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Crystal Structure and Microwave Dielectric Properties of
an Ultralow-Temperature-Fired (AgBi)0.5WO4 Ceramic
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A new microwave dielectric (AgBi)0.5WO4 ceramic with an
ultralow firing temperature was prepared by the solid-state
reaction method. (AgBi)0.5WO4 can be obtained as a dense
single-phase bulk material with a calcination temperature of
500 °C and sintering temperatures of ca. 580 °C. The material
has a microwave relative permittivity of ca. 35.9, a Qf value
of ca. 13000 GHz, and a negative temperature coefficient of
–69 ppm/°C at 7.5 GHz. The crystal structure of (AgBi)0.5WO4
was determined by a combination of X-ray and transmission
electron microscopy (TEM) diffraction analysis. The compound crystallizes in the monoclinic C12/m1 (no. 12) space

group with the lattice parameters a = 10.1330(8) Å, b =
11.0013(0) Å, c = 7.2756(4) Å, and β = 127.712(3)°. From an
X-ray diffraction analysis, the (Ag0.5Bi0.5)WO4 ceramic reacts
with silver after heat treatment at 560 °C to form new
compounds, namely, Bi2WO6 and Ag2WO4. However, the
(AgBi)0.5WO4 ceramic is chemically compatible with aluminum powder at 600 °C as an alternative cofired electrode material. All the results suggest that (AgBi)0.5WO4 ceramic is a
promising new candidate material for ultralow-temperature
cofired ceramic (ULTCC) technology.

Introduction

and MoO3-rich systems,[3,7,8] has attracted much attention.
With the decrease of sintering temperatures to below
660 °C, the application of aluminum as the inner electrodes
has accelerated the so-called ultralow-temperature cofired
ceramic (ULTCC) technology.
In our previous work,[3,8–12] a series of ultralow-temperature-firing microwave dielectric ceramics with low (5–20),
medium (20–40), and high k values (⬎40) have been explored. Among them, Bi2Mo2O9 seems to be very promising owing to its ultralow sintering temperature of ca.
620 °C, chemical compatibility with aluminum, high dielectric permittivity of 38, high Qf value of 12500 GHz, and
small temperature coefficient of resonant frequency (TCF)
of +30 ppm/°C.[3,8] These approaches challenge the earlier
and established microwave materials and open up the possibility for new ultralow-temperature firing technology for
microwave dielectric ceramics and components. In the present work, the phase evolution, microwave properties, and
chemical compatibility of (AgBi)0.5WO4 ceramics were all
studied in detail for this new dielectric material.

The low-temperature cofired ceramic (LTCC) technology
has played an increasingly important role in the modern
fabrication of electronic devices, especially in cofired
multilayer passives, filters, duplexes, and antennae.[1–3] Over
the last twenty years or so, extensive efforts have been made
to lower the sintering temperatures of microwave dielectric
ceramics to below the melting points of Ag and Cu by the
addition of glasses or oxides.[4–6] Recently, a new methodology to search for low-melting-point rich oxide ceramics
with intrinsic low firing temperatures, such as TeO2-rich
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Results and Discussions
Figure 1 shows the XRD patterns of (AgBi)0.5WO4 samples calcined at different temperatures and sintered at
600 °C for 2 h and those of samples cofired with 30 wt.-%
silver and 30 wt.-% aluminum. As seen from the patterns
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(AgBi)0.5WO4 after refinement and the refinement parameters are listed in Table 1. A comparison between the atomic
coordinates of (AgBi)0.5WO4 and (AgEr)0.5WO4 [International Crystal Structure Database (ICSD) 27743] shows
that the two structures are isostructural. Only a slight

Figure 1. X-ray diffraction patterns of (AgBi)0.5WO4 samples calcined at 400 °C for 4 h, 550 °C for 4 h, and sintered at 600 °C for
2 h and those of ceramic samples cofired with 30 wt.-% silver at
560 °C for 4 h and 30 wt.-% aluminum at 600 °C for 4 h. [*:
Bi2WO6 powder diffraction file (PDF) 39-0256, o: Ag2WO4 PDF
34-0061, w: WO3 PDF 20-1323, A: (AgBi)0.5WO4 PDF 37-0102, B:
Bi2O3].

of the (AgBi)0.5WO4 sample calcined at 400 °C for 4 h, the
expected (AgBi)0.5WO4 phase started to form, and the
chemical reaction is as follows [Equation (1)].

