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Abstract

This study investigates the effect of yttrium oxide (Y,03) doping on the phase evolution of barium titanate (BaTiO3), a key dielectric
material used in multilayer ceramic capacitors (MSCCs). Two types of starting powders were examined: pure BaTiO3 and a commercial
X7R composition containing 1wt% Y,03. Using the solid-state method under high temperature, Y,03 was added in varying amounts,
and the powders were processed under controlled sintering conditions to evaluate its influence on phase formation. The resulting
ceramics were characterized to determine formational alterations as well as the potential generation of secondary phases. Increasing
Y203 content led to a transmutation from the tetragon structure to a merger between tetragon as well as cubic phases. The
commercial X7R powder exhibited greater densificating process, surpassing pure BaTiO3 and formed a cuboid formation under
greater Y,O3 concentrations. Notably, the sample doped with 20 wt% Y, O3 produced the BagTi;;O40 phase, augmenting scattering
capacity and color uniformity. These findings clarify the role of Y,03 in phase evolution and highlight its implications for optimizing

BaTiO3-based MSCC materials.
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1. INTRODUCTION

Barium titanate (BaTiOg) has long been recognized as one of
the most widely utilized dielectric substances within multi-sheet
ceramic capacitor (MSCCs) units for its significant dielectric
constant, excellent ferroelectric properties, and unique elec-
tromagnetic behavior (Anh and Ngoc, 2020; Thi et al., 2020).
However, in practical applications, MSCCs are often exposed
to elevated temperatures and high electric fields, conditions un-
der which the dielectric stability of BaliOg becomes a critical
factor (Loan and Anh, 2021; That et al., 2020). To address
these challenges, various doping strategies and additive modifi-
cations have been explored to tune the structural, electrical, and
thermal stability of BaliOg-based ceramics (Rianjanu et al.,
2025; Thuy et al., 2025). Common approaches include the
incorporation of transition-metal dopants such as Mn, Mg, and
Ca, which act as compensators for charge carriers generated by
oxygen vacancies (Dang et al., 2021a). In addition, sintering
aids like SiO9 have been introduced to lower the eutectic point
through the formation of a BaO-TiO9-SiOg ternary system,
thereby enhancing densification during processing (Thi et al.,

2021). Another widely applied modification involves rare-earth
element (REE) doping, in which cations such as Dy%*, Ho®",
Sm3*, La%*, Yb3*, snd Y®* substitute Ba2* or Ti** sites within
the BaTiO3 lattice (Thi et al., 2021). These dopants have been
shown to influence both the microstructural evolution and the
long-term reliability of MSCCs, with certain ions like Dy®",
Ho?", and Y3* exhibiting amphoteric behavior beneficial for
dielectric stability. Among these, YoOg has attracted significant
attention due to its relatively low cost, commercial availability,
and performance comparable to that of other REE dopants
(Cong and Anh, 2025; Hadi et al., 2025). Indeed, Y3* doping is
already extensively used in industrial formulations of BaTiOg
powders.

The mechanism by which Yb3" interacts with the BaTiOg
lattice is of particular interest. Owing to its ionic radius, Yb%*
can substitute at either Ba?* or Ti** sites, acting as an acceptor
or donor depending on the site occupancy. This substitution
process is strongly influenced by processing conditions such
as oxygen partial pressure, sintering atmosphere, dopant con-
centration, and the Ba/Ti ratio. Previous studies have demon-
strated that the solubility limit of Yb3* varies widely depending
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on the site (Pham et al., 2021). Beyond these solubility thresh-
olds, secondary phases such as BagTi;704¢ and Y9 TigO7 may
precipitate, which have been associated with adverse effects on
the dielectric reliability of BaTiOg-based MSCCs (Dang et al.,
2021b).

