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Abstract: This study investigated the impact of MgO and rare-earth oxides (Y03, Yb,O3, and
Dy,0O3) on the structural characteristics and electrical properties of BaTiO3. Specimens sintered at
1350 °C for durations ranging from 1 to 5 h in air exhibited a single phase of BaTiO3 with a tetragonal
structure. This was observed for pure BaTiO3 and specimens co-doped with MgO-Y,03 and/or
MgO-Dy,03. However, a pseudo-cubic structure of BaTiO3 was detected for specimens doped with
MgO or co-doped with MgO-Yb,O3. The unit-cell volume of the sintered specimens was found to be
dependent on the type of substitution ion for the A/B site of BaTiO3 (ABO3). The dielectric constant
(er) of the sintered specimens decreased with the substitution of MgO and rare-earth oxides due to a
decrease in tetragonality (c/a). The electrical resistivities of the sintered specimens were influenced
not only by their microstructural characteristics but also by the secondary phases of the sintered
specimens. The BaTiO3 specimens co-doped with MgO-Yb,O3 and/or doped with MgO met the EIA
X7R and X8R specifications (—55 to 125~150 °C, AC/C = +15% or less), respectively.
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1. Introduction

The ongoing advancement of electronic devices has led to an escalating demand for the
miniaturisation and enhancement of electronic components. Multilayer ceramic capacitors
(MLCCs), due to their high volumetric efficiency and stability, have become a crucial
passive component. The increasing application of MLCCs has necessitated a fundamental
investigation into their high dielectric constant (e;) and thermal stability. Specifically, the
industry has formulated the X7R and X8R standards (AC/C ~£15% and —50~125 °C,
150 °C, respectively), as thermal stability limits the application of MLCCs [1-4].

To achieve a high dielectric constant, it is necessary to thin the dielectric layer of
MLCCs by decreasing the particle size of BaTiO3 (barium titanate, BT), which is one of the
primary raw materials due to its high dielectric constant (¢;) [5]. Therefore, many studies
have been conducted to identify methods that can control the morphology of BT particles,
such as the sol-gel method, hydrothermal method, and solvothermal method [6-9]. For
example, the sol-gel method provides a high purity of products and a relatively low synthe-
sis temperature [7,8]. However, the calcination step at 700 °C or over induces coarse and
chemically bonded aggregates. Zhou et al. [6] reported preparing BT nanoparticles using a
hydrothermal method from two different starting materials. BT nanoparticles prepared
from titanium hydroxide and barium hydroxide showed a spherical grain size of 65 nm
with a narrow size distribution, while those prepared from barium hydroxide and titanium
dioxide showed coarse particles arising from lattice defects, which were compensated by
the presence of cation vacancies [6]. A solvothermal method for synthesizing BT nanopar-
ticles in large batches at room temperature was reported by Wei et al. [9]. By adjusting
the ratio of the solvent mixture and the reaction time, the particle size of the BT can be
modulated within the range of 7 nm to 16 nm, showing a narrow size distribution. Based

Processes 2023, 11, 3235. https:/ /doi.org/10.3390/pr11113235

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11113235
https://doi.org/10.3390/pr11113235
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-6119-3158
https://doi.org/10.3390/pr11113235
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11113235?type=check_update&version=1

Processes 2023, 11, 3235

20f12

on these considerations, the starting materials and the solvent are important factors when
synthesizing BT nanoparticles.

Furthermore, a narrow nanoparticle size distribution of dopant oxides such as NiO,
MgO, and SiO; is important for the performance of MLCCs. Most common methods for
obtaining nanosized doping particles for BT, such as MgO, SiO, and Al,Os3, are modified
from the Pechini method, which is based on the abilities of organic compounds. Organic
compounds such as acids, carbohydrates, and alcohols are used as chelating agents for
the metal ions. Due to the formation of a polymer network with a homogeneous structure
and a uniform distribution of ions during polyesterification, a final product with a good
dispersion can be obtained. The formation of oxide nanoparticles occurs in the reaction
space, which is concentrated in the walls of the cellular structure during swelling of the
polymer network in the intermediate form stage and is determined by the processing
temperature. In addition, the average particle size of nano oxides can be determined by the
wall thickness in the polymer network. Kozerozhets et al. obtained MgO, SiO;, and Al,O3
nanoparticle oxides within an average particle size of 20 nm to 30 nm by modifying the
Pechini method [10].