(1)

However, the peaks of starting materials WO3 and Bi2O3
can still be observed in the XRD pattern of the sample
calcined at 400 °C, which means that the reaction is incomplete. With a calcination temperature of 500 °C, only the
peaks of the pure (AgBi)0.5WO4 phase were revealed. The
crystal structure of (AgBi)0.5WO4 was first reported by
Klevtsov et al.[13] and is quite different from the adaptive
ABO4 scheelite structure,[14] in which (AgBi)0.5MoO4 crystallizes.[10] Our XRD data is very similar to the results reported by Tang and Ye,[15] in which a monoclinic I2/m symmetry was predicted, but a little different from the data in
JCPDS 37-0102 reported by Klevtsov et al.,[13] in which the
peak at 27.3° was ignored, maybe because it is too close to
the strongest peak at 27.5°. Later, de Tacconi et al.[16]
thought that the existing mineral structures that can be used
for I2/m symmetry, such as the hollandite and aluminum
tungstate structures, cannot accommodate the Ag–Bi–W–O
bonding network, owing to their total-energy density functional theory (DFT) calculation results, and preferred a
wolframite structure.[16] In this work, the crystal structure
of AgErW2O8 reported by Klevtsov et al.[17] was chosen as
the starting model, and the Rietveld profile analysis[18] was
performed in the monoclinic space group C12/m1. The observed and calculated X-ray powder diffraction patterns are
shown in Figure 2 (a). The refined values of the lattice parameters are a = 10.1330(8) Å, b = 11.0013(0) Å, c =
7.2756(4) Å, and β = 127.712(3)°, and the density is
ca. 8.415 g/cm3. The atomic fractional coordinates for
Eur. J. Inorg. Chem. 2014, 296–301

Figure 2. (a) Experimental (crosses) and calculated (line) X-ray
powder diffraction profiles for (AgBi)0.5WO4 at room temperature
(Rp = 15.4, Rwp = 21.4. 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). (b) Schematic crystal structure of the WO6 octahedron and
representative selected area electron diffraction patterns.
Table 1. Refined atomic fractional coordinates from XRD data for
(AgBi)0.5WO4. The lattice parameters at room temperature are a =
10.1330(8) Å, b = 11.0013(0) Å, c = 7.2756(4) Å, and β =
127.712(3)°, and Rp = 15.0, Rwp = 21.2. The space group is C12/
m1 (12).
Atom

Site

Occ.

x

y

z

Bi
W1
W2
Ag
O1
O2
O3
O4
O5

4g
4h
4i
4i
8j
8j
4i
8j
4i

0.5
0.5
0.5
0.5
1.0
1.0
0.5
1.0
0.5

0.00000
0.50000
0.2900(0)
0.1978(2)
0.2732(0)
0.0663(4)
0.4332(7)
0.1689(4)
0.0292(3)

0.2900(2)
0.3396(4)
0.50000
0.50000
0.3805(5)
0.2826(5)
0.00000
0.1277(6)
0.00000

0.00000
0.50000
0.0311(5)
0.5265(9)
0.2565(9)
0.3635(5)
0.1320(5)
0.0824(7)
0.3359(9)
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change is observed as a consequence of the different ionic
radii of the Er3+ and Bi3+ ions. The crystal structure is built
up of W2O8 double chains of linked WO6 octahedra with
common edges, as indicated in Figure 2 (b). The point symmetry of the Bi atom site is C2. Each Bi atom is coordinated
by eight O atoms, which form a distorted tetragonal antiprism. Each Ag atom is coordinated by two O atoms. The
distorted WO6 octahedra have three shorter W–O distances
ranging from 1.801 to 2.249 Å. A set of representative selected area electron diffraction patterns is shown in Figure 2
(b). All patterns were indexed according to a monoclinic
unit cell with lattice parameters a = 10.1(1) Å, b =
11.0(9) Å, c = 7.2(6) Å, and β = 127.5(2)°, which are similar
to the XRD results.
To investigate the chemical compatibility with metal electrodes, 30 wt.-% silver and 30 wt.-% aluminum were mixed
into the (AgBi)0.5WO4 powders, and the mixtures were calcined at ca. 600 °C for 4 h. As seen from the XRD patterns
of cofired sample with 30 wt.-% aluminum (Figure 1), only
the peaks of (AgBi)0.5WO4 and Al were observed, which
indicates that the (AgBi)0.5WO4 did not react with aluminum at 600 °C. However, peaks of Bi2WO6, Ag2WO4, and
excess silver were observed for the cofired sample with 30
wt.-% Ag, which indicates that the (AgBi)0.5WO4 reacted
with the silver powder at 560 °C, and the related chemical
reaction is as follows [Equation (2)].

