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ABSTRACT: In the present work, the (Bi,_,Ce,)VO, (x < 0.6) B 200k™g = e
ceramics were prepared via a solid-state reaction method and all the i ”75:&7 ___5116.0k e
ceramic samples could be densified below 900 °C. From the X-ray il 2 . 112.0k -
diffraction analysis, it is found that a monoclinic scheelite solid a0l ©Q g g— .
solution can be formed in the range x < 0.10. In the range 0.20 < x < 2040 60 80100170140 20 40 60 80100

. . . .. . emperature ("C)
0.60, a composite region with both monoclinic scheelite and ; "
tetragonal zircon solid solutions was formed and the content of the = Y ' -
zircon phase increased with the calcined or sintering temperature. The * * .
refined lattice parameters of (BiyyCey;)VO, are a = 5.1801(0) A, b = ‘ . 2o
5.0992(1) A, ¢ = 11.6997(8) A, and y = 90.346(0)° with the space SRS TR W B i ABO,

group I1,2/b(1S). The VO, tetrahedron contracts with the
substitution of Ce for Bi at the A site, and this helps to keep the
specific tetrahedron chain stable in the monoclinic structure. The microwave dielectric permittivity was found to decrease linearly
from 68 to about 26.6; meanwhile, the quality factor (Q;) value increased from 8000 GHz to around 23900 GHz as the x value
increased from 0 to 0.60. The best microwave dielectric properties were obtained in a (Biy,5Cey,s)VO, ceramic with a
permittivity of ~47.9, a Q; value of ~18000 GHz, and a near-zero temperature coefficient of ~+15 ppm/°C at a resonant
frequency of around 7.6 GHz at room temperature. Infrared spectral analysis supported that the dielectric contribution for this
system at microwave region could be attributed to the absorptions of structural phonon oscillations. This work presents a novel
method to modify the temperature coefficient of BiVO,-type materials. This system of microwave dielectric ceramic might be an
interesting candidate for microwave dielectric resonator and low-temperature cofired ceramic technology applications.

Bl INTRODUCTION permittivity (g,) of ~68, a quality factor (Q;) of ~6500—8000
GHz, a large negative temperature coefficient of resonant
frequency (TCF) of —243 to —260 ppm/°C, and a sintering
temperature below 900 °C. However, a near-zero temperature
coefficient of resonant frequency is necessary for microwave
devices used over a wide temperature range. Usually there are
two common methods to adjust the TCF values of microwave
dielectric ceramics. One is to design composite ceramics with
opposite TCF values on the basis of the simple mixing rule.
This method works well for the systems with chemical
compatibility and similar sintering temperatures, such as the
TiO,—Bi,Ti,O;; system,* the ZnNb,04—TiO, system,5 the

Due to the fast development of mobile communications,
satellite communications, radar systems, global positioning
systems (GPS), and wireless area network (WLAN) technol-
ogy, microwave dielectric ceramics have been widely used in
dielectric resonators, filters, duplexers, dielectric substrates, etc.
To meet the requirements of miniaturization, integration, and
high reliability, low-temperature cofired ceramic (LTCC)
technology has played a more and more important role in
the fabrication of microwave devices. The search for new
microwave dielectric ceramics with high performance, low
sintering temperature, and low cost has always attracted much

attention.! ™3 Ba,Nb,0,s—BaNb,Oy system,® etc. The other method is to
In addition to the novel catalytic properties, the BiVO,

ceramic was also reported to possess high performance of Received: October 6, 2013

microwave dielectric properties, with a dielectric relative Published: January 6, 2014