Another way to improve the dielectric constant of MLCCs is to substitute proper
ions in the BT lattice. There have been many studies to investigate the effect of various
additives on the dielectric properties of BT [11-17], since the dielectric properties of BT
could be changed according to the valence state of the dopant and its substitution site in a
BT lattice. Especially, many rare-earth oxides are used as dopants due to their amphoteric
characteristics to improve the dielectric properties of BT, and previous studies have reported
that the ionic radius of rare-earth oxides is a crucial factor when they are substituted into a
BT lattice. Smaller ions occupy the Ti site, and larger ones occupy the Ba site. Intermediate
ions such as Dy, Y, and Ho could occupy both the Ba and Ti sites depending on the Ba/Ti
ratio of BT and the sintering temperature [13-17]. Rare-earth oxides with an intermediate
ionic size are known to act as a donor when incorporated into the Ba site and as an acceptor
in the Ti site as follows:

Ba site: Re;O3 — 2Rp, + 300 + Vg, @

Ti site: Re,O3 — 2RY; + 200 + V§ &)

Donors and acceptors are useful in capturing oxygen vacancies bound to free electrons,
reducing carrier concentrations, and thereby improving the anti-reduction performance of
BT ceramics [18].

Thermal stability is another important factor for the applications of MLCCs. However,
the nonlinear dielectric behaviour of pure BT with temperature, caused by phase transitions
(rhombohedral to orthorhombic at —90 °C, orthorhombic to tetragonal at 0 °C, tetragonal
to cubic at 125 °C), results in an unstable temperature dependence of the dielectric constant.
Therefore, the composition of BT is controlled by doping elements such as Mg?*, Ca®*, and
Zr** jons to suppress or shift the Curie temperature [4,5,11,12]. Rare-earth oxides also have
an influence on the thermal stability of BT, forming core-shell structures in the BT grains. In
this structure, the shell comprises a non-ferroelectric pseudo-cubic structure created by the
partial substitution of dopants, while the core contains ferroelectric BT with a tetragonal
structure. Consequently, the dielectric characteristics and thermal stability of BT can be
regulated by varying the amount and type of rare-earth oxides.

Numerous studies have been conducted on BaTiO3 doped with MgO and rare-earth
oxides. Kishi et al. reported the formation mechanism of a core-shell structure in the
BaTiO3-MgO-Ho,03 system. At a low temperature, the shell phase is formed by a reaction
between MgO and BT, and then Ho,Oj3 reacts with the shell at a high temperature. The
diffusion of Ho,O3 is hindered by MgO, inhibiting grain growth [19]. Pu et al. explored the
effect of a grain growth inhibitor of Dy ions for the formula Ba;j_,Dy,,,3TiO3 and obtained
an increased dielectric constant (er) for x = 0.75 [1]. Kim et al. investigated the role of
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MgO and Y,0j3 in the BI-MgCO3-Y,03-BaCO3-5i0, system. They found that Y,O3 plays a
dominant role in the formation of the shell by easily dissolving into BT, while MgO tends
to stay at the grain boundary [13]. Additionally, Y,Oj3 flattened the dielectric constant
temperature (the ¢,-T curve) for BT-Y,03-MgO without shifting the Curie peak of BT [20].
Wang et al. reported the effect of the sintering atmosphere on the microstructure and
dielectric properties of specimens co-doped with Yb/Mg [21].

However, most studies have focused on the effect of MgO and rare-earth oxides on
the microstructural characteristics and the temperature stability of the dielectric constant.
In light of these considerations, this study investigated the effects of MgO and rare-earth
oxides (Y203, Yb,0O3, and Dy;0O3) on the structural characteristics and electrical properties
of BT. The aim was to propose relationships between the structural characteristics and
electrical properties of BT.

