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/Abstract: BaZnSi;O4 ceramic was prepared by the conven-
tional solid-state method and sintered at 1100°C. XRD and
synchrotron Rietveld refinement analyses revealed the BaZn-
Si;O4 ceramic presented a monoclinic structure with a space
group of P2,/a (No.14), which is reported for the first time.
The BaZnSi;O; ceramic presented a weak ferroelectricity,
which was confirmed by the P-E loop and the 90° nanoscale
ferroelectric domain. Although ¢-T displayed two ¢, abnor-
mal peaks at 400°C and 460°C, the Curie temperature (T,

\

was located at 460°C according to the dielectric loss and
Curie-Weiss law. Moreover, the BazZnSi;O4 ceramic exhibited
optimized microwave dielectric properties with &, =6.55, QX
f=52400 GHz, and 7,= —24.5 ppm/°C. Hence, the BaZnSi;O,4
ceramic in the ternary BaO-ZnO-SiO, system possessed both
weak ferroelectricity and microwave dielectric properties.
These results are expected to break the technical barrier of
ferroelectric phase shifter applications in microwave and
even millimeter-wave frequency bands. D

Introduction

Microwave dielectric ceramics are widely used as dielectric res-
onator (DR) antenna and filter devices owing to their excellent
characteristics of low loss, high transmission rate, and size min-
iaturization.>* In the extremely high-frequency millimeter-
wave band, dielectric materials should possess low permittivity,
very low dielectric loss, and near zero-temperature coefficients
of resonant frequency, so as to improve the information trans-
mission rate of devices, enhance the frequency selection,
reduce the energy consumption, and ensure the working sta-
bility of resonant and transmission signals.”*' Ferroelectric ce-
ramics are widely used in piezoelectricity,®” electronic tunable
devices,® energy storage,”’ and other fields because of their
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spontaneous polarization effect. However, the existence of do-
mains in ferroelectric materials reduces the quality factor (Q) of
microwave signal transmission, resulting in large dielectric loss.
Therefore, the coexistence of ferroelectricity and microwave di-
electric properties seems contradictory.

In recent years, many researchers have explored the poten-
tial applications of microwave-ferroelectricity tunable devices.
Gu etal. selected a suitable substrate to exert weak tensile
stress on BaygSr,,TiO; ferroelectric films, resulting in large
amounts of nanometer-scale domain structures with a low die-
lectric loss and realizing high electrical tunability of the materi-
al at microwave frequencies (1-8 GHz). This result breaks
through the contradictory coexistence of ferroelectricity and
microwave dielectric properties and is expected to be applied
in electrically adjustable microwave phase shifters."” However,
this complex structure needs to have weak tensile stress ap-
plied, which is a prerequisite that is difficult to achieve in prac-
tical applications. Lei et al. reported that Ba,Zn, ,Si,Oy,  ce-
ramics possess both low-permittivity microwave dielectric
properties and weak ferroelectricity.""'? According to dielectric
theory, microdomain structures flip easily under an external
electric field and their absorption of electromagnetic wave
energy is low, thereby reducing dielectric loss."™ Furthermore,
the position, width, and strength of the Curie peak can be
regulated by optimizing the lattice structure to obtain high
electrical tunability characteristics. These ceramics are expected
to break the barrier of the contradiction between the coexis-
tence of ferroelectricity and microwave dielectric properties in
dielectric materials. Moreover, a microwave ferroelectric phase
shifter with a high stability, together with a highly integrated
and independent phase control of each port can be prepared
by using this kind of microwave-ferroelectric ceramic. Thus,
microwave-ferroelectric ceramics may replace the traditional
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dielectric phase shifters applied in manufacturing base stations
and radar antennas.

