(N

Article

Enhancement of Microwave Dielectric Properties in Mixed-Phase
Ceramics Through CuB;04 Doping: Achieving Ultra-Low Loss
and High Dielectric Constant

Yuan-Bin Chen *'7, Siyi Xiong and Jie Peng *

check for
updates

Citation: Chen, Y.-B.; Xiong, S.; Peng,
J. Enhancement of Microwave
Dielectric Properties in Mixed-Phase
Ceramics Through CuB,O4 Doping;:
Achieving Ultra-Low Loss and High
Dielectric Constant. Ceramics 2024, 7,
1895-1904. https://doi.org/10.3390/
ceramics7040119

Academic Editors: Dawei Wang and

Fayaz Hussain

Received: 14 September 2024
Revised: 8 November 2024
Accepted: 4 December 2024
Published: 11 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electronics and Electrical Engineering, Zhaoqing University, Zhaoqing 526061, China;
xsy2471436141@163.com
* Correspondence: n2890103@outlook.com (Y.-B.C.); pengjie@zqu.edu.cn (J.P.)

Abstract: The microwave dielectric properties of (1—x)Cagg(Lag9Y0.1)0.2667TiO3-x(Nd; s»La; /)
(Mg(1+5)1/2Ti1/2)03 (1-x)CYTO-xNLMTO) ceramics were investigated in this study. It was discov-
ered that the addition of 1 wt% CuB,Oy effectively enhanced the densification and improved the
microwave dielectric properties of (1-x)CYTO-xXNLMTO, where = 0.02. The new ceramic systems
of (1-x)CYTO-XNLMTO could achieve ultra-low loss and a high dielectric constant. The novel
ceramic systems comprising (1—x)CYTO-xNLMTO exhibited remarkably low loss and a significantly
high dielectric constant.

Keywords: ultra-low dielectric loss; (1—x)Cag 6(Lag.gY0.1)0.2667 TiO3-X(Nd1 /o Lag /2)(Mg(145)1/2Ti12)O3;
CuB,04 doping; high dielectric constant

1. Introduction

With the rapidly increasing demands for 5G communication and satellite broad-
casting, there is an urgent need to advance dielectric resonator materials in microwave
frequency applications. The dielectric ceramics utilized in these applications must ex-
hibit exceptional dielectric properties, including high permittivity (e;) [1-3], low dielectric
loss (high Q X f) [4-8], and a temperature coefficient for the resonant frequency () that
approaches zero.

Designing high-quality devices is of paramount importance, with a focus on achieving
optimal efficiency and stability while incorporating compact dimensions. Therefore, it
is imperative to utilize dielectric materials with exceptional qualities for microwave res-
onators [9-11]. Specifically, the incorporation of high-k (e;) dielectric materials plays a
crucial role in fabricating RF passive devices such as antenna filters and oscillator resonators,
enabling reductions in resonator size. Furthermore, it is essential for these microwave
materials to exhibit low-loss characteristics, leading to extensive research efforts aimed at
developing dielectric materials with minimal microwave loss. The presence of this charac-
teristic is essential for achieving high-frequency selectivity and stability in both microwave
transmitters and receiver components. Ensuring near-zero temperature coefficients (ty)
becomes imperative for maintaining stability across various operating temperatures in
microwave components [12,13].

One promising approach involves utilizing two distinct ceramics with different ¢
values to form a solid solution or mixed phases, thereby effectively achieving a zero temper-
ature coefficient of resonant frequency. This method addresses the demands of microwave
circuit designs where precise control over each dielectric property is indispensable [14,15].
The dielectric ceramics utilized in microwave applications should consistently exhibit
exceptional dielectric performance, encompassing a high permittivity (e,), low dielectric
loss, and a near-zero temperature coefficient (t¢) [16-18]. Perovskites, characterized by
the general ABOj; structure, have been extensively investigated for their application in
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dielectric ceramics. They play a pivotal role in the fabrication of electronic components due
to their high permittivity and reliability in practical scenarios [11,12].

