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Abstract

(1-x)BiVO4-xYVO,4 (x < 0.65) ceramics were prepared by using the solid state
reaction method. X-ray diffraction, Raman spectra and scanning electron microscopy
techniques were employed to study the phase composition and crystal structure. The
ceramic samples were composed of both monoclinic scheelite and tetragonal
zircon-type phases. The best microwave dielectric properties, with a permittivity ~ 45,
a Qf value 14,000 GHz and a temperature coefficient of resonant frequency (TCF) +
10 ppm/°C, were obtained in the 0.81BiVO4-0.19Y VO, ceramic sintered at 870 °C for
2 h. Far-infrared spectra study showed that Bi-O oscillations dominate microwave
dielectric polarizations in the (1-x)BiVO4-xY VO, ceramics. The (1-x)BiVO4-xY VO,
ceramics might be candidate for microwave devices application and low temperature

co-fired ceramic technology (LTCC).
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I. Introduction

Due to the fast development of wireless communication technology, microwave
dielectric ceramics have been widely studied and used in resonator, filter, duplexer,
mutiplexer, EMI (Electro Magnetic Interference) filter, patch antenna/GPS (Global
Position System) antenna active module, and other microwave devices applications.
Microwave dielectrics with high performance and the research on the
structure-property relation have always attracted much attention.'™

BiVO4 ceramic was reported to possess high performance of microwave dielectric
properties, with a dielectric relative permittivity € ~ 68, a quality factor (Qf) ~6,500 —
8,000 GHz, a large negative temperature coefficient of resonant frequency (TCF) ~
—243 ~ =260 ppm/°C and a sintering temperature below 900 °C by Valant et al. and

Wee et al.*> However, the large negative TCF limited its application. In fact, the
origin of its large negative TCF is a second order ferroelastic phase transition at 255
°C, which results in a microwave permittivity peak and causes a large positive
temperature coefficient of permittivity. Formation of solid solution or composite is a
popular method to modify TCF value of microwave dielectric ceramics.”® In our
previous work, a novel composite of monoclinic scheelite and tetragonal zircon-type
solid solutions was achieved in the (Bi;xCex)VO4 system and a near zero TCF was
obtained in the (Bip75Ce25)VO4 ceramic with a permittivity ~ 47.9, a Qf value ~
18,000 GHz.” Tonic radius of eight-coordinated Ce** (1.143 A) is a little smaller than
that of Bi*" (1.17 A)’ and a solid solubility about 10 % of Ce substitution for Bi was
confirmed by X-ray diffraction analysis. Although there are some different opinions
on the substitution of Ln for the Bi in scheelite monoclinic BiVOs, due to the specific

10-12

hybridization of the Bi 6s2 and O 2p orbitals, it was found that the formation of
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tetragonal zircon-type phase can effectively modify the TCF of BiVO, system. Here,
we are inspired to use the Y*" jon, with even more small ionic radius ~ 1.019 A, to
induce the formation of zircon-type solid solution. Hence, in the present work,
(1-x)BiVO4-xYVO4 (x < 0.65) ceramics were prepared by using the solid state
reaction method. Phase composition, microwave dielectric properties, and the

structure-property relation were studied in detail.

I1. Experimental Methods

Reagent-grade starting materials of Bi,O3 ( > 99%, Shu-Du Powders Co. Ltd.,
Chengdu, China), V,0s and Y,03 ( > 99%, Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China) were mixed according to the stoichiometric formulation
(BijxYx)VO4 (x < 0.65) (abbreviated here as BYVx), by ball milling for 4 h using a
planetary mill (Nanjing Machine Factory, Nanjing, China) at 150 rpm, with the
zirconia balls (2 mm in diameter) as milling media. The powder mixtures were then
dried and calcined at 700 °C for 4 h. The calcined powders were ball milled for 5 h at
200 rpm. Then, the powders were pressed into cylinders (10 mm in diameter and 4 ~ 5
mm in height) with a steel die with 5 wt. % PVA as binder at a uniaxial pressure of
100 MPa. Samples were sintered at temperatures from 800 °C to 900 °C for 2 h.

