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Abstract: Low sintering temperature Bi[Vix(Fe13W23)x]O4 (BVFWx) (0.02 <x < 0.08)
ceramics have been prepared by solid-state reaction. Compositions with 0.02 <x <0.08

were scheelite-structure, but distortion of [BO4] tetrahedra decreased with increase in
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x. Although the crystal class remained monoclinic, the phase transition temperature (Tc)
decreased from 255 °C (BV) to 51 °C (BVFWO0.08), suggesting that higher
concentrations of (Fei3W23) would result in the stabilization of tetragonal scheelite at
room temperature. The decrease in the [BO4] distortion additionally resulted in a large
reduction in the magnitude of the temperature coefficient of resonant frequency (TCF)
with near-zero values obtained by sintering BVFW0.08:2BVFW0.06 at 780 °C to give
TCF =-5.9 ppm / °C, relative permittivity &, = 77.4, and microwave quality factor, Q
x f= 8,100 GHz (@ ~ 4.3 GHz). These promising microwave dielectric properties
coupled with the low sintering temperature suggest that BVFWx ceramics are of
interest in low-temperature cofired ceramic (LTCC) technology, and for monolithic

resonator and filter applications.
Keywords: BiVO4, microwave dielectric ceramics, low sintering temperature
1. Introduction

Low-temperature cofiring ceramic (LTCC) technology is an important method to
miniaturize and multifunalize electronic components [1, 2]. It is commonly used for
microwave substrate applications which are manufactured from low permittivity (&,)
microwave dielectric ceramics. In contrast, resonators, filters and capacitors often
require higher &,. Irrespective of the proposed application, the essential requirements
for MW ceramics, remain low dielectric loss or high quaity factor (Q = 1/tand), a near
zero temperature coefficient of resonant frequency (TCF), and in the case of LTCC, a
low sintering temperature (< 950 °C) [3]. The majority of ceramic systems have obvious
deficiencies with respect to MW applications, such as high sintering temperature (> 950
°C) which prohibits their use as LTCC substrates and/or large TCF. A near-zero TCF is
critical in electronic devices as it permits normal operation within a wide temperature
range (-25 to +85 °C).

To reduce the sintering temperature of microwave dielectric ceramics, many
methods have been attempted such as the use of nano-powders [4], chemical synthesis
[5] and the addition of a low melting point glass or ceramic compounds [3, 6, 7]. Several

material types with promising dielectric properties however, have an intrinsically low



melting point, such as phosphates [8], borates [9], molybdates [10], vanadates [11, 12],
tellurates [13] and some silicates [14]. These materials are often explored in the
development LTCC technology and BiVOys is one such compound.

BiVOs4 has four crystal structures: orthorhombic (pucherite); scheelite monoclinic
(clinobisvanite); zircon (dreyerite) and scheelite tetragonal [15-18]. In particular,
monoclinic scheelite BiVO4 has been widely researched for applications in antennas,
filters and resonators due to its low melting temperature (820 °C) and promising
micowave dielectric properties (&, ~ 68, TCF ~ -260 ppm/°C and Q x f'~ 6,800) [19,
20]. Unfortunately, BiVO4 reacts with Ag [19] at the sintering temperature and has a
large -ve TCF, both of which preclude its use in LTCC technology [20, 21]. Attempts
to improve the microwave dielectric properties of BiVO4 have mainly focused on the
formation of solid solutions or mixtures with other end members. Lanthanides
(including Y**) have a similar ionic radius to Bi*" (1.17 A) [22] and are promising
substituents in BiVO4 ceramics. (Bi1xMx)VO4 (M = Ce, Y) were reported to consist of
monoclinic scheelite and a tetragonal zircon phase with optimum compositions giving
& ~45, TCF ~+12 ppm/°C and Q x f~15,000 GHz. The variation in TCF conformed
to a simple mixing rule as the concentration of the lower dielectric constant zircon phase
increased [23].