2. Materials and Methods

BaTiO3 (170 nm, Fuji Titanium Ind. Co., Osaka, Japan), MgO (Fine Material, Seongnam,
Republic of Korea), Dy,03 (Solvay, Brussels, Belgium), Y,O3 (Solvay, Brussels, Belgium),
and Yb,Oj3 (Solvay, Brussels, Belgium) were utilised as starting materials. These were
mixed in stoichiometric ratios as per Table 1. The mixed powders were milled with yttrium-
stabilised zirconia balls for 24 h in ethyl alcohol and then dried. The dried powders were
isostatically pressed into pellets under a pressure of 500 kg/cm? using 15 mm diameter
disks. The pressed disks were sintered at 1350 °C for durations ranging from 1 to 5 h in an
air atmosphere.

Table 1. Composition of the BaTiO3 specimens doped with MgO and/or co-doped with MgO-Re,O3
(Re =Y, Yb, or Dy) [unit: mol].

Additives Abbreviation BaTiO3 MgO Y2 03 sz 03 DyZO3
Pure BaTiO3 BT 100 0 0 0 0
MgO Mg 100 1 0 0 0
MgO-Y,03 Mg/Y 100 1 1 0 0
MgO-Yb, 03 Mg/Yb 100 1 0 1 0
MgO-Dy,03 Mg/Dy 100 1 0 0 1

The crystalline phases of the sintered specimens were analysed using X-ray diffrac-
tion (XRD, D/max-2500V /PC, Rigaku, Tokyo) over the range of 26 = 10-80°. Rietveld
refinement (RIR) measurements were performed on the XRD data using Fullprof software
(version 7.95) to obtain structural characteristics such as the lattice parameters, tetragonality
(c/a), and unit-cell volume of the sintered specimens. Silver electrodes were coated on both
surfaces of the sintered specimens and fired at 550 °C for 30 min. The microstructures of
the sintered specimens were observed using a scanning electron microscope (SEM, Su-70,
Hitachi, Japan). Apparent densities and relative densities of the sintered specimens were
obtained by the Archimedes method and Rietveld refinement, respectively. The dielectric
constants of the specimens were determined from their measured capacitances (pF) using a
Capacitance Meter (E4981A, KEYSIGHT, Santa Rosa, CA, USA) at 1 KHz. The resistivities
(p) of the specimens were calculated using a High Resistance Meter (43398, KEYSIGHT,
Santa Rosa, CA, USA) at 500 V for 60 s. The temperature coefficient of capacitance of the
specimens was measured using a temperature coefficient of capacitance (TCC) measure-
ment system (TM-100, NANOIONICS KOREA, Gangneung-si, Gangwon-do, Republic of
Korea) from —50 °C to 150 °C at 1 KHz.

3. Results and Discussion
3.1. Physical Properties
According to the report of Gong et al. [22], the relative density is a critical factor for

dielectric materials. It could affect not only the formation of a core shell for BT substituted
with rare-earth oxides but also the thermal stability of the BT. Therefore, the sintering
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Intensity (Arb.Unit)

condition of BT specimens doped with MgO and/or co-doped with MgO-Re;O3 (with Re
representing Y, Yb, or Dy) was optimised to achieve a higher relative density above 94%
of the theoretical value, as listed in Table 2. This was performed to neglect the effect of
pores on the dielectric and electrical properties of the sintered specimens, which will be
discussed in Section 3.2.

Table 2. Relative densities of the BaTiO3 specimens doped with MgO and/or co-doped with MgO-
Re;O3 (Re =Y, Yb, or Dy) sintered at 1350 °C for 1-5 h in air.

Sintering Apparent Theoretical Relative
Specimen Condition Density Density Density
(°C/h) (g/cm®) (g/cm®) (%)
MgO-Dy,03 5.8140 6.0200 96.58
Pure BT 5.8030 6.0018 96.42
1350 °C/1h

MgO-Y,03 5.7845 6.0170 96.14
MgO 5.6686 6.0080 94.35
MgO-Yb,03 1350 °C/5h 5.7683 6.0170 95.87