Typically, the investigation of phase formation factors primarily involves considera-
tions such as sintering temperature and thermal calculations [19,20], both of which have a
significant impact on the manufacturing process cost [21]. To address this issue, extensive
research efforts have been focused on minimizing sintering temperatures through various
methods. Noteworthy approaches include the utilization of sol-gel processes, reduction in
particle size, and liquid-phase sintering. The sol-gel process has emerged as a promising
technique for reducing sintering temperatures by converting a solution or colloidal system
into a gel, followed by drying and thermal treatment. This versatile route is known for
producing high-purity materials with reduced processing temperatures. Another strategy
involves decreasing the particle size of starting materials to enhance reactivity during
sintering, thereby promoting densification at lower temperatures [22].

This approach not only contributes to energy efficiency but also mitigates the overall
cost of the manufacturing process. Introducing a liquid phase by incorporating glass or
other low-melting-point materials has proven effective in lowering the sintering temper-
ature. Liquid-phase sintering facilitates the rearrangement of particles and enhances the
diffusion process, leading to improved densification at reduced temperatures [23-26]. This
method offers a practical solution for cost-effective manufacturing while maintaining the
desired material properties.

After conducting a comprehensive literature review, it becomes evident that the sol-gel
process is characterized by inherent complexity, while the alternative approach of reducing
particle size in initial powders tends to increase fabrication costs [19,27-29]. Considering
both cost efficiency and expedited fabrication as dual considerations, we have chosen to
conduct experimental investigations utilizing liquid-phase sintering supplemented with
the inclusion of other low-melting-point materials.

The compound (Nd; /;La;/7)(Mg1 /2Tiq /2)O3, referred to as NLMTO, possesses re-
markable dielectric properties, characterized by a high dielectric constant (e, ~ 27.6), an
impressive quality factor (Q x f value ~ 4550 GHz), and a negative temperature coefficient
of resonant frequency (t¢) of —48 ppm/°C. To counterbalance the positive T; value, the in-
troduction of Cag ¢(Lag.gYo.1)0.2667 1103, known as CYTO, with ¢, = 111, Q x f=23,100 GHz,
and t¢ = +374.6 ppm/°C [30,31], into the composite system results in the formation of
a solid solution, denoted as (1-x)CYTO-xNLMTO. In this investigation, CuB,O4 was
selected as a sintering aid to effectively lower the sintering temperature of the (1-x)CYTO-
XNLMTO ceramics. Moreover, the combination of NLMTO and CYTO yielded a novel
dielectric system characterized by a high dielectric constant, a remarkable Q x f value, and
a temperature coefficient of resonant frequency close to zero [32-34].

2. Experimental Procedure

The compositions CYTO and NLMTO were synthesized through mixed oxide solid-
state reactions employing high-purity chemical powders, namely CaCOj3, TiO,, Lay0Os3,
Nd,0O3, Y703, TiO,, and MgO. To address the hygroscopic nature of magnesium oxide,
it underwent a drying process at 600 °C for 2 h. Stoichiometric ratios were maintained
during the mixing of compositions, and the resulting mixture was ground in distilled
water for 10 h using a baling mill with agate balls. Additionally, 1 wt% of the sintering
aid Cu-B,0O3; (CuB,0,4) was introduced to (1—x) CYTO-x NLMTO ceramics. Sintering
of the ceramics was carried out at temperatures ranging from 1200 to 1350 °C for 4 h.
Specifically, CYTO underwent calcination at 1000 °C for 2 h, while NLMTO was calcined at
1100 °C for 2 h. Polyvinyl alcohol (PVA 500; Showa, Tokyo, Japan), serving as a binder, was
incorporated into the calcined powder. After achieving complete granulation uniformity,
the mixture underwent screening with a 100-mesh screen and was pressed with a pressure
of 200 MPa to form cylinders, each with a height of 0.5 cm and a diameter of 1.1 cm.
Sintering temperatures (STs) for the cylinders were set at various temperatures for 4 h in
an air environment, maintaining a consistent temperature rise and fall rate of 10 degrees
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per minute across all specimens. Crystallization-phase observations of the pre-phased
powder and the mixed compositions were conducted using a Siemens D5000 X-Ray Powder
diffractometer (XRD, Munich, Germany) with Cu-K« radiation (at 40 kV and 40 mA). The
XRD analysis of the sample was executed at a scan speed of 2 degrees/minute and a step
size of 0.06 degrees. Utilizing Scanning Electron Microscopy (SEM, SEM4000Pro, ZEISS,
Oberkochen, Germany) technology, the grain size, shape, and distribution of the sample
were meticulously observed. Meanwhile, through the application of Energy Dispersive
Spectroscopy (EDS) analysis, the types and concentrations of elements contained within
the sample were determined. Bulk densities of the sintered pellets were determined using
the Archimedes method. Measurements of ¢, and Q X f at radio frequencies were carried
out using the Hakki—Coleman [35] dielectric resonator method, employing a network
analyzer (Anritsu MS54647B, Morgan Hill, CA, USA). The same technique was utilized to
measure the temperature coefficient of resonant frequency (t¢). The test set was subjected
to a thermostat-controlled environment in a temperature range from +25 °C to +80 °C.
Additionally, the temperature coefficient of resonant frequency (t¢) was calculated using
Equation (1).
_ _fo—fn 6 o
E (ta—t1)fn <107 (ppm/7C) @
In the above equation, f, and f¢1 represent the resonant frequencies at 80 °C and 25 °C,
respectively.

