereas the oxidation state of Ta remains unchanged when V,, is present in the NYCTTaO lattice. This was also observed for
the Na1/ZSm1/2CU3Ti4012 [45] and Na1/35m1/3Ca1/3Cu3Ti4012 [46].

Fig. 5(a-d) show the SEM images of the polished surface morphologies of the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO
ceramics, respectively. A small number of pores are observed. Additionally, the grain size distributions of these samples are presented
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Fig. 1. XRD patterns of Naj/5Y1,2CusTis 975Tag 025012 with different sintering durations and temperatures.
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Fig. 2. Crystal structure of NYCTTaO. The orange, yellow, green, dark blue, sky blue, and red balls represent Ta, Na, Y, Cu, Ti, and O, respectively.
The bold line indicates the supercell of the structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 3. (a) Ta was independent of Ta atoms. (b) Ta atom is in close proximity to Vo. (c) Total energy associated with structures A and B.

in Fig. 5(e-h). It was found that the mean grain sizes (G) were calculated and found to be 20.67 + 11.39, 20.56 + 8.69, 29.25 + 16.68,
and 32.79 + 14.65 mm, respectively. G did not change as the sintering duration increased from 5 to 10 h (sintered at 1070 °C). When
the sintering temperature increased from 1070 to 1090 °C for 5 h, G tended to increase. Grain growth is likely associated with the
liquid—phase sintering mechanism because the eutectic temperatures of CuO-TiO5 are ~919 °C [35,37,47]. The grain growth in
polycrystalline ceramics is primarily driven by atom and ion diffusion, which usually increase with increasing sintering temperature.
The relative densities of the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO ceramics are 98.75, 99.68, 99.20, and 99.10%,
respectively.

The EDS was performed to further characterize the microstructure. The EDS spectrum of the 2NYCTTaO ceramic is shown in Fig. 6
(a), confirming the presence of all elements in the sample (i.e., Na, Y, Ti, O, and Ta). The distribution of all elements in the micro-
structure was investigated using SEM mapping. As shown in Fig. 6 (b), all elements were homogeneously dispersed inside the grains.
However, the accumulation of Ta, Na, Cu, and O segregated along the GBs. The segregation of Ta;Os at the GBs is usually observed in
Ta-doped TiO,, while the segregation of CuO and/or CugO is occasionally observed in CCTO-based ceramics [13,21,35,37,48,49].
Segregation of the Na-rich phase may be associated with a low melting point of NayCOj3. Precipitation of the Na-liquid phase along the
GBs may have occurred during the cooling stage.

The dielectric response of the NYCTTaO ceramics sintered under various sintering conditions in the frequency range of 10%-10° Hz
(at 20 °C) is shown in Fig. 7 (a). The ¢ values at 1 kHz for the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO ceramics are
35,962, 38,949, 28,004, and 24,321, respectively. The ¢’ value increased with increasing sintering duration, which is similar to that
reported for NYCTO ceramics [37]. However, the dielectric response declined as the sintering temperature increased, even though the
mean grain size increased. As shown in Fig. 7 (b), the tand values of INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO at 1 kHz are
0.046, 0.026, 0.021, and 0.029, respectively. Furthermore, the tand values of the 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO ceramics are
lower than 0.09 over the frequency range of 10>-10° Hz. A high—frequency tan rapidly increases with increasing frequency, which is a
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Fig. 4. Positive AD(r) is represented by the pink regions. Ta, Na, Y, Cu, Ti, and O are denoted by orange, yellow, green, dark blue, sky blue, and red
spheres, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

partial part of the tand relaxation peak. This observation is attributed to the dielectric relaxation mechanism [20]. In a low—frequency
range, tand increases as the frequency decreased. This result is usually associated with the DC conduction of free charge carriers.
According to these results, the dielectric properties of the NYCTTaO ceramics changed with the sintering conditions. The variations in
dielectric properties with temperature were also studied, as shown in Fig. 7 (c), where the temperature stability of ¢’ is quite good from
—60 to 150 °C. tand strongly increased at high temperatures, which was attributed to the effect of the long-range motion of free
charges. This observation is usually observed in both NYCTO and CCTO ceramics [14,47,50-52].