A previous study considered the BaZnGeO, ceramic with the
same lattice structure as a typical weak ferroelectric material
that undergoes six phase transitions during the cooling pro-
cess, including the transition from the paraelectric phase to
the ferroelectric phase near 827 °C."¥ Lattice structure parame-
ters can be changed by ion substitution or by changing the
stoichiometric ratio. Moreover, the temperature and intensity
of the phase transition peak can be effectively adjusted to reg-
ulate ¢, against the temperature characteristics of the BaZnSiO,
ceramic.”? The Ba/Si ratio in the BaO-SiO, systems, such as
BaSiO; (microwave dielectric properties: ¢=11.1, Qxf=
6643 GHz, ;.= —35.4 ppm/°C) and Ba;SisO,; (microwave dielec-
tric properties: €,=7.26, Qxf=16694 GHz, 7,= + 24.8 ppm/°C),
can also have an effective impact to adjust the position and in-
tensity of the dielectric peaks."™™ The & abnormal peaks of
BaSiO; and BasSigO,, ceramics are located at 145°C and
—180°C; hence, the position and intensity of & abnormal
peaks have a clear influence on the 7; value. With regard to
BaO-ZnO-SiO, systems, the Ba/Si ratio also affects the 7; value.
Song et al. reported that the BaZnSi;O, ceramic has superior
microwave dielectric properties (¢,=6.55, Qxf=52401 GHz,
7,=—24.5 ppm/°C) than Ba,ZnSi,0, ceramics."® Moreover, the
BaZnSi;Og ceramic shows signs of weak ferroelectricity similar
to that of the Ba,ZnSi,O, ceramic. This observation warrants
further investigation and confirmation. However, the BaZnSi;O4
phase was discovered by Segnit and Holland only in 1970.""
They found that the BaZnSi;O4 ceramic has single but strong
melting endotherm at 1130°C. They also examined the XRD
data of this type of ceramic. Kerstan et al. stated that BaZn-
Si;Og phase crystallizing glass seals cannot be quantitatively
analyzed in BaO-ZnO-SiO, systems because the crystal struc-
ture information of the BaZnSi;O4 phase has not been investi-
gated yet." Therefore, the crystal structural information of the
BaZnSi;O4 ceramic is the key in studying the influence of lattice
structure differences on the ¢, value against temperature char-
acteristics.

This study comprehensively analyzes the phase constituents,
crystal structural information, microstructure, and microwave
dielectric properties of the BaZnSi;Og ceramic. Furthermore,
this study examined the evidence for ferroelectricity, such as
P-E loop, Curie peak, and ferroelectric microdomains. The co-
existence of weak ferroelectricity and low-permittivity micro-
wave dielectric properties is emphasized to explore the evi-
dence for the formation mechanism of weak ferroelectricity.

Results and Discussion

Owing to the lack of initial crystal structural information, a suit-
able crystal structure model was employed as the initial refer-
ence for BaZnSi;Oz XRD refinement."” The Rietveld refinement
XRD patterns of BaZnSi;O ceramic sintered at 1100°C are
shown in Figure 1a. The refinement results revealed a single
phase of the BaZnSi;O4 ceramic, which belongs to the mono-
clinic structure with a space group of P2,/a (No. 14). This
phase was different from that of CaZnSi;O4 ceramics (triclinic, P

Chem. Eur. J. 2021, 27, 5992 - 5998 www.chemeurj.org

5993

Figure 1. The Rietveld refinement of (a) XRD data and (b) synchrotron data
of the BaZnSi;O4 ceramic sintered at 1100 °C.

[No. 2], a=8.121 A, b=12.927 A, ¢=7.206 A, 0 =93.76°, =
116.120°, y =84.368°, V=675.7 A*).?” The observed and calcu-
lated values matched well, and the reliability of the refinement
was proved by the Rietveld factors (Wg,=11.3%, Rp=28.77 %,
¥>=6.17). The reliability of the crystal structural information of
the BaZnSi;O4 ceramic was further verified by utilizing synchro-
tron XRD, which possesses high accuracy and intensity®"?? at
the wavelength of 0.6885 A. The results are summarized in Fig-
ure 1b. The refinement of the synchrotron XRD data also
proved the reliability of the crystal structure model. The lattice
parameters extracted from the common XRD and synchrotron
XRD patterns are listed in Table 1.

