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ABSTRACT

A novel BiZn,POg ceramic with good performance was composited under ultra-
low-temperature through the traditional solid-state reaction method. The crystal
structure, microstructure and microwave dielectric properties of BiZn,POs
ceramics were analyzed in detail. The XRD spectra showed that the pure crystal
phase of BiZn,PO¢ ceramic was obtained successfully. The results of further
Rietveld refinement based on XRD data indicated that BiZn,POg ceramic pos-
sessed an orthorhombic structure. The density of BiZn,PO, ceramics was
reflected by SEM micrographs, grain size distribution and relative density data.
The relative density of BiZn,POg ceramic sintered at 725 °C for 4 h reached
97.8%. The pure BiZn,POg4 ceramic sintered at 725 °C had the best properties,

the data of permittivity, quality factor and resonant frequency temperature
coefficient were as follows: ¢, = 13.269, Q x f = 18,030 GHz, 7 = — 18.9 ppm/

°C.

1 Introduction

Thanks to the continuous advancement of modern
information technology, especially communication
technology, we ushered in a new era of 5G. The 5th
generation mobile communication uses many key
technologies, among which millimeter wave tech-
nology can achieve ultra-high speed wireless data
transmission by increasing spectrum bandwidth. In
this context, it is evident that microwave dielectric
ceramic materials have ushered in a broad applica-
tion prospect due to their unique advantages [1-5].

On the one hand, low permittivity materials can
reduce the delay of high-frequency electrical signal
transmission and can be used as substrates. On the
other hand, materials with resonant frequency tem-
perature coefficient close to zero could ensure ther-
mal stability, and a high-quality factor means low
dielectric loss [6, 7]. Therefore, they are now com-
monly used in many fields of microwave technology,
such as mobile phones, satellite broadcasting, radar
and navigation. [8]. They are used to make res-
onators, stabilized oscillator filters, dielectric sub-
strates, discriminators, dielectric antennas, etc. It is
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worth noting that the sintering temperature of
microwave dielectric ceramics is an important influ-
encing factor. The technology of low-temperature co-
fired ceramics (LTCC) has attracted the interest of
many scholars and has been extensively studied in
recent years, which has been proven that it has a
great potential for miniaturization and integration of
microwave components [9-11]. In addition, ULTCC
has become one of the hot spots in the field of func-
tional materials in recent years due to its advantages
over LTCC in some aspects [12, 13]. As the main
dielectric material for passive integration technology,
ultra-low-temperature sintered microwave dielectric
ceramics have important application value and the-
oretical guidance. For example, in this technology,
low-cost aluminum is expected to replace silver
electrodes as the electrode material, while the ultra-
low sintering temperature will also effectively reduce
energy consumption and prevent reactions with
other materials [14].

Most of the microwave dielectric ceramics with low
dielectric loss that have been reported so far are
sintered at high temperatures. Adding low melting
point oxides such as TeO,, Bi,O3 and Li,O is usually
a conventional method to reduce the sintering tem-
perature of ceramics. Nevertheless, it often brings
some negative effects simultaneously, such as dete-
rioration of properties and reduction of mechanical
strength. Some scholars have noted the advantages of
phosphate ceramics, such as typically sintered at low-
temperatures and having low dielectric constants.
Meanwhile, some phosphate ceramics with olivine
structure also combine excellent microwave dielectric
properties with good electrode compatibility, so they
are gradually discovered and reported [15, 16]. Chen
et al. [17] completed the preparation of Li,CO3, ZnO
and NH4H,PO, according to the stoichiometric ratio,
and then sintered LiZnPO4(LZP) ceramics by solid-
state reaction at 825 °C with their performance ana-
lyzed as well. The result shows that & =5.3, Q X
f=128496 GHz, and 1;=— 80.4 ppm/°C, which
means that LZP ceramics have good properties.
Further, the negative resonant frequency can be
facilely tuned to near zero by adding TiO,.

Subsequently, several scholars have followed up
on the lattice structure and dielectric properties and
their relationships, such as the substitution of diva-
lent ions (Ni?*, Co®**, Mn?") at the Zn-site [18-20]. It
was demonstrated that the cation substitution led to
changes in the tetrahedral bond length and electron
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density distribution of ZnO,4 and the microwave
dielectric properties were significantly improved.
There are relatively few reports on BiZn,POg, and the
available reports have focused on crystallographic,
magnetic, or thermal properties [21, 22]. In their
work, they systematically the elastic anisotropy and
thermodynamics of BiZn,PO, using first-principles
methods. They pointed out that the orthogonal
BiZn,POg ceramic is structurally stable and has high
mechanical strength. So far, no statements about
crystal structure, microstructure, relative densities,
and dielectric properties of BiZn,PO, have been
reported.