Room temperature XRD was performed with Cu Ko radiation (Rigaku
D/MAX-2400 X-ray diffractometry, Tokyo, Japan). Prior to examination, the sintered
pellets were crushed in a mortar and pestle to powder. Diffraction pattern was
obtained over 5 - 65 ° (20) at a step size of 0.02 °. The results were analyzed by the
Rietveld profile refinement method, using FULLPROF program. To examine grain
morphology, as-fired surfaces were observed by scanning electron microscopy (SEM,

FEIL Quanta 250 F). Raman spectra at room temperature were obtained on polished
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pellets with a Raman spectrometer (inVia, Renishaw, England), excited by an Ar"
laser (514.5 nm). 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 Lab. (NSRL), China. Dielectric properties at
microwave frequency were measured with the TEq;5 dielectric resonator method with
a network analyzer (HP 8720 Network Analyzer, Hewlett-Packard) and a temperature
chamber (Delta 9023, Delta Design, Poway, CA). Temperature coefficient of resonant

frequency TCF (1) was calculated with the following formula:

fT _fTU

— 25 T %10, 1
fTUX(T_To) ( )

TCF(r,) =

where fr and fro are the TEgs resonant frequencies at temperature T and T,

respectively.
II1 Results and Discussions

XRD patterns of the (1-x)BiVO4-xYVO; (x < 0.65) samples calcined at 700 °C for 4 h
and sintered at different temperatures are shown in Fig. 1. As seen from all the
patterns of calcined samples, both peaks of scheelite monoclinic and zircon-type
tetragonal phases can be observed. Large difference between the ionic radii of Bi*"
and Y>* (1.17 A and 1.019 A, respectively) determines that Y>* can not enter the A
site of monoclinic scheelite but rearranged with the VO, tetrahedrons and formed the
zircon-type structured phase YVO,4. This is different from the situation in the
(Bi;xCex)VO4 systems,7 in which the monoclinic solid solution could be formed
within x < 0.10. For the calcined samples as shown in Fig. 1 (a), intensity of the
zircon-type tetragonal phase increased continuously with increasing x value

meanwhile the intensity of monoclinic scheelite phase decreased. For BYV0.65
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sample, main peaks of the monoclinic scheelite phase can hardly be observed. XRD
results for the sintered samples are a little different from that of calcined samples. It
can be observed in both BYV0.19 and BYV0.25 samples that main peak of the
scheelite phase is stronger than that of the zircon-type phase in the calicined samples
while it is opposite in the sintered ones. It is obvious that content of zircon-type
tetragonal phase is higher in sintered samples than that in calcined samples. This
result gives a conclusion that phase equilibrium in the (1-x)BiVO4-xY VO, (x < 0.65)
ceramic can be influenced by the temperature. Furthermore, solid solubility of Bi** in
zircon-type (Bi;Yx)VOy phase reached 60 % at a sintering temperature 850 °C. To
evaluate the concentrations of different phases, content ratio of the zircon-type phase
was calculated approximately using the following equation:

Content of zircon-type phase=I,2 00y (L2 0 0y* Is1 12))s 2)
Ration of zircon-type phase as a function of x value in both calcined and sintered
samples are presented in Fig. 1 (c). It is seen that high temperatures can effectively
enhance the zircon-type content in (1-x)BiVO4-xYVO, ceramics within 0.0 < x <
0.65.