3. Results and Discussion

The XRD analyses were performed after incorporating 1 wt% of multiple sintering
aids, specifically CuO-B,O3 (CuB,0y), into the (1-x)CYTO-XxNLMTO ceramics. These
ceramics were sintered at temperatures ranging from 1200 to 1325 °C for a duration of
4 h. Due to the close resemblance in lattice parameters between the two ceramics, a solid
solution was formed. Figure 1 shows peaks that confirm the presence of NLMTO and
CYTO as crystalline phases in the composition of 0.15CYTO-0.85NLMTO. All identified
peaks were successfully indexed based on the perovskite structure, with no evidence of a
second phase observed across all compositions examined in this experiment.
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Figure 1. X-ray diffraction patterns of the 0.15Cag¢(Lag9Y0.1)0.26671i03-0.85(Nd; »La; /7)

(Mg(1+5)1/2Ti1/2)O3 system with 1 wt% CuB,0O4 additive sintered at various temperatures: (a) 1200 °C;
(b) 1225 °C; (c) 1250 °C; (d) 1275 °C; (e) 1300 °C; (f) 1325 °C for 4 h.
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The SEM results for the 0.15CYTO-0.85NLMTO ceramics with single additives in vary-
ing amounts, sintered at temperatures ranging from 1200 to 1325 °C for a duration of four
hours, are presented in Figure 2. The density of the ceramics exhibits an increasing trend
with higher sintering temperatures, reaching its peak value at 1250 °C due to enhanced
particle mobility and optimal packing efficiency. However, further elevation of temperature
can lead to detrimental effects such as excessive crystal growth, grain coarsening, and
defect formation. The findings obtained from EDS, as depicted in Figure 2¢ with labeled
spots A-D, have been meticulously documented in Table 1. These spots (A-D) correspond
to grains exhibiting distinct classifications: spot A represents large cubic structures; spot
B displays polygonal morphology; while spots C and D exhibit smaller rounded shapes.
Importantly, the atomic percentages determined through analysis of spots A-D closely
align with the expected ratio of 0.15CYTO-0.85NLMTO composition. These outcomes are
consistent with those obtained from XRD analysis and affirm the absence of any discernible
formation of secondary phases.

Figure 2. SEM photographs of 0.15Ca0,6(La0.9Y0‘1 )0‘2667Ti03-0.85(Nd1/zLal/2)(Mg(1+5)1/2Ti1/2)03
ceramics with 1 wt% CuB,0O, additive sintered at (a) 1200 °C; (b) 1225 °C; (c) 1250 °C; (d) 1275 °C;
(e) 1300 °C; (f) 1325 °C.