W ACS Publications  © 2014 American Chemical Society 1048 dx.doi.org/10.1021/ic402525w | Inorg. Chem. 2014, 53, 10481055


pubs.acs.org/IC

Inorganic Chemistry

design a solid solution which requires adaptable structures and
similar chemical properties and physical properties of ions, such
as the (Bi;_,.Ln,),M0,0y (Ln = La, Nd) system’ and the
[(LiysBiys);—,Ca,]MoO, system8 within the scheelite family,
for example. Due to the limited solid solubility, near-zero TCF
values can also be achieved by the mixing of solid solutions in
many complex systems, such as the Bi(Sb,_,Ta,)O, system’
and the Bi[Sb,_,(Nbyg9,Voo0s).]O4 system,'’ in which both
monoclinic BiSbO, type and orthorhombic stibiotantalite solid
solutions can be formed. In addition to the traditional
composite and solid solution methods, a layered ceramic
method was frequently also used and demonstrated with ABO,
ceramics."'™"® In our previous work,'* a permittivity of about
74.8, a high Qg value of above 11500 GHz, and a TCF value of
about +20 ppm/°C were all obtained in the composite
xBi(Fe, Mo, /3)0,—(1—x)BiVO, manufactured by mixing the
granulated powders (sieved through a mesh screen of 250 mm
openings) of x = 0.02 and x = 0.10 samples, and this method
works very well for BVO, solid solutions with a composition-
dependent ferroelastic phase transition. The BiVO, prepared
via a solid-state reaction method usually crystallizes in a
scheelite monoclinic structure and can reversibly convert to a
tetragonal structure at high temperature or high pressure. The
BiVO, synthesized via wet chemical methods usually forms as a
zircon-type tetragonal phase, and it can irreversibly transform
to the scheelite monoclinic structure after high-temperature
calcinations, which suggests that the zircon-type BiVO, is not
stable at high temperatures. However, for almost all of the
lanthanides, the zircon type LnVO, (Ln = La, Ce, Nd, Sm, etc.)
is quite stable and does not transform to the scheelite
monoclinic phase easily. For example, as reported by Panchal
et al, the zircon CeVO, (which has a larger cationic radius)
follows a different sequence of transitions, from zircon to
monazite to scheelite, under pressure."> As reported by Hirata
and Watanabe,16 a zircon solid solution can be formed in
(Ce,_,Bi,)VO, within x < 0.60. However, no details of the X-
ray results and phase diagram for the complete (Ce,_,Bi,)VO,
system have been reported. In the present work, the
(Bi;_,Ce,)VO, (x < 0.6) ceramics were prepared via a solid-
state reaction method to obtain temperature-stable microwave
dielectric ceramics. The sintering behaviors, phase evolutions,
and microwave dielectric properties were all studied in detail
with associations made with the respective structure and
compositional trends.

B EXPERIMENTAL SECTION

Proportionate amounts of the reagent-grade starting materials Bi,O;
(>99%, Shu-Du Powders Co. Ltd., Chengdu, People’s Republic of
China) and V,05 and CeO, (>99%, Sinopharm Chemical Reagent
Co., Ltd, Shanghai, People’s Republic of China) were measured
according to the stoichiometric formulation (Bi,_,Ce,)VO, (x < 0.6)
(abbreviated here as BCVx). Powders were mixed and milled for 4 h
using a planetary mill (Nanjing Machine Factory, Nanjing, People’s
Republic of China) by setting the running speed at 150 rpm with
zirconia balls (2 mm in diameter) as milling media. The powder
mixture was then dried and calcined at 650 °C for 4 h. The calcined
powders were ball-milled for 5 h with a running speed at 200 rpm to
obtain fine powders. Then the powders were then pressed into
cylinders (10 mm in diameter and 4—5 mm in height) in a steel die
with 5 wt % PVA binder addition under a uniaxial pressure of 20 MPa.
Samples were sintered in the temperature range from 740 to 900 °C
for 2 h. Room-temperature XRD was performed using an XRD
instrument with Cu Ka radiation (Rigaku D/MAX-2400 X-ray
diffractometry, Tokyo, Japan). Prior to examination the sintered
pellets were crushed in a mortar and pestle to a powder. Diffraction
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patterns were obtained between 5 and 65° (26) at a step size of 0.02°.
To examine the grain morphology, as-fired surfaces were examined by
scanning electron microscopy (SEM; JSM-6460, JEOL, Tokyo, Japan).
The surface of the BVCO0.20 sample was prepared for electron back-
scattered diffraction (EBSD), through grinding and polishing with
diamond paste and then through lapping for 2 h using a colloidal silica
suspension (grain size 10 nm). The Raman spectra at room
temperature were obtained on polished pellets with a Raman
spectrometer (inVia, Renishaw, England), excited by an Ar* laser
(514.5 nm). The room-temperature infrared reflectivity spectra were
measured using a Bruker IFS 66v FT-IR spectrometer on the infrared
beamline station (U4) at the National Synchrotron Radiation
Laboratory (NSRL), People’s Republic of China. Dielectric properties
at microwave frequency were measured with the TEg; dielectric
resonator method with a network analyzer (HP 8720 Network
Analyzer, Hewlett-Packard) and a temperature chamber (Delta 9023,
Delta Design, Poway, CA). The temperature coefficient of resonant
frequency TCF (z;) was calculated with the formula