Most industrial formulations employ relatively low doping
concentrations (<1 wt%) and sintering under reducing condi-
tions to suppress defect formation and stabilize desired mi-
crostructures (Dang et al., 2021¢; That and Anh, 2021). By
contrast, the novelty of the present work concerns systemati-
cally investigating the effect from high Y9Og doping levels (>1
wt%) under air-sintering conditions. This approach enables
us to explore the influence of excessive dopant concentrations,
well beyond the conventional solubility limits, on the structural
evolution, phase stability, and defect chemistry of BaTiOg. In
doing so, we aim to provide deeper insights into the mecha-
nisms governing dopant incorporation and secondary phase
formation, thereby extending current understanding of BaTiOg
modification strategies and offering new perspectives for the
design of high-performance dielectric ceramics.

2. EXPERIMENTAL SECTION

2.1 Materials

A powder of BaTiOg doped with Y9Og (with a structure of
Ba;_ Y, Ti;_/4Og) was produced using a typical solid-state pro-
cess. Two kinds of barium titanate (BaTiOg) were employed:
“BT-A” (commercial reagent-grade, >99%, Sigma-Aldrich)
and “BT-B” (designed for MSCC manufacture, containing
additional substances. Yttrium oxide (Y¢Og, >99.9%, Sigma-
Aldrich) was used as a dopant. Polyvinyl butyral (PVB, M.W.
50,000, Sigma-Aldrich) was used as a binder. Every chemical
was acquired and utilized with no additional refinement.

2.2 Synthesis

10 g of BaTiOg powder (BT-A or BT-B) was mixed with Y¢Og
to obtain doping levels of 2.5, 5, 10, 15, and 20 wt%. Powders
were ball-milled in a 250 mL polyurethane milling container
via zirconia beads (10 mm diameter) in a weight ratio of 1:10
(powder:balls) for 12 h at 300 rpm to achieve homogeneous
mixing (Alaizeri et al., 2025). After milling, the powders were
desiccated under 80 °C within 12 h inside an oven. This step
ensured complete removal of moisture and improved powder
flow during ceramic fabrication (Ma et al., 2025). Dried pow-
ders doped with 2.5 and 5 wt% YoOg were mixed with 1 wt%
PVB, ground manually for 80 min, and sieved through a 200-
mesh sieve. Powders were then uniaxially pressed into 8 mm
discs at a pressure of 200 MPa (Hou et al., 2025). Sintering was
carried out in air at 1800 °C within 4 h under a firing/chilling
pace reaching 5 °C per minute.

2.8 Characterization

Powder and sintered specimens were analyzed using X’ Pert
PRO XRD with Cu Ke radioactivity (1 = 1.5418 A), operat-
ing under 40 kV and 80 mA. Scanning instances were carried
out over 26 scope 10-80° under a step magnitude reaching
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0.02° as well as a scanning pace of 0.5° per minute. Crystal-
lite magnitudes were approximated via the full width at half
maximum (FWHM) of main diffractive peaks utilizing the
Scherrer formula. Powder morphology and sintered surfaces
were examined using a Tescan Lyra SEM at an accelerating
voltage of 15 kV (Li et al., 2019, 2018). Figure 1 displays the
characterization data for the specimens acquired by XRD in
Figure 1(a) and SEM in Figure 1(b). Samples were mounted
on carbon-conductive tape then daubed using one thin gold
sheet (5 nm) for preventing charging. Granule magnitudes
were identified via SEM images utilizing Image] application,
with more than 100 granules identified for all samples. Bulk
denseness (p) for sintered ceramic units was calculated via
the measured weight as well as dimensions of the discs using
(Limbu et al., 2020; Lissner and Urban, 2011):

mass

volume

Each measurement was repeated three times, and the aver-
age value was reported. All experiments were repeated three
times to ensure reproducibility. Milling, pressing, and sinter-
ing conditions were kept identical across all samples to allow
reliable comparison of the effect of YoOg doping.

3. RESULTS AND DISCUSSION

SEM pictures of the undoped BaTiOg powders, A0 and B1,
reveal particles having coarse-faceted structure. Two particle
dimensions were found: 0.48 pym to 1.25 um for the AQ and
0.46 um to 0.81 um for the B1. While the outcomes prove
similar, the highest mean number for the B1 granules would be
inferior to the A0 counterparts, caused by the heat processing
applied to the formed powder in the form of a component in
the MSCCs manufacturing procedure (Liu et al., 2012; Shi
et al., 2023).

