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Abstract

Microwave dielectric ceramics (MWDCs) are pivotal to modern wireless communication
systems, with their performance governed by three key parameters: relative dielectric constant
(&), O%f value (product of quality factor Q (reciprocal dielectric loss) and frequency f), and
temperature coefficient of resonant frequency (z7). This review systematically summarizes the
recent research progress of MWDCs from five interrelated aspects. In terms of performance
characterization, standardized resonant methods achieve ¢ measurement errors below 1% and
a tand detection limit as low as 10->. Theoretically, frameworks from complex crystal chemistry
to the recently elucidated cation rattling effect enable quantitative interpretation of dielectric
behavior. In processing, the cold sintering process achieves ceramic densification below 300 °C,
reducing energy consumption by over 97% in comparison with conventional sintering. For
applications, these materials have been widely deployed in high-performance substrates,
resonators, and filters for 5G/6G communications, with device insertion loss maintained below
1 dB. Additionally, data-driven approaches, particularly machine learning, can accurately
predict key dielectric properties with a coefficient of determination (R?) higher than 0.9,
accelerating the exploration and development of novel MWDCs. By integrating these
perspectives, this review offers a systematic insight into the state-of-the-art progress and future
development directions of MWDCs research.

Keywords: Microwave dielectric ceramics; Microwave dielectric property measurement; Cold
sintering; Dielectric theory of crystal structure; Lattice dynamics; Defect; Cation rattling effect;

Wireless communication; Machine learning prediction

1. Introduction
Microwave dielectric ceramics (MWDCs) form the cornerstone of modern wireless
communication technologies, serving as the essential materials for antennas, resonators, and

filters in devices ranging from mobile terminals to satellite base stations [1, 2]. The ever-
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increasing demand for higher data rates, miniaturization, and energy efficiency in 5G/6G
networks and the Internet of Things imposes stringent requirements on the performance of these
materials [3]. Their utility is fundamentally governed by three key dielectric parameters: a
suitable relative dielectric constant (&) for size reduction or signal transmission speed, Oxf
value (product of quality factor Q (reciprocal dielectric loss) and frequency f) for frequency
selectivity and low signal loss, and a near-zero temperature coefficient of resonant frequency
(z7) for thermal stability [4, 5]. Consequently, the accurate characterization, deep understanding,
and precise regulation of these properties are central to the advancement of the field.

The research and development of MWDCs have advanced along multiple interconnected
fronts over the past decades. Despite significant progress, several critical research gaps remain
unaddressed. Firstly, in property characterization, the accurate measurement of ultra-low
dielectric loss (tand < 107) is still challenging due to conductor loss and spurious mode
interference, and the temperature coefficient zris often treated as a constant despite its actual
temperature dependence. Then, theoretical understanding of dielectric loss and zris fragmented:
the role of multiscale defects in anharmonic lattice vibrations is not fully quantified, and the
recently recognized cation rattling effect has not yet been systematically integrated into
classical dielectric theory. Thirdly, conventional high-temperature sintering (>1000 °C) causes
severe energy consumption, volatilization of active elements, and incompatibility with low-
melting-point electrodes, hindering the co-firing integration required for miniaturized devices.
Following that, while machine learning offers new avenues for materials discovery, its
application to MWDC:s suffers from small datasets, lack of physics-informed descriptors, and
poor model interpretability, limiting predictive accuracy and generalizability. This review aims
to provide a comprehensive overview of these developments, covering five key aspects that
represent the full cycle from fundamental characterization to practical application, with an

explicit focus on how recent advances address the above gaps.
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The three key microwave dielectric parameters (er, Q Xf, and 77) serve as the central organizing
principle of this review. These parameters determine the practical utility of MWDCs. The &
governs component miniaturization and signal propagation delay; QO xf (the product of quality
factor and resonant frequency) dictates insertion loss and frequency selectivity; and 7y ensures
thermal stability against ambient temperature fluctuations. A logical framework therefore
emerges: why are these parameters important for wireless communication? How can they be
measured reliably and accurately? What physical mechanisms from chemical bonding to lattice
dynamics, from defect chemistry to cation rattling govern their values? How can we tune them
via composition design, structural engineering, and innovative processing? And how do these
parameter values translate into the performance of devices such as antennas, filters, and
resonators?

To answer these questions, this review is structured along a parameter-driven logical thread
spanning five interconnected dimensions. First, the precise property characterization forms the
cornerstone of subsequent research, necessitating the establishment of a reliable evaluation
system as a first step. For the measurement of the three key parameters, resonant techniques
suitable for low-loss materials are predominantly employed [6]. Among these, the TEo11-mode
parallel plate method and the TEo15-mode metal cavity method warrant particular attention as
the most mature testing solutions, accurately capturing the dielectric response and providing
reliable datato support material development. Building upon precise characterization, a deep
understanding of the underlying physical mechanisms governing &, Q %X, and 7rguides rational
material design. Microwave dielectric behavior is governed by multiple interrelated factors: the
dielectric theory of crystal structure reveals the intrinsic link between microscopic bonding
characteristics and macroscopic properties [7, 8]; lattice dynamics elucidates the physical
essence of how phonon vibrations determine the dielectric response [9]; a defect perspective on
microwave dielectric loss provides critical insights into how multiscale defects, ranging from

point defects to domain structures, influence anharmonic lattice vibrations and relaxation
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behavior, thereby governing the ultimate loss limits of these materials [10]. Furthermore, the
recently elucidated cation rattling effect offers a novel perspective on the mechanisms of
temperature stability [11]. Together, these frameworks construct a comprehensive
understanding from different levels.

Translating theoretical understanding into tangible materials requires innovative processing
techniques to overcome the bottlenecks of traditional methods [12]. The cold sintering process,
an energy efficient sintering method, achieves ceramic densification below 300°C through a
dissolution-precipitation mechanism [13]. This breakthrough not only substantially reduces
energy consumption during fabrication but also, more importantly, enables the co-firing of
ceramics with low-melting-point materials, opening new avenues for device integration. With
processing breakthroughs paving the way for high-performance materials, their ultimate value
is realized through device applications. The values of &, QO xf, and 7 precisely dictates a
material's suitability for specific components: ceramic substrate components emphasize the
synergistic optimization of dielectric constant and low loss; Low-temperature co-fired ceramic
(LTCC) multilayer components require the integration of low loss, co-firing compatibility, and
temperature stability [14]; and dielectric resonator components rely on high Oxf and near-zero
77 to ensure low insertion loss and high selectivity under miniaturized conditions [15]. These
application examples clearly illustrate the complete pathway from material properties to
functional device performance. Concurrent with expanding applications, research
methodologies themselves are undergoing a profound transformation. Data-driven paradigms
are accelerating the discovery of new materials [16]. Recent progress in applying machine
learning to predict the three microwave dielectric properties (&, Q %f, and 7y) is particularly
noteworthy, evolving from simple composition-property mapping to sophisticated models that
incorporate physical mechanisms [17]. This evolution enables a more accurate capture of
complex structure-property relationships, injecting new momentum into materials innovation.

2.1 Properties Evaluation: Standardized Testing and Evaluation
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The three fundamental dielectric parameters of microwave dielectric ceramics—er, O%f, and
t/—require accurate measurements for both research and application. Microwave dielectric
measurement methods fall into two categories [18]. In transmission line (non-resonant)
methods, a shaped sample is placed in a transmission line, and the complex permittivity at a
given frequency is extracted from the complex S-parameters measured at that frequency [18].
The key advantage of transmission line methods lies in their ability to perform rapid and
broadband measurements via frequency sweeping. However, the low measurement accuracy
and susceptibility to interference restrict their applicability to materials with low & and
medium/high tand. In contrast, resonant methods utilize electromagnetic resonance in a
microwave resonator containing the sample. Measuring S-parameter variation near the
resonance peak yields resonant characteristics, which depend on the sample's dielectric
properties, resonator structure, dimensions, and resonant mode. Hence, the dielectric properties
at the resonant frequency can be extracted [18, 19]. Resonant methods offer significantly higher
accuracy than transmission line methods because resonant characteristics can be measured
precisely. However, resonant methods provide measurements only at single or discrete
frequencies, and are generally unsutable for high-loss materials, where resonance peaks are
difficult to observe. Consequently, resonant methods are primarily applicable to low-loss (tano
< 0.01) non-magnetic materials such as microwave dielectric ceramics. In practice, most
resonant methods are dielectric resonator methods [19].

2.1.1 Measurement of Resonant Characteristics

Microwave resonators employed in dielectric resonator methods are generally configured as
either one-port reflection-type or two-port transmission-type devices [20, 21]. The fundamental
resonant characteristics that define their performance are the resonant frequency (fo) and the
unloaded quality factor (Qu). The measurement of f is relatively straightforward: for reflection-
type resonators, it is identified as the frequency at which the magnitude of Si1 (reflection)

reaches its minimum, while for transmission-type resonators, it corresponds to the frequency
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where S$21 (transmission) attains its maximum value. In contrast, the determination of Qu is
considerably more intricate, as it cannot be measured directly. Instead, it must be derived from
two measurable parameters: loaded quality factor (QOL) and the coupling coefficient (x). The
commonly referenced quality factor obtained by dividing fo by the half-power bandwidth Afis

precisely QL, expressed mathematically as:

_h
0=y (1)

For a single-port reflection-type resonator, the relationship connecting these parameters is:
0,=0 (1+x) 2)

Consequently, accurate determination of Qurequires measuring both Af (or QL) and . Referring

to Fig. 1(a), the half-power bandwidth Af'is obtained by identifying the frequencies at which

S11 equals a specific value, calculated using the formula:

)

IOS”,b /10+IOS”‘/6 /10
S11, A T IOIng

2

where S11,6 and S11,0 represent the Si1 values at the resonance baseline and resonant frequency
respectively. The coupling coefficient x can be determined using Smith chart analysis [22]. By
plotting the complex Si1 response near resonance and fitting it to a circle, one obtains a
resonance circle with diameter d. Constructing an additional loss circle through the open-circuit

and detuned points yields a diameter d2, allowing x to be calculated as:

- 4)
d,—d
For two-port transmission-type resonators, the relationship becomes:
Qu:QL(1+’q+K2) (5)

where x1 and x: are the coupling coefficients for each port. Here, O is determined from the -

3dB bandwidth of the S21 frequency response.
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Referring to Fig. 1(b), S21 at the half-power points can be determined using the following
formula:

Soar =5, 3dB (6)

Lfy
When the coupling coefficients can be made approximately equal (k1 = x2 = k), a simplified

expression emerges:

S, .
2K = ol (7)
1-|S,, .
Substituting this into the Qu equation yields [21]:
0, L/zo 8)

T1-10%
Thus, by using a vector network analyzer to measure the complex S-parameters near resonance,

both QL and the coupling coefficients can be determined, enabling calculation of Qu [18, 21,

22].
@) s, (b) s,
Siip Sa1y,
S11, ar
S 1. A/
Sin g,
Jo f Jo !
nd Af

Figure 1. Measurement of fo and Affrom resonance peaks characterized by (a) Si1 of a reflection-type
resonator and (b) S21 of a transmission-type resonator [18]. Reproduced with permission from Ref. [18], ©

John Wiley & Sons, 2004.

2.1.2 Extracting Procedures of & and tano
As previously discussed, the resonant characteristics (o and Qu) of a dielectric resonator

containing the sample under test are jointly determined by the sample's dielectric properties,
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the resonator structure, dimensions, and the specific resonant mode employed. Therefore, by
measuring these resonant characteristics, one can extract the dielectric properties of the sample
at the resonant frequency. Specifically, when the resonant mode and the physical dimensions
of both the resonator and sample are fixed, & can be calculated from fo through a relatively
straightforward process. In contrast, extracting tand from Qy is considerably more complex, as
it involves numerous intermediate parameters and calculations.

The unloaded quality factor Qu of a dielectric resonator fundamentally represents the
reciprocal of its total unloaded loss, defined as 2m times the ratio of electromagnetic energy
stored in the resonator to the energy dissipated per cycle [19]. For resonators used in microwave
dielectric measurements, the absence of radiation loss is a fundamental requirement.
Consequently, the total unloaded loss comprises two components: loss attributable to the
dielectric materials and loss caused by the conductor walls. Their reciprocals are defined as the
dielectric quality factor (Qd) and the conductor quality factor (Qc) respectively, giving the
relationship:

o1, o
O 9 G

Here, all lossy dielectrics within the resonator contribute to the 1/Q4 term, with the contribution
determined by their electric energy filling factors (Pe,i), expressed as:

Qi=2i(1%,i tan &) (10)
d

where i denotes each dielectric region. The electric energy filling factor represents the ratio of
electric energy stored in a specific dielectric to the total electric energy stored in all dielectrics,
ranging between 0 and 1, with the sum of all filling factors equaling unity.

In practical measurements, air's dielectric loss is typically negligible. Furthermore, support
structures used in some dielectric resonator methods generally have both low loss and very

small electric energy filling factors, making their contribution to 1/Qd4 negligible. In such cases,

10
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as in the TEo11-mode parallel plate method and TEo1s5-mode metal resonant cavity method, 1/Qd

is determined solely by the sample, simplifying the relationship to:

L:Pe-tan5+L (11)

u ¢
Conductor loss (1/Qc) arises from electrical currents flowing through the conductor surfaces,
converting electrical energy to heat due to finite conductivity. Due to the skin effect at
microwave frequencies, current flow and associated losses are confined to a thin surface region
with depth on the order of micrometers, making the effective surface conductivity (os) closely
related to surface roughness and typically lower than bulk conductivity. Therefore, os must be
determined before calculating Oc based on surface current distribution in the conductor walls.
In a brief summary, the complete extraction procedure involves: extracting & from measured
fo, solving for the electromagnetic field distribution and calculating Pe, determining os and
solving for surface current distribution to obtain (e, and finally extracting tand using Eq. 11.
This process generally requires computer implementation due to its mathematical complexity,
employing either analytical solutions for simple structures like parallel plate resonators or
numerical methods for more complex configurations [19].
2.1.3 Parallel Plate Method and Metal Resonant Cavity Method
There are numerous methods for measuring microwave dielectric properties based on dielectric
resonance, but practical factorslike sample preparation, mode identification, and accuracy limit
their application. Cylindrical resonators with cylindrical samples are most common. While &
can be measured with errors below 1%, tand measurement is more complex and error-prone,
largely influenced by the conductor quality factor Qc. High Q. is essential for the measurement
accuracy and limit of low tand. TEoxp modes, especially TEo11, are preferred due to their high
Q.. This section focuses on the TEoi11-mode parallel plate method and TEoi1s-mode metal

resonant cavity method. Both the two methods are suitable and mostly used for low-loss

11
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materials like microwave dielectric ceramics, and the resonant cavity method offers wider range
and higher accuracy for tand.

As shown in Fig. 2, a cylindrical sample with diameter D and height H is clamped between
two parallel metal plates of diameter Do, forming a parallel plate dielectric resonator. First
proposed by Hakki and Coleman [23] and later refined by Courtney [24], this method is also
known as the Hakki-Coleman method, Courtney method, or open cavity method due to its open

structure.

1
Metal plates

Figure 2. Schematic diagram of parallel plate method.

The parallel plate dielectric resonator is derived from a short-circuited dielectric waveguide.
For ideal operation, the metal plates should be infinitely large to prevent radiation. In practice,
however, this method requires a finite diameter of metal plates that is several times large than
the sample diameter and specific diameter-to-height ratios (typically 1.9-2.3) to ensure the
TEo11 mode operates in a "trapped state" without radiation loss.

For an ideal resonator with infinitely large plates, the characteristic equation for each

resonant mode is given by:

SOy an Ao sl ) Ca )N

aZ ﬁZ
This equation also applies to the trapped modes in practical resonators. In this equation, Jm and

K are the mth order Bessel functions of the first and second kinds, respectively, m and p are

12
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azimuthal and axial mode numbers, and «a and § are parameters defined by Eqgs. 13 and 14,

which depend on the resonant frequency fo, sample dimensions, and é:.

o= Dh gr_[ﬂ] (13)
C 2f,H

by, [ pey ) 14

o <o (2f0HJ : (9

where co is the speed of light in vacuum. Among all modes, TEo.» modes exhibit the highest
conductor quality factor Qc, making them most suitable for measuring low-loss materials. For

the fundamental TEo11 mode (m =0, p = 1), Eq. 12 simplifies to Eq. 15.

Jo(al):_ﬁl‘]l(al) 15
K(B) oK (A) "

If & is known, the first root of this equation yields the resonant frequency. Conversely, if the
resonant frequency fo is measured, Eq. 15 can be used to calculate &. To measure tand using the
TEo11 mode, Eq. 11 is applicable since dielectric loss comes almost exclusively from the sample.

The electric energy filling factor Pe of the sample in Eq. 11 is determined by:

1

R=—r (16)

I+—

g]'
W = le(al)_Ko(ﬁl)Kz(ﬁl)_Klz(ﬂl) (17)

K; (ﬂl) Ji (al)_JO (0‘1)*]2 (0‘1)
The conductor quality factor Qc, required in Eq. 11, is calculated using:
30n2 (e +W) (2£HY
0 =Tt 2 (18)
(1+W)R, ¢

R = [Pt (19)
JS

which depend on the surface resistance Rs and thus the surface conductivity os of the metal

plates. Determining o5 is essential and can be achieved through two approaches. The first uses

13
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a single standard sample with known tand: measure fo and Qu, calculate Pe, derive Q. from Eq.
11, and then obtain os from Eqs. 18 and 19. The second uses two standard samples of the same
material and diameter but different heights (H and pH). By measuring the TEo11 and TEoip
modes (which ideally have the same fj), the difference in conductor loss allows Q¢ to be solved

from Egs. 20 and 21, from which os is then calculated.

L:Pe’1 -tan5+L (20)
Qu,l Qc,l

1 1
— =P, - tand+—— (21)
Qu,Z pQC,l

Although higher-order TEo,, modes can, in principle, measure dielectric properties at higher
frequencies by using the appropriate roots of Eq. 12, their practical application is limited. Their
resonant peaks are often obscured by spurious modes, making identification and accurate
measurement difficult.

As discussed above, the TEoi1 mode in parallel plate resonators is suitable for low-loss
materials due to lower conductor loss, but its Q¢ is limited to a few thousands (conductor loss
on the order of 10-%), causing errors for very low dielectric loss. This limitation arises from
direct sample contact with conducting walls, inducing large surface current and conductor loss.
The metal resonant cavity method, where the sample is placed on a support away from walls,
as shown in Fig. 3, reduces conductor loss, increases (¢, and improves accuracy. It extends the
tand measurement limit from 10 (parallel plate) to 103, meeting microwave dielectric ceramic

requirements.

14
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Figure 3. Schematic diagram of metal resonant cavity method.

Due to its enclosed structure, the metal resonant cavity method is also known as the closed
cavity method. A small, low-&, and low-tand support minimizes its effect on resonance. The
TEo11 mode used here is also denoted as TEo1s, where "0" indicates that the axial mode number
within the sample is less than 1, though the full-cavity mode number remains 1. Thus, TEo1s1s
essentially equivalent to the TEo11 mode in the parallel plate method. Although slightly more
complex, this structure lacks an analytical solution, requiring numerical methods to extract
dielectric properties. Numerical methods such as mode matching, Rayleigh-Ritz, finite element,
and finite difference methods can be used to calculate the fo and field distribution from the
sample’s & [19, 25]. For property extraction, an inverse approach is needed: an initial & is
assumed, /o is calculated, and the result is compared to the measured fo. & is iteratively adjusted
until the frequency difference is sufficiently small (e.g., <10-°), yielding an accurate & value.