The XRD patterns of the BT specimens doped with MgO and/or co-doped with
MgO-Re, O3 (with Re representing Y, Yb, or Dy) sintered at 1350 °C for 1-5 h in air are
presented in Figure la. All of the sintered specimens, except for those co-doped with
MgO-Yb,03, exhibited a single phase of BaTiO3; with a perovskite structure. However,
the secondary phase of pyrochlore Yb,Ti;O7; (ICCD No. 98-017-3750) was detected for
the specimens co-doped with MgO-Yb,0O3, while a single phase of BT was obtained for
the MgO-doped and MgO-Y,03/MgO-Dy,03 co-doped specimens. The formation of the
Yb,Ti;O; secondary phase is due to the smaller solubility of Yb,O3 than that of Y,03 and
Dy;03. Rare-earth oxides are forced to substitute at the Ba site of BT for the BI-MgO-Re;O3
(with Re representing Y, Yb, or Dy) system due to the substitution of the Mg?* ion for the
Ti** ion. However, Yb,Oj3 acts as an acceptor due to its smaller ionic radius than Y** and
Dy3“r ions [23]. Thus, extra Yb,O3 may react with TiO;, forming a Yb,TipO7 phase.

J MgO-Dy,0, co-doped
A l_Jt_z_JL—J\_A_»\_A

MgO-Y, O, co-doped
A J | S S S SN

Pure BT

— A | S BN

MgO-Yb,O, co-doped
! J | S NN .

| MgO doped
)

1

1

10

20 30 40 50 60 70 8044 45 46
2 0 (Degree) 2 0 (Degree)

Figure 1. (a) XRD patterns of the sintered specimens doped with MgO and co-doped with MgO-
Re;O3 (Re =Y, Yb, or Dy) and (b) the enlarged XRD patterns of the sintered specimens in the range
of 20 from 44° to 46°.



Processes 2023, 11, 3235

50f12

Figure 1b displays the enlarged XRD patterns of the sintered specimens over the
range of 20 = 42—48°. The crystal structure of BaTiO3 ceramics can be determined by the
splitting of (002) and (200) peaks over the range of 20 = 44-46° [24]. The sintered pure
BT and the sintered specimens co-doped with MgO-Y,03 and MgO-Dy,03 exhibited a
tetragonal structure (ICCD No. 01-081-2202) of BT with peak splitting of the (002) and (200)
planes. Rare-earth oxides play a dominant role in the formation of a core-shell structure in
the BaTiO3 grain, and they exist at a shell of BaTiO3 grain, as described above [13]. The
migration of rare-earth oxides into the core grain of ferroelectric BT ought to be minimised
to ensure the proper formation of a core-shell structure in the BT grain [25]. Furthermore,
it has been observed that as the ionic radius of the rare-earth oxides increases, a greater
quantity of MgO is needed to establish a core-shell structure in the MgO-Re;O3-BaTiO3
system [26]. The sintering condition also significantly influences the development of the
core-shell structure [22]. According to the XRD patterns presented in Figure 1b, 1 mol%
of MgO was insufficient to create a core-shell structure for specimens sintered with MgO-
Y,03 and/or MgO-Dy,0;. As a consequence, the Y>* and Dy>* ions might permeate the
core grain, undermining the core-shell structure and revealing a tetragonal phase [25]. In
contrast, the specimens sintered with MgO and co-sintered with MgO-Yb,0O3 exhibited
a pseudo-cubic structure (ICCD No. 01-075-0212), evidenced by the fusion of the (002)
and (200) planes in the XRD patterns. The diffusion of the Yb>* ion (0.87 A, CN = 6),
which has a slightly smaller ionic radius than that of the Y3* (0.9 A, CN = 6) and Dy>*
ions (0.912 A, CN = 6), was effectively inhibited by MgO in the specimens co-sintered
with MgO-Yb,03, resulting in the observed pseudo-cubic structure [27]. For the sintered
specimens doped with MgO, MgO is substituted at the Ti site of BT due to the ionic radius
of Mg2+ ions (0.72 A) being similar to that of Ti** ions (0.605 A) (Equation (3)), and the
positively charged oxygen vacancy induces the deformation of BT from a tetragonal to a
pseudo-cubic structure [12,27,28].