fT - fTo

— v x10°
fTo X (T_ TE))

TCE(z) = "
1

where f1 and f, are the TE,,; resonant frequencies at temperatures T

and T, respectively.

B RESULTS AND DISCUSSION

Figure 1 presents the X-ray diffraction patterns of (Bi,_,Ce,)-
VO, (x = 0.10, 0.20, 0.25, 0.30, 0.40, 0.60) ceramics calcined at
650 °C and sintered at different temperatures. As reported by
Shannon, the ionic radii of Bi** and Ce®" are 1.17 and 1.143 A,
respectively, in an octahedral coordination environment. As
shown in Figure 1, although having the same electrovalence and
alittle smaller ionic radius, the Ce* can only partially substitute
for the Bi** ions in the monoclinic BiVO,. Even in the sample
(BigoCe,)VO,, a slight trace of a zircon-type tetragonal phase
could be revealed at a 26 angle of 24.2°, which means that the
monoclinic scheelite solid solution of (Bi;_,Ce,)VO, can only
be formed within x < 0.1. Different from the results of the
(Ag.5:Bii—0s5x) (Mo, V,_,)O, (A = Li, Na, K) and Bi-
(Fe,/3sMo,,/3V;_,)O, systems with B site substitution by larger
ions reported in our previous work,"*'”~" there is no phase
transition from the monoclinic to tetragonal scheelite structure
observed with the substitution of Ce3" for Bi** on the A site,
and this result confirms that the ferroelastic phase transition
from a monoclinic to a tetragonal structure was dominated by
the [BO,] tetrahedron chains. As the x value increased, the
intensity of the zircon-type tetragonal phase increased
continuously, while the intensity of the monoclinic scheelite
phase decreased. When x = 0.60, the main peaks of the
monoclinic scheelite phase can hardly be observed, which
means the solid solubility of Bi** in the (Bi;_,Ce,)VO, zircon-
type tetragonal phase is around 40%; this is much larger than
that of Ce*" in the (Bi,_,Ce,)VO, monoclinic scheelite phase.
The XRD results for the sintered samples are slightly different
from that of calcined samples. As shown in Figure 1b, the weak
trace of the zircon-type tetragonal phase cannot be observed in
(BigyCey1)VO, ceramics, which means that the pure scheelite
monoclinic solid solution can be formed. For samples with x =
0.2, 0.3, 0.6, it is obvious that the concentration of the zircon-
type tetragonal phase is higher than that of the calcined
samples, and this result shows that the phase equilibrium in the
(Bi;_,Ce,)VO, ceramic can be influenced by the temperature.
To evaluate the concentrations of different phases in different
compositions, the content ratio of the zircon phase was
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Figure 1. X-ray diffraction data for (Bi,_,Ce,)VO, (x = 0.10, 0.20,
0.25, 0.30, 0.40, 0.60) ceramics (a) calcined at 650 °C and (b) sintered

at different temperatures: (*) scheelite monoclinic phase; (V) zircon-
type tetragonal phase.