In the metal resonant cavity method, the contribution of the support to the total loss of the
resonant system is generally negligible. Therefore, the tand of the sample can also be
determined using Eq. 11 based on the measured Qu and calculated Pe and Q.. Here, P is
obtained from the electromagnetic field distribution using Eq. 22, while Q. is calculated using
Kajfez’s incremental frequency rule, which is applicable to TEo»py modes in cylindrical resonant

cavities [26].

15
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[ ;gr,iEdei

%[, 3o,

P

e,

(22)

This rule assumes that all the inner conductor walls of the cavity are moved inward by the
skin depth d, which increases the resonant frequency fo. The increment in resonant frequency

Afo(0) can be calculated numerically, and Q. is obtained by:

Jo
=20 23
0O, &, (9) (23)
P — (24)

Jfosio,

Similar to the parallel plate method, the surface conductivity of conductor walls (o5) is also
required for calculating ¢ and Q. for the metal resonant cavity method. The a5 can be determined
from the measured Qu of TEo11 mode for the empty cavity without any sample inside. Since the
contribution of the support to the resonator loss is negligible, Oc equals to Qu. Using Eq. 23,
Afo(0) and o are obtained for the empty cavity, and o5 can then be derived from Eq. 24. The
higher-order TEo.» modes can also be utilized for measuring the microwave dielectric properties
at higher frequencies [27]. However, similar to the situation for parallel plate method, the
utilization of these higher-order modes in metal resonant cavity method are also limited because
their identification and accurate measurement are challenging and strongly rely on the
measurement experience.

The routine measurement of zris quite simple. By measuring the resonant frequencies of a
dielectric resonator containing the sample under test at two separated temperatures 71 and 7>

(typically 20 °C and 80 °C), 7rcan be easily calculated from Eq. 25.

)
)

However, one should notice that the zrobtained from Eq. 25 is the 7y of the resonator (zzr), but

. S(B)= A
"A(T) (T -

(25)

N

not that of the sample (zzs). 77,5 equals to 77 only for an ideal dielectric resonator that is fully

16
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filled with the material under test, but does not contain any other dielectric such as air and
support. Since the parallel plate resonator is much closer to the ideal one than the metal cavity
resonator, it is suggested to measure 7z by the parallel plate method, for which the assumption
of 775 = 17 is acceptable in most cases [28, 29]. If the metal resonant cavity method is used for
measurement instead, the z7r obtained by Eq. 25 should be corrected via a complex procedure,
especially for the samples with low & [28, 29]. Besides, trmay exhibits significant temperature
dependence, although it is usually regarded as a temperature-independent constant [30].
Therefore, it is recommended to measure the fo at multiple temperatures over a wider
temperature range (e.g., -40 °C to 80 °C) with smaller temperature intervals (e.g., 20 °C) [28,
30], so that the temperature depdence of 7y can be revealed, which is very imporatnt for
understanding the real temperature instability of microwave dielectric ceramics.

2.2 Properties Regulation: Theoretical Basis of Microwave Dielectric Mechanism

A fundamentalstarting point for understanding microwave dielectric properties is the Clausius—
Mossotti (C—M) equation, which relates the &r to the total polarizability of constituent ions [31]:

e—1_ 4dna

r

gr+2_z

(26)

In this equation, Vm represents the molar volume. The total molecular polarizability (a) of the
system can be regarded as the sum of inter ion polarizability. Shannon calculated ionic
polarizabilities via least-squares fitting of the Clausius—Mossotti equation to the dielectric
constants of 129 oxides and 25 fluorides. Hence, the theoretical ionic polarizabilities enable
estimation of the dielectric constant of a given material system. It is noteworthy that
discrepancies between predicted and measured dielectric constants frequently arise from
compressed or rattling states of cations, or from dipolar impurities [31]. This equation provides
the microscopic basis for &r. The C—M equation serves as the theoretical foundation. The P-V—
L bond theory can be viewed as a bond-level decomposition of a; lattice dynamics provides a

phonon-based calculation of polarizability; and the cation rattling effect offers an explanation

17
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for anomalous polarizability temperature dependence, which directly influences zras derived in
that subsection.
2.2.1 Dielectric theory of crystal structure
Dielectric theory of crystal structure was originally established by Phillips, Van Vechten and
Levine [32-37], also known as the P-V—L bond theory, which provides important bond features.
These bonding features of crystalline materials are essential for interpreting both the chemical
and solid-state physical properties of crystal structures. These concepts enable a qualitative
understanding of various crystalline traits. In the early 1970s, Phillips and Van Vechten (P—V)
introduced a chemical bond theory that marked the first quantitative approach to characterizing
crystal properties. Rooted in the dielectric description of solids, this framework provides a
method to calibrate bond-related parameters and delineate the interrelations among various
microscopic quantities within crystals. The theory has been widely applied to compute
numerous crystal attributes, such as bond charge [38, 39], electronic structure [40],
thermodynamic behavior [41], band structures [42], et al. It is important to mention, however,
that the P—V theory is limited to eight-electron ANB®N type crystals containing only one bond
type. Subsequently, Levine extended the P—V formalism to more complex systems, including
AnBy, AIBIC,VL ABIVC,Y, and AMBYC4V! families. This was accomplished by partitioning
bulk crystal properties into contributions from individual bonds, incorporating parameters such
as polarizability, ionicity, and average electron count per bond [36]. Despite this advancement,
the extended model still requires the simultaneous presence of two bond types, identical
coordination numbers, and nearly equivalent nearest-neighbor distances. Nonetheless, it
introduced the foundational idea of normalizing macroscopic characteristics to individual bonds.
In materials research, compositional systems are rarely limited tobinary combinations. High-
entropy ceramics, for instance, typically consist of five or more metallic elements in near-
equimolar ratios [43]. Likewise, in the field of microwave dielectric ceramics, ionic

modification commonly relies on ternary systems, as exemplified by Ba—Mg—Al-Si—O [44],
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Zn—Nb-Ti-O [45], and Yb-Si-O [46], et al. A deep understanding of how bonding features
influence crystal structures is therefore essential. To solve this issue, the P-V-L bond theory
requires appropriate refinement to ensure its effective applicability to such multi-component
systems. Zhang then proposed a strategy of deconstructing such polycrystalline compounds into
simpler A,B, binary units [7, 47]:

AilAjzA;'”A;jB;lB;zB;s"'BI;' - Z A,B) (27)

j e
Here, 4 and B denote cations and anions, respectively, while A’ and B’ represent either distinct
elements or symmetry-equivalent positions of the same element, with a; and b, indicating their
respective stoichiometric coefficients. The m and n values are calculated considering the given
coordination number Nc4; and Ncp;, where the detailed calculation process can be found
elsewhere. Within this framework, a crystal is treated as an assembly of chemical bonds formed
between constituent ions. It is assumed that the paired ions forming each bond occupy
crystallographically equivalent symmetric sites, and bonds sharing identical interatomic
distances are grouped into a single bond type. Each distinct bond type, represented in binary
form, possesses unique bond parameters, spatial geometry, and elemental stoichiometry. By
designating the elemental proportion associated with a given bond type as its binary bond
formula, every bond category within the crystal corresponds to a specific binary representation.
The overall crystal can thus be viewed as a composite of all such bond types, with its molecular
formula derived from the superposition of all corresponding binary bond formulas. In this way,
the P-V-L bond theory becomes applicable for quantifying the properties of each binary bond
formula. Once the linkage between binary bond formulas and the parent complex crystal is
established, it becomes possible to systematically investigate the bonding characteristics of
intricate crystalline phases and to correlate microscopic structural parameters with macroscopic

material behavior. A case in point for deviding the A12Mo03012 is presented in Table 1.

Table 1. Coordinate environments of the Al Mo3O12 structure
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Bond Nj-aiy

Bond Nj-aiy

Bond Naj-4i)

Bond Nj-4i)

Bond Nj-4i)

AI'(CN = 6)
Al'-0° 1
Al'-07 1
Al'-0" 1
Al'-Q'° 1
Al'-0* 1
Al'-0* 1

Mo? (CN = 4)
Mo?-0? 1
Mo*-0? 1
Mo?>-0* 1
Mo?*-0O'? 1

0! (CN =2)
O'-AP? 1
O'-Mo® 1

06 (CN = 2)
OS-Al' 1
0%-Mo? 1

0'' (CN=2)
O''-Al} 1
0''-Mo® 1

0'6 (CN = 2)
O'*—Al' 1
O'-Mo* 1

0?' (CN =2)
O*-Al* 1
0*'-Mo* 1

ALZ(CN = 6)
AIP-O! 1
AIP-03 1
Al>-0* 1
AlP-0O° 1
AI2-Q"° 1
A0 1

Mo* (CN = 4)
Mo*-O° 1
Mo?-0° 1
Mo*-O8 1
Mo*-O' 1

0? (CN = 2)
O>-AP 1
0’-Mo? 1

07 (CN=2)
O’-Al' 1
O’-Mo! 1

0'2 (CN =2)
O'2-Al* 1
0'2-Mo! 1

0'7 (CN = 2)
O'"-Al} 1
0'-Mo® 1

0% (CN =2)
O»2-AP 1
0*-Mo® 1

AB(CN = 6)
AP-O? 1
AB-O? 1
AB-QO!! 1
AB-0V 1
AB-O' 1
AP-0O* 1

Mo* (CN = 4)
Mo*-O'* 1
Mo*-O'® 1
Mo*-O'# 1
Mo*-0O?! 1

0’ (CN=2)
O*-Al? 1
0*-Mo? 1

0% (CN =2)
O%-AP 1
0%-Mo? 1

0" (CN =2)
OB-Al 1
0'*-Mo? 1

0'8 (CN = 2)
O'"8-AI 1
0'8-Mo* 1

0% (CN = 2)
02-Al? 1
0*-Mo® 1

AI*(CN = 6)
Al*-0O° 1
Al*-0'? 1
Al*-O' 1
Al*-0" 1
Al*-Q" 1
Al*-0*! 1

Mo’ (CN = 4)
Mo’~-0"7 1
Mo’-O" 1
Mo’-0% 1
Mo’-O%* 1

0* (CN = 2)
O*-AI? 1
0*-Mo? 1

0° (CN = 2)
O-Al* 1
0°~Mo! 1

0 (CN =2)
O'4-Al* 1
0'"*-Mo* 1

0" (CN =2)
O"-Al* 1
0"-Mo® 1

0% (CN =2)
O**-Al' 1
0*-Mo® 1

Mo! (CN = 4)
Mo!'-0O’ 1
Mo'-0° 1
Mo'-0'"? 1
Mo'-0?° 1

Mo® (CN = 4)
Mo%-O! 1
Mo®-01° 1
Mo®-O'! 1
Mo®-0*? 1

0’ (CN=2)

O*-Al? 1
0°-Mo* 1

0! (CN =2)
O'0-AP? 1
0'"-Mo® 1

0'5(CN =2)
O'-Al* 1
0'"-Mo? 1

0% (CN = 2)
O2-Al! 1
0*-Mo! 1

Note: CN is the coordination number, and N(s;.4; represents the number of A’ cations in the ligand of B ion.
(Bj-Ai) T€P! 2
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The schematic diagram of crystal structure and bonding environment are shown in Fig. 4
[48]. Onecan get a visualization of coordination environment via COD No. 1530062 [49]. Thus,

the A»B» binary units can be obtained, as shown in Eq. 28:

Figure 4. Schematic diagram of (a) Al-Mo3O12 crystal structure, and (b) bonding environment coordinates
and charge profiles of cations in AIbMo3O12. Reproduced with permission from Ref. [48], © Elsevier Ltd.

and Techna Group S.r.1. 2023.

Al,Mo,0,, = AlluzAlzl/zA131/214141/2M011/2M021/2M031/2M041/2M051/2M061/2012
4 i a i i c i i e i
= zi:1<Al 0%, 4l 1/120b1/4 +A4l',,0° ,+ Al 1/120d1/4 +Al,,0° ,+ Al 1/120f1/4) (28)

6 ; 7 ; b ; W ; &
+Z,~r=1(M0 30"y + Mo O7 + Mo, 0%+ Mo, ;O 1/4)

For simplicity, i (ranging from 1 to 4) and 7’ (ranging from 1 to 6) denote the distinct types
of Al and Mo atoms, respectively. The symbols a-f and a’-d’ correspond to the associated
oxygen anions. The cations possess valence electron numbers of Zai= 3 and Zmo = 6. The
effective valence electron count for each oxygen anion is determined by bond electroneutrality,
yielding values of 3 for AI-O bonds and 9 for Mo—O bonds. After obtaining the m and » values
for binary units, the fundamental bond features, mainly including bond ionicity (fi), bond
covalency (fc) and bond susceptibility (y), can be calculated. Determining the ionic and covalent
contributions of chemical bonds in crystal structure of oxide ceramic is of great interest, as

bonds are seldom purely ionic or purely covalent in nature. For any x« bond in A,;B, binary unit,

the fi (1) value is defined as:
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fe=(c) - (E) 29)
se=(Ee) (B (30)
H — ChH H *_ﬁ H * . _ H H
Cr=144.h {(ZA) " (z) } exp(—k )/ (om) G3)

Here, C# denotes the heteropolar contribution of a given u bond, E¢ represents its average
energy gap, and En“ corresponds to the homopolar component. (Za*)* and (Zg*)" indicate the
effective valence electron counts. ro# refers to half the bond length derived from Rietveld
refinement results. The parameters m and n are those appearing in the binary bond formula
AmBn. The term exp(-ks-rot) gives the Thomas—Fermi shielding factor, which can be acquired
from the crystal structure detail. Levine extended the P—V theory to binary multi bond A»Bx
crystals, thus, the macroscopic properties of the crystals are regarded as the sum of microscopic
contributions of chemical bonds. In Levine's extension, the macroscopic susceptibility can be

divided into the sum of the microscopic bond susceptibility, as shown below:
_4 U,
1= Fx (32)
Here, F* represents the proportion of u-class chemical bonds in the structure; The bond

susceptibility of u-class chemical bonds is represented by y*, which is obtained from:

1 A
Z”:4—n'( E ) (33)

£ = Ay +1 (34)
Here, & is the dielectric constant of the two types of chemical bonds in u; Qp* refers to the
plasma frequency of the u-class chemical bond, which can be calculated from previous reports.

Following the bond features calculated via P-V-L bond theory, lattice energy (Ulatuice) and

thermal expansion (ar) of any structure can be estimated from ionic part and covalent part:

Ulice = Z (Ulﬁ +Us ) (35)
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+n)-Z" 2"
U ~ 1270 ”ziﬂ L2 -(1—%)1?‘ (36)
(Z/l)l'64. P
UL = 2100 +dﬂ o
(37)
o, = —3.1685+0.8376-7, (38)

_kZNy m-(m+n)
T =0 A, 2m

lattice

(39)

Here, Z+/ and Z“represent the valence state of ions, @ is the bond length. Aa is the correction
parameter [50], k is the Boltzmann constant, and Ulatice is the lattice energy of any bond. In
addition, the Ulatice value reflects the interionic cohesive energy; a larger value suggests a more
robust crystal structure and implies diminished internal losses caused by anharmonic vibrations.

The usage of P-V-L bond theory theory has used to analyze the bonding characteristics in
many structures. In CaWOy4 crystal, the W—O bond shows higher covalent properties [51] due
to the contribution of both the 2p state of O and the 5d state of W to the top of the valence band
and the bottom of the conduction band. Zhang’s group quantified the maximum covalency of
the W-O bond: e (W-0) = 31.14% > f. (Ca—O) = 24.20% [52]. Furthermore, first principles
calculations indicate that the Ln2TiOs system produces a larger ELF value (>0.5) due to
localized/non bonded electrons, while the ionicity of the Ln/Ti—O bond is a crucial factor,
resulting in a smaller value (<0.5) for delocalized electrons. In the Ti(3d)—O(2p) orbital
interaction of the o bond, the Ti—O bond has higher covalency than the Ln—O bond [53]. Wu’s
group calculated that the Ti—O bond has the highest covalency [54], also consistent with first
principles calculations. In the Y3AlsO12 structure, Al contains two kinds of coordination lattice
points (four coordination and six coordination). Guo’s group confirmed that the four
coordinated Al ion has stronger covalence than the six coordinated Al ion, and the Y—O bond

is more ionic [55] through first principle calculation. Zhang’s group quantified the specific
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covalence of each bond and agreed with the first principal conclusion: f¢ (AI>-0) =31.2% > f;
(AI'-0")=13.1% > fc (Y-0) = 6.6%.

On the other hand, the correlation between bond characteristics and high-frequency dielectric
properties has also received public attention. Ohsato’s group has associated covalency with
dielectric constant and reported that the low dielectric properties of silicate systems are due to
the large covalency of the [SiO4] tetrahedral skeleton [56]; Li’s group calculated that the
significant covalent nature of Si—O bonds and the proportion of bond susceptibility reflect the
important influence of Si—O bonds on dielectric properties in CaMgSi2Og system [57]. Also,
Hanuza’s group calculated the Raman vibration peaks at 901 cm™!, 650 cm™!, and 615 cm™! in
the A2BSi207 system (A = Sr, Ca; B = Mg, Zn) through lattice dynamics, indicating that they
belong to the symmetric stretching vibration of SiO3 groups, the symmetric stretching vibration
of Si—-O-Si (O represents bridge oxygen), and the bending vibration of SiO3 groups. Especially
for the infrared acoustic mode calculation of Ca>ZnSi>O7, it was shown that the maximum
contribution to the harmonic oscillator strength (Ae = 1.497) comes from the £ mode, which is
determined by the bending mode of 6(SiOSi), the bending mode of SiO3 groups d(Si03), and
the symmetric stretching mode of [CaOsg] T'(Ca**). This result also indicates that Si—-O bonds
have a significant impact on intrinsic dielectric properties, thus, the bond property parameters
can be correlated with microwave dielectric properties [58]. Meanwhile, Jing's team used first
principles calculations to demonstrate that the Eu4) mode at 220 cm™! and Eusymode at 241 cm-
I'reflect the octahedral vibration of [TaO¢], where the movement of Ta relative to O and the
vibration of oxygen polyhedra contribute 50% of the dielectric constant and 90% of the
dielectric loss in the complex perovskite Ba(Mgi/3Taz/3)O3 system [59]. This conclusion is also
aligned well with the P-V-L bond theory calculation that Ta—O bonds make majority
contribution to the bond susceptibility and lattice stability.

The Ulattice is crucial in diverse thermodynamic analysis of the stability of ionic crystals,

which refers to the energy absorbed when completely splitting the ionic crystal into gaseous
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ions. Under the P-V—-L theoretical framework, it can be used to measure the strength of
chemical bonds within crystals and the overall stability of the lattice. The higher the lattice
energy, the tighter the binding between ions, and the more stable the lattice structure [60]. The
lattice stability is found closely associated with O %Xf value in several systems, as detailed in

Table 2 [45, 61-76].