The X-ray diffracting structures for the heated powder are
given. The powder diffracting structures produced from the
BT-A were consistent with the tetragonal stage. It displays the
highest points linked to the (111) and (002)(200) planes of
this stage. The diffracting maximum at 26 around 45° splits
into two maxima, indicating a tetragon state. Regarding the
A20 powder, the planes (002) and (200) are slightly distorted,
while the plane (111) changes towards a lesser angle. Further-
more, according to Ad as well as A20 specimens, maxima that
correspond to YoOg show, showing that at least some of it stays
free exterior of the BaTiOg structure, showing that the solu-
ble ability threshold has been exceeded. The change to lower
angles of some maxima is a result of a growth of the unit cell
volume caused by a replacement of Ba%* ions with Y3*.

The XRD structures of BT-B powder alter more with rising
Y9Og concentrations. In this situation, the unprocessed prod-
uct presently includes roughly 1 wt% YoOg. Powder B1 exhibits
a distinct tetragonal stage, while powders B2.5, B5, as well as
B20 exhibit a combination of tetragon as well as cuboid stages.
B20 powder exhibits a clearer division of (002) and (220), as
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Figure 1. Characterization Data of Y9Og: (a) XRD, (b) SEM

Table 1. Result Comparison of Scattering Coeflicients Influenced by Particle Sizes of Scattering Materials

Scattering Scattering Reduced scattering  References

materials  coeflicients (mm™)  coefficients (mm™)

Y903 10.11 0.53 This work

CaCOg 8.96 0.15 (Tung et al., 2024b)
SiOg 9.16 0.78 (Le et al., 2024)

KBr 42.5 13.5 (Anh, 2024)

MgO 3.54 0.059 (Loan and Anh, 2021)

well as a lower angle of the (111) maximum compared to pow-
ders B2.5 and B5. In contrast to the A specimens, only the
powder B20 shows YoOg maxima, indicating that the majority
of it remains in the form of an individual oxide. Furthermore,
in the case of B20, three more maxima arise among 260 = 29.5
- 80°. They differ from the BaTiOg or the YqOg stages. The
extra YgOg may interact with the BaTiOg matrix and other
additional substances, leading to these results. Given the pos-
sibility of secondary stages forming when the soluble amount
of Y9Og3 exceeds the limits of 1.5 at% (Ba-site) as well as 12.3
at’% (Ti-site), a screening for subsequent stages was performed,
yielding an association with BagTi17049. BaliOg and TiOg
typically form a eutectic, however with SiOg, the temperature
drops. In the absence of a liquid state (Tang et al., 2022; Anh
and Lee, 2024), the relationship among doped substances and
additional substances can result in a Ti-rich stage, generating
the subsequent stage BagTi;7040. This additional stage has
been described before (Tung et al., 2024h,a).

Ceramic units are made via sintering non-doped as well
as doped powders, BT-A and BT-B, under the circumstances
stated in the preceding part. It exhibits the ceramics’ X-ray
scattering structures. YoOg has a higher effect on the BaTiOg
composition in ceramics. The XRD structure from the B1
powder shows no maximum dividing, showing a stage transi-

© 2026 The Authors.