The lattice diagram of the BaZnSi;Og ceramic sintered at
1100°C for 3 h is depicted in Figure 2. The type of lattice struc-
ture belongs to barium feldspar, in which the [ZnO,] tetrahe-
dron is individually corner-connected with four [SiO,] tetrahe-
drons, whereas three different connections are present in one
[SiO,] tetrahedron. The space of Zn** and Si*" ions are rela-
tively independent, in which 1/4 of the coordinated sites are
tied up by Zn*" and the remaining sites are tied up by Si**.
The positions of non-tetrahedron are occupied by Ba’" with a
parallel arrangement of the (010) plane.”™ According to the
atomic separation, the size of [ZnO,] tetrahedrons is larger
than that of [SiO,] tetrahedrons, and the difference contributes
to a slight distortion in [ZnO,] tetrahedrons. The final atomic
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Figure 2. The crystal structure of the BaZnSi;Og4 ceramic.

coordinates and bond length are presented in Tables 2 and 3.
The average bond length of Zn—0 (1.975 &) and Si—O (1.617-
1.622 A) agreed well with that of melilite.*”

The relationships among relative permittivity (g,), dielectric
loss (tand=1/Q), and temperature of the BaZnSi;O, ceramic at
different frequencies are illustrated in Figure 3a and b. Within
the temperature range of 30°C-325°C, the relative permittivity
linearly increased with temperature, whereas dielectric loss
was maintained at a low order of magnitude. Electron and
ionic displacement polarizations were the dominant factor
within this temperature range. The first abnormal peak of per-
mittivity occurred at 400 °C, whereas no abnormal performance
was observed in the dielectric loss curves. At 460°C, the
second abnormal peaks in ¢ and tand appeared in both low
and high frequencies, indicating that these abnormal peaks
were not caused by low-frequency space charges.” Hence,

Chem. Eur. J. 2021, 27, 5992 - 5998 www.chemeurj.org

Table 1. The lattice parameters of the monoclinic BaZnSi;O, ceramic.”’ Table 3. The bond lengths of the BaZnSi;Og ceramic.
XRD Synchrotron Bond Length Av. length  Bond Length Av. Length
a A 8.725+£0.01 8.733£0.005 (Al (A (Al (A
b [A] 13.072+£0.02 13.094 £0.01 Ba1-02 2.795(7) Si2—04 1.589(14)
c A 7.307 +0.01 7.317+£0.01 Ba1-05 2.694(10) Si2—06 1.700(12) 1621
a ] 90.00 90.00 Ba1-01 2.847(11) 5758 Si2—01 1.537(12) '
AN 115.85+0.02 115.87 £0.02 Ba1-03 2.791(10) ' Si2—08 1.656(11)
y [7] 90.00 90.00 Ba1-07 2.680(12) Si3—08  1.674(11)
VA% 752.9+0.1 749.99 £+ 0.05 Ba1-01 2.812(10) Si3—03 1.633(15) 1637
Zn1-05  1.980(10) Si3-05  1.511(12) '
[a] Space group: P2,/a (No. 14). n1-07  19230) ., $i3-02 1.690(12)
Zn1-03 1.875(12) ' Si4—06  1.568(11)
Zn1-01 1.972(11) Si4-02  1.614(11) 1613
Si4e-04  1.691(15) '
Si4-07  1.578(11)

5994

the abnormal ¢-T peaks at 460°C may be attributed to the
transition from the ferroelectric phase to the paraelectric
phase.

The weak ferroelectricity of the BaZnSi;Og ceramic was fur-
ther verified by systematically testing the P-E loop as a neces-
sary condition for ferroelectricity. According to the P-E loop
checked at 1 kHz (Figure 3¢), polarization monotonically in-
creased as the electric field enlarged. However, Scott®® attrib-
uted the formation of a ‘banana-type’ P-E loop to the influ-
ence of space charges and leakage currents that possess large
loss and the Schottky effect between electrodes and pellets.””!
This effect was eliminated and intrinsic ferroelectric properties
were further determined by polishing the samples and extract-
ing ‘positive-up-negative-down’ measurements but excluding
the influence of non-intrinsic factors.”® As shown in Figure 3e,
the remnant polarization was approximately 0.005 uCcm 2
with an electric field of 16 kVcm™'. This result provided strong
evidence for the weak ferroelectricity of the BaZnSi;O4 ceram-
ic.?! The polarization measurement above the phase transition
temperature 460 °C is indeed helpful to verify the ferroelectrici-
ty, which requires further investigation.*® TEM dark-field obser-
vation revealed a stripe-type domain (Figure 3 f). The width of
the domain structures ranged from 40 nm to 100 nm, which
was similar to the weak ferroelectric properties of the BaAl,O,
and Ba,ZnSi,0, ceramics.!""3"32