Table 2. Reported ceramics and description of the correlation between Ulatice and Q xf value

&r System Oxfvalue Description of the correlation between  Ref.

lattice energy and Qxf value

490  MgAls(Si1Gex)sO1s 128,200 GHz Enhancement of lattice energy, [61]
(improved) covalent bonding, and hexagonal ring
symmetry after substitution
5.04~5 LiLn(PO3)4 41,607~75,968 GHz The increase in O xf value is attributed [62]
.26 (Ln = La, Sm, Eu) to the increase in packing fraction,

Utotal and UP—O

5.25 LiRE(PO3)4 42,939 GHz for The enhancement of Q*f value in [63]
(RE = Pr, Nd) LiPr(PO3)4 LiNd(PO:3)4 is attributed to the total
65,718 GHz for Ulatiice and packing fraction
LiNd(PO3)4
6.03 CaB2+:04+3x12 12,832 GHz — The [BOs] group is a bridge [64]
37,962 GHz connecting the [CaOg] group and Us-o

contributes immensely to stability

7.13  LiMgo.9Zno.osNio 04PO 153,500 GHz Ur-o plays a decisive role in the Oxf  [65]
4 (improved) value
7.43 BaZno 94Nio.06P207 102,538 GHz The optimized Qxf value stems from  [66]
(improved) the increased Uri-o and Uz-o and the
larger band gap
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11.4

14.6

22~24

25~27

24.58~

27.27

39~44

35.96~

40.31

45.25

34.81~

70.8

75.9

127

Nd2Zr3(MoO4)9

ZnV>0s

Y>MgTiOs

AZrNb,Og
(A=Zn, Co, Mg, Mn)

ATa,06 (A = Mg, Ni)

Ao.75Tio.75Ta1 506
(A=Ni, Co, Zn, Mg)
Zno 5Tio sNbO4

(Co?*/Ta>" doping)

Bai.«Sr(Zni3Nb2/3)03

C00.5(Ti1-xS1x)0.5NbO4

Zno.15Nb 3-
+TayTig 5502
SrTiO;3
(Ce and Al/Ta

codoping)

186,300 + 8900 GHz
((BigsTags)*",
improved)

46,000 GHz

74,821 GHz (Nd**,
improved)
67,068 GHz (Sm*",
improved)

52,000~52,500 GHz

27,610~109,203
GHz

16,796~25,051 GHz

24,573~-43,642

GHz

72,704 GHz

(improved)

9528~12,479 GHz

22,050 GHz
(improved)
16,367 GHz

(improved)

Lattice energy associated with the
Mo(2)—O(5) bond closely parallels the
O xfvalues
The Uv-o dominates the total lattice
energy, which is the primary reason for
the maximum QXf'

Doping ions optimize the O Xf value by

regulating the Ulatice

The O xf value of the ceramics could
be predicted by the Ulastice
Ta—O bonds contribute the most to the
lattice stability
The Qxf value is correlated with the
lattice energy of Ta—O bond
The variation of QO xf value is closely
related with the total Ulagice and
average grain size
The full width at half-maximum and
lattice energy jointly contributed to
improving the O xf value
The increase of dielectric loss is
attributed to the decrease of total Ulatice
Ulattice 1s important to understand the
variations of intrinsic losses
Co-doping enhances the Ulattice,
providing an intrinsic explanation for

the improvement in the O %f value

[67]

[74]
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Based on Egs. 35-39, a comparison between the theoretical and experimental oL values is
presented in Fig. 5. Although the theoretical predictions for most crystals exhibit good
agreement with experimental data, notable deviations exist for some. These discrepancies are
attributed to mechanisms not fully captured by bonding considerations alone, such as the
rotation of polyhedra within the crystal structure, which can lead to abnormal thermal expansion.
Previous study indicated that the thermal expansion in quartz crystals is largely driven by the
rotation of [SiO4] tetrahedra [50].

The P-V-L bond theory provides a quantitative tool for understanding the structure
performance relationship by decomposing macroscopic properties into microscopic chemical
bonds. Although there are limitations in dealing with extremely complex systems or special
physical mechanisms such as abnormal thermal expansion, it has become an important tool of
analyzing microwave dielectric ceramics, in terms of covalent properties, lattice energy,
dielectric response, and thermal properties through mutual verification with experimental data

and first principles calculations.
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Figure 5. Comparisons between calculated and experimental a1 value.
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Despite its wide applicability, the P-V-L bond theory has several inherent limitations when
applied to complex multi-component microwave dielectric ceramics. Firstly, the accuracy of
bond characteristics relies heavily on high-quality crystal structure refinements from X-ray or
neutron diffraction. For systems with significant atomic disorder, non-stoichiometry, or poorly
crystallized phases, the derived bond characteristics may carry substantial uncertainty since the
decomposition of a multi-component crystal into binary A;Bx units is not strictly unique;
different decomposition strategies can yield slightly different bond ionicity or lattice energy
values, introducing ambiguity in comparative studies. Also, the P-V-L bond theory is
essentially static and electronic-structure-based, capturing the ground-state bonding
characteristics but not explicitly accounting for anharmonic lattice vibrations, phonon damping,
or temperature-dependent effects such as rattling or phase transitions, which are known to
critically influence microwave dielectric properties. Following that, the P-V-L framework
treats the perfect crystal lattice and does not incorporate the contributions of extrinsic defects,
such as oxygen vacancies, grain boundaries, and ordered domains that often affect the measured
O xfvalue. Consequently, while the P-V-L theory provides valuable semi-quantitative insights
into bond-ionicity, lattice energy, and polarizability trends, its predictions should be interpreted
in conjunction with other complementary approaches to achieve a more holistic understanding
of microwave dielectric behavior.

2.2.2 Lattice Dynamics

Lattice dynamics studies the influence of lattice vibrations on the physical properties of crystals.

A deeper understanding of the physical properties of crystals can be achieved by studying the
relationship between atomic vibration modes and properties [77]. Addressing the limitations of
traditional XRD in detecting lattice dynamic behavior and directly analyzing atomic vibration

modes, a Raman scattering coupled with Infrared reflection and phonon spectrum calculation
tripartite characterization system is established. Through precision polishing of sample surfaces,

high energy resolution laser excitation (0.1 cm™!), low-temperature/polarization measurements,
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and rapid data acquisition (~5 s), background scattering was effectively suppressed and
characteristic peak separation enhanced, achieving a detection limit for impurity phases as low
as 10 mol/cm?. Infrared reflectance spectra were acquired via segmented measurement
(50~400 cm! and 370~5000 cm™!) followed by splicing, with the 100~1200 cm™! range, less
affected by multiple reflections, selected for analysis. A low excitation power of 5 mW was
employed to avoid sample damage and signal saturation. This system combines the strengths
of Raman spectroscopy in detecting non-polar vibrations, infrared spectroscopy in probing
polar dielectric responses, and first-principles phonon calculations in assigning vibration modes
and providing theoretical parameters such as frequencies, atomic displacement vectors, and
phonon density of states. The integrated approach enables comprehensive and precise analysis
of the lattice dynamics of microwave ceramics, offering critical experimental and theoretical
support for elucidating the structure—phonon—property correlation mechanism from the
perspective of vibrational spectroscopy.

In the 1970s and 1980s, researchers such as Petzelt and Wakino pioneered the application of
vibrational spectroscopy to dielectric ceramics. However, early work was largely confined to
phase identification and structural characterization, lacking in-depth analysis of phonon
features or the establishment of intrinsic correlations between phonon behavior and material
properties. Unlike organic materials, which exhibit distinct functional group fingerprints (e.g.,
hydroxyl, carboxyl), inorganic non-metallic oxides, particularly microwave dielectric ceramics,
present formidable challenges in vibrational spectroscopy. These include complex cationic
coordination in the lattice, high structural diversity arising from processing and compositional
variations, and pronounced spectral phenomena such as multimode coupling, peak overlap, and
broadening. As aresult, accurate identification and systematic interpretation of lattice vibration
peaks in Raman and infrared spectra have long remained difficult. This bottleneck in phonon
characterization has constrained the development of a lattice dynamics based understanding

and tailored control of dielectric properties.
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Lattice vibrations are inherently governed by symmetry. Wave vectors define distinct
symmetry coordinates within the Brillouin zone, linking vibrational behavior to the intrinsic
relationship between crystal structure and dielectric properties, key to analyzing the phonon
characteristics of materials where cations have complex oxygen environments in the spatial
lattice. To overcome severe peak overlap and ambiguous mode assignment in inorganic
non-oxide and oxide ceramics, a group theory driven phonon analysis framework integrating
crystal structure analysis, symmetry matching, and first-principles calculations were proposed.
By combining structural refinement, space group symmetry, and DFT derived vibrational
parameters, including frequencies, displacement vectors, and irreducible representations, the
method enables systematic identification and classification of phonon modes according to their
symmetry (e.g., infrared-active F'1u, Raman-active A1g). This approach not only assigns spectral
peaks to specific bond vibrations and atomic motions, but also visualizes three-dimensional
lattice dynamics, such as vibration type, intensity, frequency shift, full width at half maximum
(FWHM), and spectral peak evolution, providing a robust theoretical basis for spectroscopic
studies of complex oxides. In other words, addressing the problem of traditional spectral
identification relying on empirical formulas, the team established a five-fold verification
method of structure refinement, crystal field effect, symmetry matching, group theory
symmetry analysis, and first-principles verification, systematically improving the accuracy and
reliability of phonon mode identification. Firstly, the space group was determined via crystal
structure refinement. Then, crystal field effect analysis determines vibration mode attribution
through splitting energy calculations, e.g., F2g mode in Ba[Mg(i1-x)3ZrxNb2(1-x/3]O3 splits into
A1g+Egin Zhang’s study [78]. Followed by that, screening active modes based on the character
table of the space group, e.g., 9 Raman-active vibration modes 441¢+5F¢ and 16 infrared-active
vibration modes 742u+9Ey in the (Bai+Stx)(Zn1/3Nb2/3)O3 system was determined [79]. Next,
group theory symmetry analysis identifies active vibration modes through irreducible

representation decomposition, 7 Raman-active modes and 3 infrared-active modes of
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Ba(Mg1/3Taz/3)O3 through group theory analysis, where 414(O) mode at 745 cm-! was confirmed
to originate from the ZrO¢ octahedron breathing vibration; Lv distinguished Raman peaks of
scheelite CaWO4: 82 cm! (B modeto Ca—O vibration), 757 cm! (4¢g mode to W—O stretching),
with a FWHM error < 0.5 cm! [80, 81]. Subsequent, first-principles verification uses the
CASTEP module to calculate phonon dispersion curves to verify frequency accuracy (error
<2%), e.g., Xiao constructed a supercell model containing 128 atoms, predicting the Eu mode
(150.21 cm™") with an error controlled within £2% compared to the experimental value (150.18
cm!) [82, 83].

Using the classical harmonic oscillator model, the intrinsic dielectric properties of
microwave ceramics were fitted, enabling the dielectric response mechanism to be elucidated
at the atomic and molecular level. A novel theory of phonon gradient-induced polarization was
proposed, which encompasses three key components. The first one is anionic polarization.
Phonon gradients drive asymmetric deformation of electron clouds around anions, generating
local dipole moments that contribute 15~30% to &:. Following that is the ionic displacement
polarization. Low-frequency phonons induce periodic cation shifts near equilibrium positions,
dominating the low-frequency dielectric response in the microwave regime. Then, the
interfacial relaxation polarization is also considered, where stress field gradients in grain
boundary regions, induced by phonon excitation, trigger charge redistribution and relaxation,

which is identified as a critical source of high-frequency dielectric loss.
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Figure 6. (a) Raman spectra of LiNiPO4 ceramics at different temperatures; (b) Relationship between P—-O
bond length and Raman shift. Reproduced with permission from Ref. [86], © The American Ceramic Society

2019.

In the StWO4 system, an exponential correlation was established between the Raman
intensity of the W—O bond stretching vibration mode (v3) and the dielectric loss, challenging
the conventional assumption that non-polar Raman modes are uninvolved in dielectric response
[84]. Similarly, in scheelite Cao.09WO4ceramics, the FWHM of the Bg (83 cm!) mode exhibited
an exponential relationship with the O xf [85]. For BaTiO3 ceramics, the FWHM of the E;
mode (518 cm! assigned to Ti-O antisymmetric stretching) was positively correlated with
dielectric loss, confirming lattice vibration disorder as a key microscopic loss mechanism. In
BaMoO4 ceramics, external modes (<500 cm™) were found to dominate Q xf, with the FWHM
of the E; mode again showing an exponential dependence on QO xf, further reinforcing the
dominant role of low-frequency phonon damping in loss behavior. These findings provide a
direct optimization criterion for quality factor enhancement. For olivine-structured LiMnPO4
ceramics, internal modes (>500 cm™") govern &; notably, a red shift of 0.3 cm™! in the vi mode
corresponds to an & increase of 0.08, establishing a quantitative link between vibrational
frequency shift and polarization intensity. This offers cross-system validation of the energy-
domain and property correlation. In a related olivine LiNiPO4 system, precise analysis of the 9
characteristic Raman peaks of the [PO4]3 tetrahedron revealed, for the first time, a direct linear
relationship between P—O bond length and &, as shown in Fig. 6, uncovering the structural
origin of the dielectric constant at the chemical bond level [86]. Furthermore, Shi’s group
elucidated the coupling relationship between crystal structure and dielectric properties of
BaCu(B20s5)added CaMgGeO4 ceramics based on lattice vibration [87]. Based on the crystal
structure characteristics, including grain size, interface state, oxygen octahedral distortion,
chemical bonding, and ordered/disordered distribution, the influence of phonon scattering,

vibration frequency shift and loss is analyzed, as shown in Fig. 7.
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Figure 7. The coupling relationship between phonon characteristics and (a) &: and (b) O*f of microwave

ceramics

The frequency-dependent division of labor among phonons and their respective contributions
to dielectric properties were systematically clarified. Taking infrared -active vibrational modes
in Ca1+xWO4 ceramics as a case study, fitting results demonstrate that low-frequency acoustic
branch vibrations (< 400 cm!, e.g., the 67.6 cm™! mode) account forup to 68% of dielectric loss,
whereas high-frequency optical branch vibrations (800~1200 cm™!, e.g., the 890.8 cm™! assigned
to W—O stretching mode) dominate the dielectric constant, contributing as much as 72%. This
reveals a clear functional division: low-frequency vibrations govern loss, while high-frequency
vibrations drive polarization.

The microscopic origin of the zrwas also elucidated in terms of lattice dynamics. A linear
correlation was established between 7r and the temperature drift rate of lattice vibrational
frequency (dw/dT). For instance, when the drift rate of the Mg—O bond vibration decreased
from -0.08 cm™!/°C to -0.04 cm™!/°C, the 7rvalue improved from -59.06 ppm/°C to -2.27 ppm/°C.
Furthermore, it was clarified that the dielectric response of Ca1+WO4 ceramics originates from
distorted [WOg] octahedral vibrations, a finding that challenges the long-held view that infrared
vibration modes are relevant only to dielectric properties and bear no relation to crystal structure
[88]. Together, these results affirm that microwave dielectric properties are primarily governed

by phonon behavior and the ionic polarization arising from lattice vibrations.
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Addressing the inability of the traditional Debye model to handle multi-mode coupling, a
modified model containing the following parameters was proposed:

5

> (602 - a)fj) +iy,m

e(w)=¢, + (40)

The Four-Parameter Semi-Quantum model (FPSQ) was developed, achieving precise
analysis and performance prediction of the intrinsic dielectric response of microwave ceramics.
By fitting, parameters for each vibration mode are obtained: strength coefficient §; (reflecting
mode importance), resonance frequency w; (related to bond force constant), damping
coefficient y; (characterizing energy dissipation). In the far-infrared band, the FPSQ model has
been successfully applied to the fitting of intrinsic dielectric properties and guidance of process
optimization for multiple ceramic systems. In the LiMgi.xNi:PO4 system, the error between
fitted and measured values is <5% when x = 0.1[89]. In Cao.99 WO4 ceramic, the & predicted by
the FPSQ model (10.19) has an error <3% compared to the experimental value, and the loss
factor coincidence reaches 92% [85]. In BaMoO4 ceramic, the phonon electromagnetic wave
absorption characteristics are revealed, by using Kramers—Kronig conversion to obtain phonon
parameters, the complex dielectric constant response behavior of infrared vibration modes was
analyzed, and the linear reaction function of physical systems was interpreted. It was believed
that the O xXf depends on the chemical bond in the oxygen octahedron. This indicates that the
dielectric properties of ceramics in the microwave frequency range mainly come from internal
ion displacement polarization and lattice vibration, as shown in Fig. 8 [83]. These all

demonstrate the guiding value of theory for processes.
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Figure 8. (a) Fitting of infrared reflectance spectrum using FPSQ model; and (b) Real and imaginary parts
of complex dielectric function. Reproduced with permission from Ref. [83], © The Chinese Ceramic Society

and Elsevier B.V. 2018.

Compared to the classical Debye model, FPSQ improves fitting accuracy by an average of
about 42% when dealing with multi-phonon coupling materials in the<10 THz frequency band,
significantly enhancing the description capability for dielectric behavior of complex systems.
This model not only provides a reliable theoretical tool for extracting intrinsic dielectric
parameters from vibrational spectroscopy data but also embodies the research paradigm of
phonon theory guiding process optimization, strongly supporting the rational design and
controllable preparation of high-performance microwave ceramics.

Raman scattering, infrared reflection spectroscopy and first-principles phonon calculations
are highly synergistic and complementary, forming a robust framework for precise
characterization of lattice vibrations in microwave ceramics. Raman scattering is sensitive to
nonpolar optical phonons, enabling identification of crystal symmetry, lattice distortion and
trace impurities, and revealing vibrational disorder. Infrared reflection spectroscopy targets
polar vibrations and dielectric responses, allowing direct characterization of ionic polarization—
related active modes and quantitative extraction of intrinsic dielectric parameters.These two
experimental methods cover the full vibrational spectrum and overcome mode overlap and
ambiguous assignment encountered in single-spectroscopy approaches. Phonon calculations,
based on space group symmetry and group-theory analysis, provide theoretical vibrational

frequencies, atomic displacement vectors and mode symmetries, supporting accurate
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assignment and calibration of Raman and infrared peaks. Together, they establish a closed loop
of experimental detection, theoretical identification and cross-validation, enabling reliable
correlation between lattice dynamics and dielectric performance for structure—property
relationship studies.

By accurately assigning phonon modes and establishing quantitative correlations between
spectral features, lattice characteristics, and dielectric performance, the underlying response
mechanisms and their structural sensitivities can be elucidated at the atomic level. This enabled
the clarification of composition—process—structure—property relationships from a lattice-
dynamics perspective.

2.2.3 A defect perspective on microwave dielectric loss

Controlling the dielectric loss is a critical objective in microwave dielectric ceramics, and has
long been a central focus for both researchers and industry. Based on the physical origins of
dielectric loss, it has traditionally been classified into intrinsic and extrinsic losses. Intrinsic
loss arises from the anharmonic lattice vibrations of a perfect crystal, whereas extrinsic loss
originates from various “imperfect” factors, such as porosity, secondary phases, grain
boundaries, lattice defects, etc [90, 91]. Since the earliest microwave dielectric ceramics were
Ti-containing materials such as TiO2 and BaTisO9 [92-95], it was naturally observed that Ti**

undergoes partially reduction during high-temperature sintering, generating oxygen vacancies:
2Ty, +O;) — 2Til, + ¥ +%o2 T (41)

This process can be visually assessed through color changes (called color centers) in the sintered
ceramics. Based on early empirical knowledge, oxygen vacancies were believed to increase the
dielectric loss of ceramics, which could be controlled through process optimization. This
understanding has continued to influence research on microwave dielectric ceramics ever since.
In addition, it was recognized early on that order—disorder transitions occur in complex

perovskite systems such as Ba(Zni13Taz3)O3 (BZT) ceramics [96]. In some systems, the
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ordering degree shows a clear positive correlation with the Oxf value, suggesting that domain
structures also affect dielectric loss. In summary, the contribution of multiscale defects to
microwave dielectric loss has consistently attracted considerable research attention. In recent
years, with the continuous advancement of characterization techniques, a deeper understanding
of the dielectric responses of defects has been achieved. Therefore, this section reviews the
mechanisms underlying microwave dielectric loss and its regulation from a defect perspective.

