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Abstract: In this study, we used solid-state synthesis to prepare Ba[(ZnyCo1_)1,3(Nbg5Tag5),,3103
microwave ceramics for mobile communications. Compared with Ba[Zn; /3(Nbg 5Tag 5),/3]03, in the
prepared materials, Co?* substitution with Zn?* improved the Q x f value and enabled densification
and sintering at a lower temperature. We used X-ray diffraction (XRD) and scanning electron
microscopy (SEM) to analyze the obtained microstructure. Ba[(ZnyCo;_x)1,/3(Nbg5Tag 5)2,3103 was
found to have a 1:2 ordered hexagonal structure, and its Q x f value increased with the increase in
sintering temperature. In this work, excellent microwave dielectric properties—1; = —0.7 ppm/°C,
er =34.5,and Q x f =110,000 GHz—were obtained by sintering Ba[(Zng 3Coy 7)1 ,3(Nbg5Tag5)2 /3103
at 1400 °C for 5 h.
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1. Introduction

Microwave dielectric ceramics have been widely used in the electronics industry
because of their near-zero temperature coefficient of resonant frequency and high Q x f
value. In this study, we examined the formation of substituent-free, non-stoichiometric,
vacancy-containing solid solutions of BZN in the BaO-ZnO-Nb,Os5 system. The perovskite
structure can accommodate the formation of vacancies at the A position to a considerable
extent. However, the extent of vacancy formation at the B site is limited to concentrations
below 2% [1]. Relatively large concentrations of B-site vacancies change the stacking of
ABOs layers to form a hexagonal perovskite structure, with vacancies being arranged in
an orderly manner in the resulting coplanar octahedral layer. The stoichiometric changes
induced by ZnO volatilization can promote the growth of ordered domains, increase
the degree of cation ordering and c/a lattice distortion, and improve the dielectric loss
characteristics of Ba(Zn;/3Tay,3)O3 (BZT) [2]. A helpful effect of cation deficiency on
loss has been found in other 1:2 composite perovskites, such as BaMg; ;3Ta; /303 (BMT)
and BaMgj,3Nb, 303 (BMN). A variety of different mechanisms and even contradictory
results on non-stoichiometric effects on cation ordering [3] have been reported in the
literature [3]. It has been pointed out in previous studies that BZT increases the degree
of ordering and c/a distortion due to the partial substitution of Zn with the cationic part
of the A site of Ba. The reduction of Zn and the associated reduction in the Zn—-Nb ratio
increase under these conditions [4]. According to the literature, the reduction of ZnO due
to cation diffusion is enhanced by the formation of zinc ion vacancies; a higher degree
of cation ordering has been observed in free BZT powders compared with the bulk [5].
Two BZT phases with slightly different unit cell parameters and c/a ratios were reported,
and a solid explanation for the formation of zinc-deficient BZT phase was obtained by
using high-resolution X-ray scattering analysis. This observation has been explained in
terms of vacancy formation during the partial melting of the phases, which has been
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claimed to increase the degree of anti-site disorder [6,7]. There are also conflicting reports
on the effects of non-stoichiometry on grain growth and densification in these systems.
According to research, the volatilization of ZnO induces the formation of a second phase,
and densification has a negative impact on BZT. However, according to other works, the
lack of Mg?* in BMN increases density, while excess Mg?" hinders grain growth and
densification. Regarding A-site elements, there are also conflicting data on the effect of
non-stoichiometry on microstructure and densification [8]. However, no evidence of liquid-
phase sintering was found in another study on BaO-deficient BMT, where the samples
were prepared with (MgCOs3)4-Mg(OH),-5H,0 instead of MgO [9]. In high—Ba2+—content
BNN, abnormal grain growth resulted in density differences, but uniform grain size was
also observed.

In previous studies, various conflicting findings in these systems have been reported,
highlighting the difficulties that can be encountered during the above-mentioned processes.
It can be confirmed that perovskite materials are closely related to the current trend of
extending the operating frequency range of MW wireless communications in microwave-
operating frequency bands, for example, 26-38 GHz in PtP Radiolinks, 20-30 GHz in VSATs,
28-40 GHz in local multi-point distribution systems (LMDSs), and even up to 60 GHz in
some applications.