(2)

The SEM photos of fractured and as-fired surfaces of
(AgBi)0.5WO4 ceramic sintered at 580 °C for 2 h are shown
in Figure 3a and b. A dense microstructure with almost no
pores is observed and indicates that the (AgBi)0.5WO4 ceramic is well densified at 580 °C, which is lower than the
melting points of both silver and aluminum (960 and
660 °C, respectively). Both the as-fired surface and the frac-

tured surface show similar microstructure with grain sizes
of 1–8 μm. The size distribution needs to be improved by
modification of the sintering process in the future. The
backscattered electron image (BSE) and energy dispersive
spectrometer (EDS) results of the cofired sample with 30
wt.-% Al at 600 °C are shown in Figure 3 (c and d). It is
clearly observed that there are two different kinds of grains,
one with light color and the other one with dark color.
From the EDS analysis, the light grains belong to the
(AgBi)0.5WO4 phase, whereas the dark ones are pure aluminum particles; this further confirm the chemical compatibility between (AgBi)0.5WO4 and Al.
The microwave dielectric permittivity and Qf value of
(AgBi)0.5WO4 ceramic as a function of sintering temperature are shown in Figure 4. The microwave dielectric permittivity increased from 29.5 to 35.9 as the sintering temperature increased from 540 to 560 °C; this is caused by the
elimination of pores during the sintering process. With the
further increase of sintering temperature, the dielectric permittivity decreased slowly, which might be caused by the
secondary grain growth, partial melting, or volatilization.[19,20] Meanwhile, the highest Qf value of ca.
13000 GHz was obtained for a sintering temperature of ca.
580 °C, and this parameter is quite sensitive to the sintering
temperature. The temperature dependence of the resonant
frequency, dielectric permittivity, and Qf value are shown in
Figure 5. The resonant frequency decreased almost linearly
from 7.5 GHz at 25 °C to ca. 7.435 GHz at 150 °C, and the
temperature coefficient is ca. –69 ppm/°C. Meanwhile, the
microwave permittivity increased from 35.1 to 35.7, and the
Qf value decreased slightly from 13000 to ca. 10500 GHz
as the temperature increased from 25 to 150 °C; therefore,
the (AgBi)0.5WO4 ceramic can be used in a wide temperature range. A comparison of microwave dielectric properties
of some low-temperature-firing microwave dielectric ceramics with relative permittivities of 33–38 is shown in
Table 2.[21–24] The (AgBi)0.5WO4 ceramic could be a candidate for ultralow-temperature cofired ceramics technology
application owing to its ultralow sintering temperature,
high Qf value, and chemical compatibility with Al. However, its negative TCF value must be modified to near zero
before its application. The design of solid solutions and
composites are possible methods to achieve this.

Figure 3. SEM photos of fractured surface (a) and as-fired surface
(b) of (AgBi)0.5WO4 ceramic sintered at 580 °C for 2 h. (c) BSE
photo and (d) EDS results of cofired sample with 30 wt.-% Al at
600 °C.
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Figure 4. Microwave dielectric permittivity and Qf value of
(AgBi)0.5WO4 ceramic as a function of sintering temperature.
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Figure 6. Ionic polarizability as a function of radii[3] (data from
ref.[27]).

the present work, the polarizability of Ag+ ions was set to
2–2.5 Å3. Then the polarizabilities αx of (AgBi)0.5WO4
could be obtained as follows [Equation (3)].