In this paper, we did the above work and analyzed
the results in detail for the first time. We found that
BiZn,PO¢ ceramics could be sintered at ultra-low-
temperatures and exhibit excellent performance.

As mentioned above, ULTCC is a key technology
with great potential, but the development of ULTCC
is still in its infancy. There are few reports of mate-
rials that meet the requirements for ULTCC applica-
tions. Some scholars pay attention to tungstates and
vanadates. Most of them have low loss, but only a
small part of new tungsten-based and vanadium-
based ceramic materials are suitable for ultra-low-
temperature sintering ceramic materials [23, 24].
Other scholars have focused on tellurates. Most tel-
lurates have ultra-low sintering temperatures and
good properties, but they are toxic and expensive
[25, 26]. Besides, glass has a lower softening tem-
perature, the sintering temperature of glass—ceramic
can be lower than 700 °C, so some researchers have
done ultra-low-temperature research from this per-
spective [27, 28]. However, glass—ceramic absorbs
energy at high frequencies, resulting in a low
Q x fvalue [13].

In summary, few ceramic materials suitable for
ULTCC have been developed and reported. The
novel ceramic of BiZn,POg in our work has the
advantages of low permittivity, high Q x f values,
ultra-low sintered temperature, and low price. It is
suitable for the growing demand for ULTCC
applications.

2 Experimental procedures

According to the stoichiometric ratio, analytical grade
powders of Bi,O;, NH4H,PO4, ZnO were used to
compose BiZn,PO4 ceramic by traditional solid-state
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reaction. First, the raw material and appropriate
deionized water were placed in a jar filled with zir-
conia. Then, the mixture was ball-grinded on a ball
mill for 4 h, the purpose of primary ball milling was
to initially improve the particle size of raw materials
and to mix raw materials fully. The slurry mixture
after dried and sieved was calcined in an alumina
crucible at 600 °C. Then deionized water was added
to the obtained BiZn,PO4 powders and it was ground
again for another 4 h. The purpose of the second ball
milling is to further granulate the calcined powder
and to enhance the activity of the powder. The slurry
obtained in the previous step was dried, screened
and ground into a powder. And then, 8% paraffin
was added as a binder and the mixture was finally
pressed into a small cylinder under the pressure of
4 MPa. The radius and height of the small cylinders
were 5 mm. Afterward, the cylinders were sintered at
550 °C for 2 h to expel the binder. Then, the furnace
was adjusted to increase the temperature at a rate of
three degrees per minute until the cylinders were
sintered. The sintering temperature in this experi-
ment is from 675 to 775 °C, which is a relatively low-
temperature range.

The crystalline phases of the sintered samples were
reviewed by X-diffraction (XRD, Rigaku D/max 2550
PC, Tokyo, Japan) with Cu Ka radiation (V = 200 kV,
I = 40 mA) over the 20 range of 10°-70°. The pro-
cessing and analysis of the XRD pattern were done
with jade software, and further refined by
FullProf_suite. The TE015 shielded cavity method
was used to measure the microwave dielectric
properties of the samples with a network analyzer
(N5234A, Agilent Co., America) in the frequency
range of 7-13 GHz. The temperature coefficient of the
resonant frequency could be calculated by Eq. (1),
where the temperature range is 25-85 °C:

_ f—fi o
f AR x 10°(ppm/°C) (1)

Among them, f; and f, are the corresponding fre-
quencies when the temperature at temperatures T;
and T,, respectively. The bulk density of BiZn,POg

ceramics was measured by the Archimedes method.
And the theoretical density was calculated by Eq. (2):

ZA
ptheory = m (2)

@ Springer

: J] Mater Sci: Mater Electron (2022) 33:3738-3747

In this equation, Z, A, V¢, and N4 represent the
number of atoms per unit cell, the atomic molar mass,
the volume per unit cell, and the Avogadro constant
in turn. According to the bulk densities and theoret-
ical densities obtained in the experiment, the relative
densities at different temperatures can be calculated
through Eq. (3):

Prelative = Poulk x 100% (3)
theory

3 Results and discussion

Figure 1 displays the XRD spectra of the sample of
BiZn,POg ceramic which was sintered at 725 °C.
According to the standard card (ICSD-91234) of
BiZn,POq belonging to the orthorhombic, all peaks in
the spectrum formed by X-ray diffraction could be
matched. The absence of other peaks in the plot
indicates that no other unknown phases can be found
in the BiZn,POg ceramics.