The influence of macroscopic defects on microwave dielectric properties is readily
quantifiable. For instance, pores and secondary phases can both be regarded as acting through
a two-phase composite effect, which is generally described by mixing rules. The mixing rule
for & can be expressed as:

g =Vey+Va8 (42)
where &1 and &2 are the & of the ceramic matrix and the secondary phases, respectively; V1 and
2 are the volume fraction of the secondary phase; and a is a constant. The parallel and series
models are obtained when a = 1 and -1, respectively. The logarithmic mixing rule is obtained
when a approaches zero:

loge® =V, loge,, +V,loge,, (43)
The mixing rule for dielectric loss (or equivalently, the Q value) is more complex in form. Chen
et al. [97] and Cao et al. [98] proposed respective expressions, with the one derived by Cao et

al. [98] given as follows:

a -1 a -1
— I/vl‘:c“rlQI + I/Z‘C"r2Q2
a a
Vlgrl + I/Zng

o (44)

These models agree well with experimental results from some two-phase composite systems
like ZnNb20s-TiO2 and Mgo.95Zno.0sTiO3-Cao.¢LaossTiO3, as shown in Fig. 9(a) [97]. The
parameter a in Eq. 43 was found to have a clear physical meaning, representing the connectivity
of the secondary phase. It was validated by finite element simulations: a larger a value indicates
a more uniform electric field distribution within the composite ceramics, as shown in Fig. 9(b)
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[98]. However, they fail to explain why the Oxfvalue of the composite ceramics is lower than
that of both single phases, which likely arises from the interface or the subtle compositional

diffusion between the two phases.

(a)6 18<R <5 4: {;‘” (b)
D#S
o |E| (V/m)
d#6
34 —k2 50000
ﬁ >#7 I 3678.2
2 2 2705.8
1990.5
14643

1077.2
7924
583.0
428.8
3155

0 0.2 0.4 0.6 0.8 1
Volume Molar Ratio (100 %)
5< Rfr< 15

O#9

A 410 2321
—k0.8 170.7
= 1256

o

g

10

Relative Q

—k0.08 924

>#12
k03— i

Vil 137, o0.0:

-
(W/A 0SY) eutaNxe q

0 02 04 06 08 1
Volume Molar Ratio (100 %)

Figure9. Effect of secondary phases and pores on the microwave dielectric loss. (a) The comparison between
the reported relative Q values ((2/Q1) and calculation ones, where R.: represents en/en, and k represents
parameter a in Eqs. 42 and 44. The order number #4 ~ #13 means CasMgNb,TiO12—CaTiO3, ZnNb2Os—TiO2,
ZnTa;06-Ti02, BaNd:TisO12-BaZn,TisO11, LizZnTiz0s-TiO2, MgaNb2Oy—CaTiO3, BaMgrV20s-TiO2,
ZnMo04—Ti02, Mgo.95Zn0.05Ti03—CagsLaos3TiO3, and Mg2Tio.95Sn0.0504—CaTiOs, respectively [97]. (b)
Simulated electric field distribution in CaTiO3 porous ceramics varied with the ceramic connectivity Sa [98].

Reproduced with permission from Ref. [98], © Acta Materialia Inc. and Elsevier Ltd. 2023.

Grain boundary is another type of defect that has been widely discussed in the literature.
Ceramics with larger grains and fewer grain boundaries are generally considered to exhibit
lower dielectric loss, as defects such as dangling bonds tend to accumulate at grain boundaries.
A typical observation is that the dielectric loss of polycrystalline ceramics is significantly higher
than that of single crystals. However, a study published by Alford et al. in 2009 [99] suggested
that the dielectric loss contributed directly by grain boundaries themselves is likely negligible.
The microwave dielectric properties of single-crystal and bi-crystal MgO (at 9.37 GHz) showed
that the only difference was that the bi-crystal exhibited a loss peak at low temperatures (~45

K), which was attributed to the relaxation of defect dipoles. It was implied that clean grain
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boundaries have almost no impact on microwave dielectric properties at room temperature.
Therefore, the discussion regarding the grain boundaries or grain size should be based on further
characterization of impurity segregation and lattice defects at the grain boundaries, while also
carefully excluding other factors such as densification and oxygen loss at high temperatures.
As medium-range defects, domain structures also exert a critical influence on microwave
dielectric properties. Unlike the polar domains commonly found in ferroelectric ceramics
(which would introduce significant relaxation loss when switched in the microwave band),
microwave dielectric ceramics are typically nonpolar. In this context, the primary focus has
been on nonpolar ordered domains in complex perovskites. BZT is a widely used commercial
microwave dielectric ceramic. Early studies found that prolonged sintering or annealing could
induce a 1:2 ordered structure, leading to a marked improvement in the Oxf value [96, 100].
Slight non-stoichiometry design or minor cation substitution can also induce order—disorder
transitions, thereby enabling the tuning of Oxf values [101, 102]. Chen et al. [103-112]
conducted extensive and in-depth research on order—disorder engineering in complex
perovskite microwave dielectric ceramics. They discovered that the order degree, the ordered
domain size and distribution, and the domain boundary structure influence the Qxf value
together, as shown in Figs. 10(a-d), which can all be tailored through the design of sintering
and annealing processes [110]. Through ordered-domain engineering, a series of ceramics with
excellent microwave  dielectric  properties have been developed, such as
Ba[(Zno.sMgo.2)13Nb23]03 (O%f increased from 51,000 GHz to 118,000 GHz) [110],
Ba(Mg1/3Ta2/3)O3 (O%f increased from 30,700 GHz to 71,900 GHz) [111], and CuO-doped
Ba(Co00.7Zn0.3)13Nb2303 (Q%fincreased from 21,200 GHz to 69,300 GHz) [113]. The ordered
structure in complex perovskites also contributes to enhanced thermal conductivity and
breakdown strength, and plays a certain role in adjusting zr [108, 109, 111]. Other types of
domain structures have gradually been identified in microwave dielectric ceramics. For

example, Guo et al. observed crystallographic shear planes and their clusters in rutile TiO>

39



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

ceramics, as shown in Figs. 10(e-g), which were strongly depended by sintering temperature
[114]. These defects greatly affect lattice vibration behavior, resulting in a sharp decrease in
Oxf value. Wu et al. [115] observed structures resembling ferroelastic domains in
Sm(Nbo.7P0.3)O4 ceramics, as shown in Figs. 10(h-i), with their effect on dielectric properties
remaining unclear. Furthermore, the high-entropy strategy is widely considered effective for
reducing microwave dielectric loss [116-118]. However, unlike in ferroelectric energy-storage
ceramics, no analogous domain behavior has been observed in high-entropy microwave
dielectric ceramics, and the underlying mechanism still requires further investigation.
Nevertheless, it is clear that high entropy contributes to phase stability and sluggish diffusion
effects (leading to reduced grain size) in microwave dielectric ceramics. The chemical disorder
inherent in high-entropy design has even been found to enhance the temperature stability of the

1:2 ordered phase in complex perovskites [112].

100 nm

200 nm

Figure 10. Domain structures in microwave dielectric ceramics. (a-d) Domain structures in
Ba[(ZnosMgo2)1/3Nb2/3]O3 ceramics: dark-field TEM images of the ceramics annealed at (a) 1350 °C for 24
h and (b) 1450 °C for 24 h; (¢c) SAED patterns of the ceramics annealed at 1350 °C for 24 h along [110]; (d)
HRTEM images of the ceramics annealed at 1350 °C for 24 h viewed along [110]c [110]. Reproduced with
permission from Ref. [110], © The American Ceramic Society 2023. (e-g) Domain structures in rutile TiO:
ceramics sintered at 1150 °C in air: (e) morphology, (f) SAED patterns, and (g) FFT-filtered (110) crystal

face morphology [114]. Reproduced with permission from Ref. [114], © The American Ceramic Society
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2025. (h-1) Domain structures in Sm(Nbo.7P03)O4 ceramics [115]. Reproduced with permission from Ref.
[115], © Wiley-VCH GmbH 2025.

The influence of point defects on dielectric loss involves the most complex mechanisms.
Such defects typically arise from substituted ions, non-stoichiometry, or valence changes during
high-temperature sintering, with oxygen vacancies and defect dipoles being the most frequently
discussed. In particular, the notion that “oxygen vacancies degrade the Oxfvalue” has become
a widely accepted view, yet direct evidence has remained elusive. This is partly because the
defect concentration in microwave dielectric ceramics is extremely low, making accurate
characterization challenging with conventional techniques such as TEM, XPS, and EPR.
Moreover, isolating the specific contribution of point defects to dielectric loss is very difficult.
Far-infrared reflection spectra are commonly considered to reflect “intrinsic” dielectric
responses, but point defects such as oxygen vacancies inevitably influence anharmonic lattice
vibrations and thereby alter the dielectric response in the infrared range. This means that the
so-called “intrinsic” response is inevitably mixed with “extrinsic” contributions. In principle,
infrared spectroscopy measurements conducted near 0 K could help separate the contributions
of the lattice and point defects due to their different temperature dependencies. However, such
experiments are technically challenging, and the results have shown limited consistency with
theoretical predictions [119, 120]. With the application of new characterization techniques such
as thermally stimulated depolarization currents (TSDC) and terahertz time-domain
spectroscopy (THz-TDS) to microwave dielectric ceramics, the mechanisms by which point
defects affect microwave dielectric loss have become increasingly clear, providing important
guidance for the design of low-loss microwave dielectric ceramics.

TSDC is a semi-quantitative and highly sensitive technique for charged defect
characterization. During the measurement shown in Fig. 11(a), the ceramic sample is first
polarized at a polarization temperature (7p) under a polarization field (£}) for a certain duration

(t). It 1s then rapidly cooled to “freeze” the polarized state. After removing the electric field,
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the depolarization current is measured while the sample is heated at a constant rate [121]. Based
on how the relaxation peaks vary with 7, and Ep, the relaxation process can be identified as
originating from defect dipoles, trapped charges, or space charges (typically oxygen vacancies).
For example, the relationship between the depolarization current (Jp) of defect dipoles and

measured temperature (7)) can be described by the following equation [122, 123]:

Ni/E E 1 E
:Lexp ——2 lexp| ——— Texp ——dT’ (45)
k17, kT P, 0 kT

Ip

where N, u, ks, 10, Ea, and f represent the dipole density, the electric dipole moment, the
Boltzmann constant, the pre-exponential factor, the activation energy, and the heating rate. It
can be derived from Eq. 44 that the Ea value can be calculated using the initial rise portion of

Jb, which helps to further identify the defect type [122]:

— Ea
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Figure 11. Effect of point defects on the microwave dielectric loss. (a) Measurement process of TSDC. (b)
TSDC and Qxf values of Ti-containing ceramics [124]. Reproduced with permission from Ref. [124], ©
Elsevier Ltd. 2017. (c-e) TSDC, THz-TDS, and their relationship of CaosSmo27Tii—-Als-303 ceramics,
respectively [125]. Reproduced with permission from Ref. [125], © Elsevier Ltd. 2022. (f) Low-temperature
and low-frequency dielectric relaxations in Ca;.Smay3TiO3; ceramics. (g) Diagram of the frequency
dispersion in Oxf values [126]. Reproduced with permission from Ref. [126], © Elsevier Ltd. 2025. (h)
Ilustration of the dielectric response and polarization mechanisms of Nai2Smi/»Tii—-(Ali2Nb1/2):03 (z=0.1)

ceramics [127]. Reproduced with permission from Ref. [127], © Acta Materialia Inc. and Elsevier Ltd. 2023.

TSDC technique was first introduced into the study of dielectric ceramics by Randall et al.
in 2008 [128]. Since 2014, Yue and Zhang, et al. began reporting TSDC investigations on
microwave dielectric ceramics [107, 124, 125, 127, 129-138]. Combining TSDC with other
characterization methods such as dielectric spectroscopy and impedance spectroscopy, semi-
quantitative defect analysis has been achieved for common microwave dielectric ceramic
systems, including titanates, niobates, and silicates. It has been observed that among ceramics
with similar structures or compositions, a higher defect concentration tends to correlate with a
lower Qxf value. Taking ceramics containing [TiO¢] octahedra as an example, the
concentrations of oxygen vacancies and defect dipoles (as indicated by TSDC peak intensity),
as well as the Oxf values, show a strong correlation with the connectivity of the [TiO¢]
octahedra, as shown in Fig. 11(b). MgTiO3 ceramics, featuring edge-sharing [TiOs] octahedra
with the strongest bonding configuration, exhibit low defect concentrations and high O%fvalues.
BaTisO9 and TiO2 ceramics, where both edge-sharing and corner-sharing configurations coexist,
show moderate defect concentrations and Qxf values. In contrast, Cao.gSro.2TiO3 ceramics,
characterized by corner-sharing octahedra with the weakest bonding configuration, display the
highest defect concentrations and the lowest Oxf values [124, 131-133]. These findings build
upon the established understanding that “oxygen vacancies degrade the Oxfvalue”, offering a
further perspective: charged defects are closely related to the interionic bonding strength and

likely influence microwave dielectric loss by affecting lattice vibration behavior.
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In recent years, terahertz technology has provided new support for the relationship between
defects and dielectric loss in microwave dielectric ceramics. The terahertz properties of
microwave dielectric ceramics have attracted attention dueto the potential application prospects
of 6G technology. Although a fundamental breakthrough in low-loss ceramic materials for the
terahertz band has not yet been achieved, the substantial number of reported terahertz data has
prompted a deeper understanding of the mechanisms underlying dielectric loss. According to
the classical harmonic oscillator model, when the frequency (@) is much lower than wr (referred
to as the intrinsic frequency of phonon vibration), the dielectric loss originating from ionic

displacement polarization satisfies the following relationship:
@
tan & ~ 22 47)
(0—1-

where y represents the damping factor of phonon vibration. Since the wr of ceramics generally
lies in the infrared band, the dielectric loss spectra in the terahertz band can be fitted linearly
through the origin based on Eq. 46. The slope of the fitted line reflects the magnitude of vy, and
the reciprocal of the slope corresponds to the Oxf value. For most microwave dielectric
ceramics, the measured QOxf values in the microwave and terahertz bands are relatively close,
suggesting that the dielectric loss in both bands originates from anharmonic lattice vibrations
associated with ionic displacement polarization. Taking Cao.6Smo.27Ti1-2Al4-303 ceramics as an
example, as shown in Figs. 11(c-e), the difference in Oxf values between the two bands is
within 10%, and TSDC measurements reveal a clear negative correlation between charged
defect concentration and Oxfvalue. This is attributed to the substitution of AI**, which results
in shorter bond lengths and a more compact crystal structure, thereby inhibiting the formation
of oxygen vacancies and reducing defect concentration. These factors lead to decreased
damping of anharmonic lattice vibrations and consequently an increase in O%f value [125]. A
similar relationship among defects, lattice vibrations, and dielectric loss has been confirmed in

systems such as Zr/Hf-substituted BasSmo 33Ti18Os4, Zno.17Nbo.33Tio.502, (La, Al) co-doped
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(Ba,Sr)LasTisO15,and Ge-substituted CaMgo.9Zno.1Si206[ 134, 138-140], indicating that defects
influence dielectric loss by affecting lattice vibration behavior, an effect closely related to
interionic bonding strength. The oxygen vacancy-affected dielectric loss is essentially
analogous to other perspectives discussed in the article: the P-V—L theory suggests that lattice
energy strongly affects Oxf value, fundamentally by changing anharmonic lattice vibration
behavior. A strong rattling effect tend to induce low Oxf values, which also originates from
weak interionic bonding that enhancing the damping of lattice vibrations. Furthermore, THz-
TDS can accurately characterize the dielectric response in the low-wavenumber region of the
far-infrared spectra, serving as an important complement to lattice dynamics theory.

However, some microwave dielectric ceramics exhibit frequency dispersion in Qxf values
[141-143], and significant discrepancies have also been revealed between O%fvalues measured
in the microwave and terahertz ranges for certain systems [126, 127]. For instance, in the cubic
pyrochlore Bi1.sZnNbi 507 system, Wang et al. [144] observed that its microwave dielectric loss
is much higher than the values extrapolated from terahertz—far-infrared measurements, and a
pronounced low-temperature dielectric relaxation was detected in the low-frequency
temperature-dependent dielectric spectra. This relaxation behavior is thought to be associated
with the hopping of disordered A-site cations. Such dielectric relaxation may account for the
anomalously high dielectric loss or frequency dispersion of Oxfvalues in the microwave range.
BaZrOs3 exhibits a Oxf value of only 5,731 GHz in the microwave band [145], which is far
lower than that of other microwave dielectric ceramics with comparable permittivity. Pulphol
et al. [146] also observed low-temperature dielectric relaxation in this material. Similar
dielectric relaxations have been found in Ca;—+Sm./3TiO3 ceramics, as shown in Fig. 11(f). By
combining defect characterization together with THz-TDS, this effect becomes even clearer. In
Nai2Smi2Tii—z(Ali2Nbi12):03 ceramics, the O%f values in the microwave and terahertz bands
show opposite trends with various substitution content, and the Q%f value of the substituted

ceramics exhibits frequency dispersion in the microwave range, whose mechanism is illustrated
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in Fig. 11(g). TSDC and dielectric spectra indicate that the reason is the relaxation behavior of
new defect dipoles introduced by ion substitution, as shown in Fig. 11(h) [127]. Therefore, this
series of dipole-like dielectric relaxations most likely contribute to the degradation of O%f
values in the microwave band.

Thus, from the perspective of point defects, microwave dielectric loss can be classified into
the loss arising from ionic displacement polarization and that arising from defect relaxation,
rather than a simple “intrinsic” or “extrinsic” division. Although oxygen vacancies do not
participate in the polarization processes at microwave frequencies, they are closely related to
anharmonic lattice vibration. Meanwhile, the relaxation behavior of defect dipoles may operate
within the microwave frequency range and therefore deserves careful consideration in the
development of microwave dielectric ceramics.

2.2.4 Influence mechanism of 7y value
The 7 value is a critical parameter for evaluating the thermal stability of microwave dielectric

materials, which is defined as:

1y
rf—fo AT (48)

Here, fo denotes the initial resonant frequency, Af'is the change in resonant frequency, and AT

is the temperature change. For a dielectric resonator, zr1s expressed as [147]:

7 = —(T—W aLj 49)
2

Here, oL is the linear thermal expansion coefficient and 7. is the temperature coefficient of
dielectric constant. While avr is typically around 10 ppm/°C and often considered secondary, it
can be significant in materials like LnNbO4-based ceramics (ar > 15 ppm/°C) or negative in
zirconium tungstates [148-150]. Therefore, its contribution cannot be ignored. 7, which reflects
the temperature dependence of permittivity, is derived from the Clausius—Mossotti equation as

[151]:
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gzl(%j :W(A+B+C) (50)
e\ 0T ), &,

A:L(aamJ ; B:L(aamJ (G_V) ; C:_L(O_Vj (51)
a \ oT ), 3a \ oV ).\ oT ), 3y\or ),

Here, term A reflects the effect of temperature on polarizability at constant volume, which is

usually negative. Term B is the effect of thermal expansion on polarizability, which is positive,
and term C represents the effect of volume change on dipole concentration, which is negative.
Bosman concluded that the sign and magnitude of z. are primarily governed by term A.