To explain the dielectric response mechanism of the NYCTTaO ceramics sintered under different conditions, the electrical prop-
erties of the semi-Gs and i-GBs were characterized using an impedance spectroscopy (IS) [5,16]. Normally, the dielectric and electrical
properties of semi-Gs and i-GBs are closely related [12,36,37]. By using Eq. (1), the resistances of semi-Gs (Rg) and i-GBs (Rgp) can be
calculated from the complex impedance plane (Z*) plot, using the following equation:

1 1

7 =7 —iZ'=——+: — 1)
jocoe*  jwcy (€ — ie")

where Z* = Z — iZ" is the complex impedance, ® = 2xf is angular frequency (rad/s), Co = eoA/d is the capacitance of free space (F), and
& = ¢ —i¢’ is the complex dielectric permittivity.

Fig. 8 (a) shows the Z* plots of the NYCTTaO ceramics. According to the IBLC model, Rg}, can be calculated from the diameter of a
large semicircular arc of Z* plot [5,24]. At 20 °C, only part of the large arc can be observed. Nevertheless, it can be estimated that the
Rgp value of the INYCTTaO ceramic is the lowest. As shown in the inset of Fig. 8 (a), a nonzero intercept on the Z'—axis can be
observed, indicating the existence of semi—Gs [11]. Therefore, the NYCTTaO ceramics are electrically heterogeneous, consisting of
semi-Gs and i-Gs. The R value of the INYCTTaO ceramic was the largest. When the sintering temperature and duration increased, the
V, concentration likely increased because of oxygen loss during the sintering process. Accordingly, the number of free electrons inside
the semi-Gs increased, resulting in an increased conductivity inside the semi-Gs or decreased Ry value. When the measured tem-
perature increased, a large arc can be observed, as shown in Fig. 8 (b). The diameter of the large arc shortens with increasing tem-
perature. Accordingly, the Rgp, values at different temperatures can be calculated. Similarly, the Ry values also changed with
temperature. To obtain the calculated Ry and Rgyp, values, Z* plots were fitted using the following equation [4,47]:

Ry

Z =R+ ——>——
1+ (iwRgwCyp)”

g

(2

where Cg, (F) is the capacitance of the i-GBs and o is a constant value (0 < a < 1). Fig. 8 (b) shows the fitting results obtained using Eq.
(2) for the 3NYCTTaO ceramic in the temperature range of 150-210 °C. Accordingly, Rgp, values at different temperatures were ob-
tained. The Z* plots of the other samples were also well fitted using Eq. (2). As shown in Fig. 8 (c), the temperature dependence of Rgp,
follows the Arrhenius equation [16]:

E
Ry =Ry exp (ﬁ) 3)
B
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Fig. 5. (a-d) SEM images of polished surfaces and (e-h) grain size distributions of INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO samples.

where kg and Rg are the Boltzmann constant (J/K) and the exponential term, respectively. The activation energies (Egp) can be
calculated by using Eq. (3) and found to be 0.566, 0.635, 0.605, and 0.652 eV for the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and
4NYCTTaO ceramics, respectively. These values were closed to that reported in the NYCTO ceramics [35,37,47]. This finding confirms
the electrical insulation characteristics of the i-GBs. Moreover, the Eg, values tend to increase with increasing sintering duration,
which may primarily be due to the segregation of metal oxide-rich phases along the i~GBs, as shown in Fig. 6 (b). Likewise, increasing
the sintering temperature also resulted in an increase in Egp, with the same cause. The reduction in the tand values of the NYCTTaO
ceramics may be caused by the enhanced Rgp, and Egyp, following the IBLC model [12,37,53]. Therefore, the electrical properties of
i-GBs and the correlated dielectric properties of the NYCTTaO ceramics were dependent on the sintering conditions.

Based on the IBLC model, the electrical properties of the semi-Gs are also important, affecting the dielectric properties. Generally,
the electrical response of the semi-Gs is analyzed from the non-zero intercept on the Z'-axis of the Z* plot when a small semicircular
arc cannot be observed in the measured temperature and frequency ranges. An alternative method that can be applied to characterize
the semi-G response is admittance spectroscopy, using the complex admittance (Y*), as expressed by the following equation:
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images of Na, Y, Cu, Ti, O, and Ta.
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Fig. 8. (a) Z* plots at 20 °C for Na; »Y7,2CusTiz 975Tag 025012 under different sintering conditions; inset displays a non—zero intercept on the Z’ axis.
(b) Fitting curves of Z* at different temperatures for the 3NYCTTaO sample. (c) Arrhenius plots of Rgp.