The refinements were performed using Fullprof software based on X-ray diffraction
data of the 0.82BiV04-0.19YVO, and (Bip35Y065)VOs samples. The observed and
calculated XRD patterns are shown in Fig. 2 (a) and (b). The refined lattice
parameters for monoclinic scheelite and zircon-type phases (BiVOs and
(Big6Y0.4)VO4 compositions were supposed) in the 0.82BiV04-0.19Y VO, sample are
a=5.176(5) A, b=15.096(6) A, c = 11.675(5) A, y = 90.23(3) ° with a space group I 1
1 2/b (15) according to the data (ICSD #100602) reported by Sleight et al.’® and a = b
=17.255(4) A, c = 6.418(6) A with a space group I 4,/amd (141) according to the data

(ICSD #100733) reported by Dreyer et al.,'* respectively. Amount of the zircon-type
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phase is about 59.15 %, which is similar to the result calculated from Equ. 2. The
refined values of lattice parameters for the (Big35Y0.65)VO4 sample are a = b = 7.175(8)
A, ¢ = 6.347(7) A, with a space group 1 4;/amd (141). All the atomic fractional
coordinates and structure details are listed in Table I, II and III. V-O distance in the
zircon-type (Big35Y065)VO4sample is 1.6975 A, which is a little smaller than that in
YVO, (1.7058 A). The distances of the long and short (Bi,Y)-O bonds are 2.3371 A
and 2.4631 A, respectively, which are larger than that in YVOy4 (2.2986 A and 2.4434
A, respectively),”” and this can be attributed to the larger ionic radius of Bi*" than Y**.
To study cell parameters change trends of the ABO4 (B = V°"; A= Sc¢’", Ln*", Bi*")
type compounds, Fig. 3 presents the a, b, ¢, cell volume, A-O bond length, and V-O
bond length as a function of ionic radius of A site using data from literatures and this
work.'*"® It can be seen that as A site ionic radius increases from 0.87 A (for Sc**) to
1.16 A (for La’"), both the a = b and ¢ parameters increase almost linearly and this
results in the linear increase of cell volume (= a % b x ¢). As seen from the schematic
crystal structure in Fig. 1 (d), there are two A ions (or two AOg dodecahedra) observed
along all the a, b, and ¢ axes and this can explain the linear increase of cell parameters.
When ionic radius increases to 1.17 A for Bi*", a (= b) parameter decreases while ¢
increases slightly and this results in the slight decrease of cell volume. It seems that
1.17 A (for Bi*") of A site ionic radius is a limit for the zircon-type tetragonal
structure. In fact, the zircon-type BiVO, can only be synthesized by the wet chemical
method and it can irreversibly transform into the monoclinic scheelite phase when
heated above 400 °C.""?° However, the zircon-type structured (BigssYo6s)VOs
ceramic is quite stable. Cell parameters of the (Bigp3s5Y065)VO4 lie between that of
YVO, and BiVO, and are consistent with the linear relation (Vegard’s law). As show

in Fig. 3 (b), there are two different types of A-O bonds when the A site ionic radius is
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< 1.109 A (for Nd*"). Both of them first increased linearly with increasing A site ionic
radius and then became equal to each other (with the sudden drop of the long one)
when A site ion is > 1.126 A (for Pr’"). When A site is occupied by Bi, the Bi-O bond
length decreased a little and this corresponds with the decrease of @ and b parameters.
The V-0 bond length (or the VO, tetrahedron) seems to be independent on the A site
ionic radius and keeps stable at around 1.7 A. This implies that the zircon-type
structure is spacious enough and VO, tetrahedron volumes can not be influenced by
increasing AOg dodecahedra volumes.