Harrop proposed that if terms A and B cancel (zam = 0), 77 should be proportional to & (77~
aLer/2) [152, 153]. This mechanism suggests that reduced ionic polarizability lowers & and 7
value, explaining why most high-¢: (> 20) materials exhibit positive 7. While observed in some
K2NiFs-type systems (e.g., SrLaAli-x(Zno.5Tio.5)xO4), this mechanism fails to explain negative
s value or the sign change from negative to positive, indicating its limited applicability [154-
156].

To address negative 7r value, Colla and Reaney identified octahedral tilting and structural
phase transitions as key factors in complex perovskites [157, 158]. They linked zf to the
tolerance factor (f). Subsequent work showed that adjusting ferroelastic-paraelastic phase
transition temperatures via ion substitution can tune zrfrom negative to positive (e.g., in BiVO4
and LnNbOy4 systems) [90, 159-162]. However, conventional phase transition theory cannot
explain all anomalies: some room-temperature ferroelastic phases show unexpectedly positive
71, while paraelastic phases show negative 7y [148-150, 163]. Furthermore, anomalous zr
behavior in systems without phase transitions (e.g., vanadate) suggests other unidentified
factors [164, 165].

Lee proposed that increased unit-cell volume alters lattice potential energy, increasing 7. and
thus reducing 7z, which explained negative zrin ANb2Og ceramics [166]. However, contradictory

trends exist. In scheelite-type Cai-x(Lio.sNdo.5)xWO4, 77 increases with volume expansion [167].
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Similarly, opposite 7r trends with volume change in Ba- and Sr-based complex perovskites
indicate this mechanism is not universally applicable [166].

The relationship between octahedral/tetrahedral distortion and zris inconsistent. Some studies
(e.g., on BINbO4, MgTiO3, LiBO2)report that greater distortion lowers 77[168-171]. Conversely,
other work on (Al12Ta1/2)O2—TiO2 or AZrNb2Og shows that increasing distortion can raise zr or
shows no direct correlation [172-174]. These conflicting results highlight the complexity of this
factor.

Li Lingxia's group used complex chemical bond theory to show that 7y decreases with
increasing ionicity of Nb/Ta—O bonds[175]. Studieson silicates and molybdates suggest higher
bond energy leads to a lower ar, which increases 7. and drives zr toward zero [176, 177]. In
RETiTaOs ceramics, the ionic/covalent character of RE—O bonds significantly influences both
& and 77

Bond valence theory is widely applied, with the general assumption that higher bond valence
strengthens interionic bonding, counteracts thermal restoring forces, increases 7, and thus
lowers z7. While some studies (e.g., on Pb-based and Ca-based perovskites, AsBsO1scompounds)
support a correlation between increased B-site bond valence and reduced 7z, significant issues
remain, including inaccurate structural dataleads to erroneous bond valence calculations, the
assumption that higher bond valence always drives 7rtoward zero is flawed, as zris not bounded
by zero, and using average bond valences for mixed-site occupancies obscures the individual
contributions of specific cations [178].

In 2020, Fang Liang’s group fabricated dense A3Y2Ge3On2 (A = Ca, Mg) microwave
dielectric ceramics with cubic garnet structures [179]. Ca3Y2Ge3O12 adopts a normal garnet
structure, where Ca®" occpuies the dodecahedral A-site, Y3" is on the octahedral B-site, and
Ge*"is on the tetrahedral C-site, exhibiting & = 10.8, O xf= 97,126 GHz, and 7= -40.6 ppm/°C.
In contrast, Mg3Y2Ge3O12 crystallizes in an inverse garnet structure, where A-site is co-

occupied by Mg?* and Y3*, and B-site is occupied by Mg?*, showing a higher & of 14.1, a lower
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O xfvalue of 12,600 GHz, and anomalously positive zf value of 120.5 ppm/°C. Bond-valence
analysis reveals that Mg?*in Mg3Y2Ge3O12 hasa bond valence of only 1.25, significantly below
its theoretical value of 2, indicating a pronounced "rattling" effect within the eight-coordinated
dodecahedral sites. The concept of rattling cations, originally introduced by Dunitz and Orgel,
describes cations too small fortheir coordination cavity, leading to loose bonding and off-center
displacements, as illustrated in Fig. 12 [180]. When constrained by crystal symmetry, such
displacements increase bond lengths and thermal vibrations, generating anomalously high
polarizability. These rattling or compressed states can be quantitatively characterized by bond

valence: values above theoretical indicate compression; below indicate rattling.

8o 6

(a) (b) (c)

Figure 12. Variation of potential energy with displacement of a metal ion from the center of a fixed oxide
octahedron (for clarity shown in two dimensions): (a) large ion, (b) small ion, (c) ion of intermediate size

[151]. Reproduced with permission from Ref. [151], © American Physical Society 1963.

Shannon demonstrated that rattling effects lead to underestimation of ionic polarizability and
dielectric constant, while compressed effects cause overestimation [31]. Although rattling
effects have been reported in various microwave dielectric systems, their explicit link to zr
remained unexplored. In our garnet systems, opposite trends between theoretical and measured
&, along with anomalous 7y behavior, led us to hypothesize that rattling influences the
temperature coefficient of ionic polarizability (z«m), consequently affecting 7. and z7[155, 181].

Due to the pronounced rattling of Mg?* in Mg3Y2Ge3O12, ionic polarizability is significantly
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enhanced, yielding measured & approximately 30% higher than theoretical estimates. To
quantify how rattling affects z: and z7, we combined terms A and B from the Clausius-Mossotti

derivation and introduced 7u», as follows [182, 183]:

1 (8&;)_(gr—l)(gr+2)[Ldam[T,V(T)]_ld_Vj (52)
orT

e 3¢ P dT V dT

r m

&

. _ 1 da [TV(T)]
o dT

m

(53)

The relationship simplifies to 7. depending on é&r, 7am, and the linear thermal expansion
coefficient ar. The sign of 7. and thus zris determined by the difference between zum and the
volumetric expansion coefficient (3av for cubic systems) [184]. From experimental zr and oL
values, we calculated zam values ranging from 37.33 ppm/°C to 14.36 ppm/°C, revising earlier
estimates. For CazY2Ges3O12, zam 1s a large positive value exceeding 3oL, resulting in strongly
negative 7. In Mg3Y2Ge3O12, tam is significantly reduced, yielding anomalously positive zr.
Raman spectroscopy reveals that A-site occupation by Mg?" and Y37, ions with markedly
different radii and polarizabilities, induces local distortion and enhances anharmonic vibrations,
increasing dielectric loss and reducing O xf. Low-frequency infrared modes (67.8 and 122.6
cm!), attributed to translational vibrations of A-site cations, dominate dielectric polarization in
Mg3Y2Ge3Or2. To further verify the rattling effect's influence, we investigated Cas-
MgrYb2Ge3012 (0 <x < 3) solid solutions [183]. The ionic-radius difference at the A-site (Ara
= ryb - rmg= 0.095 A) is smaller than in the Y -analog (0.125 A), predicting weaker rattling. For
0 <x <2 (normal garnet), & increases gradually from 10.3 to 11.8, O %fdecreases from 98,000
GHz to 78,000 GHz, and 77 fluctuates between -40 ppm/°C and -56 ppm/°C. Atx > 2 (inverse
garnet), & jumps to ~13.5, O xf'drops sharply to ~19,800 GHz, and s shifts from negative to
positive (70.5 ppm/°C), with near-zero zrachieved at x = 2.5.

Calculated results show that rattling can be modulated by A -site cation selection, altering zom

and enabling 77 tuning. For normal garnet compositions (x < 2), 7am iS positive, reaching

50



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

16.88x107/°C, exceeding ar. At x > 2, introduction of smaller Mg?" into relatively large A-sites
elongates Mg—O bonds, inducing rattling that enhances dielectric polarization and &. With
increasing temperature, rattling diminishes, dielectric polarization weakens, and 7.m decreases
sharply to -1.22 ppm/°C in Mgz Yb2Ge3O12, where 7am < 3aL causes & to decrease, 7. to become
negative, and 7rto become positive.

In other garnet systems, stronger rattling effects drive 7r toward highly positive values. In
Ca3.xMg1+:L1V3O12, larger A-site ionic-radius difference induces stronger rattling, shifting zr
from -64.1 ppm/°C to 267.2 ppm/°C. In Y3.,Ca,Gas+Ti.O12, substituting smaller Y3* with Ca?*
elongates Y—O bonds, enhancing rattling of Y37, increasing & from 10.4 to 15.9, and shifting 77
from -54.7 ppm/°C to -8.3 ppm/°C [185]. On the contrary, in garnets where rattling is
suppressed by stronger chemical bonding in low-coordination environments (B-site, C-site), 71
remains strongly negative despite slightly elevated & [186, 187].

Under microwave frequencies, polarization is primarily ionic displacement polarization.
Using a harmonic oscillator model, as shown in Fig. 13, in the rattling state (bond elongation),
the restoring force points opposite to displacement, increasing ionic polarizability (am) and &r.
As temperature increases, enhanced restoring force rapidly reduces ionic polarizability, causing
Tam and ¢ to decrease, which increases .

Restoring force

Compressed @N\/‘@ —

r

Rattling @—/\/\/\G) —

Figure 13. The restoring force of the simple harmonic oscillator model in compressed, equilibrium position

and rattling state, respectively.
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The rattling effects have been verified in other systems. For instance, in tetragonal scheelite
Cai-x(Lio.sEu0.5)xMoO4 and Cai-x(Lio.sEuos)xWOs solid solutions, A-site substitution with
smaller (Lio.sEuo.5)>" induces strong rattling of Li* (bond valence 0.524~0.540, below
theoretical) [188]. This causes measured & to exceed Clausius-Mossotti predictions by 4.6% up
to 41.2%, while 7rshifts dramatically from negative to highly positive values (-14.4 ppm/°C to
128.42 ppm/°C) in Cai-x(Lio.sEu05)xMoO4 (0.1 <x < 0.5) ceramics, as shown in Fig. 14. Near-
zero 17 is achieved at specific compositions. The anomalous decrease in 7um from positive to
strongly negative drives this zshift, contradicting classical expectations that anharmonic bond

softening necessarily enhances polarization.
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Figure 14. (a) Thermal expansion data; (b) The relationship between the values of ., 7rand zum-3ar for Ca;.

(LiosEuo5)xMoO4 ceramics. Reproduced with permission from Ref. [188], © Elsevier Ltd. 2024.

Also, in monoclinic fergusonite (Cei-+Cax)(Nbi-xWx)O4, substitution induces a structure
transition from monoclinic fergusonite to tetragonal scheelite [189]. Measured & values are
lower than Clausius-Mossotti predictions due to A-site compressed effects (Ca?", Ce"). As x
increases, elongation of [Nb/WOg] octahedra enhances B-site rattling, while A-site
compression weakens. Consequently, 7r increases from -11 ppm/°C to 87.8 ppm/°C.
Furthermore, as shown in Fig. 15 [190], in tetragonal K>NiFs-type systems, the StEuAlO4 and
SrGd AlO4 exhibit near-zero 77 (1.7 ppm/°C and 4.3 ppm/°C) with & of 19.2. Strong rattling of
Eu’* and Gd3" shifts 77 closer to zero compared with other SrLnAlO4 compositions. The

significantly lower Q xf of StGdAlOy4 is attributed to the high magnetic moment of Gd3*. In
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CaREAIO4 (RE =Eu, Ho, Er, Yb) ceramics, 7y variations are governed by competing rattling of
RE3* and compressed effects of Ca?*,

The rattling effect's influence on zrhas been also verified across diverse crystal systems:
hexagonal StGesO9 (Aer = 37.3%, 7= -11.7 ppm/°C), tetragonal LilnO2 (Aer = 14.7%, 7= 9.8
ppm/°C), LiYDO2 (Aer = 45.1%, 7= 56.5 ppm/°C), and rare-earth oxide solid solutions Ndo>-
SmyO3 (Aer = 0~13.1%, 77 = -43 to 34.1 ppm/°C) [170, 171, 184, 191]. Notably, SrGe4Oo
maintains high O xf (52,500 GHz) despite strong Sr?>* rattling, owing to single A-site cation
species avoiding mixed-cation anharmonic vibrations. In AB20s-type systems (SrYb20s,
ASc204), weakened rattling from larger Sr>* simultaneously improves 77 while preserving ultra-

high O x£(>107,000 GHz) [192].

75
(a) 150k (b) SrGdAIO, o
0.0 SrEuAlO,
100F 5
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Figure 15. (a) 7 values of STEuAlO4 and SrGdAlO4 ceramics as a function of sintering temperature. (b) the
relationship of zr and Aa in SrLnAlO4 (Ln = La, Pr, Nd, Sm, Eu, and Gd) ceramics[190]. Reproduced with

permission from Ref. [190], © Elsevier Ltd. 2024.

In cubic fluorite Cei-xCaxO2-x ceramics, measured & decreases with Ca content, but much
more slowly than Clausius-Mossotti predictions, yielding increasing deviations (Aer up to 84%)
[193]. Bond-valence analysis reveals Ce*" as rattling cations and Ca?* as compressed cations.
A weighted parameter Aam, reflecting combined rattling and compressed effects on ionic

polarizability, was introduced. Aa., is defined as follows:
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d,(Ce")a(Ce™) N d(Ca™)a(Ca’) L) d.(0*)a(0™)

Ce(ideal) VCa(ideal) VO(ideal)

Ao =(1-x)

m

(54)

As x increases, Aan decreases, indicating progressively weaker Ce** rattling, explaining the
growing deviation between measured and theoretical &. Since 2023, multiple research groups
have reported rattling effects on zz. In MSO4 (M = Ca, Sr, Ba) systems, enhanced M?* rattling
increases & and zr while decreasing O %/ [194]. In perovskite Bai1-xSrxHfO3 and Sri1.,Ca,HfO3
systems, as tolerance factor decreases, the dominant 7y tuning mechanism shifts from phase
transition and ionic-polarizability dilution to rattling [195]. The rattling effect has also been
validated in Si-substituted garnet Y3.xMgxAls.xSixO12 systems [196].

This summary systematically reviews the established structural factors influencing
including the ionic polarizability dilution mechanism, phase transition mechanism, unit cell
volume effects, oxygen polyhedral distortion, bond energy/ionicity, and bond valence. Based
on recent observations in normal and inverse garnet systems without phase transformations,
where the measured dielectric constant trends opposite to theoretical estimates and zr
anomalously shifts from negative to positive, a new mechanism affecting zris proposed: the
cation rattling effect. This effect not only enhances polarization and increases &r but also shifts
7rpositively and reduces the O xfvalue, and has been validated across various material systems.
The concept of the temperature coefficient of ionic polarizability (zam) is introduced,
simplifying the relationship between the temperature coefficient of permittivity (z:) and crystal
structure into its dependence on &r, 7am, and ar. Additionally, a weighting function for total ionic
polarizability deviation is proposed to evaluate the combined rattling and compressed effects
of the entire molecule on &. It is concluded that rattling cations located in high-coordination
sites with weak chemical bonding are the primary factors governing the overall microwave
dielectric polarization and loss of materials.

2.3 Innovative Technology for Energy Efficient Fabrication: Cold Sintering Process

54



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

Generally, the sintering of ceramics requires high temperatures (typically >1000 °C), which
pose various challenges, such as material loss of volatile elements and excessive consumption
of energy, contradicting the objectives of eco-friendly manufacturing [197]. Subsequently,
there is a strong need to develop low temperature sintering technologies to density ceramics
without harming the climate [198]. Consistent effortsresulted in the invention of a cutting-ed ge
sintering technique by Randall’s team at Pennsylvania State University, known as cold sintering
process (CSP), in 2016 [199]. CSP not only enables the densification of ceramics at ultra-low
temperatures but also manipulate their performances [200-202]. Compared to traditional
sintering, where densification is predominantly influenced by the diffusion process, CSP is
based on a dissolution-precipitation mechanism. With an aqueous environment under mild
pressures, particles undergo localized dissolution, followed by bonding and precipitation with
the assist of transient liquid [203, 204]. CSP has become the research focus as an energy-saving
and versatile sintering technology befitting for ceramics and ceramic based composites [205].
CSP has recently gained enormous attention due to its potential to co-sinter microwave
dielectric ceramics with polymers, glasses, and metal electrodes, which have low melting points
[206]. Co-firing ceramics with low-melting-point electrodes is an indispensable requirement
for the passive devices and packaging of active components [207, 208]. A large number of
material systems have been efficiently densified by CSP, achieving relative densities (> 90%)
at ultra-low temperatures while sustaining superior dielectric properties [209-212]. These
outcomes indicate that CSP facilitates densification of MWDCs and prevents the decomposition
and volatilization of the phase associated with conventional sintering at high temperatures.
CSP is commonly referred to as a nature-inspired process due to its aqueous conditions with
mild temperatures and pressures, which appears like a process of rock formation primarily
driven by viscous flow, plastic deformation, and pressure-solution creep [213]. However, the
rock formation under natural conditions requires centuries, whereas CSP densifies a diverse

range of materials in a few hours or even minutes. CSP promotes the compaction of ceramics
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and their composites at extremely low sintering temperatures using an aqueous medium [214].
Randall and his team proposed the concept of dissolution-precipitation for cold sintering
mechanism [200]. In general, prospective CSP involves two types of phases, including pristine
powder phase to develop a ceramic body, and a liquid phase which serves as a mobility channel
for particles [206]. Contributing factors during CSP are primarily temperature, pressure, and
transient liquid, which can vary depending on the material [215, 216]. When a suitable
temperature is provided under a uniaxial pressure, a capillary force provided by a transient
liquid alters the distribution of particles and fills the interfacial spaces between particles [217].

Generally, the following steps are involved in CSP, as shown in Fig. 16 [215] [218, 219].
Initially, a transient liquid (typically < 30 vol.%) is introduced into ceramic powder to moisten
the powder. Depending on the materials, homogeneity can sometimes be achieved by adding a
transient liquid using a vapor transport method [220]. Afterwards suitable temperature is
provided, and uniaxial pressure is simultaneously applied and sustained for a specific time. In
2nd step, compaction is facilitated through mass transportation in the liquid with dissolution
precipitation process, where the particles move from the regime with high chemical potential
to the regime withlow chemical potential [214, 221]. Consequently, other phenomena may also
occur, such as viscous flow, grain growth, lattice diffusion, and plastic deformation, under the
continuous supply of heat and pressure [222]. In some scenarios, unusual grain growth can be
observed during the volatilization of the transient liquid, even at low temperatures. Such

anomalous grain growth can be attributed to mass transfer in the presence of a transient liquid

[223].
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Figure 16. Schematic illustration of major events of the cold-sintering process: (A) dissolution[218]
Reproduced with permission from Ref. [218], © Elsevier B.V. 2019., (B) precipitation[207], (C) precipitation
occurs at the pore, (D) recrystallization of precipitated species and decomposition of organic species, and (E)

pore closure[219]. Reproduced with permission from Ref. [219], © Elsevier Ltd. 2022.

The parameters that affect CSP and reaction pathways for densification of materials include
the following aspects: First, the physicochemical properties of the starting materials, such as
particle size, surface chemistry, and agglomeration, have a significant impact on the sintering
behaviors of microwave dielectric ceramics [224]. Additionally, transient solvents have both
physical and chemical effects, contributing to densification [225]. Furthermore, temperature
has a pivotal role in compaction, grain growth, mass transport, and solvent evaporation.
Depending on the material systems, the temperature generally varies from room temperature to
300°C [204]. Another fundamental factor for densification using CSP is the optimal pressure,
typically a few hundred MPa. The pressure offers a greater driving force that facilitates
dissolution, precipitation, and mass mobility, consequently increasing grain growth and

densification [202]. Optimal pressure boosts the chemical potential difference, particularly at
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particle contact sites, thereby increasing the solubility of particles. When a low pressure is
applied, particles merge gradually with limited contact points; In contrast, high pressure results
in Ostwald ripening and dissolution-precipitation [220]. Dwell time for CSP is typically less
than that for conventional sintering, depending on solubility and volatilization during the CSP.
Typically, materials with a high solubility require a short time for CSP [226].