Low-noise modules (LNBs) are used in various microwave dielectric components,
such as local multi-point distribution system (LMDS), module upconverters (BUCs), and
very-small-aperture terminals (VSATs). For various microwave system requirements, in
addition to the high quality of materials, it is also important to consider the price. Therefore,
considering that the dielectric loss is extremely low, new low-cost dielectric materials with
appropriate dielectric constants are needed [10-16].

Perovskite ceramics have good microwave dielectric properties and can be applied to
dielectric resonators. In particular, the chemical ordering of B-site cations and the tilt of
the oxygen octahedron are the main factors affecting the Q and tf values in these ceramics.
The dielectric properties of these materials are largely influenced by their perovskite struc-
ture. According to research, Ba(Nij ;3Nb,/3)O3 and Ba(Zn; ;3Nb, /3)O3 ceramics have nega-
tive temperature coefficients of resonant frequency (t¢), while Ba(Co; ;3Nb; /3)O3 [17-20]
has a positive temperature coefficient of resonant frequency (tf). Therefore, a
(1 — x)Ba(Coy/3(Nbg 5Tag 5)2/3)O3—xBa(Zn; /3(Nbg 5Tag 5)2/3)O3 solid solution was studied,
and the obtained materials showed novel tf values close to zero. Ba(Zn; /;3(Nbgs5Tag5)2/3),
specifically, has a high dielectric constant and a high Q value, while Ba[(ZnyCo1_x)1/3
(Nbg5Tag 5)2,3]03 solid solutions are expected to have excellent microwave dielectric prop-
erties. Researchers have studied Ba[(ZnxCo1_x)1,/3(Nbg 5Tag5)2,/3]103 microwave ceramics
for a long time, but (1 — x)Ba(Coq,3(Nbg5Tag5),,3)O3—xBa(Zn; /3(Nbgs5Tag 5)2,/3)O3 mi-
crowave ceramics have not been studied yet.

In this study, we used Zn?* substitution content in Ba(Co; /3(Nbg5Tag5)2,3)O3 to form
Ba[(ZnyxCo1_4)1,/3(Nbg5Tag 5)2/3]103, which was possible because Zn%* (0.74 A) has an ionic
radius close to that of Co?* (0.745 A) [14]. This research method greatly improved Q x f,
allowing it to reach a very high value, and ensured an extremely reliable temperature
drift coefficient for materials with stable dielectric properties. In addition, the correlations
between microstructure and microwave dielectric constant/Q x f value were also studied.

2. Experimental Procedures
2.1. Synthesis of the Samples

Ba[(ZnxCo1_4)1,3(Nbgs5Tag5)2/3]03 (x = 0.1-1) samples were prepared by using solid-
state mixed oxides; the starting materials were high-purity oxide powders (>99.9%), namely,
BaO, ZnO, CoO, Nb,Os, and TayOs, all of which were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China. Initially, the raw materials were
meticulously weighed and mixed by using agate ball-milling in distilled water for 24 h.
Subsequently, the resulting mixtures underwent a process of drying and calcination at
1100 °C for 5 h. Following this, the prepared powders were subjected to another round of
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drying and ball-milling, this time for 24 h, in the presence of a binder—5 wt% of 10% PVA
solution. The resulting mixture was granulated by passing it through a 100-mesh sieve and
then molded into pellets with dimensions of 11 mm in diameter and 5 mm in thickness
using an automatic uniaxial hydraulic press at a pressure of 200 MPA. Finally, the pellets
were sintered in air at temperatures ranging from 1325 °C to 1475 °C for 5 h.