Despite having a dissimilar ionic radius to Bi**, the effect of Fe**substituted for
Bi** in BiVOs has also been investigated [24]. &, decreases almost linearly owing to
the lower ionic polarizability of Fe*" with respect to Bi** (Fe**=2.29 A3<6.12 A’ =
Bi*") [22] and Q x freaches a maximum value (15,000 GHz) at x = 0.08, but TCF
remains -ve. Recent studies have suggested that B and (Fei;3Mo23)°" substitution for
V>" may also be effective, with the latter achieving &, ~ 74.8, TCF ~+20 ppm/°C and
QO x f ~ 11,500 GHz within ceramic-ceramic composites [25].
[(Lio.5B10.5)0.098B10.902][M00.098 V0.902] O4 also densifies at low temperature (650 °C) and
is chemically compatible with Al and Cu electrodes, demonstrating that stoichiometric
A and B site complex substitutions may also tune the properties of BiVOs-based

ceramics [26]. (1-x)BiVO4-xCaTiO3 (wt%) composites have also realised promising

MW properties and the large +ve TCF of CaTiOs facilitates a reduction in magnitude



of the temperature coefticient to 2.7 ppm/°C at x = 0.16 [27]. Fig. 1 summarizes various

modifications of BiVO4-compounds which have led to improved MW properties.

3G wireless

., Low sintering temperature ff"'
¥ communication

{ xJLar;,".: £, (= 70)

] '
] |
) i
] )
! q High Q x '+ devices :
i 0 & AR 0 \
) \&e&@?ﬁ Near-zero TCF P :
Cad . < ; 1

; @G'} 0&6\\ <,¢ Resomgghr ) a E
' i O :
b [

' '
' = (" A-site substitution type AB-site complex substitutions :
' ® Lans o @ (A*'B") complex substitutions ||
: 5 YEPARRE (A= Ca, (Li Bigs). (Nag Bigs): ||

' - s (Ce'', Y" orc.) b !
: g 53 @ Orher trival B = Mo, W) :
: L§ § ‘ (;‘. _". :"V" it J— € (A°'B’") complex substitutions !
; §9 § §7 =) | Modification {A = Ln, Y, S¢, ete. !
: ) > = S BV = Nb, T, S and (T5,,W, 1)/ |
: [N £ /B-site substitution type ) | 9f BIVOy BiVO, D=l Ta 30 aad (ThaWind Y/
) R '
' gy @ Single pentuvalent { Compaosite cerumics '
: o I_Nh"“ Ta%, Sb™) @ BiVO,-TiO, system [}
¥ - @ Complex pentavalent @ BiVO,-TiO-Bi, 11,0, system ||
s (FeyaMoyg) : | @ BiVO.-ATIO; (A = Ca, Sr) system) |
— - '

Fig. 1 Recent modification of microwave dielectric ceramics of BiVO4[16, 27-32].

5 G (2-6 GHz) and future 6 G (~ 30 GHz) components require comparatively low
& to reduce signal delay whereas filters and resonators have traditionally utilised high
&, materials to maximise volumetric efficiency, particularly in hand held devices where
space is at a premium. A preliminary assessement suggests that the medium to large &,
of BiVOs-based materials may be most effective in capacitor or resonator applications
but the ability to integate higher &, materials in LTCC technology is also important
[33-35]. Irrespective of potential applications, the dielectric properties of Bi[Vi.
x(Fe13W23)x]04 (BVFWX) (0.02 < x <0.08) have been optimised in this study and the
phase evolution and microstructure investigated as a function of composition and

temperature.
2. Results and discussions

2.1. Phase composition and microstructure

Fig. 2 shows the XRD patterns and crystal structures of BVFWx ceramics calcined
at 800 °C. As displayed in Fig. 2(a), all patterns are indexed as monoclinic scheelite but
the structure exhibits a decrease in 3 angle for 0.02 <x <0.08, evidenced by the merging

of (200) (020), (121) (-121), (213) (-123) and (204) (024) diffraction peaks. The



reduction in monoclinic angle is driven by a decrease in distortion of [BO4] tetrahedra
with increase in (Fe13W23)>* concentration, similar to (Lio.sxBi1-0.5x)(MoxV1x)Os and

Bi[Vix(Fe13Mo023)x]O4 systems in which the monoclinic phase is retained at room
temperature up to x ~ 0.1 [25, 36]. According to several studies, four phase fields are
observed as a function of composition in BiVO4 compounds, as exemplified by Bi[ V-
x(Fe13Mo02/3)x]O4: monoclinic (0 < x <0.1), tetragonal (0.1 < x < 0.6), a composite of
monoclinic Bi(Fe13Mo02/3)Os- and tetragonal BiVOs-rich phases (0.7 <x <0.9), and a
Bi(Fe13Mo2/3)Os-rich monoclinic solid solution (0.9 < x < 1.0) [25]. Based on the
narrow range of x investigated in this study, BVFWx appears to follow similar trends.
The changes in crystal structure are also accompanied by an offset of the (112) towards

smaller angles of 20 =~ 28.96 due to incorporation of ions with larger average radius