In wireless communication systems, suitable dielectric, mechanical and thermal properties
together with low sintering temperatures are required for microwave dielectric ceramics [4].
Kéhiri et al densified Li2MoO4 microwave dielectric ceramics at room temperature under a
uniaxial pressure of 130 MPa [227]. Relative densities of 87~93% were obtained with good
microwave dielectric properties after post annealing (& = 4.6~5.2 and Q xf=10,200~18,500
GHz). Guo et al. proposed cold sintering process and densified a wide variety of microwave
dielectric ceramics with CSP at 120~300 °C, such as LioMoO4, Na2Mo0207, K2Mo0207, and
K2Mo0207 [199]. Later on, the cold sintering process of a vast number of microwave dielectric
ceramics were investigated, such as oxides, molybdates, tungstates, chlorides and borates, as
listed in Table 3 [209, 211, 222, 228-250]. Compared with conventional high temperature
sintering, cold sintered ceramics show comparable or even better microwave dielectric
properties. The low sintering temperature of CSP make it feasible to co-fire high-performance
ceramics with low-melting metal electrodes, which are promising for wireless communication

applications.

Table 3. CSP parameters and microwave dielectric properties of cold-sintered MWDCs

Material ST  Pressure Liquid Time Post Densifi &r oxf 7 Ref.
°C) (MPa) (%) (h) annealing  cation (GHz) (ppm
(°O) (%0) °C)
Na;WO4 120 120 0.3-10 1 300 >96 5.7 70,000 =70 @ [228]
Na;WO4 240 400 2 1 200 92 5.8 22,000 -70 [229]
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Based on cold sintering process, several hybrid sintering processes have been proposed, such

as microwave cold sintering (MW-CSP) and cold sintering assisted spark plasma sintering

(SPS-CSP). Cold sintering assisted hybrid sintering process is a multistep densification process,

which involves the coupling of chemical potential and multi-physical fields, as shown in Fig.

17 [251]. Since the concept of cold sintering assisted hybrid sintering process was proposed

very recently, the research of sintering mechanism is still in the initial stage. The major

mechanism may include dissolution-precipitation, microwave resonance heating or heating

from the pulse/DC current.

Stage |
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Microwave
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CSP-SPS
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Figure 17. Schematic diagram of microwave cold sintering and cold sintering assisted spark plasma

sintering[251]. Reproduced with permission from Ref. [251], © The American Ceramic Society 2023.
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Recently, microwave cold sintering process, has successfully achieved efficient densification
of high-performance ceramics under mild conditions. This process combines a transient liquid -
phase-assisted dissolution-precipitation mechanism with the microwave resonance effect to
achieve rapid, low-temperature, pressureless sintering of a variety of ceramics, including
chlorides, oxides, phosphates, and molybdates. TEM and phase-field simulation results
demonstrate that the combination of transient liquid phase and microwave resonance improves
the driving force of sintering. The transient liquid phase not only promotes particle
rearrangement and dissolution-precipitation processes, but its resonant behavior in high-
frequencies also significantly improves the overall heating efficiency and atomic migration rate,
synergistically accelerating the densification of ceramics.

In terms of performances, ceramics prepared via MW-CSP exhibit significant advantages, as
shown in Fig. 18 [252]. The Vickers hardness of the MW-CSP NaCl ceramic is 95.2% higher
than that of conventionally sintered samples. Compared with other sintering technologies, the
microwave dielectric properties of TiO2, LizMoO4, and MgMoO4 ceramics prepared by
microwave cold sintering process are similar or even better. The MW-CSP KDP ceramic
exhibits ferroelectric phase transition behavior comparable to that of previous works using
traditional fabrication methods. Notably, compared with other pressureless sintering techniques,
MW-CSP reduces energy consumption by more than 97%, lowers sintering temperatures by
225~500 °C, and shortens sintering time by 12.8~21.5 hours. It is demonstrated that MW -CSP
opens a new path for preparing low-carbon, energy-efficient, and high-performance ceramics
with broad application prospects. It is anticipated that more research groups worldwide will

expand the range of applicable material systems with energy-efficient sintering.
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Figure 18. Energy efficiency comparisons. Summary of relative density vs (a) sintering temperature and (b)
sintering time for NaCl, MgMoO4, TiO2 and LizMoO4 ceramics regarding to various pressureless sintering
techniques. Comparisons of (¢) energy consumptions after normalization and (d) performances of densified
ceramics using various pressureless sintering techniques. MW-CSP, TTS, MW, and ITE represent microwave
cold sintering, traditional thermal sintering, microwave sintering, and isothermal evaporation method,

respectively[252].

A number of groups have developed high-performance ceramics using cold sintering assisted
spark plasma sintering. However, there no few works about microwave dielectric ceramics
prepared via SPS-CSP, and thus, ZnO semiconducting ceramic is selected as a typical example
to demonstrate the features of SPS-CSP, as shown in Fig. 19 [253]. SPS yields ceramics with
short times and low pressures, however, the sintering temperatures are usually high. CSP could

densify ceramics at low temperatures, however, mild or high pressures may be utilized during
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CSP. SPS-CSP combines the advantages of both SPS and CSP, which could densify ceramics
with low sintering temperatures, short times, and low pressures. It is anticipated that in the
future there will be microwave dielectric ceramics fabricated via SPS-CSP.

SPS

. e ©
© ZnO particle °S ®o

e %0 ¢
000 ¢

& Liquid phase ‘g

Grain
Boundary

CSP

Figure 19. Schematic sintering process for SPS, CSP and SPS-CSP (or CSP-SPS)[253]. Reproduced with
permission from Ref. [253], © Elsevier Ltd. 2022.

In conclusion, cold sintering process is a low temperature sintering technique with the assist
of transient liquid phase, and there are a number of cold sintered microwave dielectric ceramics
and devices developed so far. The low sintering temperature, high sintering efficiency and low
energy consumptions make it promising for LTCC and ULTCC applications. It is feasible to
fabricate microwave dielectric materials that are easily to be decomposed or chemically react
at high temperatures. Besides, cold sintering process enables multi-material strategy for the
integration of ceramics with other materials. However, various problems still need to be
resolved for cold sintering process, such as optimization of transient liquid phase, material
designs with comprehensive performances, further understanding of sintering mechanism, and
large-scale production.

Up to date, a large number of microwave dielectric ceramics have been densified using cold

sintering process at lower sintering temperature, shorter time and reduced energy consumption,
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as shown in Fig. 20. The low sintering temperature makes microwave dielectric ceramics
compatible with most of the metal electrodes. Compared with traditional thermal sintering, the
cold sintered chloride, fluoride, calcite, borate and Al.O3 have better microwave dielectric
properties, while molybdate, tungstate, phosphate, vanadate, titanate and TiO2 prepared via cold
sintering process show lower or comparable microwave dielectric properties. It is anticipated
that with further understanding of cold sintering process, more and more microwave dielectric

ceramics with better performances will be developed in the future.

Sintering temperature

—#— Cold sintering process
. —@—Traditional thermal sintering

Sintering time ™ 7 Energy consumption

Sho

Microwave dielectric properties  Compatibility with metal electrodes

Figure 20. Comparisons of cold sintering process and traditional thermal sintering in the field of microwave

dielectric ceramics.

Following perspectives are proposed for future research:

Cold sintered material designs. New material developments need to optimize both cold
sintering conditions and material formula, such as combinations of new transient liquid phase
and entropy designs. Except microwave dielectric properties, more comprehensive
performances such as thermal and mechanical properties are required for future applications.

Al may accelerate the screening process of sintering parameters and material compositions.
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Mechanism investigation and parameter optimization. Collaborations between
computational modeling and experimental science together with in-situ characterizations are
essential for detailed sintering mechanism study. Cold sintering assisted hybrid sintering
process provides another route for energy efficient fabrications of microwave dielectric
materials.

Cold sintered device designs. The rapid developments of wireless communications put
forward higher requirement for microwave devices. Systematic investigations into interfacial
engineering and structure-process-property relationships under CSP conditions may address the
technical barriers of cold sintered devices and packaging.

2.4 Application of Microwave Devices

The dielectric parameters of microwave dielectric ceramics (er, Q X/, 77) strongly influence the
electromagnetic performance and application scenarios of microwave passive devices. Among
these parameters, the relative permittivity &, or the effective permittivity e, determines the
propagation velocity and guided wavelength of electromagnetic waves in dielectric media. For
quasi-TEM transmission structures such as microstrip lines and dielectric substrates, the phase

velocity vp and guided wavelength A¢ can be expressed as [254]:

v, = (55)
geff
c
A =—2 (56)
: JonlEur

where co 1s the speed of light in vacuum, eefris the effective permittivity, and fo is the operating
or resonant frequency. As indicated by Eqgs. 55 and 56, a lower permittivity is beneficial for
high-speed electromagnetic-wave propagation, whereas a higher permittivity shortens the
guided wavelength, thereby facilitating the miniaturization of microwave devices such as
antennas, resonators, filters, and duplexers. In addition, the quality factor Q is a key parameter

for evaluating the low-loss characteristics of microwave dielectric ceramics. For a resonator,
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when external loading effects are neglected, the fractional bandwidth (FBW) is inversely related
to the unloaded quality factor Qo [254]:

1
FBW = — (57)

0
where Qo is closely associated with the dielectric quality factor Q. Although a higher Q value
helps reduce dielectric loss and increase the unloaded quality factor Qo of theresonator, a higher
Qo will lead to a narrower FBW when other loss mechanisms and coupling conditions are
comparable. Furthermore, according to Eq. 48 in Section 2.2.4 [147], the temperature
coefficient of resonant frequency (z7) determines the thermal stability of the resonant or center
frequency of the device.

Based on the above parameter characteristics, microwave dielectric ceramics with different
permittivity ranges are suitable for different types of microwave devices. Low-& microwave
dielectric ceramics (& < 10) exhibit low signal transmission delay and are therefore suitable as
substrate materials for transmission-type and radiation-type passive devices [255]. In addition,
low-& ceramics are widely used as dielectric tape layers and packaging substrates in LTCC
devices. Through multilayer stacking and three-dimensional interconnection, they enable low-
loss interconnects and embedded passive components, thereby further reducing device volume
and improving integration density [256]. Medium-&r ceramics (10 <& <40) provide a favorable
balance among device miniaturization, low loss, and temperature stability, and are therefore
widely used in microwave devices such as dielectric resonators, dielectric resonator antennas,

dielectric filters, and duplexers. By simultaneously achieving a high QO value and near-zero ty,

this class of materials can realize low insertion loss and good frequency—temperature stability

[257], making them suitable for high-performance miniaturized devices in communication and
radar systems. High-&r ceramics (& > 40) are mainly used in resonators, filters, and integrated
passive devices with more stringent miniaturization requirements [258]. They can significantly

shorten the guided wavelength and reduce device dimensions, although optimization of
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bandwidth, loss, and processing window is typically required. Moreover, high-permittivity
materials can increase capacitance density per unit volume and are therefore widely applied in
consumer electronics, automotive electronics, Internet of Things terminals, and other fields
where high integration density and miniaturization are strongly demanded.

Ceramic-substrate components typically use ceramics as the supporting and dielectric
platforms, where metallized patterns are employed to realize transmission, radiation, or
coupling functions. Such components offer advantages including low loss, environmental
robustness, and good thermal stability. In terms of component types, ceramic substrates can be
used for patch antennas, planar filters, duplexers, couplers, power dividers, combiners, and
phase shifters. Among these, ceramic dielectric patch antennas (DPAs) and planar filters are
commonly adopted for validating the dielectric performance and application potential of
emerging microwave dielectric ceramic materials. In DPAs, the & of the substrate determines
the effective electrical size and the resonant dimensions of the antenna, and the initial

dimensions of a rectangular patch antenna can be estimated using Eqs. 58-61 [259]:

& (2

lh=—  _JAL (59)

2f\éx

. e +1 L& -1
off = (60)
2
2 1+ @
Wp
w
(6.5 +0.3)(=2 +0.264)

AL =0.412h h (61)

w
(6 —0258)(- 2 +0.8)

where f, &, and eefr denote the resonant frequency, the dielectric constant of the substrate, and
the effective dielectric constant, respectively. 4, wp and /, represent the thickness of the substrate,
the width and length of the metal patch, respectively, and AL is the correction length. In general,
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a dielectric substrate with a higher & can significantly reduce the physical size of a patch
antenna; however, this miniaturization is often accompanied by degraded bandwidth, gain, and
radiation efficiency due to factors such as stronger field confinement within the dielectric,
reduced radiation resistance, and enhanced surface-wave modes.

In addition, a lower tand is typically beneficial for suppressing dielectric dissipation loss and
improving radiation efficiency and gain. The radiation efficiency (#rad) of an antenna can be

expressed as [254]:

})1055
nl‘ad :1_? (62)

where Ploss and Pin are the loss power and input power, respectively. A lower tand reduces the
dielectric loss power in the ceramic substrate, thereby increasing the antenna radiation
efficiency. Furthermore, tand also affectsthe antenna gain. The gain G is related to the radiation

efficiency by [254]:
G = nradD (63)

where D is the directivity. Therefore, a lower tand leads to higher #,44, and consequently
contributes to a higher antenna gain. These relationships indicate that both & and tano should
be carefully considered when designing ceramic dielectric patch antennas, because they jointly
determine the trade-off among miniaturization, bandwidth, radiation efficiency, and gain.
Guided by these design principles, a range of patch antennas have recently been designed
and fabricated based on newly developed ceramics [260-288]. Depending on the feeding
configuration, patch antennas can be categorized into microstrip-line feeding, aperture-coupled
(slot-coupled) feeding, and coaxial-probe feeding. In Ref. [260], a microstrip-line-fed patch
antenna operating at 6.3 GHz was designed on a Y2.9Mgo.1Al49Si0.1012-6Wt%TiO2 composite
ceramic substrate for WiFi 6E/7 applications, as shown in Fig. 21(a). Aperture-coupled feeding
can effectively suppress feed-line radiation, improve isolation, and enhance the feasibility of
multiband/wideband designs, and is therefore suitable for high-performance and highly
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integrated systems; however, it features a relatively complex structure and imposes stricter
requirements on interlayer alignment and fabrication precision. In Ref. [273], a rectangular
aperture-coupled patch antenna was designed via simulation based on a 0.75LAB+0.25CaTiO3
ceramic, as shown in Fig. 21(b). It exhibits a center frequency of 6.54 GHz and a bandwidth of
140 MHz, with an antenna efficiency exceeding 87% and a maximum gain of 7.86 dBi,
demonstrating the application potential of this dielectric antenna in microwave communications.
Coaxial-probe feeding facilitates localized excitation and impedance matching, and is
particularly suitable for thick substrates, array elements, and designs requiring flexible
adjustment of the feed-point position. In Ref. [274], a coaxial-probe-fed patch element and its
array were designed via simulation using a LiGaSiO4 ceramic substrate; the structural model
and |S11] are shown in Fig. 21(c)(i). At a center frequency of 36 GHz, the array achieves a
bandwidth of 1.17 GHz with a peak gain of 18.3 dBi. The normalized radiation patterns in Fig.
21(c)(ii) indicate sidelobe levels of -17 dB in the H-plane and -12.5 dB in the E-plane,
suggesting low sidelobe radiation. Combined with the three-dimensional far-field gain
distribution in Fig. 21(c)(iii), the array is further verified to exhibit a well-defined main-beam

pointing along 6 = 0°.
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Figure 21. Patch antennas with different feeding configurations: (a) a microstrip-line-fed antenna

element!>¢%)(Reproduced with permission from Ref. [260], © Elsevier Ltd. 2024.)and (b) an aperture-coupled
antenna element®’*)(Reproduced with permission from Ref. [273], © Elsevier Ltd. on behalf of The editorial
office of Journal of Materials Science & Technology 2025.), showing i) the model and reflection coefficient
[S11], i1) gain and radiation efficiency, and iii) the 3D radiation pattern. (c) A coaxial-probe-fed antenna array
[274](Reproduced from Ref. [274], © 2025 The Authors. Published by Elsevier B.V.), showing i) the model

and reflection coefficient |[S11], ii) normalized gain, and iii) the 3D radiation pattern.

Bandpass filters are employed to confine the operating band of a system, suppress out-of-
band interference and noise, enhance receiver selectivity, and improve transmitter spectral
purity, and thus represent the most commonly used filter type in RF front ends. Planar bandpass
filters based on dielectric substrates can be broadly classified into distributed -parameter types,
substrate integrated waveguide (SIW) types, and lumped-element types. Among them,
distributed-parameter filters are constructed from half-wavelength or quarter-wavelength

resonators of transmission lines such as microstrip lines and coplanar waveguides (CPWs) (e.g.,
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parallel-coupled lines, interdigital, hairpin, open-loop, and stepped-impedance resonators). For
coupled resonators, the coupling coefficient K can be calculated as [289]:

~2 2

— f27 fiz (64)
I+

where fi and f> denote the lower and higher resonant frequencies, respectively. The signs K< 0

and K > 0 correspond to electric and magnetic coupling, respectively. The external quality factor

(Qe) can be expressed as [289]:

_ @, 'TSI 1 (a)()) (65)
4

0.
where 7S11(wo) represents the group delay at the center angular frequency wy. Distributed-
parameter planar filters feature mature structures, well-established design methodologies, and
facile integration with planar circuits and antennas. Therefore, they provide a useful platform
for evaluating the dielectric properties and application potential of newly developed microwave
dielectric ceramic substrates. In recent years, a variety of distributed planar filters have been
designed based on emerging microwave dielectric ceramics [290-295].

Ref.[295] reported a hairpin-type distributed bandpass filter fabricated on a BaSc204 ceramic,
as illustrated in Fig. 22(a). Simulation results indicate that at the operating frequency of 2.381
GHz, the return loss and insertion loss are —44.4 and 0 dB, respectively. Notably, the filter
shows an unconventional positive temperature-coefficient frequency response: as the ambient
temperature increases from -40 °C to 120 °C, the center frequency shifts from 2.36 GHz to 2.42
GHz, corresponding to an overall temperature coefficient of center frequency of 0.46 ppm/°C.
This capability to tune the operating frequency without modifying the circuit topology arises
from the synergistic effect between the temperature coefficient of resonant frequency of
BaSc204 (zr = 167 ppm/°C) and the thermal expansion of metal electrodes. With increasing
temperature, the substrate permittivity decreases, leading to an upward frequency shift. This
feature offers distinctive potential for wireless communication systems operating over a wide

temperature range.