where 7 = RyCyy, (5), 7y = RyCy, and 7y, = Ry Cgp. Form (Eq. (4)), Rg can be calculated from the relationship R, = 1/2Y; . (Y, is the
maximum value at Y” peak). Fig. 9(a-d) show the frequency dependence of Y” of the 3NYCTTaO and 4NYCTTaO ceramics in the
temperature range from —60 to 0 °C. The activation energy required for charge transfer inside the semi-Gs (E) can be calculated using
the Arrhenius equation of the conductivity (cg o 1/Rg):

0y =00€ <kB_%) (5)

The temperature dependence of the 6, can be linearly fitted using Eq. (5), as shown in the insets of Fig. 9(a-d). The calculated E;
values of the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO ceramics are 0.119, 0.110, 0.107, and 0.108 eV, respectively. All Eg
values are similar to those reported for NYCTO and CCTO ceramics [35,37,54,55], confirming the semi-Gs of NYCTTaO. Note that the
Eg values tended to slightly decrease with increasing the sintering temperature and time. These results might be associated with oxygen
loss from the lattice during the sintering process, resulting in a slight increase in free electrons.

Fig. 10(a and b) show the XPS spectra for Cu2 ps,» of the INYCTTaO and 2NYCTTaO ceramics, respectively. The XPS spectra were
fitted using Gaussian-Lorentzian fitting. The binding energies of the CuH, Cu2+, and Cu®* peaks were 932.62, 934.36, and 936.00 eV,
respectively. Different oxidation states of Cu, i.e., Cu'*, Cu?*, and Cu®*, were detected. The calculated ratios of Cu™/Cu®" and Cu>*/
Cu®* in the INYCTTaO (43.79% and 20.65%, respectively) and 2NYCTTaO ceramics (44.05% and 33.57%) were obtained. The ratios
tended to increase with increasing sintering time, corresponding to the reduced Eg. A small Ti*/Ti*" ratio was detected in the XPS
spectra, as shown in Fig. 10(c and d). Thus, semi-Gs originate from charge hopping between Cu™ Cu?*, Cu*"o Cu®*, and Ti*t o Ti*,
depending on the charge carrier concentration [15,20,56]. An increased carrier concentration resulted in the increase in the con-
ductivity of semi-Gs.

The effect of sintering conditions on the electrical properties of the i-GBs was investigated via the J-E characteristics, as shown in
Fig. 11. The breakdown electric fields (Ep) of the INYCTTaO, 2NYCTTaO, 3NYCTTaO, and 4NYCTTaO ceramics occurred at 123.1,
300.6, 373.4, and 653.9 eV, respectively. The nonlinear coefficient («) values were 3.9, 5.9, 4.6, and 5.0, respectively. The Ej;, values
increased with increasing sintering duration and temperature. Generally, non-linear J-E behaviors are caused by Schottky barriers at
i-GBs, which are created in the heterogeneous microstructure of many ceramic oxides [5,6,57,58]. Thus, the non-linear J-E properties
are associated with both the intrinsic (potential barrier height, ®}) and extrinsic (microstructure) factors of the i-GBs. For the intrinsic
factor, the increased Ej, value was attributed to the enhanced @, which was reflected in the increased Egp,. Moreover, the increased Ej,
values were also related to the microstructure with segregation of metal oxide-rich phases along the i-GBs even though the mean grain
size slightly increased. The non-linear properties of NYCTTaO ceramics are related to the Eg, and Rgp, values. The overall results
indicate that the sintering duration and temperature influence the dielectric and electrical properties of the NYCTTaO ceramics.

4. Conclusion

Single phase NYCTTaO ceramics were successfully synthesized using the SSR method and sintered under various conditions.
Segregation of Na—, Cu—, Ta—, and O-rich phases was observed along the i-GBs. The electrical properties of the i-GBs with Eg, ~ 0.6 eV
and semi-Gs (Eg =~ 0.1 eV) were investigated using impedance spectroscopy. The sintered NYCTTaO ceramics exhibited high ¢’ values
of 2.43-3.89 x 10* and low tand ~0.046-0.021. The oxidation states of Cu'™, Cu?*, Cu®", Ti**, and Ti**, which are the origins of the
semi-Gs, were detected. When the sintering temperature was increased from 1070 to 1090 °C, ¢’ decreased, whereas the mean grain
size slightly increased. Nevertheless, E;, increased significantly owing to the increased Egp, and segregation of metal oxides along the
i~-GBs. When the sintering time was increased from 5 h to 10 h, the ¢’ and E;, were enhanced, which were not related to the mean grain
size. The dielectric and non-linear electrical properties were reasonably explained using the IBLC model and associated with the
intrinsic and extrinsic properties of the i—-GBs.
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