(Rre1sw2i3y " = 0.59 A, Rv’"~ 0.54 A) [37] (Inset in Fig. 2a).
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Fig. 2 (a) X-ray diffraction patterns of BVFWx (0.02 < x < 0.08) ceramics sintered at 800 °C. (b,
¢) Rietveld refinement plot of BVFW0.02 and BVFW0.08 ceramics. (d-e) Schematic diagram of
crystal structure of monoclinic and tetragonal Scheelite phases.

Rietveld refinements of BVFW0.02 and BVFW0.08 are displayed in Fig. 2(b, ¢)
with crystallographic structural parameters provided in Table Sland S2. Despite all
ceramics exhibiting a monoclinic structure, the Bi-O bond lengths (Table S2) increase

with x. However, the V-O; and V-O2 bond lengths decrease from 1.6190 A and 1.5677



A t0 1.5780 A and 1.5621 A, respectively, illustrating that the distortion of [BiOs] and
[VOs] polyhedra reduces, without transforming to tetragonal, within the range of x
investigated. The bond length of [BO4] is determined by the B-site average ionic radius,
which regulates the phase transformation within ABO4-type scheelites. Monoclinic and
tetragonal scheelite are composed of [BO4] tetrahedra and [AOsg] dodecahedra (Fig. 2d).
As illustrated, the difference between monoclinic and tetragonal relate to how the bond
length of [BO4] modulates the monoclinic angle which becomes effectively 0 in the

tetragonal phase. The B-O bond lengths in monoclinic are unequal (B-O; > B-O;) with

v =90.4°. In contrast, in tetragonal scheelite, they are equal to give y = 90° (Fig. 2e).
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Fig. 3 (a-d) SEM images of as-fired surface of the BVFWx (0.02 < x < 0.08) ceramics sintered at
800 °C. (e) Backscattered scanning electron images (BSEI) and EDS of thermally etched surface
of the mixture sample (BVFW0.06: BVFW0.08 = 1: 2) sintered at 780 °C. (f) Mean grain size of
BVFWx ceramics as a function of x.

SEM images of the microstructure of BVFWx (0.02 <x < 0.08) ceramics sintered
at 800 °C are shown in Fig. 3. Dense and uniform microstructures with almost no pores
and well-defined grain boundaries were observed in all BVFWx compositions (Fig. 3a-
d). The BSEI of the mixture, BVFW0.06: 2B VFWO0.0 , contained a small number of
pores (Fig. 3e), and grains with two distinctly different contrasts, labelled A and B.
Energy Dispersive Spectroscopy (EDS) was used to obtain qualitative compositional

analysis and indicated that the A and B grains had broadly similar spectra. Given the



similar composition of the two mixtures (x = 0.06 and 0.08) this is unsurprising but
nonetheless, the contrast in the BSEI appears sensitive even to slight changes in
chemistry. Electron tunnelling is dismissed as this would occur in all samples equally
and there is no evidence of such contrast in pellets prepared as single phase rather than
as a composite. In addition, there are some bright spots of secondary phases, but too
little to analyze qualitatively with XRD as well as EDS. The mean grain size increases
from 3.15 to 4.37 um with x but the composite sample, Fig. 3f, has a smaller gran size
which is attributed to the lower sintering temperature (780 °C).

2.2. Raman spectra and dielectric properties
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Fig. 4 Raman spectra for BVFWx (0.02 < x <0.08) ceramics of (b). Schematic diagram of BiOs
polyhedra in monoclinic (a) and tetragonal scheelite (c).

To better understand the effect of substitution of (Fe13W23)>* for V°' at the B-site
on the phonon modes, Raman spectroscopy was conducted. Group theory predicts 9
different Raman vibrational (34, + 6B;) modes for monoclinic scheelite, BiVOs. As
shown in Fig. 4b, Raman modes around 127.8, 213.3, 330.3, 369.5, 714.2 and 827.2
cm’! were observed in all samples, which are typical vibration bands of BiVO4 [38].
The 127.8 and 213.3 cm! are the external modes, providing little structural information.
The asymmetric and symmetric bending modes of the V-O bonds are 330.3 and 369.5
cm’!, respectively. The bands at 714.2 and 827.2 cm™' relate to the stretching modes of
two different types of V-O bonds, and the weak shoulder at 714.2 cm™! corresponds to

longer V-O bonds. The strongest Raman band around 827.2 cm'! is assigned to shorter



V-0 bonds. The spectra and interpretation of the Raman modes are consistent with the
previous studies [38-41].

