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Abstract

In this work, a novel additive-free microwave dielectric ceramic (MWDC) system of (1 —x)CaWO,—x(Li, sSm, 5)WO,
(CW-LSW, 0.12<x<0.20) for low temperature co-fired ceramic (LTCC) applications was successfully fabricated by a
solid-state reaction route. The sintering temperature and composition effects on the microwave dielectric (MWD) properties,
microstructures, and crystalline phases were investigated. The optimal sintering temperatures of the CW-LSW ceramics are
ranging from 875 to 950 °C. When sintered at 900 °C for 3 h, the sample of 0.86CW-0.14LSW exhibited excellent MWD
properties: £,=10.76, Q X f=28,754 GHz, and 7, =—0.54 ppm/°C. Furthermore, it is found that the CW-LSW ceramics
are well compatible with Ag electrode during the sintering process. Therefore, the findings suggest that CW-LSW ceramic

materials are promising for LTCC applications.

1 Introduction

Low temperature co-fired ceramic (LTCC) materials have
aroused increasing international interest because of their
promising applications in electronic industry [1]. As known
to all, the LTCC materials are widely applied to many micro-
wave devices, including antennas, filters, oscillators, dielec-
tric waveguides, and substrates [2—4]. To meet the require-
ments of the applications mentioned above, it is necessary
for the LTCC materials to have a combination of a near-zero
temperature coefficient of resonant frequency (zy), a high
quality factor (Q Xf), and a low dielectric constant (¢g,) [5,
6]. Moreover, in order to be co-fired with electrode metals
(e.g., Au, Ag, and Cu), the sintering temperatures of the
LTCC materials have to be lower than the melting points of
metal electrodes (e.g., <950 °C) [7, 8]. Therefore, effective
sintering additives, such as H;BO;, Li,CO;, BaCu(B,0s5),
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and low-melting glass were usually employed to decrease the
sintering temperature. However, as a result of the formation
of secondary phases, glassy phases, and structural defects
caused by the use of the sintering additives, the Q X f value
will be inevitably decreased, which significantly hinders
the applications of the LTCC materials [2—4, 9, 10]. Con-
sequently, it is highly necessary to study the fabrication of
additive-free LTCC materials with high Q X f values.
However, it is quite challenging to develop additive-free
LTCC materials, as relatively few ceramic materials can be
fully sintered at temperatures lower than 950 °C without
any additive [5, 11-18]. Recently, tungstate ceramic mate-
rials (e.g., CaWO,, StWO,, and BaWO,) were found to
be excellent candidates for LTCC applications and there-
fore be intensively studied [19]. Among these tungstate
ceramic materials, CaWO, with a scheelite structure pre-
sented outstanding microwave dielectric (MWD) proper-
ties (i.e., £,= 10, QX f=75,000 GHz, and 7,=—25 ppm/°C)
[19, 20]. Although the sintering temperature of CaWO,
is at about 1100 °C, it is easy to be effectively decreased
by combining CaWO, with some other tungstate materi-
als, which have lower sintering temperatures. As reported
by Zhang et al., a high Q X f value (i.e., 117,600 GHz), a
low dielectric constant (i.e., 9), and a relatively large nega-
tive 7, (i.e., =55 ppm/°C) were achieved in the binary
ceramic system of CaWO,-Li,WO,, when sintered at 900
°C [12]. Furthermore, as shown by Bian et al. with an
addition of (LiysNd, 5)WO,, low sintering temperatures
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and a near-zero 7, level were achieved simultaneously
in the CaWO,-based ceramics (when sintered at 825 °C,
e,=11.7, QX f=36,700 GHz, and 7, =5.36 ppm/°C) [21].
Similarly, (Liy sSmg s)WO, (¢,=17, QX f=5792 GHz, 7,
=86.7 ppm/°C, sintered at 800 °C) is also expected to be an
excellent additive simultaneously to tailor the 7, level and
lower the sintering temperature of CaWO, ceramic materi-
als [22].