Figure 4 shows room-temperature Raman spectra of the (1-x)BiVO4s-xYVO,
ceramics (x = 0.10, 0.15, 0.175, 0.25, 0.40 and 0.65) over 100 ~ 1150 cm’. For
0.9BiV04-0.1YVO, ceramic, Raman bands at 825.7 cm ' and the weak shoulder at
about 715.6 cm ' are assigned to vy(V-0) (the symmetric V-O stretching mode, A,
symmetry) and v,(V-O) (the anti-symmetric V-O stretching mode, B, symmetry),
respectively. The bands at 365.0 and 332.2 cm ™' are assigned to the 8,(VO,’") and
84s(VO4), respectively (the symmetric A, bending mode of vanadate anion and the
anti-symmetric B, bending mode of vanadate anion). The bands below 300 cm’
belong to the external modes (rotation/translation).”'>* With the increase of x value,
intensity of the characteristic band of zircon-type phase at 879 cm™' (Aig, v1) became
stronger and stronger. Generally, two sets of Raman spectra could be observed when x
< 0.65 and this agrees well with the result from the X-ray analysis. For
(Big.35Y0,65)VO4 ceramic, the band at 802.3 cm™ is assigned to the By (v3). The bands
at 373.7 cm™ and 479.9 cm™ are assigned to the A, ¢ (v2) and By, (v4), respectively. All
the results correspond well with the literatures’ reports.”**’ The empirical relations®®
(v=21349*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
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frequencies and bond lengths for vanadium and the shorter distance of V-O in
zircon-type phase than that in scheelite phase can explain the blue-shift of v{(V-0)
mode. The calculated V-O bond length in (Big35Y0.65)VO4 is 1.6635 A (using the vi=
879 cm'), which is similar to the result (1.6975 A) obtained from the XRD
refinement.

Microwave dielectric properties of the (1-x)BiVO4-xY VO, ceramics as a function
of x value are shown in Fig. 5. YVO, single crystal was reported to possess a
permittivity ~ 9.4 and a Qf value ~ 280,000 GHz at 16.3 GHz.** According to the
Lichtenecker empirical logarithmic rule,”® it is understandable that the microwave
dielectric permittivity decreased from 69 of BiVO, to 20.5 of (Big35Y0.65)VO4 ceramic.
As the increase of x value, Qf value first increased linearly from 8,500 GHz to 17,800
GHz at x = 0.15, then decreased slightly to 12,500 GHz at x = 0.25 and finally
increased again slightly. Qf values are usually influenced by many aspects, such as
grain boundary, defect, etc., and usually the simple linear results can not be obtained
in the composites compared with the situation in the solid solution. TCF value
increased from - 260 ppm/°C for pure BiVOy to + 80 ppm/°C at x = 0.25 and then
decreased slightly to + 32 ppm/°C at x = 0.65. It is quite sure that TCF value was
influenced seriously by permittivity in the (Bij<Yx)VOj4 zircon-type solid solution.
The best microwave dielectric properties with a permittivity ~ 45, a Qf value 14,000
GHz and a TCF value + 10 ppm/°C were obtained in the 0.81BiVO04-0.19YVO,
ceramic sintered at 875 °C for 2 h. SEM image of 0.81BiV04-0.19YVO, ceramic
sintered at 875 °C is shown in the insert. Due to similar composition of the scheelite
and zircon-type solid solutions, it is difficult to distinguish them from the back
scattered electron image. However, it is clear that there are two different types of

grains with different grain sizes, 1 um and 2.5 ~ 5 pum, respectively. The big grains
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belong to the BiVO, scheelite phase and its grain size is a little smaller than that of
BiVO, ceramic sintered at 840 °C for 2 as reported in our previous work, which
means that the existence of zircon-type phase restrained the grain growth of BiVO,
phase. The small grains belong to the (Bip4Y)VOy4 zircon-type phase and it seems
that the existence of BiVO, effectively lowered the sintering temperature.

Microwave dielectric permittivity and Qf value as a function of temperature in the
range 25 ~ 130 °C are shown in Fig. 6. It is seen that microwave dielectric
permittivity increased with temperature when x < 0.175, which means that the
temperature coefficient of permittivity is positive. When x value is > 019, microwave
dielectric permittivity was found to decrease slightly with temperature. Take the
BYV0.19 sample for example, its permittivity decreased slightly from 44.99 at room
temperature to 44.94 at 135 °C, which means that it is quite stable in wide temperature
range and suitable for communication device application. Almost all the Qf value of
(1-x)BiVO4-xY VO, ceramics decreased linearly with temperature, which means the
dielectric loss increased with temperature.