2.2. Characterization of the Samples

Cu K radiation (at 30 KV and 20 mA) and a graphite monochromator were employed
to collect both powder and bulk X-ray diffraction spectra in the 26 range of 10° to 60°. The
crystalline phases in the sintered ceramics were determined with XRD analysis using Cu
Ko (A = 0.15406 nm) radiation, which was generated with a Siemens D5000 diffractometer
(Munich, Germany) operating at 40 kV and 40 mA. Lattice constant calculations were carried
out using GSAS software by applying the Rietveld method to fit the XRD patterns [21]. To
examine the microstructure and morphology of the sintered surface, a scanning electron
microscope (Philips XL40FEG, Netherlands) was utilized.

Furthermore, the Archimedes method was employed to determine the bulk density of
the sintered pellets. Microwave dielectric properties, including the dielectric constant and
unloaded Q, were measured in the frequency range of 6-12 GHz using the post-resonant
method, as recommended by Hakki and Coleman [22]. This technique involves the use
of parallel conducting plates and coaxial probes operating in TEg;; mode, where “TE”
signifies transverse electric waves. In TEq;1, the first two subscript integers indicate the
waveguide mode, and the third integer indicates the order of resonance within a progres-
sively increasing set of discrete resonant lengths. The measurement of the temperature
coefficient of resonant frequency was conducted over a temperature range spanning from
20 °C to 80 °C. Additionally, for the measurement, we employed an HP8757D network
analyzer and an HP8350B sweep oscillator (HP, Palo Alto, CA, USA) in combination.

3. Results and Discussion

Figure 1 shows the XRD patterns of the Ba[(ZnxCo1_y)1,/3(Nbg5Tag5)2,/3]O3 ceramics
(with x values from 0.1 to 0.9) sintered at 1400 °C for 5 h. The 1:2 ordered structure was
found in Ba(Znj /3Nb,,3)O3 ceramics sintered at lower temperatures that presented x values
from 0.1 to 0.5, but this structure disappeared in BZN ceramics sintered above 1400 °C
due to the evaporation of Zn?*. Therefore, the disturbance of the 1:2 ordering occurring in
Ba[(ZnCo1_x)1,/3(Nbg5Tag 5)2,/3]O3 ceramics with an x value below 0.7 could be attributed
to higher Zn?* content and Zn?* evaporation during the sintering process. Furthermore,
the XRD patterns revealed the absence of a secondary phase, and all identified peaks
successfully matched the simple perovskite unit cell. The negligible shift in the diffraction
peaks with the increase in the value of x can be attributed to the nearly identical ionic
diameters of Zn?* and Co?*. This suggests that the substitution of Co?* with Zn?* across
the entire composition range does not significantly alter the lattice parameters.

Figure 2 shows the SEM micrographs of the Ba[(ZnxCoj_x)1,3(NbgsTag5)2,/3]103 ce-
ramics sintered at 1400 °C for 5 h. With the increase in Zn?* content in Ba[(ZnyCo;_y); /3
(Nbg 5T40.5)2/3]05 ceramics, the average grain size increased and the shape became more
square. At the sintering temperature of 1400 °C, with the increase in Co?* content, the
observed grain size was smaller than at the relatively low sintering temperature, resulting
in higher porosity. Poor grain growth leads to smaller grain size, resulting in more pores
and reducing bulk density.

Figure 3 shows the relative density of the Ba[(ZnxCo1_x)1,3(Nbg5Tag5)2,/3]03 ceramics
as a function of their sintering temperature. It is important to observe that the relative
density exhibited an initial increase with the increase in sintering temperature, reaching a
peak at 1400 °C. However, a subsequent decrease in relative density occurred at sintering
temperatures beyond 1400 °C, although this was not notably significant. Furthermore, it is
worth noting that the relative density consistently exceeded 95.5% of the theoretical density
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for all specimens. The sintering temperature exhibited a decrease with the increase in Zn**
content (x = 0.5), enabling the sintering of Ba[(ZnxCo1_x)1,3(Nbgs5Tag 5)2,3]03 at 1400 °C.
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Figure 1. X-ray diffraction patterns of Ba[(ZnxCoq_x)1/3(Nbgs5Tag5),/3]03 ceramics sintered at
1400 °C for 5 h.
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Figure 2. SEM photographs of Ba[(ZnxCo1_x)1/3(Nbg5Tag 5),,/3]03 ceramics sintered at 1400 °C for 5 h.
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Figure 3. Relative density of Ba[(ZnxCoj_x)1,3(Nbgs5Tag5)2,3]03 ceramics sintered at different
temperatures.