The Curie-Weiss law describes the relationship between
order parameter and symmetry at the Curie temperature (7).

Table 2. The final atomic coordinates of the BaZnSi,O, ceramic. According to the Curie-Weiss law, the permittivity between
transition temperatures obeys the following equation [Eq. (1)]:
Atom Site x y z Occupancy  Biso.
Ba1 4e 0.275(12)  0.010(11)  0.135(15) 1.0 141 & =C/(T—T,) (1)
Zn1 4 —0.125(3) 0.191(17)  0.187(3) 1.0 1.06
Si1 4e 0.976(7)  0.177(4) 0.736(8) 1.0 1.04 ) ) ) ) -
si2 4e 0.185(7)  0.394(4) 0305(7) 1.0 0.63 where T, is the Curie-Weiss temperature; C is the modified
Si3 4e 0.783(8)  0.375(4) 0.619(8) 1.0 0.27 Curie-Weiss constant, which represents the slope of the recip-
81 4e *0-013?;‘) °~134§6; *0062213; 1.0 032 rocal of the permittivity versus temperature below T, (C) and
2 4e 0.126(8)  0.518(8 0.278(10) 1.0 0.32 . , _—
03 4o 0294(12)  0.376(7) 017414) 1.0 032 the temperature' above T, (C. )., C/C' >4 represents the first
04 4e 0648(12)  0.352(7) 0724(13) 1.0 0.32 order ferroelectric phase transition; and C/C’ <4 represents the
05 4e 0.011(12)  0.340(7) 0.232(13) 1.0 032 second-order ferroelectric phase transition.®*” The Curie-Weiss
86 4e 0-9442”)) 0306?; 0719212; 1.0 0.32 fitting of 1/¢, and the temperature below and above T, for the
7 4e 0.186(14)  0.122(6 0.380(14) 1.0 0.32 . . . - .
08 4o 0.805(14)  0.123(7) 0554(16) 1.0 032 B’aZnS|3O8 ceramic at 2 MHzols shown in Figure 4 Acc.orc?l'ng to
Figure 33, the large dielectric loss from conduction significant-

© 2021 Wiley-VCH GmbH
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Figure 3. (a) Relative permittivity. (b,d) Dielectric loss as a function of temperature for the BaZnSi;O, ceramic. (c) The P-E loop at 1 kHz. (e) The intrinsic rem-
nant polarization of BaZnSi,O, ceramic tested by PUND measurement. (f) The dark-field nano-scale domain structure.

ly increases the permittivity when the temperature is above
520°C. To get accurate fitting results, 320-515°C was selected
as the temperature range. The fitting value of C/C’ was 2.594
for the BaZnSi;O4 ceramic, suggesting that the ceramic had a
second-order ferroelectric phase transition at 460 °C.

The dark-field domain structures and selective-area electron-
ic diffraction image recorded from the structure are presented
in Figure 5. Given that a diffraction aperture selects different
vectors (g), the dark-field domains at the axis zone of [001]
presented noticeable changes in color contrast. For instance,
the areas ‘a;’, ‘b, and ‘c;" were dark at the g,y vector, but the
color contrast became the opposite as the vector transformed
to ggy0 illustrating that a 90° domain could be obtained at the
axis zone of [001].