71



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

In addition, substrate integrated waveguide (SIW) bandpass filters offer advantages such as
high-quality factors and low radiation loss. Their cavity structures can be approximately
modeled as dielectric-filled rectangular waveguide cavities. For a rectangular waveguide cavity,

the resonant frequency of the TE/TM modes, fomnp, can be expressed as [296]:

- CO ﬁ 2 ﬂ 2 £ 2
o= i, J(wj (3)+(%) 0

where ur is the relative permeability of the dielectric medium, and w, 4, and / are the width,

height, and length of the cavity, respectively. The integers n, m, and p denote the mode indices
along the width, height, and length directions, respectively. Since microwave dielectric
ceramics are generally non-magnetic materials, ur is usually taken as 1. When an SIW bandpass
filter operates in the TE101 mode, its center resonant frequency can be obtained from the

equivalent rectangular waveguide cavity model [297]:

BT
N IR Wetr Logs

where the effective width wefr and effective length Lfr of the SIW cavity are given by [297]:

‘/TEI(H
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where s is the center-to-center spacing between two adjacent metallized via holes, and d is the
diameter of the metallized via holes. The coupling coefficient K and external quality factor Qe
of SIW resonators can also be extracted using Eqs. 10 and 11, respectively.

Ref. [298] proposed a single-layer substrate integrated waveguide (SIW) resonator bandpass
filter featuring negative coupling and a simple fabrication process, as shown in Fig. 22(b). The
design aims to reduce manufacturing complexity: the negative coupling is realized by
introducing only a single slot on one side of the substrate, without increasing the number of

substrate layers. With the proposed negative-coupling configuration, a single-layer SIW filter
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with transmission zeros can be achieved without raising the fabrication difficulty. Nevertheless,
SIW filters impose stringent requirements on via-hole machining accuracy and dimensional
control, and their physical size remains relatively large.

Lumped-element filters employ interdigital capacitors, metal-insulator-metal (MIM)
capacitors, and spiral or meander inductors to form equivalent LC resonators or networks. For
an LC bandpass filter, the center resonant frequency foLc is determined by the resonant

inductance L and capacitance C, and can be expressed as [299]:

1
Jore = 2ndIC (70)

when the capacitance C is realized using a dielectric structure, it can be written as:
C=éf, (71)

where ¢o is the vacuum permittivity, 4 is the effective overlapping area of the two electrodes,
and d. is the thickness of the dielectric layer. When the inductance L and geometric dimensions
are fixed, a higher & leads to a larger capacitance C, thereby reducing the center resonant
frequency foLc. Conversely, for a fixed target center frequency, increasing & can reduce the
electrode area 4 required to realize the desired capacitance, which is beneficial for the
miniaturization of LC bandpass filters. Lumped-element filters offer compact size and are well
suited for low-frequency miniaturization. However, their high-frequency performance and
power-handling capability are often constrained by parasitic effects and the finite Q factors of

lumped elements. To overcome these limitations, hybrid filters, also referred to as lumped—

distributed filters, combine lumped and distributed parameters by loading capacitors or
inductors onto transmission-line resonators, or by jointly leveraging stepped-impedance

sections and lumped elements to realize resonance and coupling.
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Figure 22. Planar bandpass filters with different architectures: (a) distributed-parameter filter: 1) model, ii)
|S11] at different temperatures, and iii) |S21] at different temperatures [295]. Reproduced with permission from
Ref. [295], © Wiley-VCH GmbH 2026. (b) substrate integrated waveguide (SIW) filter: i) model and
topology, ii) photograph of the fabricated prototype, and iii) S-parameter performance [298]. Reproduced
with permission from Ref. [298], © IEEE 2025. (c) lumped—distributed filter: i) model, ii) photograph of the
fabricated prototype, and iii) S-parameter performance [299]. Reproduced with permission from Ref. [299],

© IEEE 2024.

Ref. [299] presented three types of lumped—distributed resonators; Fig. 22(c)(i)—(iii) show
the structural model of the bandpass filter, a photograph of the fabricated prototype, and its S-
parameters. These resonators introduce two transmission zeros (TZs) at finite frequencies in the
transfer function of an in-line bandpass filter (BPF). When such resonators are used in a mixed -
coupling bandpass filter without cross coupling, the number of transmission zeros can be

increased from (N+1) to (3N+1), strengthening out-of-band suppression and improving filter
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selectivity. In addition to antennas and filters, ceramic dielectric substrates are also widely used
in passive components such as power dividers, duplexers, phase shifters, and couplers [300-
303].

While the above examples mainly involve planar ceramic-substrate components, further
miniaturization and functional integration can be achieved through LTCC technology, which
enables multilayer stacking and three-dimensional interconnection by co-firing low-
temperature sintered dielectric media with embedded metal electrodes. It can integrate
transmission lines, resonant structures, passive networks, and packaging functions within a
compact footprint, making it an important route toward RF front-end modularization.
Compared with single-layer ceramic substrates, LTCC components offer smaller size and
higher integration density, which in turn requires material systems to simultaneously satisfy co-
firability, thermal-expansion matching, and long-term reliability. In recent years, passive
components designed based on LTCC technology have primarily focused on typical
architectures such as filters, antennas, duplexers, power dividers, couplers, and phase shifters.

LTCC filters can be regarded as multilayer implementations of dielectric-substrate filters,
and they can be categorized into three types: lumped-element, substrate integrated waveguide
(SIW), and distributed -parameter structures. Ref. [304] proposed a novel dual-band bandpass
filter (D-BPF), as shown in Fig. 23(a), featuring two independently controllable transmission
zeros (TZs). Closed-form equations were derived via even-/odd-mode analysis to validate the
proposed theory. As a demonstration, a dual-band bandpass filter targeting 5SG applications was
designed, fabricated, and measured with center frequencies of 3.32/5.17 GHz and 3-dB
fractional bandwidths of 25.45%/14.20%, respectively. Implemented using an LTCC process,
the component occupies only 11.4 mm x 6 mm % 0.94 mm. Measurements indicate minimum
insertion losses of 1.38 dB/1.53 dB at the two center frequencies, with return losses of 28 dB/23

dB, confirming both the feasibility of the proposed structure and its favorable performance.
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To achieve high performance in the millimeter-wave band, Ref. [305] presented a low-loss,
self-packaged Ka-band LTCC filter based on an artificial multimode SIW resonator, as depicted
in Fig. 23(b). Two ridges and two metal strip lines are densely integrated within a single SIW
cavity, forming an artificial quad-mode resonator. Benefiting from the shielding of the SIW
cavity, the resonator exhibits a high O, enabling very low loss for the Ka-band filter. To verify
the proposed approach, a 28-GHz filter was fabricated using LTCC technology. The measured

insertion loss is as low as 0.8 dB, demonstrating strong appeal for millimeter-wave applications.
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Figure 23. LTCC filters of different types: (a) lumped-element [304]; Reproduced with permission from
Ref. [304], © IEEE 2022. (b) substrate integrated waveguide (SIW) [305]; Reproduced with permission
from Ref. [305], © IEEE 2023. (c) distributed-parameter [306]. Reproduced with permission from Ref.
[306], © Elsevier Ltd. 2024. For each filter: i) model; ii) fabricated prototype photograph; iii) S-
parameter performance.

Furthermore, to realize a compact footprint and improved performance at millimeter-wave
frequencies, Ref. [306] proposed a new highly selective, low-loss, and miniaturized millimeter-

wave bandpass filter enabled by a LiMgo.9(Nio.2C002Zn0.2Cu0.2Mno2)0.1PO4 ceramic and LTCC
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processing, as shown in Fig. 23(c). The filter employs folded half-wavelength and quarter-
wavelength stepped-impedance resonators (SIRs), and the multilayer integration capability of
LTCC is leveraged to effectively reduce the size. To enhance selectivity, an additional cross-
coupling path was introduced on top of a partial cross-coupling topology to form a fully cross-
coupled topology. The design was analyzed using coupling-matrix synthesis and an equivalent-
circuit model, yielding three transmission zeros in the vicinity of the passband. To validate the
proposed design methodology, a 28-GHz bandpass filter was designed and fabricated,
achieving a minimum insertion loss as low as 0.61 dB. Three transmission zeros are introduced
on both sides of the passband, resulting in skirt selectivities 0f25.50 dB/GHzand 10.47 dB/GHz,
respectively, which improves frequency selectivity. The effective circuit area is only 1.44 mm
x 1.0 mm (0.134 40 % 0.093 4o), demonstrating miniaturization at millimeter-wave frequencies.

Beyond filters, LTCC technology is also highly attractive for antenna integration. Leveraging
multilayer LTCC co-firing, the dielectric layers, metal layers, cavity structures, vertical
interconnects, and feeding networks of antennas can be monolithically integrated in a three-
dimensional manner. This endows LTCC antennas with clear advantages in millimeter-wave
arrays, antenna-in-package (AiP), substrate integrated waveguide (SIW) slot arrays, and
integrated horn implementations. In addition, the low-loss microwave dielectric ceramics used
in LTCC reduce conduction and dielectric losses, enhancing radiation efficiency and gain.
Current research mainly focuses on broadband and multi-band designs, circular-polarization
realization, and co-optimization of array feeding networks and packaging [307-313]. For
instance, Ref. [312] proposed a D-band dual-frequency SIC slot-antenna array for 6G IoT
applications such as V2V/V2I. Dual-band radiation is achieved by exciting two higher-order
radiation modes and arranging four radiating slots on the top layer of the cavity, while a
vertically arranged SIW feeding network is adopted to reduce the overall size. The fabricated
LTCC 2x2 array achieves gains of 12.1/12.4 dBiat 150.8/166.5 GHz, respectively, and the 1x4

array realizes beam pointing at -25° and -20° at 147.95/163.25 GHz with gains of 7.2 and 10.3
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dBi, respectively. Ref.[313] presented a metasurface phased-array antenna (MSPA A) synthesis
approach based on metasurface antenna (MSA) unit cells. To simultaneously achieve low
profile, wide impedance bandwidth, and large-angle scanning, a patch—via-wall and blind-
cavity configuration was introduced, and an 8x8 array was implemented using LTCC packaging
with a profile height of only 0.1A. Over 8~12 GHz (40%), the array supports +45° scanning
with active VSWR < 2.5, delivering a peak gain of 24.9 dBi and aperture efficiency exceeding
80%, while maintaining cross-polarization below -42.9 dB.
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Figure 24. Dielectric resonant and dielectric waveguide components of different types: (a) resonator: 1)
model; ii) top view of the electric-field distribution for the TE,(; mode; iii) dielectric selection function
versus relative permittivity (e,), indicating that the material with ¢, = 20 is the most suitable [314].
Reproduced with permission from Ref. [314], © IEEE 2025. (b) diclectric resonator antenna: i) model;
i) simulated and measured |S,,|; iii)) simulated gain and radiation efficiency [315]. Reproduced with
permission from Ref. [315], © IEEE 2026. (c) dielectric waveguide filter: i) model; ii) fabricated
prototype photograph; iii) simulated and measured |S,;| at different temperatures (25 °C and 85 °C)

[316]. Reproduced with permission from Ref. [316], © Elsevier Ltd. 2023.© 2023 Elsevier Ltd. All

78



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

rights reserved. (d) dielectric duplexer: i) model; ii) fabricated prototype photograph; iii) simulated and

measured S-parameter performance [317]. Reproduced with permission from Ref. [317], © [EEE 2021.
In contrast to ceramic-substrate and LTCC components, where ceramics primarily serve as
dielectric platforms or multilayer integration media, dielectric resonant and dielectric
waveguide components employ high-Q dielectric ceramics as the core resonant elements and
exploit electromagnetic standing-wave resonances to realize functions such as frequency
selectivity and radiation. Therefore, they represent an important technological route toward low
insertion loss in microwave passive components. Such components typically require materials
with high Oxf and near-zero 7y to reduce insertion loss and suppress temperature drift.
Meanwhile, by tuning the & and the structural dimensions, a trade-off between miniaturization
and bandwidth can be achieved. Representative forms include dielectric resonators, dielectric
resonator antennas, dielectric filters, and dielectric duplexers, as exhibited in Fig. 24 [314-317].
Rectangular and cylindrical dielectric resonator antennas are commonly used to validate the
dielectric properties and application potential of newly developed microwave dielectric
ceramics. Fora rectangular dielectric resonator antenna, the lowest-order resonant mode (TMio1)

is often employed, and its resonant frequency can be expressed as [259]:

c 1Y (1Y
™ _ 0 2| 4| — 7
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where a and d denote the lateral dimension and height of the rectangular dielectric resonator
antenna, respectively, with d being the height perpendicular to the ground plane.
For a cylindrical dielectric resonator antenna, the commonly used modes include the TEo1s,

TMo1s, and HE 1156 modes, whose resonant frequencies can be expressed as [259]:
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where ar and / represent the radius and height of the cylindrical dielectric resonator antenna,
respectively. Therefore, the initial dimensions of a dielectric resonator antenna can be estimated
according to the target resonant frequency and the dielectric constant of the ceramic material.
In addition, for dielectric waveguide resonators, filters, and duplexers, the initial resonator
dimensions can be estimated using Eq. 66, while the coupling coefficient K and external quality
factor Qe can be extracted using Egs. 64 and 65, respectively. These initial values can then be
further optimized through full-wave electromagnetic simulation to meet the required frequency
response, bandwidth, and insertion-loss specifications.

As for the synergistic design of metamaterial topology for novel electromagnetic responses,
the expansion of microwave dielectric ceramics into metamaterials is not merely a substitution
of materials but introduces a new, synergistic design dimension. The intrinsic properties of the
ceramic, specifically its complex permittivity (the real part & and the imaginary part represented
by the Q xfvalue), become active tuning parameters alongside the geometric dimensions of the
meta-atom. This synergy enables access to exotic electromagnetic states that are difficult to
achieve otherwise. A prime example is the excitation of anapole states, characterized by a
suppressed far-field radiation pattern due to destructive interference between fundamental
multipole moments, which can be harnessed for strong near-field confinement and perfect
absorption. Luo et al. pioneered the realization of such states in a monolithic ceramic system.
They designed a metamaterial comprising an array of high-&  ceramic
(BasEu1Nds33Ti17Alo.4Gao.s0s53.5) meta-atoms. By strategically designing the meta-atom's
geometry (acting as a capacitive element) and synergistically exploiting the dielectric loss
(tunable via the ceramic's Q xf value), they constructed a hybrid anapole mode (In some
research, it is called Lattice Anapole, but from this design perspective rather than physics, we

believe that Hybrid Anapole is more appropriate). In Fig. 25, theloss acts as a lumped resistance

80



Journal of Advanced Ceramics https://mc03.manuscriptcentral.com/jacer

in an equivalent circuit model, allowing critical coupling to be achieved. This integrated
insulated materials-by-design approach resulted in perfect absorption (A = 99%) in the
millimeter-wave band (near 30 GHz), as conclusively demonstrated by the measured scattering
parameters and the derived impedance matching condition (Zefr = 1). Furthermore, owing to the
excellent temperature stability of the tailored tungsten bronze ceramic (zr= +6.6 ppm/°C), the
anapole metamaterial absorber maintained high performance (> 95% absorbance) up to 220 °C
with minimal frequency drift. This work fundamentally shifts the perspective on dielectric loss:
in this context, it is not a passive, undesirable material parameter but a crucial, active degree of
freedom for tailoring the electromagnetic response of the metamaterial. Itillustrates a co-design
philosophy where ceramic synthesis targets specific (&, O Xf) pairs to enable desired

metamaterial functionalities, a significant departure from the traditional goal of minimizing loss
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Figure 25. (A) Lumped element equivalent circuit model of metamaterial perfect absorber based on BENT-
AG ceramics. (B) Details and geometric parameters of metamaterial perfect absorber. (C) Multipole
decomposition results and (D) simulated transmittance, reflectance, and absorbance of BENT-AG-based
metamaterial perfect absorber in free space. Combined performance for &= 70, O xf = 6200 GHz, and the
period is 3.66 mm. E-field distribution (E—G) based on eigenmode analysis and (H-J) in meta-atom array
in xy, xz, and yz planes, respectively [318]. Reproduced with permission from Ref. [318], © Royal Society

of Chemistry 2023.

From discrete components to monolithic, extreme-environment metamaterials, the
application of microwave dielectric ceramics has transcended their traditional role as passive
resonators or substrates in conventional electronics. A transformative frontier is their direct
integration as the sole constituent in architecting all-dielectric, all-ceramic metamaterials. This
approach directly addresses a critical bottleneck in the deployment of functional
electromagnetic devices, such as perfect absorbers or sensors, in extreme environments
involving high temperatures, thermal shock, and oxidizing atmospheres. Conventional
metamaterials often rely on multi-material composites (e.g., metal-dielectric stacks or
supported functional layers) where mismatched thermal expansion coefficients and material
degradation under thermal stress lead to catastrophic failure. The innovative work by Luo et al.
demonstrates a paradigm where the metamaterial itself is a monolithic, single-phase ceramic
piece engineered with sub-wavelength features. In their seminal work, a "desymmetrized"
metamaterial was fabricated from a tungsten bronze-based ceramic plate into which a periodic
array of blind holes was machined with high precision. This simple, substrate-free design
embodies the powerful principle that "the device tolerance temperature equals the material
tolerance temperature." The microwave dielectric ceramic provides not only the desired
permittivity and low loss but also the intrinsic high melting point and chemical stability. The
metamaterial's functionality arises from a carefully engineered symmetry breaking (D4v),
which, within the theoretical framework of bound states in the continuum (BIC) and the
generalized Kerker effect, allows for the coherent superposition of odd and even multipolar
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modes (e.g., electric and magnetic dipoles/quadrupoles). At a singular point, this interference
leads to a transverse scattering mode, manifesting as near-perfect absorption (>99%) with
suppressed both reflection and transmission. Crucially, as shown in Fig. 26, this absorption
performance remains remarkably stable afterten thermal cycles at 1300 °C and even aftersevere
thermal shock followed by a repair process [319]. This level of robustness, unattainable with
composite or metal-based counterparts, underscores the unique value proposition of using bulk-

engineered microwave dielectric ceramics to create ultra-resilient electromagnetic devices for
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Figure 26. (A) structural and functional diagram of desymmetrized metamaterials. Reliability demonstration:
typical matching extreme (high temperature) environments of (B) thermal shock and (C) high-temperature
aging failure. (D) 10 cycles of high temperature performance. (D) Results of in-situ absorption measurements

from room temperature to 900°C. (F) the S11 results before and after thermal shock and repairing. Images of
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sample (G) after thermal shock and (H) repairing [319]. Reproduced with permission from Ref. [319], ©

Wiley-VCH GmbH 2026.

The foray of microwave dielectric ceramics into the realm of metamaterials represents a
profound expansion of their utility. They have evolved from being mere enabling materials to
becoming the central, active component in creating artificial materials with unprecedented
properties. The demonstrated pathways—constructing monolithic, extreme-environment
devices through macroscopic symmetry engineering and accessing novel electromagnetic states
like anapoles via synergistic property-structure design—establish microwave dielectric
ceramics as a versatile and powerful platform forthe next generation of robust, high - frequency,
and functional electromagnetic devices.

Although significant progress has been achieved in the component-oriented applications of
microwave dielectric ceramics, several challenges remain to enable further advances toward
higher-performance component design. For conventional microwave components (substrates,
LTCC modules, and dielectric resonators), first, strong capability is required for the co-
optimization and batch-to-batch consistency of key dielectric properties, so as to mitigate
center-frequency deviations, temperature drift, and yield degradation caused by sintering
shrinkage and microstructural fluctuations. Second, to address the demands of high-frequency
operation and miniaturization, materials—component co-design for miniaturization should be
pursued to alleviate bandwidth narrowing and increased insertion loss that may arise from
relying solely on higher &. Third, in packaging and system-integration scenarios such as
LTCC/AiP/SiP, joint electromagnetic—circuit co-modeling and optimization across the
component, package, and PCB should be advanced, accelerating the transition of passive
components from discrete implementations to multifunctional integration, modularization, and
system-level high density integration. For emerging metamaterial devices based on microwave
dielectric ceramics, additional challenges arise. First, the fabrication of monolithic all-ceramic

metamaterials requires high-precision machining (e.g., drilling sub-wavelength hole arrays)
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without introducing microcracks or surface defects that degrade dielectric loss. Second, while
the co-design of ceramic properties (&, OXf, 77) and meta-atom geometry enables novel
electromagnetic responses (anapole states, bound states in the continuum, perfect absorption),
a systematic design methodology linking material synthesis targets to metamaterial
functionalities is still lacking. Third, although ceramic-based metamaterials demonstrate
exceptional thermal stability (e.g., up to 900 °C), long-term reliability under cyclic thermal
shock, oxidation, and mechanical vibration in real-world extreme environments (aerospace,
propulsion) requires further validation. Addressing these challenges will unlock the full
potential of microwave dielectric ceramics as a platform for next-generation resilient and
functional electromagnetic devices.