The dielectric property of the Ba[(ZnyxCo1_y)1,/3(Nbg5Tag5)2/3]03 ceramics sintered
at various temperatures was a function of their x value, as illustrated in Figure 4. The
correlations observed between ¢, value and sintering temperature mirrored the trends
observed in the relationship between relative density and sintering temperature. The
dielectric constant exhibited a slight increase with the increase in sintering temperature. It is
important to note that the dielectric constant of a microwave dielectric ceramic is influenced
by ionic polarizability [23], that is, the e, values of Ba[(ZnxCo;_4)1/3(INbgs5Tag5)2,3103
increase with the Co?* substitution with Zn?*, as mentioned above. The ionic polarizability
(oxops) of the Ba[(ZnxCoj_x)1/3(Nbg5Tag 5)2/3]03 samples was estimated in order to clarify
the effects of Co?* substitution with Zn?* on the dielectric constant by using the following
equation [24]:
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Figure 4. ¢,values of Ba[(ZnxCo;_x)1,3(Nbg5Tag 5)2,/3]03 ceramics sintered at different temperatures.
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In Equation (1), &, Vi, and oy, are the relative permittivity, molar volume, and
macroscopic polarizability, respectively. The macroscopic polarizability (ct;,) was calculated
by using the experimental relative permittivity and unit cell volume data. The data reported
in Table 1 reveal an almost sigmoidal increase in theoretical polarizability with Zn?* content,
whereas the unit cell volume increased with x. The relative permittivity increased with o,
and this increase was very rapid as the value of o, approached 3V, /4m. It has previously
been reported that the macroscopic polarizability of a complex system with ideal symmetry
can be determined by the sum of the polarizability values of the constituent cations [25], i.e.,

oy = Z « (ions) )

Table 1. Lattice parameters, cell volume, ionic polarizability, and e, data of sintered
Ba[(ZnxCo1)1/3(Nbgs5Tag 52,3103 samples.

x= 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

a(A) 57753 (2) 57756 (2)  5.7761(5)  5.7784(1)  578025(3) 578123 (1) 5.78237(6) 5.78242(1)  5.78415(3)
b (A) 57753 (2)  5.7756(2)  5.7761(5)  5.7784(1)  578025(3) 5.78123(1) 578237(6) 578242 (1)  5.78415 (3)
c(A) 70873 (4)  7.0874(3)  7.0873(1)  7.0873(4)  7.0874(1)  7.0872(3)  7.0873(2)  7.0871(2)  7.0873(1)
Vi (A 3) 204.7612 204.8312 204.9012 204.9712 205.0412 205.1112 205.1812 205.2512 205.3212
om (theoretical)  46.82 16.83 16.86 46.89 46.9 4692 46.93 46.94 46.96

m (exp.) 4473 4477 4478 44.85 4493 44.98 45.08 45.12 453

¢r (cal.) 335 33.8 33.9 345 353 35.8 36.8 372 39.2

¢r (measured) 3331 33.61 3371 343 35.09 35.59 36.58 36.97 38.95

The theoretical polarizability (om(theoretical)) calculated according to Equation (2) was
compared with the experimental polarizability (om(exp.)) determined with Equation (1), as
shown in Table 1. It is worth noting that the o, (exp.) of the Ba[(ZnyCo1_4)1 3(Nbgs5Tag5)2/3]103
end-member was larger than its oy, (theoretical) value. Shannon [25] noted that devia-
tions from the additivity of ion polarizability can occur when the cation size changes
and cation compression or vibration occurs at structural sites. Therefore, the lower
am(exp.) value of Ba[(ZnxCo;_x)1,/3(Nbgs5Tag5)2,3]03 may have been due to the com-
pression effect caused by the large difference in ion polarizability between Co?* and Zn?*,
which is consistent with the harmonic oscillator model. Consequently, in the studied
Ba[(ZnxCo1_x)1,/3(Nbg5Tag5)2,3]03 ceramics, the polarizability increased with the Zn%*
content, and so did the dielectric constant, according to Equation (1),