In the present study, specimens of a novel additive-free
LTCC system of (1 —x)CaWO,—x(Li, sSm, 5)WO, (CW-
LSW) were prepared. The influences of the composition
and sintering temperature on the MWD properties, micro-
structures and crystalline phases of the ceramic specimens
were studied. Additionally, the compatibility of the ceramic
samples with Ag was also investigated.

2 Experimental procedure

Ceramic specimens of (1 —x)CW-xLSW (x=0.12, 0.14,
0.16, 0.18, and 0.20) were prepared via a conventional
solid-state reaction route. The raw materials were highly
pure powders of Sm,05 (99.9%, Zibo Weijie, China),
Li,CO5 (99.9%, Shanghai Oujin, China), CaCO; (99.9%,
Sinopharm, China), and WO; (99.9%, Shanghai Zaibang,
China). Initially, according to the compositions of CaWO,
and (Lij sSm, 5)WO,, the starting powders were weighed and
were milled in anhydrous alcohol for 8 h. After that, drying
of the slurries was carried out at 90 °C. The precursors of
CaWO, and (Lij ;Sm,, 5) WO, were heated for 3 h at 850 and
670 °C, respectively. The as-prepared powders were weighed
according to the composition of (1 —x)CW-xLSW, and were
ball-milled and dried again. Then 10 wt% polyvinyl alcohol
solution (PVA, 5 wt%) was added into the mixtures. The
powders were pressed into ©17 mm green bodies (~ 11 mm
in thickness) in a steel mold. Debinding was performed at
550 °C for 3 h in air. Sintering was conducted at various

volume of packed ions
packing fraction(%) = P

temperatures (i.e., 775 to 975 °C) for 4 h in air. The chemical
compatibility with Ag was evaluated by co-firing the green
bodies with Ag powder in air at 900 °C for 4 h.

X-ray powder diffraction analyses (XRD, D8 advance,
Bruker, Germany) were employed for phase identification.
The lattice parameters of the specimens were calculated
according to the XRD results. A scanning electron micro-
scope (SEM, JSM-7100F, JEOL, Japan) was used for micro-
structural observations, corresponding composition analyses
were performed using an energy dispersive spectrometer
(EDS, IE250, Oxford Instruments, UK). The Archimedes
method was employed to determine the bulk densities of
the specimens. Calculation of the theoretical densities of the
specimens was carried out according to the measured lattice
parameters. The relative densities were obtained according
to the results of the bulk density and theoretical density. The
theoretical density was calculated using Eq. 1,

M, -Z
Pthe = VN, ey

where Mx is the molecular weight, V is the cell volume
calculated according to the XRD results, N, is the Avoga-
dro constant, and Z=4. The relative density was calculated
using Eq. 2,

Prel = Lap %X 100%, )
the
where p,, and py, are the bulk density and the relative
density, respectively. The MWD properties of the ceramics
were analysed using a network analyser (E5071C, Agilent,
US) with the TE,5 shielded cavity reflection method. The
7y value was calculated using Eq. 3,
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where f;,) and f(Tz) are the resonant frequencies meas-

ured at— 20 and 65 °C, respectively. The packing fraction of
a scheelite unit cell (A**B®+0,) was obtained using Eq. 4,

__ volume of packed ions

volume of primitive unit cell
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Fig.1 XRD results of the (1 —x)CW-xLSW specimens with different
x values sintered at 900 °C
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Fig.2 Calculated (line) and experimental (circles) XRD patterns
of the 0.86CW-0.14LSW sample (the bottom line is the difference
between the calculated and the observed intensity)

Table 1 Lattice parameters of the (1 —x)CW-xLSW ceramic samples
with various x values

x value a (A) c (1&) \% (A3)