To further study intrinsic microwave dielectric properties, IR reflectivity spectra of
the (1-x)BiVO4-xYVO, ceramics were analyzed by using a classical harmonic

oscillator model as follows:*'?

2
a)n/

g*(w)=$w+i - 3)

Hoy -’y
where € (0) is complex dielectric function, ¢, is the dielectric constant caused by the
electronic polarization at high frequencies, vy;, ®.j, and ®,; are the damping factor, the
transverse frequency, and plasma frequency of the j-th Lorentz oscillator, respectively,
and n is the number of transverse phonon modes. The complex reflectivity R(w) can

be written as:

Page 10 of 32



Page 11 of 32

Journal of Materials Chemistry C

1-\e*(w) ’

1+./e*(w) ’

Fitted IR reflectivity values are shown in Fig. 7, and complex permittivities are shown

R(w)= ()

in Fig. 8. For all the spectra, bands at 600 — 1000 cm’ can be assigned to vi{(VO,) and
v3(VOy) and the bands at 200 — 600 cm’! can be assigned to v2(VO4) and v4(VOy)
while the bands below 200 cm™ can be assigned to the Bi—O band.**>° Spectra of the
0.9BiVO4-0.1YVO4 and (Bip35Y0.65)VO4 samples are similar to the literatures’ reports.
It is seen that the reflectivity intensities of bands below 300 cm” become weaker
while the bands above 600 cm™ become stronger with the increase of x value. All the
calculated dielectric permittivity and dielectric loss values are almost equal to the
measured ones using TEg;s method, which implies that majority of the dielectric
contribution for this system at microwave region was attributed to the absorptions of
phonon oscillation at infrared region and very little contribution from defect phonon
scattering. Fig. 9 presents the distribution diagram of dielectric permittivity
contribution and measured values as a function of x value. It is seen that dielectric
contributions from the infrared bands above 200 cm™ (including optical values)
differs a little with composition and the change trend of microwave permittivity is
dominated by the far-infrared bands with wave-number below 200 cm’, which
implies that the Bi-O oscillations dominate microwave dielectric polarizations of the
(1-x)BiVO4-xYVO4 ceramics. This can also be explained by the largest ionic
polarization of Bi*" (6.12 A?) among all the cations (2.92 A’ for V°" and 3.81 A® for

33T e i e . 38
Y~"),”" which is similar to our previous work.

IV. Conclusions

The (1-x)BiVO4-xY VO, ceramics were found to be composed of both monoclinic
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scheelite BiVO4 and tetragonal zircon-type (BiosY04)VOs phases. There is no
evidence that Y can enter the A site of scheelite BiVO,. It is found that the high
temperature can effectively accelerate the formation of zircon-type phase in the
(1-x)BiVO4-xY VO, ceramics (0.10 < x < 0.65) and the concentration of zircon-type
tetragonal phase is higher than that in the calcined samples. TCF value can be easily
modified by adjusting the x value and the best microwave dielectric properties with a
permittivity ~ 45, a Qf value 14,000 GHz and a TCF value + 10 ppm/°C were
obtained in the 0.81BiV04-0.19YVO, ceramic sintered at 870 °C for 2 h. The
(1-x)BiVO4-xYVO, ceramics might be candidate for the microwave devices

application.
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Table 1. Refined atomic fractional coordinates from XRD data for the BiVOy (in the
0.81BiV04-0.19Y VO, sample) and the lattice parameters at room temperature are a =

5.176(5) A, b=5.096(6) A, ¢ = 11.675(5) A, y = 90.23(3) °. The space group is I 1 1

2/b (15).
Atom Site Occ. X y z Biso.
Bi 4e 0.50 0.00000  0.25000  0.63213  0.66369
\% 4e 0.50 0.00000  0.25000 0.12743  0.45934
(0)] 8f 1.00 0.15167  0.48705 0.20649  0.17135

02 8f 1.00 0.26426  0.37973  0.44537  0.47786
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Table II. Refined atomic fractional coordinates from XRD data for the (BigsY0.4)VOs

(in the 0.81BiV0O4-0.19Y VO, sample) and the lattice parameters at room temperature

Journal of Materials Chemistry C

are a = b ="7.255(4) A, c = 6.418(6) A. The space group is I 41/amd (141).