Further evidence of the weak ferroelectricity of the BaZn-
Si;O4 ceramic was obtained by piezoresponse force microcopy

Figure 4. The Curie-Weiss fitting of 1/¢, and temperature below and above (PFM).” The stripe-type domains could be distinctly seen in
T. for the BaZnSi;O; ceramic at 2 MHz. the topography graph (Figure 6a). The amplitude signal (Fig-
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ure 6b) represents the amplitude of the piezoelectric response,
and the color contrast of amplitude signal was determined by
the grain’s crystallography orientation.® The shade in the
phase signal (Figure 6¢) reflects the direction of polarization.®®
In Figure 6¢, the bright region in the phase image represents a
‘positive’ polarization vector, the direction of which was per-
pendicular upwards to the surface. By contrast, the dark region
reflects a ‘negative’ polarization vector, the direction of which
was perpendicular downwards into the bulk. Notably, the
changing directions of color contrast in the amplitudes and
phase signals were consistent with the arrangement direction
of the domains in topography image. PFM analysis confirmed
Figure 5. The dark-field domain structures and selective-area electronic dif- that the stripe-type domain with a width of 150-200 nm ac-
fraction image of the BaZnSi,0, ceramic. tually existed in the BaZnSi;O, ceramic. In addition, the ampli-

Figure 6. (a,d) Topography, (b) amplitude, and (c) phase PFM images of the BaZnSi,O4 ceramic. The (e) amplitude and (f) phase versus voltage curves of the
BaZnSi;O4 ceramic.
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tude versus voltage curves (Figure 6e) showed a butterfly-type
loop, and the phase of the selected region (Figure 6f) also in-
dicated a clear hysteresis phenomenon. These results con-
firmed the existence of ferroelectricity in the BaZnSi;O4 ceram-
ic.®” Taniguchi et al.®® discovered that twisting of the [SiO,]
tetrahedron and the distortion of the Bi,O, sublattice may
result in soft mode displacements in Bi,SiOs ceramics, a condi-
tion that may further induce spontaneous polarization inside
the structure. By comparison, the twisting of silicate tetrahe-
dral chains had a certain universality in silicates, such as
BazZnSiO,, Ba,ZnSi,0; and BaSiO,.""'? BaCoSiO, and Ba-
Coy75Siy-5sFeys0, were also proved to be ferroelectric ceramics
owing to the twisting of B and C tetrahedral sites. This charac-
teristic has little contribution to the macroscopic polarity and
therefor presents weak ferroelectricity.*” Moreover, the mecha-
nism of spontaneous polarization is different from that of con-
ventional ferroelectric materials and the spontaneous polariza-
tion mechanism of the BaZnSi;Og ceramic warrants further in-
vestigation.

Excellent microwave dielectric properties (¢,=6.55, Qxf=
52400 GHz, 7,=—24.5 ppm/°C) were achieved in the BaZnSi;O4
ceramic sintered at 1100°C for 3 h. To further check the rela-
tionship between microstructure and microwave dielectric
properties, the SEM images and the microwave dielectric prop-
erties of BaZnSi;O4 ceramics sintered at different temperatures
are shown in Figure ST and Table S1, respectively (in the Sup-
porting Information). A dense microstructure with grain sizes
of 1-2 um and the optimum microwave dielectric properties
were obtained at 1100 °C. The generation of the liquid phase
significantly reduced the QXxf value with the temperature
above 1100 °C. The results are consistent with the performance
parameters reported by Song et al." The microwave dielectric
properties comparison of BaZnSi;O; and reported silicates is
given in Table 4. Compared with the Ba,ZnSi,O, ceramic, the
BaZnSi;Og ceramic possesses better microwave dielectric prop-
erties and lower sintering temperatures. Therefore, the BaZn-
Si;O4 ceramic has broader potential applications in microwave
ferroelectric devices and regulation of ¢, (or resonant frequen-
cy) stability against temperature.

Table 4. The typical sintered temperature (ST) and microwave dielectric
properties of silicate ceramics.