40 50 60

calculated approximately using the following equation accord-
ing to the intensity of the highest X-ray peak:

content of zircon phase = Iz,00)/ (Iz(00) + L(112))

@)

The schematic crystal structures of scheelite and zircon
phases and the associated pseudophase diagram are shown in
Figure 2. It is obvious that the high temperatures can effectively
enhance the zircon content in (Bi;_,Ce,)VO, ceramics within
0.1 < x < 0.6. To study the influence of Ce substitution for Bi
in BiVO, on the crystal structure details, refinements were
carried out using Fullprof software on the basis of the fine X-ray
diffraction data of BCV0.1 and BCVO0.2 samples. The observed
and calculated X-ray powder diffraction patterns are shown in
Figure 3. The refined values of lattice parameters are a
5.1801(0) A, b = 5.0992(1) A, ¢ = 11.6997(8) A, and y =
90.346(0)° for the (BiyoCey;)VO, sample with the space group
I1,2/b(15) using the data (ICSD #100602) reported by Sleight
et al. as a starting model.”® The refined lattice parameters for
the scheelite and zircon phases ((Biy,Cey,;)VO, and
(Ceg4sBig35)VO, compositions were supposed) in the
(BigsCeg,)VO, sample are a = 5.1741(0) A, b = 5.1055(0)
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Figure 2. (a) Schematic crystal structures of scheelite and zircon
phases and (b) the pseudo phase diagram of the BiVO,—CeVO,
system. The blank bars, reseau bars, and solid line at x = 0.2 represent
the zircon phase contents in samples calcined at 650 °C, sintered at
above 780 °C, and calculated by Fullprof software, respectively.

A, ¢=11.7054(4) A, and y = 90.305(0)° with space group I1,2/
b(15) and a = b = 7.3278(4) A and ¢ = 6.4680(3) A with space
group I4,/amd(141) using the data (ICSD #100733) reported
by Dreyer et al.*' as the starting model, respectively. All of the
atomic fractional coordinates and structure details are given in
Tables 1-3. In comparison with the pure BiVO,, the cell
volume of (BiyoCey;)VOy is only slightly smaller (309.04 A <
309.20 A3), and this is attributed to the smaller ionic radius of
Ce® (1.143 A) in comparison to that of Bi** (1.17 A) with
coordination number 8. In the monoclinic scheelite structure,
the BO, tetrahedra have two O anions at the top, farther apart
than those on the bottom, which are located in one tetrahedron
and give one long and one short B—O distance. It is interesting
to note that the long V—O and short V—O distances in
(BipoCey,)VO, are 1.738 and 1.672 A, respectively, and both
are shorter than those of BiVO, (1.767 and 1.692 A).
Meanwhile, the (Bi,Ce)—O distances (2.408 and 2.391 A) in
(BipoCey,)VO, are longer than those of BiVO, (2.372 and
2354 A). These results show that the VO, tetrahedron
contracts with the substitution of Ce for Bi at the A site in the
scheelite structure, which helps to keep the specific tetrahedron
chain stable in the monoclinic structure and further confirm
that the VO, tetrahedron or the equivalent radius of the B site
determines the ferroelastic phase transition monoclinic —
tetragonal scheelite structure.
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Figure 3. Experimental (circles) and calculated (lines) X-ray powder
diffraction profiles for (a) (BiyeCey,)VO, and (b) (BiysCey,)VO,
compositions at room temperature. R, = 7.98, R, = 9.9, and R,,, =
5.01 for (BiggCe;)VO,, and R, = 8.28, R, = 9.98 and R,,, = 5.56 for
(BiysCey,)VO,. The short vertical lines below the patterns mark the
positions of Bragg reflections. The bottom continuous line is the
difference between the observed and the calculated intensities.

Table 1. Refined Atomic Fractional Coordinates from XRD
Data for (BiyoCe;)VO,”

atom site occ x y %
Ce 4e 0.05 0.00000 0.25000 0.63159
Bi 4e 0.45 0.00000 0.25000 0.63159
\' 4e 0.50 0.00000 0.25000 0.12882
01 8f 1.00 0.14698 0.49983 0.20672
02 8f 1.00 0.25856 0.37879 0.44711

“The lattice parameters at room temperature are a = 5.1801(0) A, b =
5.0992(1) A, ¢ = 11.6998(0) A, and y = 90.346(0)°. The space group
is 11,2/b(15).