MgO + TiO, — Bag, +Mgy; +200 + V§ (3)

To obtain the lattice parameters of the sintered specimens, Rietveld refinement was
performed on the XRD patterns, as shown in Figure 2. In the XRD data, the dotted line
represents the observed intensity, while the solid line signifies the calculated intensity. The
line at the base highlights the disparity between the observed and calculated values. Table 3
presents the R-factors and the lattice parameters derived from the Rietveld refinements
for the sintered specimens. The goodness of fit (GoF) and the Bragg R-factor, serving as
indicators of RIR, fell within the ranges of 1.9-2.6 and 1.79-2.87, respectively. These values
suggest that the RIR data are highly reliable.

Figure 3a displays the unit-cell volumes of the BT specimens either doped with MgO
or co-doped with MgO-Re;O3 (with Re representing Y, Yb, or Dy) and sintered under an
optimal sintering condition. The unit-cell volume of specimens co-doped with MgO-Y,0O3
and/or MgO-Dy,03; may be influenced by the substitution sites of Y>* and Dy>* ions within
the BT lattice when intermediate rare-earth oxides, such as Y,03 and Dy,O3, are substituted
into BT [16]. As previously mentioned, MgO replaces the Ti site of BT, leading to the Y3*
(1.234 A, CN = 12) and Dy®* ions (1.255 A, CN = 12) primarily occupying the Ba site (1.61 A,
CN = 12) in specimens co-doped with MgO-Y,03 and/or MgO-Dy,03 [28]. Consequently,
specimens co-doped with MgO-Y,03 and/or MgO-Dy,0O3 exhibited a smaller unit-cell
volume compared to specimens solely doped with MgO. Conversely, the unit-cell volume
of specimens co-doped with MgO-Yb,O3 was akin to that of the MgO-doped specimens,
owing to the Yb,Oj3 substitution at the Ti site. Notably, prior research indicates that the
Yb3* ion (0.87 A, CN = 6), due to its compact ionic radius, takes the place of the Ti site
regardless of the Ba/Ti ratio [11,28].
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Figure 2. Rietveld refinement patterns of the sintered specimens: (a) doped with MgO, (b) co-doped
with MgO-Yb,03, (c) pure BT, (d) co-doped with MgO-Y;,03, (e) co-doped with MgO-Dy,03.

Table 3. Lattice parameters of the sintered specimens and R-factors obtained from the Rietveld

refinements.
. Lattice Parameter (A) Tetragonality Unit-Cell
Specimen - - (</) Volume Rpragg ~ GoF
a-Axis c-Axis (A3

Pure BT 3.9935 4.0350 1.01039 64.3499 2.87 2.6
MgO-Dy,03 3.9957 4.0292 1.00838 64.3294 2.30 2.3
MgO-Y;03 3.9973 4.0280 1.00768 64.3625 2.35 24
MgO 4.0097 4.0097 1 64.4656 2.21 2.1
MgO-Yb,03 4.0100 4.0100 1 64.4792 1.79 1.9

Figure 3b displays the lattice parameters and tetragonality of the BT specimens doped
with MgO and/or co-doped with MgO-Re;O3 (with Re representing Y, Yb, or Dy). The
sintered specimens co-doped with MgO-Y;03 and MgO-Dy,0O3, possessing a tetragonal
structure, exhibited reduced tetragonality (c/a) in comparison to that of pure BT. This
reduction can be attributed to the substitution of Dy>* and Y** at the Ba site, leading
to a marked decrease in the c-axis relative to the a-axis [29,30]. In contrast, the sintered
specimens doped with MgO and co-doped with MgO-Yb,O3 demonstrated a tetragonality
(c/a =1) lower than that of pure BT. This observation is linked to the presence of positively
charged oxygen vacancies for the specimens doped with MgO and the emergence of a shell
phase for the specimens co-doped with MgO-Yb,O3. For those sintered specimens with
a pseudo-cubic structure, the a-axis and c-axis lattices within the perovskite framework
align, negating any XRD pattern separation between the (002) and (200) planes.
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Figure 3. (a) Unit-cell volume and (b) lattice parameters of the BT specimens doped with MgO
and/or co-doped with MgO-Re,O3 (Re =Y, Yb, or Dy).