tion from tetragonal to cubic. The similar effect is seen with
B2.5 and B5 ceramics. This trend demonstrates a powerful re-
lationship among additional substances and doped substances
introduced to BaTiOg. The inclusion of YoOg changes the
BaTiOg form, which appears in the ceramic densificating pro-
cess. Even while densificating process declines with increasing
Y9Og content for every case (BT-A as well as BT-B), ceramics
produced from BT-B powder exhibit greater densificating rates.
This is understandable given that one of the functions of the
chemicals put into the BaTiOg powder is to boost its density.
Figure 2 illustrates the relationship between YoOg dosage
and light dispersion, with Figure 2(a) showing dosage range
from 1 to 10 um, Figure 2(b) showing dosage range from 11 to
20 um, Figure 2(c) showing dosage range from 1-5 um under
angles, Figure 2(d) showing dosage range from 6-10 pum under
angles, Figure 2(e) showing dosage range from 11-15 gm un-
der angles, Figure 2(f) showing dosage range from 16-20 um
under angles. It improves light transmission and wavelength
conversion efficiency, resulting in enhanced Y9Og levels. Blue
light dispersion from forward emission can be enhanced, while
blue light brightness can be improved by lowering forward scat-
tering and reabsorption. This is accomplished by increasing
the concentration of YoOg while decreasing the concentration
of yellow phosphorus. The ability to specify an acceptable
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Figure 2. Scattering Factors with Various Particle Sizes: a) 1-10 gm, (b) 11-20 pm, (c) 1-5 gm Under Angles, (d) 6-10 pum
Under Angles, (e) 11-15 um Under Angles, (f) 16-20 pm Under Angles

color temperature (CCT) is likewise limited. Figures 4 and
5 demonstrate that CCT is concentration independent, but
Figure 3 demonstrates that when the YoOg dosage grows, so
does the YGA:Ce yellow phosphor dosage. Figure 3 shows
that as the YoOg dosage is raised (1-20 wt.%), the YGA:Ce
phosphor ratio decreases from approximately 25.5% to nearly

© 2026 The Authors.

27.5%. Phosphorus CCT variation decreases with increased
doping, as displayed by Figure 4 with Figures 4(a), 4(b),4(c),
4(d) showing disparate doping ranges of 1-5%, 6-10%,11-15%,
16-20%, respectively. CCT values peak at over 3050 K for 12
wt.% Y9Og composition and fall to the deepest point at under
3000 K for 11 wt.% Y9Og composition. The D-CCT achieves
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Figure 4. CCT Values with Various YoOg Proportions: (a)
1-5%, (b) 6-10%, (c) 11-15%, (d) 16-20%

minimum value under 15 wt.% Y¢Og, being approximately
150 K smaller compared to the maximal outcome of 4 wt.%
Y9Og, being approximately 170 K, as shown in Figure 5.
Y9Og does not necessarily increase the brightness of white
light emissions, as Figure 6 illustrates. A Y9Og concentration
of 19 weight percent produced the best results (over 74 Im),
while a concentration of 1 weight percent produced the lowest
results (just around 70.5 Im). Reduced blue emission and an
uneven color distribution are the results of increased backscat-
tering and reabsorption. Higher concentrations of YoOg can
cause the phosphor to shift from blue to yellow or orange-red
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when subjected to additional backscattered blue light. Only
specific YoOg concentrations are suitable for the application of
the phosphor coating. A shorter emission spectrum would arise
from the many reflections caused by the changing light from
different objects. As stated by Con et al. (2024) and Le et al.
(2024), a high dosage of phosphor may improve the percentage
of converted light reflected back, increasing CCT while lower-
ing luminous intensity. Figure 6 illustrates how brightness and
color uniformity are improved when 19 weight percent YoOg
is added to a simulated WLED with a lumen output power of
more than 74 Im. The impact of Y9oOg concentration on the
brightness and color rendition of white LEDs is seen in Figures
7 and 8. When Y9Og concentration rose to 20 weight percent,
color rendition experiments using the color rendering indica-
tor (CRI) and color quality scale (CQS) showed a discernible
change. The erratic nature of blue, green, and yellow-orange
may be the cause of the rise in CRI and CQS values. Increased
dispersion, a bias toward the yellow-orange spectrum, and ir-
regular light emission are the outcomes of high Y9Og levels.
We will modify this phosphor’s CRI and CQS as we assess the
outcomes, accounting for other elements such particle size. Ta-
ble 1 presents the scattering coeflicients and reduced scattering
coeflicients of various scattering materials. In this work, YoOg
and CaCOg both show moderate scattering behavior, with coef-
ficients of 10.11/0.58 mm™' and 8.96/0.15 mm™!, respectively.
Compared with them, SiOg (Le et al., 2024) demonstrates
similar scattering strength (9.16/0.78 mm™"), while KBr (Anh,
2024) shows much higher values (42.5/13.5 mm™!), indicating
strong scattering. In contrast, MgO (L.oan and Anh, 2021)
exhibits the lowest scattering coefficients (8.54/0.059 mm™!),
suggesting weaker light scattering capability. Overall, the re-
sults confirm that YoOg and CaCOg occupy an intermediate
position between strong scatterers like KBr and weak scatterers
like MgO.