The position of Raman modes is generally considered to relate to the symmetry of
the crystal and its structure, whereas their width is sensitive to the ‘degree of
crystallinity’ and is affected by point defects, and short range order on sites occupied
by multiple cations [36, 40]. The strongest Raman mode at 827.2 cm’! shifts to the lower
wavenumber 815.4 cm™ with increasing x, indicating the average bond lengths of the
[VOy4] tetrahedra decrease and become more regular. This shift is contiguous with
broadening of the mode (~ 827.2 cm) as the distribution of ion type and size in the
tetrahedra increases with x. In addition, the anti-symmetric and the symmetric bending
modes at 330.3 cm™ and 369.5 cm! (BVFWO0.02) undergo red and blue shift,
respectively. Based on the previous studies [25], the anti-symmetric and the symmetric
bending modes would be expected to merge to one mode around 345.6 cm™! at x = 0.1,
associated with tetragonal symmetry. A schematic diagram of polyhedra in monoclinic
and tetragonal scheelite BiVOjs are shown in Fig. 4(a, ¢). For completeness, we note the
characteristic vibrations of WO4 groups are evidenced by vi = 930 cm™!, v2 = 838 cm’!
and v3 = 325 cm™ ¥ and, the Raman band at 908.2 cm™! is attributed to the symmetric
stretching vibration mode of W-O bond.

The measured and calculated infrared reflectance spectra of BFWVx (0.02 <x <

0.08) ceramics are displayed in Fig. 5. The calculations are generally expressed by Eq.

(1 and 2):
2
R(w) = [LYEr (@) 1)
1+.e*(w)
@) —e( )—i iz 2
E W & —jzlw(z)j_wz_jij ()

where 7 is the number of polar-phonon modes, w,;, wo;, y; are the plasma frequency,
the transverse frequency, and the linewidth (scattering rate) of the j-th Lorentz oscillator,
respectively, e*(w) 1s a complex dielectric function and & is dielectric constant that

stems from all oscillators at optical frequencies. Fig. 5a shows that some bands below
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Fig. 5 (a) Experimental infrared reflection spectrum of BVFWx (0.02 < x < 0.08) ceramics. (b)
The complex dielectric spectrum of BVFW0.04 ceramic (solid line, circle and square are fitted,
experimental and measured values in microwave band).

400 cm™ merge as x increases, such as the bending vibration modes at 311.2 (anti-
symmetric) and 365.9 (symmetric) which converged to 332.9, indicating the potential
onset of a ferroelastic phase transition from monoclinic to tetragonal scheelite at higher
values x. Fig. 5b displays the experimental values of BEFWV0.04 measured in the MW
frequency range. The measurement and fitted spectra correspond well, confirming that
the dielectric polarization is dominated by phonon absorption in the far-infrared region.
The relevant phonon parameters are shown in Table S3. The external modes assigned
to the Bi-O bond contributed most to ¢,, broadly in agreement with Shannon’s
summation rule for polarizability (Bi*" = 6.12 A% and V>* =2.92 A3, Fe’" = 2.29 A?)
but with the caveat that the polarizability of W®" remains unknown as discussed in more
detail in the following section. The tetrahedral bending vibration mode does not
therefore, directly contribute to &, but the change in symmetry it induces within the
cell as a whole, is still likely to influence the value of TCF.

Fig. 6 shows the permittivity, quality factor and bulk density of BVFWx (0.02 <
x < 0.08) samples as a function of sintering temperature. &,, Q % fand density follow
the same trend with increasing temperature, attaining a maximum at 800 °C before
decreasing. According to Lichtenecker's law, a higher bulk density implies a higher

relative density or lower porosity. Hence, both the optimal values of ¢, and the Q x f



occur

at the maximum density.