Compositions ST [°C £ Qxf[GHz] 7 [ppm/°C]
Zn, §Si0; " 1300 6.60 147000 —220
(Mgq4Zng,),Si0, " 1400 6.60 95600 —60.0
Ba,ZnSi,0,"" 1200 8.09 26600 —51.4
HfSio,“ 1600 7.00 25000 —44.0
ALSIOS* 1525 443 41800 —17.0
Ca;MgSi, 05! 1350 13.10 27000 —62.0
BaZnSi;0q 1100 6.55 52400 —245

Conclusion

In this study, a single-phase BaZnSi;O, microwave-ferroelectric
ceramic was prepared by the conventional solid-state method
at 1100°C. Rietveld refinement analysis revealed that the as-
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prepared ceramic possesses a monoclinic structure with a
space group of P2,/a (No. 14). The coexistence of weak ferroe-
lectricity and microwave dielectric properties were also found
in the BaZnSi;O,4 ceramic. The Curie temperature (T,) was locat-
ed at 460°C, and the intrinsic remnant polarization was ap-
proximately 0.005 uCcm™2 Nanoscale ferroelectric domains
with a 90° direction were also observed by TEM and PFM. The
BaZnSi;O4 ceramic also exhibited optimized microwave dielec-
tric  properties with &=6.55  Qxf=52400GHz, 7,=
—24.5 ppm/°C. Therefore, the BaZnSi;Oy microwave ferroelec-
tric ceramic has great potential for tunable applications in mi-
crowave frequency bands.

Experimental Section

The BaZnSi;O; ceramic was prepared by the conventional solid-
state method by using reagent-grade BaCO; (99.8%), ZnO (99.5 %),
and SiO, (99.5%) powders as raw materials. According to the de-
sired stoichiometry, the raw materials were weighed and ground in
a ball mill in a polyethylene jar for 5 h by using ZrO, balls with de-
ionized water. After drying at 85°C, the mixtures were calcined in
air at 1000°C for 3 h at a heating rate of 5°Cmin~". The powders
were then uniaxially pressed into samples 12 mm in diameter and
approximately 6 mm in height under 150 MPa. The samples were
sintered at the densification temperature of 1090-1120°C for 3 h
at a heating rate of 5°Cmin" in air. Subsequently, the samples
were cooled at a rate of 2°Cmin~' down to 1000°C and then natu-
rally cooled in a furnace.

XRD and synchrotron data were obtained by X-ray diffraction (XRD,
XRD-7000, Shimadzu, Kyoto, Japan) by using Cuy, radiation, where-
as synchrotron diffraction data were collected with the beamline
BL11U. Crystal structural information was extracted by Rietveld re-
finement™ by using the FullProf software. The &-T graph was
plotted by using an Agilent 4294A impedance analyzer (Agilent,
Santa Clara, USA) and a VDMS-2000 measuring system (Partulab,
Wuhan, China). The P-E loop was identified by using a radiant mul-
tiferroic device (RT66B, Shimadzu, Radiant Technologies, USA). The
positive-up-negative-down (PUND) test was performed to eliminate
the influence of leakage on the FE loop. In the PUND method, five
rectangle voltage pulses are applied to the specimens. The first
pulse is negative, and it pre-polarizes the specimen to a known
negative state. The second to fifth pulses are denoted as ‘positive’,
‘up’, ‘negative’, and ‘down’, respectively. The ‘positive’ and ‘nega-
tive’ pulses contain the FE and non-FE contributions, whereas the
‘up’ and ‘down’ currents contain only the non-FE contributions.
Subtraction of two polarization responses yields the intrinsic rema-
nent polarization, which indicates the dependable FE contribu-
tions.***” Ferroelectric domains were observed by transmission
electron microscopy (TEM, Tecnai G2 F30, FEl, the Netherlands) and
piezoresponse force microscopy (PFM, NT-MDT, Russia). €, and un-
loaded Qxf values were measured at about 12.5 GHz in the TE,,,
mode by the Hakki and Coleman method™® by using a network
analyzer (Agilent E8362B, Agilent Technologies, Santa Clara, USA)
and parallel silver boards. The 7; value within the temperature
range of 25°C to 80°C was calculated by Equation (2):

1 [f(T;) — £(Ty)]
Ay T =T (2)

Tf:

where f(T;) and f(T,) represent the resonant frequencies at T,
(80°C) and T, (25°C), respectively.
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