SEM micrographs of as-fired surfaces demonstrate the
granular microstructure of the (Bi,_,Ce,)VO, ceramics (x =
0.10, 0.10, 0.30) sintered at different temperatures, as shown in
Figure 4. Dense and homogeneous microstructures with almost
no porosity could be found in all compositions. The
densification temperature increased from 800 °C for
BCVO0.10 to around 860 °C for BCV0.30 ceramics. The grain
size lies between 1 and S pm. Due to their similar chemical
compositions, the monoclinic scheelite and zircon-type
tetragonal phases cannot be readily distinguished from each
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Table 2. Refined Atomic Fractional Coordinates from XRD
Data for (BiyoCey;)VO, (in the (BiysCe,,)VO, Sample)”

atom

Ce
Bi
A%
o1
02

site
4e
4e
4e
8f
8f

occ

0.05
0.45
0.50
1.00
1.00

x
0.00000
0.00000
0.00000
0.14433
0.25982

y
0.25000
0.25000
0.25000
0.49127
0.38235

z

0.63069
0.63069
0.12869
0.20536
0.44584

“The lattice parameters at room temperature are a = 5.1741(0) A, b =
5.1055(0) A, ¢ = 11.7054(4) A, and y = 90.305(0)°. The space group
is 11,2/b(15).

Table 3. Refined Atomic Fractional Coordinates from XRD
Data for (Ceg¢sBiy35)VO, (in the (Biy4Cey,)VO, Sample)®

atom site occ o y z
Ce 4a 0.08125 0.00000 0.75000 0.12500
Bi 4a 0.04375 0.00000 0.75000 0.12500
\% 4b 0.12500 0.00000 0.25000 0.37500
(¢} 16h 0.50000 0.00000 0.07063 0.20540

“The lattice parameters at room temperature are a = 7.3278(4) A, b =
7.3278(4) A, and ¢ = 6.4680(3) A. The space group is 14,/amd(141).

other by backscattered electron images. The EBSD technique
was employed for orientation and phase analysis. It is based on
an automatic analysis of Kikuchi-type diffraction patterns
generated by backscattered electrons. The crystallographic
orientation can be determined by indexing the corresponding
diffraction pattern. Figure 4c presents the phase map, and the
inset shows the crystallographic orientation map for the
BVC0.20 sample. The total map size is around 2000 ym?®.
From the inset it is seen that all of the grains scattered
randomly and this is quite normal in the polycrystalline
samples. It is easily seen that there are two different kinds of
grains observed from the phase map. The grains colored green
belong to the scheelite phase, and the other grains colored red
belong to the zircon phase. The amount of the zircon phase
calculated from the EBSD result is around 27%, and this result
corresponds well with that obtained from the XRD analysis.

The room-temperature Raman spectra (Bi;_,Ce,)VO, (x =
0.10, 0.20, 0.30, 0.60) ceramics are shown in Figure S. For the
pure BiVO, (space group I2/a), nine different Raman-active
modes are predicted through the group theory:

I = 3Ag + 6Bg 3)

In the spectra of BCVO0.1, the strongest mode at 824.1 cm™ is
assigned to the symmetric V—O stretching mode v,(V—0) and
the weak shoulder at about 725.2 cm™ is assigned to the
asymmetric V—O stretching mode v,(V—0). The symmetric
bending mode 6,(VO,) and the asymmetric bending mode
5,(VO,) are near 365.1 and 330.5 cm™’, respectively. The
external modes (rotation/translation) are observed at 211.9 and
127.2 cm™’, respectively. For the zircon phase (space group
I4,/amd, Z = 4), group theory predicts 12 distinct Raman-
active modes:

I'=2A,, + 4B, + By, + SE, (4)

Raman spectra of BCVO0.6 agree with those reported.”” In the
spectra of BCV0.6, the strongest mode at 851.8 cm™ is the
symmetric stretching mode v,(V—0) (Alg symmetry). The
other two modes at around 778.1 cm™' (overlapping) are the
asymmetric stretching modes v,,(V—0) of symmetries E; and

dx.doi.org/10.1021/ic402525w | Inorg. Chem. 2014, 53, 1048—1055
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Figure 4. SEM photos of (Bi,_,Ce,)VO, ceramics with (a) x = 0.10
sintered at 800 °C, (b) x = 0.20 sintered at 820 °C and (c) its phase
map plus crystallographic orientation map (insert) obtained from the
EBSD analysis, and (d) x = 0.30 sintered at 860 °C.