Figure 5 shows the Q x f values of the Ba[(ZnyCoj_x)1,3(Nbg5Tag5)2,/3]03 ceramics
sintered at various temperatures; it can be seen that the Q x f value was a function of the x
value. For the samples with x < 0.3, the Q X f value was high, above 90,000 GHz, similar to
that of Ba(Coj,/3(Nbg5Tag5)2,3)O3. On the contrary, for the specimens with x > 0.5, their
Q x f value was below 90,000 GHz, similar to that of Ba(Zn; ,3(Nbg5Tag5)2/3)O3.

Since the microstructures of the specimens with x < 0.5 and x > 0.5 were similar to
those of Ba(Coj /3(Nbg5Tag5)2/3)O3 and BZN ceramics, respectively, it is considered that
the Q-values of these Ba[(ZnxCo;_x)1/3(NbosTags)2/3]103 ceramics are closely related to
the microstructures of the specimens. With the increase in sintering temperature, the Q x f
value increased to a maximum value but subsequently decreased. A maximum Q X f value
of 120,000 GHz was obtained for a Ba[(ZnxCo;_4)1/3(Nbgs5Tag5)2,3]03 (x = 0.1) ceramic
sample at 1400 °C. Microwave dielectric losses are mainly caused by lattice vibration
modes, pores, second phases, impurities, and lattice defects [26]. Moreover, the relative
density also increases the dielectric loss, as has been shown in other microwave dielectric
materials. It is well known that the Q value of a dielectric material is influenced by
intrinsic and extrinsic factors, where one factor is the interaction between polar phonon
vibration and the microwave electric field in crystals while the other depends on order—
disorder transition, pore density, grain size, oxygen vacancies, and impurity phases in
ceramics. The intrinsic Q value sets an upper limit for pure and defect-free single crystals
and can be quantitatively described by the well-known classical damped oscillator model
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in the microwave frequency range. In this model, when using one-phonon absorption
approximation, the roughly reciprocal relationship between Q x f and permittivity (e) can

be expressed as
Qxfog ! 3)

where the frequency (f) should be restricted to the vicinity of the phonon engine frequency of
10'2 Hz at room temperature for the estimate to be valid. However, a series of experiments
at room temperature demonstrated that the extrapolation of Equation (3) from microwave
frequencies down to a few megahertz, that is, one to four orders of magnitude lower than
optical phonon engine frequencies, can also be used to obtain a satisfactory dielectric Q
order for well-processed ceramics. The experimental results, however, revealed that the
dependence of Q x f on ¢, only generated Q x f « g, 06, indicating that the rate of increase
in the Q x f value with ¢, is very smooth compared with Equation (3). The most likely
cause of this phenomenon may have exogenous origins. On the other hand, the porosity of
dielectric materials has an adverse effect on the Q x f value, and different dielectric materials
present different degrees of influence. For ceramics with low dielectric Q x f values of the
order of 10* GHz, the effect of porosity on the dielectric Q value can be illustrated as [27]

Q=Q,(1—15P) (4)

where Q, is the intrinsic quality factor measured by using microwave reflectance spec-
troscopy and P is the porosity. For ceramics with high Q X f values of the order of
10°-10° GHz, such as polycrystalline Al,O3 ceramics, even a small amount of porosity can
significantly reduce the dielectric Q value as [28]

1 1 , P 2/3
L=a-ntrarty ®)

where Q, is the full-density quality factor (1.565 x 107°), A’ is a constant with value
9.277 x 1073, and Pis the porosity. According to Equations (4) and (5), the Ba[(ZnxCo1_x)1/3
(Nbg5Tag5)2/3]103 end-component in the present study presented 8% porosity. The Q x f
value was high for the specimens with x < 0.5, but it decreased when x exceeded 0.5.
The Q x f value of the specimens was greatly affected by the microstructure, as shown in
Figure 1. The 1:2 ordering structure only appeared in the specimens with x values from 0.1
to 0.5, while this structure does not exist in Ba(Zn; ,3(Nbg 5Tag5)2,3)O3 ceramics.
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Qxf (GHz)
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60,000 —
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40,000 —