Figure 2 displays the Rietveld refinement of
BiZn,POg ceramic based on the XRD pattern men-
tioned above. The blue line shows the difference
between the calculated and observed intensities, and
the green line shows the position of the Bragg
reflection. The structure refinement data, including
unit cell parameters, chemical bond types and bond
lengths, and atomic position information, were put in
Table 1, Table 2, and Table 3, respectively. Among
them, Table 1 shows some information about the unit
cell parameters, including the lattice parameters and
the unit cell volume (V,,,;;) of the BiZn,POg4 ceramic.
The lattice parameters are a =11.8941 A,
b = 52754 A, c = 7.8162 A. The theoretical density of
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Fig. 1 The X-ray diffraction pattern of BiZn,POs ceramic
sintered at 725 °C for 4 h
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Fig. 2 Refinement result of BiZn,POg ceramic sintered at 725 °C
for4 h

BiZn,POg ceramic is 6.32 g/ cm®, which can be cal-
culated from cell volume and relative atomic mass.
The reliability factor of patterns (R,) and the relia-
bility factor of weighted patterns (R,,) ranged from
13.3 to 14.7, indicating that the refining results are
excellent.
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Figure 3a shows the crystal structure of BiZn,POs.
The Bi atom is attached to four O(1) atoms in the form
of covalent bonds to form a BiO4 square pyramid.
And each O(1) atom is connected to two Bi atoms,
creating a zigzag chain. The PO,>~ groups are dis-
torted with two short distances with O(3) and O(4)
atoms which shared with Zn(2)Os and Zn(1)Os
polyhedron, respectively, while two longer distances
with O(2) atoms are involved in the coordination of
both Zn(1) and Zn(2) atoms. Zn*" cations are located
in the center of the Zn(1) or Zn(2) tetrahedron, which
consists of two O(1), two O(2), and one O(3) or one
O@4) atom, respectively. Moreover, PO, tetrahedra
are independent while PO, >~ corner connected with
ZnOs square pyramids [29]. The three-dimensional
framework of BiZn,PO, belongs to the orthorhombic
system. Figure 3(b) shows a detailed view of poly-
hedrons with different structures.

Figure 4 shows the surface SEM micrographs of
BiZn,POs ceramics sintered at different tempera-
tures, and the grain size distribution of the corre-
sponding samples are inserted in the lower right
corner, respectively. When the sintering temperature
is 675 °C, there are many pores on the surface of the
ceramic, resulting in relatively low density. When the
sintering temperature rises to 700 °C, the number of
pores decreases significantly and the average grain

Table 1 Reliability factors,

lattice parameters, and V,,;: of Component Reliability factors Lattice parameters Vit (A
BiZn,POg ceramics at 725 °C R, (%) Rup (%) a (A) b (A) ¢ (&)
BiZn,PO¢ 13.3 14.7 11.8941 5.2754 7.8162 490.43
Table 2 The bond type, bond
length, lattice energy of Atom Bond type Bond length (A) Lattice energy (KJ/mol) Average (KJ/mol)
BiZn;PO ceramics after Bi Bi-O(1)" 234 x 2 2028 1862.5
refinement Bi-O(1)? 2301 x 2 2055
Bi-O(3) 3.063 x 2 1645
Bi-0(4) 294 x 1 1722
Zn(1) Zn(1)-0(1) 1.97 x 2 1537 1478.7
Zn(1)-0(2) 2.084 x 2 1467
Zn(1)-0(4) 2.05 x 1 1432
Zn(2) Zn(2)-0(1) 1.97 x 2 1537 1490
Zn(2)-0(2) 2.016 x 2 1505
Zn(2)-0(3) 2.116 x 1 1428
P P-0(2) 1.557 x 2 5189 6106.3
P-0O(3) 1.443 x 1 6296
P-0(4) 143 x 1 6834
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Table 3 Wyckoff position of

BiZn,POg ceramics after Element Wyckoff position X y z

refined Bi 4c 0.0990 (2) 0.25 0.0119 (3)
Zn(1) 4c 0.1028 (7) 0.75 0.6915 (6)
Zn(2) 4c 0.0930 (7) 0.75 03011 (6)
p 4c 0.1945 (8) 0.25 0.481 (2)
o(1) 8d ~0.010 (2) — 0.006 (4) 0.191 (2)
0(2) 8d 0.123 (1) 0.497 (1) 0.489 (3)
0(3) 4c 0.285 (1) 0.25 0.604 (2)
0(4) 4c 0.245 (2) 0.25 0315 (3)