Figure 3 displays the variation in relative density of the (1—x)CYTO-x NLMTO ceram-
ics as a function of sintering temperature and the parameter x. Ceramics with different
x values exhibit a similar trend in response to temperature changes. The relative den-
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sity of the samples peaks at 1250 °C, highlighting a critical temperature where optimal
densification is achieved across all compositions. When x = 0.85, the observed relative
density reaches an impressive 95%, with an apparent density of 5.85 g/cm?, indicating
an exceptionally robust crystal structure. Such a high relative density suggests effective
packing and arrangement of particles, which positively contributes to the integrity and
quality of the crystal lattice. Additives of 1 wt% CuB,O4 were introduced into the sintering
process. It serves a multi-faceted role in influencing the material’s properties during the
sintering phase. By lowering the material’s melting point, it instigates the creation of a
liquid phase amid sintering, which leads to the enhancement of particle mobility and the
formation of larger crystal grains upon solidification [26]. Furthermore, CuB,Oj actively
promotes the bonding of adjacent particles throughout the sintering process, which results
in the development of a more interconnected and denser structure. Additionally, CuB,Oy4
facilitates the diffusion of atoms within the powder particles, improving atomic mobility.
This augmented diffusion process further stimulates the rearrangement of atoms during
sintering, ultimately fostering the growth of larger crystal grains. Moreover, the CuB,O4
additives may play a crucial role in reducing the surface energy of the particles. This re-
duction in surface energy facilitates the convergence of particles, making it easier for them
to come together and form larger grains. The lower surface energy actively encourages
particles to merge and coalesce during the sintering process.

Table 1. EDS analysis results fOI' (1*X)Caoﬁ(Lao'gYo.l)0.2667TiO3-X(Nd1/zLal/z)(Mg(1+5)1 /2Ti1 /2)03
ceramics with x = 0.85 sintered at 1250 °C.

Spot Element Atomic (%)
Ca La Y Ti (0] Nd Mg
A 10.2 5.5 0.45 18.5 60 1.5 3.85
B 9.8 49 0.61 17.1 61.74 191 3.94
C 9.9 52 0.49 16.2 62.93 1.45 3.83
D 10.1 6 0.48 15.3 62.63 1.39 41
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Figure 3. Relative density of (1-x)Cag(Lag.9Y0.1)0.2667 TiO3-x(Nd1 s2Lay /2)(Mg(1+5y1 /2 Ti1 2)O3 ceram-
ics with 1 wt% CuB,O4 additive system sintered at various temperatures for 4 h.

The dielectric constants of the (1—x)CYTO-xXNLMTO ceramics, with 1 wt% CuB,Oy4
additives, sintered at various temperatures for 4 h and considering different x values, are
presented in Figure 4. ¢, and densities consistently exhibit parallel trends across the range
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of sintering temperatures. Ceramics with higher density show elevated ¢, due to reduced
pore presence, thereby mitigating decay effects. Specifically, the ¢, value for the 0.15CYTO-
0.85NLMTO ceramics reaches saturation around 35 when sintered at a temperature of
1250 °C for 4 h. The dielectric constants of CYTO and NLMTO were measured as 111
and 27.6, respectively [32,33]. Notably, there is a decreasing trend in ¢, with increasing x
value attributed to lower dielectric constants observed in NLMTO ceramics; specifically,
the dielectric constants decrease from 48.52 + 0.13 to 35.01 £ 0.14 as x values increase
from 0.55 to 0.85, respectively. This observed relationship aligns with the trends seen in
densities and sintering temperatures, where a higher density corresponds to lower porosity
levels. The interplay between ¢, values and sintering temperatures underscores the intricate
connection between material composition, porosity, and dielectric properties exhibited by
these ceramics.

N
<

Dielectric constant (g )
W oW W W OB A R A B
N B & ® S N B & &
1 1 1 1 1 1 1 1 1

1200 1225 1250 1275 1300 1325
Sintering Temperature (°C)

Figure 4. Dielectric constant of the (1-x)Cagg(Lag.9Y0.1)0.2667TiO3-x(Nd1 /5La1 /2)(Mg(145)1/2Ti1/2)O03
ceramics with 1 wt% CuB,0Oy additive sintered at various temperatures for 4 h.

The correlation between sintering temperature and the value of Q x f for different x
values is depicted in Figure 5. As expected, the Q x f value exhibits an increase with the
augmentation of NLMTO content, owing to its significantly higher quality factor compared
to CYTO. Several factors can influence microwave dielectric loss in dielectric resonators,
including lattice vibrational modes, pores, and secondary phases. Generally, a larger
grain size and smaller grain boundaries indicate reduced lattice imperfections leading to
decreased dielectric loss. Evidence supports the claim that phase transformation primarily
governs the dielectric loss in the (1—x)CYTO-xNLMTO ceramics system.