By, respectively. The V—O bending modes appear in the range
250—500 cm™'. The mode at 368.5 cm™ is the symmetric
bending mode §,(VO,) (Alg symmetry), and that at 466 cm™
is the asymmetric bending mode (v,) of B,, symmetry; the
other asymmetric bending mode of E, symmetry could not be
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Figure 5. Room-temperature Raman spectra of (Bi,_,Ce,)VO,
(x=0.10, 0.20, 0.30, 0.60) ceramics.

detected. The mode at 253.9 cm™ is the B,g mode due to
symmetric bending of the VO, tetrahedron. The external
modes appear at frequencies below 250 cm™.**~>" Empirical
relations™ (v = 21349 X exp(—1.9176R), where v is the Raman
shift in cm™ and R is the V—O bond length in A) have been
found between the metal—oxygen Raman stretching frequen-
cies and bond lengths for vanadium, and the shorter distance of
V-0 in zircon phase in comparison to that in the scheelite
phase can explain the blue shift of the ,(V—0) mode.
Microwave dielectric relative permittivity and Qg values of
(Bi;_,Ce,)VO, ceramics measured at 5S—8 GHz are shown in
Figure 6 as a function of sintering temperature. As the sintering
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Figure 6. Room-temperature (a) microwave dielectric permittivity and
(b) Qg values of (Bi,_,Ce,)VO, (x = 0.10, 0.20, 0.30, 0.60) ceramics as
a function of sintering temperature.
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temperature increases, the microwave dielectric constant
increases and then reaches a saturated value, as there is an
elimination of the pores. The optimal sintering temperature
increases from 780 °C for BCV0.1 to 880 °C for BCV0.6. The
sintering temperature of pure CeO, is above 1600 °C.>* Hence,
it is understandable that the sintering temperatures of
(Bi;_,Ce,)VO, ceramics depend on the concentration of Ce
as a refractory chemical. The Qs values are quite sensitive to the
sintering temperature because the extrinsic dielectric loss of the
ceramic sample is determined by the universal defects caused
by the porosity, grain boundary, etc. The optimized sintering
process, especially the sintering temperature and incubation or
hold times, can help to decrease the extrinsic dielectric loss and
enhance the Q values. It is seen that the Q; values of
(Bi,_,Ce,)VO, ceramics first increased with the sintering
temperature and then reached the maximum values. The
microwave dielectric properties of (Bi;_,Ce,)VO, ceramics
sintered at optimal temperatures as a function of x value are
shown in Figure 7. It can be seen that as the x value increased
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Figure 7. Microwave dielectric permittivity, Q; and TCF values of
(Bi;_,Ce,)VO, (x = 0.10, 0.20, 0.25, 0.30 and 0.60) ceramics as a
function of .

from 0.0 to 0.6, the dielectric permittivity decreased from 68 for
pure BiVO, to about 26.6 for (Biy,Ceys)VO, ceramic. The
dielectric permittivity is determined by the molecular polar-
izability, which can be predicted by the ionic polarizability
additive rule suggested and developed by Heydweiller and
Shannon.*>*! As reported by Shannon,>" the ionic polarizability
of Ce®" is 6.15 A? slightly larger than that of Bi** (6.12 A%).
This is contradictory to the result in the present work. In fact,
the polarizability of a certain ion is influenced more strongly by
its real structural environment in a compound. The polar-
izability value of Ce®" reported by Shannon was calculated on
the basis of CeF;, in which the Ce®" ions are coordinated by
five F atoms. Its value does not work well for many oxides.
According to Shannon’s results, the polarizability of ions with a
given electrovalence value was found to be proportional to the
ion volume. Hence, for the lanthanide, the ionic polarizability in
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the same structural environment should decrease with the ionic
radius in the order La, Ce, Nd, Sm, etc. However, the ionic
polarizability of La** reported by Shannon is 6.07 A®, which is
also slightly smaller than that of Ce®". In fact, in many solid
solution ceramics, in which the Bi** and lanthanide can occupy
the same position, the microwave dielectric permittivity usually
decreased with the lanthanide content, such as the
(Bi;_,Ln,),M0,0, (Ln = La, Nd, 0.0 < x < 0.2) system, the
(Bi,Ln)PO, (Ln = La, Ce, Nd, Sm) system, etc. Considerin§
the influence of crystal structure and anisotropy, Feteira et al.®