Fig. 3 a The crystal structure of BiZn,PO¢ ceramic. b A detailed
view of polyhedrons with different structures

size increases. When reaching 725 °C, the density was
best with clear grain boundaries and relatively uni-
form grain size, reaching an average size of 1.24 um.
However, the average grain size decreased to 1.17 pm
when the temperature was increased to 750 °C. When
sintered at 775 °C, some grains started to melt, indi-
cating that the sintering temperature was too high.
Figure 5 shows properties of BiZn,POs ceramics
sintered at different temperatures, including the rel-
ative density, permittivity, and Q x f values. The

@ Springer

relative density of each sintered sample increases first
and reaches the maximum at 725 °C. And then, the
relative density decreases with the gradual increase
of sintering temperature. Moreover, it can be seen
from the figure that all relative density data reach
90%. We have compiled the relevant reports for
BiM;AOs (M = Cu, Mg, Ca, Mn, Pb; A =As, V, P)
systems with similar structures, as shown in Table 4
[30-32]. The comparison results show that the density
data obtained for the present work at different tem-
peratures are ideal. Under the condition of sintered at
the optimum sintered temperature, the bulk density
of BiZn,POy is 6.18 g/cm®, and the theoretical den-
sity mentioned above is 6.32 g/cm®. The calculated
relative density reaches 97.8%, which shows that we
have obtained novel ceramics with the highest den-
sity when sintered at 725 °C. The variation trend of
the permittivity and the Q x f value keeps consistent
with the variation law of the relative density. We
noticed that the ¢, value increased gradually in the
range of 675-725 °C and reached maximum values of
13.269 at 725 °C. The value of permittivity is mainly
related to the density, cell volume, ion polarizability,
and the presence of impurities [33]. In this paper,
according to the XRD pattern results above, no sec-
ond phase is generated, so the ¢, value is primarily
determined by the ionic polarizability and the rela-
tive density. As for theoretical ion polarizability,
expressed here by oy, can be obtained by Eq. (4).
The theoretical basis of this formula is Shannon’s
additive rule [34].

Otheo = B3+ + 20(an+ =+ OCP5+ + 60(02— (4)

Furthermore, from Shannon’s research, we can get
the values in the above formula, where a(Bi®") = 6.12
A% a@Zn*") =204 A3 P =122 A% and
a(O0?7) =201 AS Then, we can calculate the
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Fig. 4 Surface SEM graphs of BiZn,POg ceramics sintered at different temperatures. a 675 °C, b 700 °C, ¢ 725 °C, d 750 °C, e 775 °C
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Fig. 5 The relative density, permittivity, and Q x f values of
BiZn,POg¢ ceramic sintered at different sintering temperatures

Table 4 The minimum

theoretical permittivity (ewmeo) of BiZn,POg ceramics
by the following equation [35]:
3V + 8Touheo

fheo = B~ Aipe ®)

The difference (A) between theoretical permittivity
(étheo) and measured permittivity (¢,) is defined as
follows:

A = B0 "8 100% (6)

&

Minimum relative density (%)

Maximum relative density (%)

relative density and maximum ~ Materials
ati ‘v of mi
re. atlve.dens1ty .o rnllcrlowave BiZn,PO, 90
dielectric ceramics similar to .
BiZn-PO BIZH2V06 92
e BiCa, VO, 91
BiCu,VOq 92.7

97.8
95.5
95.6
96.4
98.1
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The &peo Of BiZn,POg in 725 °C is 13.165, and the
deviation is 0.78% (< 1%), indicating that &, is con-
sistent with émeo. The permittivity in this work is
closely related to ionic polarizability.

In addition, to explore the relationship between
permittivity and relative density, the Bruggeman
effective medium approximation theory can be
introduced. It allows calculating the porosity-cor-
rected permittivity (epc) of BiZn,POg ceramics, as
shown in Eq. (7) [36].

Etheo — &pc Eair — Epc -
( ) Etheo 23pc &air + 28pc =0 (7)

In the above equation, &, represents the permit-
tivity of air, and f represents the porosity of the
sample. The results are listed in Table 5.