0.12 5.24345 11.36675 312.51427
0.14 5.24302 11.36375 312.38078
0.16 5.24307 11.36243 312.35089
0.18 5.24292 11.36084 312.28887
0.20 5.24289 11.35943 312.24639

where a and c are the calculated lattice parameters, r,, g
and r, are the ionic radii, and Z=4 [23].
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Fig.3 Relative density of the (1—-x)CW-xLSW (0.12<x<0.20)
specimens sintered at different temperatures

3 Results and discussion

XRD results of the (1 —x)CW-xLSW (0.12 <x<0.20)
ceramic specimens fabricated at 900 °C are shown in Fig. 1.
Obviously, all the specimens exhibited a single tetragonal
scheelite phase, indicating the formation of solid solutions
in the samples. This should be mainly attributed to that
both CaWO, and (Lij sSm, 5)WO, have the same scheelite
structure. Additionally, the diffraction peaks of the samples
gradually shifted to higher angles as the x value increased,
which suggests a continuous lattice shrinkage caused by
the partial replacement of the large Ca>* ions (r=1.12 A,
CN =8) by the smaller (Li, sSm, 5)*" ions (the average ion
radius is 1.00 A, CN=8) [24].

The lattice parameters of the (1 —x)CW-xLSW samples
with various x values were calculated according to the XRD
results. Figure 2 gives the representative refinement pattern
(x=0.14), the obtained refinement parameters are Rp =8.75,
R,,,=10.84, and R, ,=4.22. The refined lattice parameters
and corresponding cell volumes are presented in Table 1.
It can be seen that with an increment of x, both the lattice
parameters of a and ¢ decreased monotonously, which gave
rise to the shrinkage of the cell volume of the samples. This
phenomenon is in consistence with the XRD peak shift
towards higher angles (see Fig. 1).

Figure 3 illustrates the relative densities of the (1 —x)
CW-xLSW (0.12 <x<0.20) specimens sintered at various
temperatures. Clearly, relatively high densities (i.e., > 90%)
were already obtained in all compositions when sintered
at 775 °C. As the sintering temperature rised from 775 to
975 °C, the relative densities of all these samples initially
increased and then decreased. A possible reason for the unu-
sual decrease can be ascribed to partial evaporation of some
of the raw materials (e.g., Li,O) at elevated temperatures
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Fig.4 SEM graphs of the samples with x=0.14 fabricated at different temperatures of a 775, b 825, ¢ 875, d 900 and e 950 °C; and the speci-
mens sintered at 950 °C with different x values of £0.12, g 0.16, h 0.18, and i 0.20
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Fig.5 ¢, of the (1 —x)CW-xLSW (0.12<x<0.20) ceramic samples
sintered at different temperatures

[25, 26]. Furthermore, x also had a remarkable effect on the
relative densities of the samples, when the sintering temper-
ature was fixed, the density level decreased as x increased.
To investigate the microstructural evolution of the CW-
LSW ceramic samples, SEM observations were performed.
SEM photographs of the ceramics with x=0.14 prepared

at different temperatures are presented in Fig. 4a—e. It was
found that when sintered at only 775 °C, the sample was
already well densified, only a small amount of residual pores
were observed with a fine average grain size (~2.5 pm, see
Fig. 4a). With further increases in the sintering tempera-
ture to 875, 900 and 950 °C, the residual pores were not
effectively eliminated, meanwhile, as the sintering tempera-
ture increased, both the pore size and grain size increased
remarkably (see Fig. 4a—e). Moreover, the above samples
were homogeneous in their grain sizes, no apparent abnor-
mal grain growth was observed. The compositional effects
on the microstructures of the samples were also investigated.
Figure 4e—i gives the SEM images of the specimens sintered
at 950 °C with various x levels. Obviously, as x increased,
the grain size of the specimens exhibited no apparent
change, while a remarkable increase in the amount of the
residual pores was clearly observed. These SEM observation
results are in consistence with the variation of the relative
densities of the specimens.