3.2. Dielectric and Electrical Properties

Figure 4 shows the dependence of the dielectric constant (¢;) on the tetragonality
(c/a) of the BT specimens doped with MgO and/or co-doped with MgO-Re;O3 (with Re
representing Y, Yb, or Dy). With the substitution of MgO and rare-earth oxides, the sintered
specimens showed a lower dielectric constant (¢;) than that of pure BT. The dielectric
constant () is affected by the magnitude of spontaneous polarisation and the domain
wall density and its mobility [31-34]. Because spontaneous polarisation is proportional to
tetragonality (c/a) [35], the dielectric constant (¢,) of the sintered specimens doped with
MgO and/or rare-earth oxides decreased with the decrease of tetragonality, which restricts
the moving space of the Ti** ion in the [TiOg] octahedron. Although the tetragonalities of
the sintered specimens co-doped with MgO-Yb,03 and doped with MgO are the same, the
gr of the sintered specimens doped with MgO was slightly larger than that of the sintered
specimens co-doped with MgO-Yb,0O3 due to the larger grain size at the submicron level,
as confirmed in Figure 5.

Loizd Tetragonality (c/a) 2500
. —=— Dielectric constant (¢ ) =
< 1.008- I =
~ ] &
>
£ 1.004- 2000 2.
= ] o
= =
S 1.000 i =
P
£ / L1500 £
g0 =4
= =
0.992 + ~
. - . - . - . - . 1000
MgYb Mg MgY  MgDy BT
Composition

Figure 4. Dependence of the dielectric constant (¢;) on the tetragonality (c/a) of the BT specimens
doped with MgO and/or co-doped with MgO-Re;O3 (Re =Y, Yb, or Dy).
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Figure 5. Scanning electron micrographs of the sintered specimens: (a) pure BT, (b) co-doped with
MgO-Y,03, (c) co-doped with MgO-Dy, 03, (d) doped with MgO, and (e) co-doped with MgO-Yb,03
(scale bar: 10 um).

Figure 5 presents SEM micrographs detailing the surface structures of the BT speci-
mens, either doped with MgO or co-doped with MgO-Re,O3 (with Re representing Y, Yb, or
Dy). All sintered specimens exhibited dense microstructures, aligning with relative densi-
ties exceeding 94%, as documented in Table 2. The pure BT manifested the most prominent
grain size, accompanied by abnormal grain growth. Upon introducing MgO and rare-
earth oxides, the grain size of the sintered specimens was observed to be more diminutive
compared to that of pure BT. This reduction is attributed to the grain growth inhibition prop-
erties of MgO and the rare-earth oxides during the sintering process [11-13,17]. Specimens
co-doped with MgO-Y,03 and MgO-Dy,03 displayed comparable grain sizes. Conversely,
those doped with MgO and co-doped with MgO-Yb,03; demonstrated considerably finer
grain sizes than their counterparts co-doped with MgO-Y,03 and MgO-Dy;0s.

Figure 6 illustrates the electrical resistivity (p) of the BT specimens either doped with
MgO or co-doped with MgO-Re,O3 (with Re representing Y, Yb, or Dy). The sintered
specimens doped with MgO, as well as those co-doped with MgO-Y,03 and MgO-Dy,0s3,
exhibited an elevated electrical resistivity value of 850 GQ2 (500 V, 60 s) or higher, approxi-
mately thrice that of pure BT. This enhancement is attributed to the grain size reduction
mediated by MgO, Y,03, and Dy,0;3, all of which act as grain growth inhibitors, as pre-
viously discussed [36,37]. In contrast, specimens co-doped with MgO-Yb,0O3 displayed
electrical resistivity analogous to pure BT despite the grain size reduction. This behaviour
can likely be ascribed to the pyrochlore phase of Yb,Ti,Oy, a noted high ionic conduc-
tor [38]. Prior research has also indicated that the pyrochlore phase expedites the migration
of oxygen vacancies, a primary factor in insulation degradation [39].