Figure 6 illustrates the temperature coefficients of ¢ for the (1—-x)CYTO-xNLMTO
ceramics. Specifically, a t¢ value of 12.06 £ 0.6 ppm/°C was achieved for 0.15CYTO-
0.85NLMTO ceramics that contained 1 wt% CuB204 additive and were sintered at 1250 °C
for 4 h. It is widely acknowledged that T; is influenced by various factors, including com-
position, additives, and the presence of secondary phases within the material. Generally, a
higher CYTO content tends to result in a more positive ¢ value.

Figure 7 showcases the simulation results for the band-pass filter utilizing a substrate
made of 0.15CYTO-0.85NLMTO ceramic material. The experimental implementation of
the band-pass filter using the same ceramic substrate is presented in Figure 8. Detailed
simulation results can be found in Table 2, whereas Table 3 outlines the performance
characteristics of the filter employing the 0.15CYTO-0.85NLMTO ceramic substrate when
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compared to FR4 and Al,O3 substrates. The differences between Figure 7 (Simulation
results) and Figure 8 (Measurement results) stem from the fact that the actual fabricated
substrate has gaps on its surface, and the printed conductive metal material surface is
not absolutely flat. Additionally, the simulation parameters do not account for the loss of
surface metal, nor do they include the loss parameters of SMA connectors. Therefore, there
will be slight differences between the simulation results and actual measurements. Notably,
this design approach leverages an electromagnetic (EM) simulator like IE3D to accurately
determine the physical dimensions of the filter.
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Figure 5. Q x f value of (1-x)Cag(Lag.9Y0.1)0.2667 TiO3-x(Nd1 /2Ly /2)(Mg(145)1/2Ti1/2)O3 ceramics
with 1 wt% CuB,04 additive system sintered at various temperatures for 4 h.
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Figure 6. Temperature coefficient of the resonant frequency of (1—x)Cag¢(Lag9Y0.1)0.2667TiO3-
x(Ndq /oLaq /2)(Mg(145y1/2Ti1/2)O3 ceramics with 1 wt% CuB,O4 additive sintered at various temper-
atures for 4 h.
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Figure 7. The simulation band-pass filter with 0.15Caq(Lag9Y0.1)0.2667TiO3—0.85(Nd; /pLa; /2)
(Mg(1+5)1/2Ti1/2)O3 ceramic substrate (S11: Reflection Loss, S21:Insertion Loss).
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Figure 8. The measured band-pass filter with 0.15Caq¢(Lag9Y0.1)0.2667TiO3—0.85(Nd; /5Lay /2)
(Mg(145)1/2Ti1/2)O3 ceramic substrate (S11: Reflection Loss, S21:Insertion Loss).
Table 2. Simulation results of the band-pass filters with various dielectrics.
Substrate tand £ Size (mm?) Insertion Loss (dB) Return Loss (dB) f, (GHz)
FR4 0.015 45 24 x 64 2.5 23.9 24
Al,O3 0.003 9.8 15 x 42 1.5 21 2.4
0.15CLYT-0.85LNMT 0.0001 35 7.51 x 9.5 0.7 21.1 2.4
Table 3. The performance filter with (1—x)Cage(Lag9Y0.1)0.2667 TiO3-Xx(Nd1 /2La7 /2)(Mg(1.45)1/2Ti12)O03
ceramic substrate.
fo (GHz) S11 (dB) S»1 (dB) Bandwidth (%) Size (mm?)
0.15CLYT-0.85LNMT simulation 24 —19.44 —0.37 10.1% 751 x 9.5
measured 24 —15.24 —1.69 10.3%

4. Conclusions
The dielectric characteristics of (1—x)CLYO-xNLMTO ceramics incorporating CuB;O4
sintering aids were systematically investigated in this study. The resulting ceramics exhib-

ited distinct perovskite structures. A non-linear variation in Q x f was observed, indicating
an increasing trend for compositions with x > 0.5. Notably, the 0.15CLYO-0.85NLMTO
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composition, sintered at 1250 °C for 4 h, demonstrated exceptional dielectric properties
including a dielectric constant of 35 and a Q X f value reaching 81,900 GHz. Moreover, it
displayed a favorable ¢ at 15 ppm/°C. These findings highlight the promising potential of
these ceramics for applications requiring high-performance dielectric materials.
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