1300 1325 1350 1375 1400 1425 1450 1475
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Figure 5. Q x f values of Ba[(ZnxCoj_4)1/3(Nbp5Tag5)2/3103 ceramics sintered at different temperatures.
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Figure 6 shows that the 1¢ value of Ba[(Zn,Coj_x)1,3(Nbg5Tag5)2/3]03 ceramics sin-
tered at various temperatures was a function of the Zn?* content. The ¢ linearly increased
with the x value, and it was close to zero when x = 0.3. The remarkable variations in the
7¢ values of the Ba[(ZnxCo1_x)1,3(Nbg5Tag5)2/3]03 ceramics were obtained by replacing
Co?* with Zn?*, and these values ranged from —7.2 to 20 ppm/°C. Therefore, it is be-
lieved that for high-frequency dielectric resonator applications, the t_f value needs to be
further increased.
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Figure 6. Temperature coefficients of resonant frequency of Ba[(ZnyCo1.x)1,3(Nbg5Tag5)2/3103
ceramics sintered at different temperatures.

The temperature coefficient (7y) of resonant frequency is defined as follows:

Tr =0 — %Tg (6)
where o is the linear thermal expansion coefficient and 7, is the temperature coefficient
of permittivity. Because the «; of a microwave dielectric material is known to be in the
range of 0 to 10 ppm/°C and assuming that the «; of a Ba[(ZnxCoj_x)1/3(Nbg5Tag5)2/3103
ceramic is independent of the x value, T_f mainly depends on T.. Moreover, by plotting the
trend of 1¢ values versus permittivity for the Ba[(ZnxCo;_x)1,3(NbgsTag5)2,3]03 ceramics,
it was found that the ¢ values increased from —7.2 to 20 ppm/°C and linearly depended on
the x values increasing from 0.1 to 1. It can be seen that the t¢ value has a linear relationship
with the x value.

4. Conclusions

The phase stability of Ba(B;,32* B,,3'>")O3 microwave media with complex per-
ovskite structures was studied by using first-principles calculations. The experiment
showed that many Ba(B; /3** B,,3"°*)O5 (B; ,3>* = Co, Mg; B”>* = Nb, Ta) compounds
should be completely ordered in equilibrium in the 1:2 B-site structure of the space
group P3m1(D3,). Our calculations are not consistent with the experimental results on
Ba[(ZnCo1_x)1,/3(Nbg5Tag 5)2/3]03 but with many experimental results on other Ba(B; /3/2+
B, ,3'>*)O3 components. We found that the greater the stability of the ordered 1:2 structure
relative to the disordered phase was, the higher the measured microwave quality factor
was. The results show that the difference in the ionic radius and electronegativity of B’ and
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B” ions exhibited no relationship with phase stability. The results show that aberrations
were induced by B-site cations or ordering and were enhanced by more stable and ordered
structural phases.

In the Ba[(ZnyxCo1_x)1,/3(Nbgs5Tag 5)2/3]03 ceramics, a 1:2 ordered hexagonal structure
was observed in samples with x < 0.5. 1¢ increased with the increase in x, and the 1¢ of
the sample with x = 0.3 was close to zero. When x < 0.5, the Q X f value was higher, but
it decreased when x exceeded 0.5. The Q X f value of a sample was greatly influenced
by the microstructure. In this work, Ba[(Zng3Coq7)1,3(Nbgs5Tag5)2,3]03 ceramics were
sintered at 1400 °C for 5 h to obtain ¢ = —0.7 ppm/°C and excellent microwave dielectric
performance, with €, = 34.5 and Q x f = 110,000 GHz. The proposed dielectric material has
extremely low losses and shows promise for microwave and millimeter-wave applications.
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