To assess the temperature stability of the sintered specimens, the TCC was gauged
from —50 °C to 150 °C at 1 KHz. Figure 7a depicts the temperature-dependent dielectric
constant (&) for BT specimens either doped with MgO or co-doped with MgO-Re,O3 (with
Re representing Y, Yb, or Dy). Specimens co-doped with MgO-Y,03; and MgO-Dy,03
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Dielectric constant (e

exhibited a pronounced dielectric peak near 100 °C, with the Curie temperature (T.) for
each specimen marginally dropping to 99 °C and 103 °C, as seen in Figure 7a. For specimens
doped with MgO that display a cubic structure, there was a broadening of the dielectric
peak accompanied by a shift in the Curie temperature. The TCCs for the BT specimens
doped with MgO and/or co-doped with MgO-Re, O3 (with Re representing Y, Yb, or Dy)
are presented in Figure 7b. As previously mentioned, the BT specimens with MgO doping
exhibited a flattened TCC curve alongside a reduction in Curie temperature. This observed
behaviour met the X8R specification (—55~150 °C, AC/C approximately & 15%) of the EIA
classification, stemming from the introduction of oxygen vacancies by the substitution of
Mg?* ions at the Ti site. This trend aligns with previous studies on MgO-doped BT [12]. For
enhanced temperature stability in rare-earth oxide-doped BaTiO3, a diminished transition
peak is essential. The predominant factor influencing the spread of the Curie temperature
appears to be the internal microstructural stress caused by the transition from tetragonal
to cubic structures in BT [11,40]. It appears that the phase transition was not effectively
realised in specimens co-doped with MgO-Y,03 and MgO-Dy,03, failing to meet the
X8R specification. However, the transition was prominent in specimens co-doped with
MgOYb,03, which adhered to the X7R specification.
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Figure 6. Electrical resistivities of BT specimens doped with MgO and/or co-doped with MgO-Re; O3
(Re =Y, Yb, or Dy).

12,000
: 60 ]
(a) "1v) ; 3
10,000 | 451 4
— 30+ -
8,']']']' ;?‘ 5] XBR}‘_;‘:doW
—— Mz0 doped -
6,000 {—— Mz0-Y O co-doped o 0 My
—a— MgO-Yb O, Ry O 154
4,000 - Mg0-Dy O '-.' < 30l ™ Mez0 doped (oxygen vacancy)
- b —+—Me0-Y 0, co-doped
2,000 45 Mz0-Yb O, co-doped (core-shell structure)
) -607 ——Mg0-Dy 0, co-doped
-50 0 50 100 150 -50 0 50 100 150
o]
Temperature (°C) Temperature (°C)

Figure 7. (a) Temperature dependence of the dielectric constant (¢;) and (b) temperature coefficient
of capacitance (TCC) of BT specimens doped with MgO and/or co-doped with MgO-Re;O3 (Re =,
Yb, or Dy).
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4. Conclusions

The effects of MgO and rare-earth oxides (Y203, YbyO3, and Dy,03) on the structural
and electrical properties of BaTiO3 have been investigated. For specimens sintered at
1350 °C for durations ranging from 1 to 5 h in air, a single phase of BaTiO3 with a tetragonal
structure was identified in pure BT and BT specimens co-doped with MgO-Y,03 and/or
MgO-Dy,03. However, for specimens doped with MgO or MgO-Yb,03, BaTiO3; with a
pseudo-cubic structure was detected. A secondary phase of Yb,TipOy was identified in BT
specimens co-doped with MgO and Yb,O3, attributed to the limited solubility of the Yb3*
ions in the BT lattice. These results indicate a smaller unit-cell volume in BT specimens
co-doped with MgO-Y,03 and MgO-Dy,0O3 compared to that of BT specimens doped solely
with MgO, suggesting that the Y3* and Dy>* ions are substituted at the Ba site of BT. With
the introduction of MgO and rare-earth oxides, the dielectric constant (¢,) of the sintered
specimens decreased, which was associated with a reduction in tetragonality (c/a) that
limited the mobility of the Ti** ion within the TiOg octahedron. The electrical resistivity of
the sintered specimens increased with reductions of the grain size in BT specimens doped
with MgO and/or co-doped with MgO-Re,O3 (Re =Y or Dy). BT specimens co-doped with
MgO-Yb,03 and/or MgO met the EIA X7R (=55 to 125 °C, AC/C of £15% or less) and
X8R specifications (—55 to 150 °C, AC/C of £15% or less), respectively.
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