Atom Site Occ. X y z Biso.
Y 4a 0.05 0.00000  0.75000  0.12500  0.09866
Bi 4a 0.075 0.00000 0.75000  0.12500  0.09866
\Y 4b 0.12500  0.00000  0.25000 0.37500  3.17324
0] 16h 0.50000  0.00000 0.06768 0.20386  3.85294
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Table III. Refined atomic fractional coordinates from XRD data for the
(Bio35Y0.65)VO4 sample and the lattice parameters at room temperature are a = b =

7.175(8) A, ¢ = 6.347(7) A. The space group is I 41/amd (141).

Atom Site Occ. X y z Biso.
Y 4a 0.08125  0.00000  0.75000  0.12500  0.18851
Bi 4a 0.04375  0.00000 0.75000  0.12500  0.18851
\Y 4b 0.12500  0.00000  0.25000  0.37500  0.02877

o 16h 0.50000 0.00000  0.06809  0.20406  0.06667
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Figure Captions:

Fig. 1. X-ray diffraction patterns of the (1-x)BiVO4-xY VO, samples calcined at 700 °C for 4 h (a),
sintered at different temperatures (b) (* - scheelite phase, o - zircon-type phase), the ration of
zircon-type phase as a function of x value (c), and schematic crystal structure of zircon-type
phases (d)

Fig. 2. Experimental (circles) and calculated (line) X-ray powder diffraction profiles for the
0.81BiV04-0.19Y VO, (a) and (Big35Y¢65)VO4 (b) compositions sintered at 900 °C for 2 h at room
temperature (R, = 13.6 %, Ry, = 16.6 % and Ry, = 12.84 % for 0.81BiV0,4-0.19YVO,. R, =
15.4 %, Ry, = 17.3 % and Rey, = 14.31 % for (Big35Y065)VO4 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 intensity)

Fig. 3 Cell parameters of the zircon-type ABO4 (B = V") type compounds as a function of the
ionic radius of A site (A= Sc¢’", Ln’", B’

Fig. 4 Raman spectra of the (1-x)BiVO4-xYVO, ceramics (x = 0.10, 0.15, 0.175, 0.25, 0.40 and
0.65)

Fig. 5 Microwave dielectric permittivity, Qf value and TCF value of the (1-x)BiVO4-xYVOQO,
ceramics as a function of x value and the SEM photo of BYV0.19 ceramic sintered at 875 °C for 2
h (S-BiVO, scheelite phase, Z-(Bi,Y)VO, zircon-type phase )

Fig. 6 Temperature dependence of microwave dielectric permittivity (a) and Qf value (b) of the
(1-x)BiVO4-xY VO, ceramics

Fig. 7. Measured and calculated infrared reflectivity spectra of the (1-x)BiVO4-xY VO, ceramics
(solid line for fitting values and hollow symbol for measured values)

Fig. 8. Complex dielectric spectra of the (1-x)BiVO4-xY VO, ceramics (circles are experimental at
microwave region, solid lines represent the fit of IR spectra)

Fig. 9. Distribution diagram of dielectric permittivity contribution and measured values as a

function of x value in (1-x)BiVO4-xYVO,
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Fig. 1. X-ray diffraction patterns of the (Bi1-xYx)VO4 samples calcined at 700 oC for 4 h (a), sintered at
different temperatures (b) (* - scheelite phase, o - zircon-type phase), the ration of zircon-type phase as a
function of x value (c), and schematic crystal structure of zircon-type phases (d)
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