2.5 Frontier: Machine Learning Driven Materials Development

As materials science transitions into the data-driven “fourth paradigm”, machine learning (ML)
offers a transformative pathway for the design of functional ceramics. While traditional trial-
and-error and computational methods face limitations in handling complex, high-dimensional
design spaces, data-driven approaches enable the extraction of hidden correlations and rapid
property prediction. This section reviews the progress in predicting key performance metrics of
dielectric ceramics, &, Oxf, and 7r values, highlighting the evolution from compositional
mapping to physics-informed modeling.

Early data-driven predictions of permittivity primarily relied on compositional descriptors
and targeted accelerated screening within specific solid-solution systems [320-322]. Regression
models such as SVR have effectively balanced high & and near-zero zr in systems like
(Ca,Nd)TiO3 and cordierite by navigating narrow composition windows (Fig. 27a and 27b)
[323, 324]. With growing interest in capturing more complex composition-property
relationships, deep learning approaches began to attract attention. An attention-integrated CNN
developed for spinel ceramics emulated physical intuition by assigning higher weights to active

cations, reducing prediction errors by ~20% compared with baseline models (Fig. 27¢) [325].
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However, when extended to heterogeneous datasets, composition-only models exhibit sharply
increased errors [326, 327], revealing that while compositional descriptors capture lattice
distortions within isostructural solid solutions, they fail to represent distinct polarization
mechanisms associated with different structural units, such as corner-sharing octahedra versus
isolated tetrahedra.

To overcome these limitations, recent studies have shifted toward incorporating explicit
structural descriptors to capture the underlying physics of polarization. Qin et al. [328]
incorporated physics-informed features, including molecular dielectric polarizability per unit
volume (ppv), average bond length (blm), and atomic cell volume (va), into an SVR model that
outperformed the classical Clausius—Mossotti equation (Fig. 27d and 27e). These descriptors
clarified that lower ppv reduces ionic polarization density, while shorter b/m increases bond
stiffness and suppresses cation displacement. Building on this framework, a correction term for
the C—M equation was derived via symbolic regression, demonstrating the potential of ML to
refine classical dielectric theory [329]. While Sheng et al. [330] employed formula-splitting
strategies to construct high-dimensional features without explicit structural inputs, enabling
descriptor construction when crystallographic information is incomplete. Within specific
structure families, models integrating physics-informed features, such as atomic radius,
electronegativity, and ionization energy achieved high accuracy for spinels and perovskites
[331, 332]. Transitioning from handcrafted descriptors to automated representations, graph
neural networks (GNNs) have been introduced to model structure-property relationships
directly from crystal topology. Xi et al. [333] applied a RGCN to link permittivity in
molybdates and vanadates to network connectivity and strong covalent bonding, while Liu et
al. [334] utilized a CGEN model with GNNExplainer to identify specific elemental contributors
in titanates. However, while these models capture lattice connectivity, challenges remain in
handling structural disorder. For instance, Riebesell ef al. [335] identified Bi2Zr2O7 using Wren

Deep Ensembles but noted discrepancies between predicted ordered structures and
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experimentally observed disordered phases, highlighting the limitations of GNNs trained

primarily on idealized crystallographic data.
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Figure 27. (a) Comparison of microwave dielectric properties between previously reported perovskite and
ML-identified (Cao.7Ndo2)TiOs-based ceramics [323]. Reproduced with permission from Ref. [323], © The
American Ceramic Society 2024. (b) Distribution of ML-predicted microwave dielectric properties for
Mg2Al3Sis013-TiO2 based ceramics [324]. Reproduced with permission from Ref. [324], © Elsevier Ltd.
2025. (c¢) Comparison of model performance for spinel microwave dielectric ceramics [325]. Reproduced
with permission from Ref. [325], © Elsevier Ltd. 2025. (d) Measured permittivity in a 3D feature space. (¢)
Predicted permittivity in 3D feature space [328]. Reproduced with permission from Ref. [328], © The
Chinese Ceramic Society and Elsevier B.V. 2021. (f) SHAP values of bandgap to electronic contribution of

permittivity [336]. eproduced with permission from Ref. [336], © AIP Publishing 2020.

Bridging the gap between idealized lattice models and experimental performance requires
disentangling intrinsic polarization from extrinsic microstructural effects. One strategy
introduces processing conditions as indirect descriptors for unmeasured microstructures.
Kireeva et al.[337] demonstrated that including calcination and sintering parameters improves
predictive performance but yields structure-dependent responses; in defect-sensitive systems
like X8R BaTiO3 [338] and rock-salt ceramics [339], sintering temperature can become a more

critical predictor than composition itself. Liu et al[340] further improved accuracy by
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designing physics-informed kinetic descriptors that quantify the thermal budget. In parallel,
first-principles calculations provide a complementary route by isolating intrinsic mechanism.
Noda et al.[341] showed that permittivity arises from an interplay between electronic
delocalization and local bonding. To address domain shift in general models, Kim et al.[342]
showed that retraining with domain-specific data and structural descriptors sensitive to
octahedral distortions markedly improves predictive accuracy. Within focused domains, Lin et
al.[343] and Yao et al.[344] established inverse correlations between permittivity and electronic
features in quantitative agreement with the classical Penn model. Furthermore, Takahashi et
al.[345] and Shimano ef al.[346] showed that electronic polarization depends on macroscopic
descriptors, while ionic polarization dependson local heterogeneity. Incorporating such domain
knowledge into feature engineering improves both accuracy and interpretability: SHAP
analysis revealed that €1 correlates positively with theoretical density and negatively with
bandgap (Eg), also in agreement with the Penn model (Fig. 27f) [336], enabling the
identification of exceptional materials combining high permittivity and wide band gaps [347].

Predicting O%f value (or tand) is more challenging due to its sensitivity to multiscale
structural features, defects, and local symmetry breaking. Traditional heuristics based on lattice
rigidity or packing density often fail to provide quantitative guidance, motivating ML
approaches to capture non-linear coupling between lattice anharmonicity and dielectric loss.
However, early composition-based models, largely adapted from permittivity prediction,
struggle to represent defect- and structure-dependent contributions. Within narrowly defined
systems, ML models achieved high accuracy for BaTiO3, (Zr0.7Sno.3)TiO4 and (Cao.7Ndo2)TiO3
ceramics, but these results derived from small and homogeneous datasets primarily reflect local
compositional trends and lack generality [320, 322-324]. Recognizing the path-dependent
nature of dielectric loss, Liu ef al.[340] incorporated thermal-history descriptors into a Gaussian
kernel ridge model for LTCCs, achieving R = 0.91 for design of low-&r, low-tand ceramics

(Fig. 28a), underscoring the importance of processing-informed features. To improve physical
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interpretability, recent studies quantified local structural environments. Guo et al. [348]
constructed a self-consistent dataset for the Li4SrCaSi>Os system and built an interpretable
decision tree model (Fig. 28b). The Si/Li atomic mass ratio, Si/Sr ionic radius ratio, and total
cation electronegativity were identified as key descriptors. Increasing the Si/Li mass ratio and
Si-O bond covalency suppresses anharmonic lattice vibrations, leading toa Sn**-doped ceramic
with a high O xfof 83,526 GHz. Qin et al.[349] investigated gillespite-type (CaxSri-x)CuSisO1o
ceramics, where substituting Ca?" for Sr** distorted the [(Ca,Sr)Os] dodecahedra while
preserving the rigid silicate framework. An SVR model identified the A—O2 bond length and
bond length variance as decisive, showing that shorter, stiffer bonds and optimized polyhedral
distortion suppress lattice vibrations and energy dissipation. This mechanism-based model
extrapolated to isostructural (Ba,Sri.)CuSisO10 (Fig. 28¢c). However, expanding structural
diversity often reduces accuracy due to the difficulty of defining universal descriptors. Mo et
al.[350] compromised this challenge in the ABO4 family, which spans scheelite, wolframite,
and zircon structures but shares chemical connectivity. Their SVR model balanced generality
and accuracy by combining primitive cell volume, molecular polarizability, and average
electronegativity, showing that larger cell volumes reduce phonon-phonon collisions and
enhance O%f (Fig. 28d). Broader universality remains challenging. Sheng et al. [330] achieved
only moderate performance (R? = 0.4) for 725 quaternary compounds using element-based
SISSO descriptors, highlighting the limitations of composition-only models across diverse
systems. Given the high computational cost of first-principles dielectric loss calculations, Oba
et al.[351] employed transfer learning on two-phonon density of states to predict intrinsic tand
(R?=0.828), although this approach captures only the thermodynamic lower limit by neglecting

extrinsic defects and grain boundaries.
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Published by Elsevier B.V. on behalf of The Chinese Ceramic Society.

Data-driven modeling of zr value is still less developed, as temperature coefficients are
derivative properties sensitive to both intrinsic structural distortions and extrinsic processing
conditions. Ni et al.[323] employed SVR to quantify how site-specific substitutions reduce the
77 in perovskite ceramics, while Appiah et al.[324] demonstrated that sintering temperature is a
key descriptor for tuning 7 in cordierite ceramics, achieving high predictive accuracy (R? >
0.94) by capturing phase evolution during firing. However, purely compositional models fail

once structural phase transitions occur. Physics-informed descriptors that encode local
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distortions have therefore been introduced. Yang et al.[352] showed that a bond-length-based
tolerance factor of ABO3 ceramics outperforms traditional ionic metrics by reflecting
octahedral tilting, while feature analysis highlighted the role of molecular dielectric
polarizability in modulating 7y via permittivity. For broader ceramic systems, SISSO models
relying solely on elemental features achieved limited accuracy (R? = 0.57), underscoring the
inability of pure compositional descriptors to generalize in complex systems [330]. Kireeva et
al.[337] incorporated calcination and sintering parameters as processing-derived descriptors,
achieving a much higher performance (R2= 0.79) across seven material families. Their analysis
showed that processing history influences zrmuch more than permittivity. This reflects that zr

1s more sensitive to processing history than permittivity.
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Figure 29. Performance benchmarking of ML models for microwave dielectric properties: (a) Relationship
between data size, feature complexity, and predictive accuracy; (b) Sankey diagram illustrating the mapping

from targets and features to algorithmic performance.

To evaluate the current modeling capabilities for microwave dielectric ceramics, we
systematically cataloged representative machine learning studies in Table 4 and analyzed their
performance landscape in Fig. 29. The table summarizes key parameters including material
systems, specific dielectric targets, algorithms, data sources, and the dimensionality of feature
sets. As visualized in Fig. 29(a), the benchmarking results reveal a complex relationship
between dataset size, feature complexity, and predictive accuracy (R?), highlighting both the
progress of data-driven approaches and the sparse regions in the current data landscape where
further efforts are needed. Fig. 29(b) further elucidates the architectural mapping between
modeling strategies and outcomes. While & prediction is predominantly driven by physics-
informed features, O*f and 7r rely on a more balanced integration of compositional and
processing-aware descriptors. In terms of algorithmic deployment, kernel-based and linear
regression models are the primary choice for small-scale datasets, frequently delivering high
precision (R? > 0.90). Ensemble methods and deep learning architectures manage larger data
volumes, bridging diverse feature categories to maintain robust performance across broader
chemical and structural spaces.

In summary, data-driven modeling of dielectric properties is evolving from black-box
compositional mapping toward structurally and physically informed frameworks, yet major
challenges remain in reconciling idealized lattice physics with experimental reality. While ML
can predict permittivity with high accuracy in constrained domains, achieving both universality
and precision remains difficult due to topological diversity. Predicting Q %f and zris further
complicated by lattice anharmonicity and derivative effects that static descriptors cannot fully
capture. A fundamental limitation across all three properties is the inadequate representation of

extrinsic factors, including defects, grain boundaries, and processing history. Future progress
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therefore requires hybrid, physics-aware models that integrate comprehensive datasets with

domain knowledge to explicitly decouple intrinsic lattice contributions from extrinsic

microstructural effects, enabling reliable and generalizable MWDC design.

Table 4. Summary of prediction models for microwave dielectric properties.

. . Data Data Key Features (No. of
Materials Target  Algorithm Source®  Amount Performance total features) Ref.
Universality & ANN E 700  RMSE=16 Molr ra“(‘; g)f clements 1357)
Polarizability per unit
. . r=0.7638 volume, Average bond
Universality &r SVR.RBF E 254 RMSE = 2.54 length, Average cell [328]
volume per atom (3)
Compositional,
Five crystal R?>=10.85 Structural, Atomic,
systems & SVR.RBF E 422 RMSE =4.84 Heat-treatment features [337]
(20)
Atomic radius
ABOs- R? =(.8837 L
based &r SVR.RBF E 325 RMSE = 10.3 Elec'.[ronegatn{lty, [332]
Ionization energies (5)
Encoded atomic
R*=038 (electrorlf:a;?ir eist radii
Universality & Res-GCN E 360  RMSE=1.872 gauVILy, Tadll, 1334
6 valence) and bond
distances (Crystal
Graph)
R?=0.85 Electron affinity,
Universality & CGEN C+E 506 RMSE = 3.74 Outermost electrons, [334]
MAE = 2.60 Electronegativity
CaTiO:s- e SVR RBF E 20 RMSE = 2 Molar ratio of elements [323]
based 2)
Atomic radius
2 — >
Spinel & XGBoost  E 37 R 20909 0 plectronegativity,  [331]
RMSE = 1.96 S .
Ionization energies (5)
Concentrations of
Glas§ e GKRR E 63 R2 =0.57 ceramic filler, Glgss [340]
ceramics phase and processing
parameters (9)
Universality & ANN C 1864 R2=0.7 Magp“z fgg;“ptors [347]
Element ratio,
Coordination number,
Quaternary 2 Mass attenuation
materials ér SISSO E 725 RT=0.8 coefficient, Chemical [330]
potential, Polarizability
(%)
. Cohesive energy, lonic
ABO:;- Partial R?=0.67 . -
based &r LSR C 360 RMSE = 0.63 radii of z?lzr(l)cfl;)B cations [341]
. CRANCN R?=0.95 Data embedding
Spinel o NM2V E 385 RMSE-1.52 methods [325]
BaTiO:s- r=0.9998"" Concentrations of five
&r BP-ANN E 21 RMSE = o [320]
based 19 34 additives (5)
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[337]
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[323]
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* Data Source: E = Experiment; C = Calculation; C+E = Combined experiment and calculation.

3. Conclusions, Future Perspectives and Research Challenges

This review has systematically surveyed the landscape of microwave dielectric ceramics

research

across

five

interconnected dimensions:

understanding, innovative processing, device applications,

property

evaluation,

mechanistic

and data-driven discovery.
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Standardized resonant methods, particularly the TEo11-mode parallel plate and TEo1s-mode
metal cavity techniques, have established themselves as reliable tools for evaluating low-loss
materials, with measurement errors for & typically below 1% and tand detection limits
extending to 10-. Building on this, understanding of the physical origins of dielectric behavior
has matured from qualitative descriptions to quantitative frameworks. The dielectric theory of
crystal structure enables the decomposition of macroscopic properties into contributions from
individual chemical bonds, while lattice dynamics has clarified the frequency-dependent roles
of wvarious vibration modes. A defect perspective further elucidates how multiscale
imperfections, from point defects to domain structures, influence anharmonic lattice vibrations
and relaxation behavior, providing critical insights into the origins of dielectric loss. More
recently, the cation rattling effect has emerged as a new paradigm for understanding and
tailoring the temperature coefficient 7z On the processing front, innovative technologies are
reshaping manufacturing. The cold sintering process, for instance, achieves ceramic
densification below 300°C via dissolution-precipitation mechanisms, reducing energy
consumption by over 97% compared to conventional sintering while enabling co-firing with
polymers, glasses, and low-melting-point electrodes. The translation of material properties into
device performance is clearly demonstrated across applications: low-&r ceramics serve as high-
speed substrates, medium-& materials form the core of resonators and filters, and high-&
compositions enable extreme miniaturization. Finally, machine learning is accelerating the shift
from trial-and-error experimentation to rational design. While early compositional models
succeeded only within narrow domains, the incorporation of physics-informed descriptors has
significantly improved both predictive accuracy and interpretability.

Future research on MWDCs lies at the intersection of material innovation, sustainable
manufacturing, and intelligent design. Firstly, there is an urgent need for materials with ultra-
low dielectric loss (tand < 1074), near-zero temperature coefficient of resonant frequency (zy),

and low permittivity (& < 6) to enable operation in the millimeter-wave (mmWave) and sub-
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terahertz (sub-THz) bands, which is critical for achieving ultra-high datarates and low latency.
This will necessitate the exploration of novel material systems, such as high-entropy ceramics
and complex oxides, and the refinement of existing compositions through advanced doping and
composite engineering. Secondly, sustainable and low-energy manufacturing will become
increasingly important. Novel processing techniques, such as cold sintering (below 300 °C) and
microwave-assisted sintering, etc., offersignificant potential to reduce energy consumption and
enable co-firing with low-melting-point metals and polymers, facilitating heterogeneous
integration. Thirdly, data-driven discovery using machine learning (ML) and artificial
intelligence (AI) will accelerate the design and optimization of MWDCs. The integration of
machine learning and high-throughput experimentation will accelerate the discovery of new
ceramic compositions, moving beyond traditional trial-and-error approaches to enable rational,
on-demand material design. Finally, multifunctional integration will be a key trend, where
MWDCs are designed to combine dielectric functionality with other properties like thermal
conductivity or piezoelectricity, enabling the development of compact, high-performance RF
modules for integrated systems.

Despite these promising directions, significant research challenges remain. A primary hurdle
is achieving ultra-low loss at high frequencies (above 100 GHz). As operating frequencies
increase into the mmWave and sub-THz range, dielectric and conductor losses escalate
dramatically, making it difficult to maintain high Q xf. This requires a deeper understanding of
loss mechanisms at the atomic and microstructural levels and the development of new
characterization techniques for these frequencies. Another critical challenge is manufacturing
consistency and scalability. The performance of MWDCs is highly sensitive to processing
conditions, and achieving uniform microstructures with minimal defects at the nanoscale
remains difficult, especially for large-scale production. Additionally, while ML shows great
promise, data scarcity and model interpretability are ongoing challenges. Building

comprehensive, high-quality datasets and developing physically interpretable ML models that
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can reliably predict properties across diverse material systems are essential for realizing the full
potential of Al-driven materials discovery. Finally, integrating MWDCs with emerging device
architectures poses significant technical barriers. For 6G communication and chiplet packaging
applications, seamless integration with semiconductor processes such as thin-film deposition
and 3D fabrication, as well as compatibility with LTCC and organic substrates, are critically
required. This requires materials possessing matched thermal expansion coefficients and
excellent long-term performance stability. Addressing these challenges will solidify MWDCs'
role as foundational materials in next-generation wireless technologies and beyond.
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