also provided a series of revised polarizabilities value for
lanthanides, among which the largest is 4.69 A3 for La**, based
on the LnAlO; (Ln = La, Ce, Pr, Nd, etc.) system. In a word,
the polarizability of Bi*" in the microwave region is usually
larger than that of lanthanide, especially for the Ce®" here.
Hence, it is understandable that the microwave dielectric
permittivity of monoclinic scheelite and zircon-type tetragonal
solid solutions decreases with the Ce content. As shown in
Figure 7, the Q values increased from 8000 GHz for pure
BiVO, to around 23900 GHz for (Bij,Ce,)VO, ceramic.
According to the classical harmonic oscillator model, the
intrinsic dielectric loss caused by absorptions of phonon
oscillation within the lattice is proportional to the dielectric
permittivity and the optimal Qg value is dominated by the
intrinsic dielectric loss. Hence, it is understandable that the Qs
values of (Bi;_,Ce,)VO, ceramics increase with the permittiv-
ity. Although there is no report on the microwave dielectric
properties of pure CeVO, ceramig, it can be deduced that its Q¢
value is much higher than 23900 GHz. As reported in the
literature, the Q; value of a YVO, single crystal, which has the
same crystal structure as CeVO,, can reach as high as 280000
GHz at a frequency of 16.3 GHz with a permittivity of ~9.4 and
a temperature coefficient of permittivity of around 84 ppm/
°C.** The TCF value remained around —300 ppm/°C when x
< 0.10, and this is dominated by the monoclinic scheelite
phase. When «x > 0.1, the zircon tetragonal solid solution started
to form and this resulted in the sharp shift of the TCF value to
a positive value of around +200 ppm/°C for the (Biy,Ce,;)-
VO, ceramic and then remained stable with the disappearance
of the scheelite monoclinic phase. The trend of TCF value
almost obeys the simple mixing rule.

To better understand the temperature dependence of
microwave dielectric properties, the microwave dielectric
permittivity, and Q¢ value as a function of temperature in the
range 20—140 °C are shown in Figure 8. It is seen that the
microwave dielectric permittivity of (Biy,sCey,s)VO, decreased
slightly from 47.88 at 20 °C to around 47.74 at 140 °C, which
means it is quite stable in wide temperature range and suitable
for communication device application. All the Qf value of
(Bi;_,Ce,)VO, ceramics decreased with the temperature, which
means the dielectric loss increased with temperature. A little
different from the results for x < 0.1, the Qf values for
compositions with x > 0.1 seems to be more sensitive to the
temperature. The best microwave dielectric properties were
obtained in (Bij;sCey,5)VO, ceramic with a permittivity ~47.9,
a Qf value ~18,000 GHz and a near-zero temperature
coefficient ~ +15 ppm/°C at a resonant frequency around
7.6 GHz at room temperature.

Figure 9 presents measured and calculated infrared
reflectivity spectra of the (Bi;_,Ce,)VO, (x = 0.10, 0.20,
0.30, 0.60) ceramics. For all of the spectra, the bands at 600—
900 cm™" can be assigned to 1,(VO,) and v5(VO,) and the
bands at 200—500 cm™' can be assigned to 1,(VO,) and
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Figure 8. Microwave (a) dielectric permittivity and (b) Qr values of
(Bi;_,Ce,)VO, (x = 0.10, 0.20, 0.25, 0.30, 0.60) ceramics as a function
of temperature in the range 20—140 °C.
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Figure 9. Measured and calculated infrared reflectivity spectra of the
(Bi;_,Ce,)VO, (x = 0.10, 0.20, 0.30, 0.60) ceramics (solid lines for
fitted values and circles for measured values).