(3)

Figure 5. Resonant frequency, dielectric permittivity, and Qf value
of (AgBi)0.5WO4 ceramic sintered at 580 °C for 2 h in the temperature range 25–150 °C.

αAg+, αBi3+, αW6+, and αO2– are the respective polarizabilities
of Ag+, Bi3+, W6+, and O2–. By using the Clausius–Mossotti relation, the molecular dielectric polarizability αc can
be calculated from the molar volume Vx (641.63 Å3) and
the measured dielectric constant εm (35.9) as follows [Equation (4)].

Table 2. Comparison of microwave dielectric properties of low-temperature-firing microwave dielectric ceramics with relative permittivities of 33–38.
Composition

S.T.[a]
[°C]

εr

Qf
[GHz]

TCF[a]
[ppm/°C]

Ref.

Bi6Te2O15
LiNb3O8
(AgBi)0.5WO4

800
1075
580

33
34
35.9

41000
58000
13000

–85
–96
–69

TiTe3O8
Bi2TiTeO8
SnTe3O8

700
840
660

36
36
37.3

13600
4700
9600

⬎+100
+41
+223

21
22
this
work
23
24
25

(4)

[a] S.T.: sintering temperature; TCF = temperature coefficient of
resonant frequency.

In the microwave region, the polarizability is the sum of
both ionic and electronic components.[25] As suggested by
Shannon,[26] the molecular polarizabilities of complex substances can be estimated by summing the polarizabilities of
the constituent ions. A polarizability table of more than 60
ions derived from more than 100 oxides by using a leastsquares refinement technology was categorized by Shannon. If we plot the ionic polarization as a function of the
third power of the radius, as shown in Figure 6, the polarizabilities of ions with a given electrovalence value increase
almost linearly, which means the polarizability is proportional to the ion volume. With the increase of electrovalence, the gradient of the linearity also increases, as shown
in the inset of Figure 6. Although the polarizability of Ag+
ions was not given by Shannon, its value can be inferred to
be similar to that of Na+ ions, according to the ionic radii[27] and the proportional rule, as shown in Figure 6. In
Eur. J. Inorg. Chem. 2014, 296–301

The calculated value of molecular polarizability is ca.
17.6. The relative error between the calculated and measured values of the molecular polarizability is ca. 14 %,
which indicates that the Shannon additive rule cannot explain the polarization of the (AgBi)0.5WO4 material so well.
To better understand the microwave dielectric behavior
of (AgBi)0.5WO4 ceramic, the IR reflectivity spectra of
(AgBi)0.5WO4 was analyzed by using a classical harmonic
oscillator model as follows [Equation (5)].

(5)

ε*(ω) is complex dielectric function; ε⬁ is the dielectric constant caused by the electronic polarization at high frequencies; γj, ωoj, and ωpj 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(ω) can be written as [Equation (6)].
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Table 3. Phonon parameters obtained from the fitting of the infrared reflectivity spectra of (AgBi)0.5WO4 ceramic.
Mode

ωoj

ωpj

γj

Δεj

Mode

ωoj

ωpj

γj

Δεj

1
2
3
4
5
6
7
8
9
10

67.94
80.63
102.33
138.29
180.72
238.33
258.06
292.68
319.81
343.90

271.57
193.73
102.73
209.24
157.80
218.63
69.21
225.57
195.74
198.62

15.48
6.86
11.31
37.04
27.89
32.38
14.26
29.00
20.36
23.18

16.00
5.77
1.01
2.29
076
0.84
0.07
0.59
0.38
0.33

11
12
13
14
15
16
17
18
19
ε⬁ = 2.88

368.28
403.15
448.66
510.07
577.11
637.11
735.51
879.61
902.4

142.47
302.23
196.59
171.36
320.16
266.67
485.53
146.6
89.00
ε0 = 32.84

21.98
46.77
48.97
40.45
63.97
48.47
79.70
31.15
32.06

0.15
0.56
0.19
0.11
0.31
0.18
0.44
0.03
0.04

(6)