In summary, not only the ionic polarizability has
an effect on the permittivity, but also the relative
density or porosity is closely related to the permit-
tivity, so the density of ceramics is an essential factor
that must be considered. This conclusion also
explains the tendency of the relative permittivity to
decrease with decreasing relative density after
exceeding the optimum sintering temperature. We
could see that the quality factor of sintered samples
increases when the sintering temperature increases
from 675 to 725 °C. It was found that the density
curves of the sintered samples reach the peak at
725 °C, and the Q x f value of BiZn,PO¢ ceramic was
18,030 GHz at this time. The quality factor of BiZn,.
POg ceramics shows a gradually decreasing trend
after reaching the maximum value, which is caused
by the deterioration of the compactness of the sam-
ples due to over-firing. This rule coincides with the
microscopic morphology changes reflected in the
SEM micrographs in Fig. 4.

The Q x f value is affected by internal loss and
external loss. The internal loss is mainly caused by
the lattice vibration mode, while the external loss is
caused by the second phase, oxygen vacancies, grain
boundaries and the degree of densification or
porosity [37, 38]. In this paper, since each sample

Table 5 o0, Etieos &> Pre» Epc OF BiZnyPOg ceramics sintered at
725 °C

Sample Oltheo Etheo &r Pre (%) Epc

BiZn,POs  23.48 13.165 13.269  97.8 12.907
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presents a high relative density and all samples are
pure phase ceramics, the primary influence on Q x f
value is internal loss. Lattice energy is a measure of
the binding force between ions, which is closely
related to the internal loss, and can establish a rela-
tionship with the Q x f value. Therefore, the quality
factor of microwave dielectric ceramics can be ana-
lyzed from the perspective of lattice energy. The total
lattice energy of a complex crystal is the sum of the
lattice energy of every single bond. The lattice energy
of each chemical bond inside BiZn,POg ceramics
could be obtained by the following formulas [39-42],
and the calculated results are listed in Table 2.
Among them, the different numbers in brackets in
Table 2 represent different Walker positions of atoms
in the crystal structure, as shown in Table 3. In
addition, the number in the superscript is to distin-
guish chemical bonds of different lengths. For
example, Bi-O(1)! and Bi-O(1)?>, where O(1)! and
O(1)* represent Bi-O(1) bonds of different lengths.

Uea = ) U} (8)
-
Uy = Uy, + Uy, )
. ( i)1A64
U, = 2100m C (10)
Uﬁi:127OM#<l—%>ff (11)

where U} and Uj; represented the covalent part and
ionic part of the u bond, respectively;Z! and Z*
represented the valence states of cations and anions
constituting the u bond; m and n are the numbers of
cations and anions in the u bond and f! were the
bond ionicity and bond covalency.

As can be seen from Table 2, the average lattice
energy of the P-O bond is much higher than that of
other types of chemical bonds, so the P-O bond
contributes most of the lattice energy of BiZn,POq
ceramics. The lattice energy is closely related to the
Q x f value. The larger the lattice energy is, the
higher the Q x f value is. Therefore, the Q x f value
of the sample is significantly affected by the P-O
bond.

Figure 6 displays the curve of the temperature
coefficient of BiZn,POg ceramics changed with the
sintering temperature. There is no visible law of ¢
values concerning sintering temperature in the figure,
which means that the temperature coefficient varies
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Fig. 6 The 7 values of BiZn,POg sintered at different sintering
temperatures

inconspicuously under this variable. At the optimal
sintering temperature, the temperature coefficient of
BiZn,POg ceramics is — 18.9 ppm/°C, which is an
ideal value without adding other oxides to adjust.

4 Conclusions

The novel BiZn,POg ceramics were prepared by tra-
ditional solid-state reactions for microwave applica-
tions. The XRD spectrum showed that all sample
peaks correspond to the standard card of pure
BiZn,POy ceramic. The sintering performance,
microstructure, relative density, and a series of
microwave dielectric properties of BiZn,POg ceram-
ics have been studied and demonstrated. The
dielectric constant is related to ion polarizability and
relative density. The Q x f value is related to density
and lattice energy. According to the results of
chemical bond decomposition and lattice energy
calculation, the average lattice energy of the P-O
bond is the largest, so it contributes the most to the
Q x f value of BiZn,PO, ceramics. In addition, the ¢
value of BiZn,POg ceramics is not sensitive to the
sintering temperature. As expected, BiZn,PO, exhi-
bits excellent microwave dielectric properties at
725 °C for 4 h: & =13.269, Q x f=18,030 GHz, .
= — 18.9 ppm/°C. BiZn,POg ceramics with excellent
properties and compactness were obtained under
ultra-low-temperature conditions, which is a possible
candidate for ULTCC.
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