v4(VO,), while the bands below 200 cm™ can be assigned to
the Bi—O band.****7° The spectra for the BiVO, and
(Bi4Cey6)VO, samples are both similar to the reports in the
literature. It can be found that with an increase of x value in
(Bi;_,Ce,)VO, system the v,(VO,) and 14(VO,) bands move
in the high-wavenumber direction, due to the shorter distance
of V=0 in tetragonal zircon phase in comparison to that in the
monoclinic scheelite phase. Of note, the band at 734 cm™! for
BiVO, blue-shifts to 787 cm™ for (Biy,Cey)VO,, while the
bands at 200—500 cm™' move to the low-wavenumber
direction, due to the longer distance of Ce—O in the tetragonal
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zircon phase in comparison to that of Bi—O in the monoclinic
scheelite phase; especially the first band at 78.1 cm™" for BiVO,
red-shifts to 58.9 cm™ for (Biy,Cey)VO,. The situation for
bands at 200—500 cm™ is quite complicated. The bands at 312
and 357 cm™' are clearly separated even at x = 0.20, which
implies that the tetragonal scheelite was not formed in this
system.

To further study the intrinsic microwave dielectric properties,
the infrared reflectivity spectra of (Bi;_,Ce,)VO, ceramics were
analyzed using a classical harmonic oscillator model:

1 ?
pj
8*(a))=800+2 5 —
oWy~ @ = jrw O

where £*(w) is the complex dielectric function, &, is the
dielectric constant caused by the electronic polarization at high
frequencies, Yy @ and w,; are the damping factor, the
transverse frequency, and plasma frequency of the jth Lorentz
oscillator, respectively, and n is the number of transverse
phonon modes. The complex reflectivity R(@) can be written

as

2
R(@) 1 - e ()
W) = | —F—
1+ (e*(w) (6)
The fitted infrared reflectivity values are shown in Figure 9, and
the complex permittivities are shown in Figure 10. It is seen
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Figure 10. Calculated and measured complex permittivities of the
(Bi;_,Ce,)VO, (x = 0.10, 0.20, 0.30, 0.60) ceramics.

that all the calculated dielectric permittivity and dielectric loss
values are almost equal to the measured values using the TE;
method, which implies that majority of the dielectric
contribution for this system in the microwave region could
be attributed to the absorptions of structural phonon
oscillations in the infrared region and there is very little
contribution from defect phonon scattering,

B CONCLUSIONS

The (Bi;_,Ce,)VO, (x = 0.10, 0.20, 0.30, 0.60) ceramics can be
readily densified below 900 °C. The monoclinic scheelite solid
solution of (Bi;_,Ce,)VO, can only be formed within x < 0.1.
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In the range composition 0.1 < x < 0.6, a composite phase
region with scheelite and zircon phases was formed. The phase
equilibrium was influenced by the temperature, and the high
temperature can effectively enhance the zircon content in
(Bi;_,Ce,)VO, ceramics within 0.1 < x < 0.6. When x reaches
0.6, there is almost no scheelite phase observed in the sintered
ceramics. The refined values of lattice parameters are a
5.1801(0) A, b = 5.0992(1) A, ¢ = 11.6997(8) A, and y =
90.346(0)° for the (BiyoCe,,;)VO, sample with the space group
I1,2/b(15). The VO, tetrahedron contracts with the
substitution of Ce for Bi at the A site, and this helps to keep
the specific tetrahedron chain stable in the monoclinic
structure. Both Raman and infrared analyses supported this
result. The best microwave dielectric properties were obtained
in the (Biy,5Ceq,5)VO, ceramic with a permittivity of ~47.9, a
Q¢ value of ~18000 GHz, and a near-zero temperature
coefficient of ~+15 ppm/°C at a resonant frequency of around
7.6 GHz at room temperature, and the ceramic remains stable
in a wide temperature range between 20 and 140 °C. This
report offers a novel example to obtain temperature-stable
microwave dielectric ceramics by designing a composite sample
with two solid solutions with compensating temperature
coefficients. This system has the potential to be a good
candidate for microwave dielectric resonator and low-temper-
ature cofired technology applications.
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