Table 2 compares the optical performance of these scatter-
ing materials in YAG:Ce3*-based white LEDs. YoOg from this
work provides a YAG:Ce®" conversion efficiency of 27.4%, a
correlated color temperature (CCT) reaching 3000 K, as well
as a low ACCT reaching 21.92 K, highlighting its excellent
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Table 2. Comparative Tables of This Research Results with Reported Research

Scattering  YAG:Ce3* CCT D-CCT CRI  CQS Lumen References
materials (%) (K) (K) (Im)
YoOg3 27.4 3000  21.92  56.31 4292 74.04 This work
CaCOg 6 5000 183.21 56.57 61.52 161.63 (Tungetal., 2024b)
SiOg 27.4 3000 30 56.3 425 73.7  (Leetal, 2024)
KBr 27.4 3000 35.4 56.2 424 73.7  (Anh, 2024)
MgO 14.5 4000 53.6 58.2 64.2 1381.1  (Loan and Anh, 2021)
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Figure 6. Luminescence Strength with Various Y¢Og
Proportions

color stability. Its luminous flux (74.04 Im), CRI (56.31), and
CQS (42.92) are also comparable to SiOg (Le et al., 2024)
and KBr (Anh, 2024), making it a strong candidate for stable
performance applications. CaCOg, on the other hand, delivers
very high luminous flux (161.63 Im) and good color quality
metrics (CRI = 56.57, CQS = 61.52), but at the expense of
much poorer color stability (ACCT = 183.21 K). By contrast,
MgO (Loan and Anh, 2021) also offers high luminous flux
(131.1 Im) with good CQS (64.2), but suffers from a relatively
large ACCT of 53.6 K.

Taken together, these findings emphasize the complemen-
tary strengths of YoOg and CaCOyg in this work: YoOg stands
out for its stability and balanced optical performance, while
CaCOyg is notable for its high brightness output despite sig-
nificant color deviation. Compared with reported materials
such as SiOg, KBr, and MgO, the current study highlights that
Y9Og can serve as a reliable stable scatterer, whereas CaCOg
can be leveraged in cases where brightness is prioritized over
color uniformity.

4. CONCLUSIONS

Y9Og was doped into clean and commercially manufactured
BaTiOg powder using a typical solidifying process. YoOg was

© 2026 The Authors.

Figure 7. CRI Values with Various Y¢Og Proportions
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Figure 8. CQS Values with Various YoOg Proportions

introduced unto clean BaTiOg as well as a commercial formula
including 1 wt%, resulting in the last levels of 2.5, 5, as well as
20 wt%. The materials, both powder as well as ceramic units,
were examined using XRD. When Y9Og content increased,
the impacts on BaliOg composition became more apparent.
The shift from tetragon towards a merger between tetragon as
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well as cuboid phases can be seen in both heated powder and
the resulting ceramics. In YoOg-doped (20 wt%) commercially
produced BaTiOg heated powder, an additional stage known as
BagTi1704( was reported to develop. There were no additional
stages produced by BaTiOg and Y9Og, but the presence of free
Y9Og indicates that it has exceeded the soluble ability threshold.
The modifications in the structure indicate that Y joined the
structure, causing the creation of a subsequent stage free of Y
and other formulating components. Because the experiments
took place in air, the oxides were not lowered throughout the
procedures.
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