The fitted IR reflectivity values and complex permittivity
of pure (AgBi)0.5WO4 ceramics are shown in Figure 7. The
phonon parameters obtained from the fitting of the infrared
reflectivity spectra of (AgBi)0.5WO4 ceramic are shown in
Table 3. The dielectric permittivity at optical frequency was
2.88, and the extrapolated value in the microwave region is
32.84, which is in reasonable agreement with the measured
value of 35.9. The dielectric polarization contribution from

the first four modes (67.94, 80.63, 102.33, and 138.29 cm–1)
is ca. 25.07, almost 76 % of the total value, which means
the IR phonon oscillations that are close to the microwave
region dominate the microwave dielectric permittivity. The
calculated dielectric loss is almost the same as the measured
value, which means that the extrinsic dielectric loss caused
by the defects in the ceramic sample is not so much compared with the intrinsic value. Hence, it can be concluded
that the largest polarization contribution for (AgBi)0.5WO4
ceramic in the microwave region is attributed to the absorptions of phonon oscillations in the infrared region.

Conclusions
Dense (AgBi)0.5WO4 ceramics could be obtained at temperatures above 560 °C. The best microwave dielectric properties with a permittivity of ca. 35.9, a Qf of ca. 13000 GHz,
and a temperature coefficient of ca. –69 ppm/°C can be obtained for (AgBi)0.5WO4 ceramic sintered at 580 °C for 2 h.
From the X-ray diffraction results of cofired samples with
30 wt.-% Ag and Al, the (AgBi)0.5WO4 ceramic stayed
chemically compatible with aluminum, whereas it reacted
with silver at its densification sintering temperature. The
(AgBi)0.5WO4 ceramic might be promising for ultralowtemperature cofired ceramic technology.

Experimental Section

Figure 7. Fitted and measured infrared reflectivity values and complex permittivity of pure (AgBi)0.5WO4 ceramic sintered at 580 °C.
Eur. J. Inorg. Chem. 2014, 296–301

General: Proportionate amounts of the reagent-grade starting materials Bi2O3 (⬎99 %, Shu-Du Powders Co. Ltd., Chengdu, China),
Ag2CO3 (⬎99 %, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), and WO3 (⬎99 %, Fuchen Chemical Reagents, Tianjin,
China) were measured according to the stoichiometric formulation
(AgBi)0.5WO4. The powders were mixed and milled for 4 h by using
a planetary mill (Nanjing Machine Factory, Nanjing, China) with
a running speed of 150 rpm and zirconia balls (2 mm diameter) as
the milling medium. The powder mixture was then dried and calcined at 400 and 500 °C for 4 h. The calcined powders were ballmilled for 5 h with a running speed of 200 rpm to obtain fine powders. The powders were then pressed into cylinders (10 mm diameter and 4–5 mm height) in a steel die with 5 wt.-% PVA binder
under a uniaxial pressure of 200 MPa. The samples were sintered
in the temperature range 540–600 °C for 2 h. Room-temperature
X-ray diffraction (XRD) was performed with Cu-Kα radiation
(D/MAX-2400 X-ray diffractometer, Rigaku, Tokyo, Japan). Prior
to examination, the sintered pellets were crushed to powder in a
300
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mortar and pestle. The diffraction patterns were obtained for 2θ =
10–80° at a step size of 0.02°. The results were analyzed by the
Rietveld profile refinement method by using the FULLPROF program. The specimens for transmission electron microscopy were
prepared from the sintered pellets and examined by using a JEOL
2100 transmission electron microscope (TEM) operated at 200 kV.
To examine the grain morphology, as-fired and fractured surfaces
were examined by scanning electron microscopy (SEM; JSM-6460,
JEOL, Tokyo, Japan). The room-temperature infrared reflectivity
spectra were measured by using a Bruker IFS 66v FTIR spectrometer at the infrared beamline station (U4) at the National Synchrotron Radiation Lab (NSRL), China. The dielectric properties at
microwave frequency were measured with the TE01δ 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 (τf) was calculated with the following formula
[Equation (7)].

(7)
fT and fT0 are the TE01δ resonant frequencies at temperature T and
T0, respectively.
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