In contrast

for

the composite mixture,

BVFWO0.06: 2B VFW0.08, the optimum density and microwave dielectric properties

appear at 780 °C.
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Fig. 7 shows the microwave dielectric properties and densities of BFWVx
ceramics as a function of x. As X increases, &, increases linearly from 68.02 to 78.78
(Fig. 7a). &, of ceramic materials is determined by intrinsic parameters including
structural characteristics and polarizability, and extrinsic parameters such as second
phase and porosity. The effect of porosity and second phase is presumed negligible
based on XRD, Raman SEM and density (Fig. 7b). W®" is not reported by Shannon and
no direct reference to polarizability could be obtained from other literature sources.
Hence, there is no strong basis to explain changes in &, through consideration of
changes in polarizability as they are effectively unknown. We note that the gradual

lowering of Tc and the decrease in V-O bond length as a function of x is commensurate



with an increase in &, and hence there is circumstantial evidence that crystal structure
plays a role but further work is required before any conclusions can be drawn.

0 % fvalue increases from 8,000 GHz (4.7 GHz) to a maximum of 9,700 GHz (4.7
GHz) at BVFWO0.02 and then decreases with further increase of x (Fig. 7a). The TCF
increases from -260 to +113 ppm/°C with increase in x. A change in sign of TCF was
also observed as a function of x in the [(LiosBio.5)xBii-x][MoxVi1x]O4 [26]. We propose
therefore, that the vicinity of the Tc to room temperature and the structural changes
associated with the transition from tetragonal and monoclinic phase are the primary
tuning mechanisms for TCF.

In this study, temperature-stable microwave dielectric ceramic was obtained by
creating a 1:2 molar ratio composite of compositions with x = 0.06 (-177.1 ppm/°C)
and x =0.08 (+113.2 ppm/°C) which have -ve and +ve TCF, respectively, to give near
zero (-5.9 ppm/°C, % in Fig. 7c). The mixture achieved outstanding dielectric

properties with &, ~77.4, Q x f~ 8,100 GHz (@ ~ 4.3 GHz), and TCF ~ -5.9 ppm/°C.
2.3. Thermal properties
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Fig. 8 The thermal properties of BVFWx (0.02 < x < 0.08) ceramics: (a) deformation variation, (b)
coefficients of thermal expansion.

The phase transition temperature of undoped BiVO4 has been reported at 255 °C
[42]. To investigate accurately variations in Tc as a function of x, thermal expansion
experiments were carried out (Fig. 8). The linear deformation of BVFWx increased
with temperature and exhibited an inflection (Tc) at the monoclinic - tetragonal phase

transition (Fig. 8a). In addition, the coefficient of thermal expansion (CTE) changes



abruptly at Tc (Fig. 8b), indicating it is larger in the tetragonal (~12 - 16) than
monoclinic phase (~ 4 - 9). Tc decreases in BVFWx as a function x to 51°C (x = 0.08),
consistent with previous studies on related systems [25, 36, 43]. The decrease in Tc
follows a simple mixing rule, Figure 8a, based on the general equation (T (K) =
258(£5) — 2550(450) X x) [25] and is directly correlated with the distortion of the
B-O polyhedra.

3. Conclusions

Ceramics fabricated from Bi[Vix(Fe13W23)x]O4 (0.02 < x < 0.08) scheelite solid
solutions have been studied. Phase analysis was performed by XRD, with Rietveld
refinements of the spectra, and Raman spectroscopy. For 0.02 < x < 0.08, all
components were monoclinic scheelite but the distortion of [BO4] tetrahedra decreased
with increase in x, and the crystal structure showed evidence of progressively shifting
towards but not attaining at room temperature, a stable tetragonal scheelite phase,
further evidenced by the decrease in Tc from 255 °C (BV) to 51 °C (BFVWO0.08). The
variation of the [BO4] tetrahedral distortion and its affect on Tc influences the
magnitude and sign of TCF. Optimum properties were achieved from composite
mixtures of BVFWO0.06:2BVFW0.08 with ¢, =77.4, TCF =-5.9 ppm / °C, and Q
x f= 8,100 GHz (@ ~ 4.3 GHz). The system is therefore, not only a candidate for use
as a dielectric resonator but also in LTCC technology due to its low sintering

temperature (780 °C).
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Appendix A. Supporting information

The experimental materials, methods, and characterization of Bi[Vi.
«(Fe13W23)x]0s (0.02 < x < 0.08) ceramics, refined lattice parameters of Bi[Vi-
x(Fe13W23)x]O4 (x = 0.02 and 0.08) ceramics (Table S1 and S2), phonon parameters
obtained by fitting the infrared reflection spectrum of Bi[Vix(Fe13W213)x]O4 (x = 0.04)
ceramics (Table S3).
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