Figure 5 gives the variation of the ¢, levels of the (1 —x)
CW-xLSW (0.12 <x<0.20) specimens as a function of the
sintering temperature. As the sintering temperature rised
from 775 to 975 °C, the variation of the ¢, levels of all
compositions is in well agreement with that of the speci-
men densities (see Fig. 3). The maximal ¢, values of each

@ Springer
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Fig.6 QXf levels of the (1 —x)CW-xLSW (0.12<x<0.20) samples
sintered at various temperatures

composition were achieved at 800 or 825 °C, at those tem-
peratures the highest relative density levels were obtained,
which is as a result of that the permittivity is strongly
dependent on the relative density. In addition, the dielectric
constants decreased as the x value increased. This decrease
in the €, value has two causes; on one hand, the relative den-
sities decreased with an increase in the x value (see Fig. 3).
On the other hand, as the x value increased, more Ca2* ions
with higher ionic polarizability (i.e., 3.16 A3) were replaced
by (Liy sSmy 5)** ions, which are lower in ionic polarizability
(ie., 2.97 A% [5].

The Q X flevels of the (1 —x)CW-xLSW ceramic samples
sintered at 775 to 975 °C are presented in Fig. 6. Obviously,
the Q xflevels are strongly influenced by both the sinter-
ing temperature and composition. Generally, the Q X f of all
specimens different in composition gradually increased as
the sintering temperature increased. Moreover, when sin-
tered at a fixed temperature, the Q X f levels decreased as
the x value increased. The Q X f levels of MWD ceramic
materials are closely related to some factors, such as sec-
ondary phases, impurities, porosity, grain size, and lattice
defects [27]. The composition-dependent variation of the
QX fis partially ascribed to that the relative densities of the
specimens decreased remarkably as x increased (see Fig. 3).

304

20

7, (ppm/C)

-10

Fig.7 7 levels of the (1 —x)CW-xLSW specimens with various x sin-
tered at 900 °C

Furthermore, as shown in Table 2, the packing fraction levels
of the samples decreased with an increment of the x value,
which also led to the deterioration of the Q X f. It is owing to
that with a decrease in the packing fraction, the intensity of
the lattice vibration increased. As a result, the intrinsic loss
increased and the Q X flevel decreased [23, 28]. It should be
noted that although the relative densities of the specimens
slightly decreased as the sintering temperature increased,
this relatively limited variation had no apparent negative
effect on the Q X f of the specimens. With an increase in sin-
tering temperature, the relative density of ceramic samples
decreased, and the porosity increased, which usually lead to
adecrease in the Q X f. However, the quality factor increased.
Therefore, some other factors competed with a decrease in
the density and dominated the change of the Q X fvalue. As
observed by SEM (see Fig. 4), the grain size of the samples
had a significant increase with an increase in the sinter-
ing temperature, which may remarkably decrease the grain
boundaries and suppress the dielectric loss [29, 30]. The
specific reason of this phenomenon still needs further study.

Figure 7 exhibits the 7;levels of the ceramics with dif-
ferent x levels sintered at 900 °C. Clearly, the 7, levels
increased monotonously from —9.8 to 28.6 ppm/°C as

Table 2 Packing fractions of x value rs (A) (CN=8) ry (A) (CN=4) ro (A) (CN=3) z Packing

the (1 —x)CW-xLSW ceramic fraction

samples with various x values (%)

(ro, ra» and rg, represent the

effective ionic radii of the 0.12 1.1056 0.42 1.36 4 61.59

oxygen ions, A-site, and B-site ) 1.1032 0.42 136 4 61.57

cations at each coordination

number, respectively) 0.16 1.1008 0.42 1.36 4 61.53
0.18 1.0984 0.42 1.36 4 61.49
0.20 1.0960 0.42 1.36 4 61.45

@ Springer
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Fig.8 XRD pattern of the 0.86CW-0.14LSW ceramic co-fired with
Ag at 900 °C

x increased from 0.12 to 0.20. Moreover, a near-zero Ty
level (i.e., —0.54 ppm/°C) was obtained when x=0.14.
As is well-known, CaWO, has a negative 7 value
(i.e., =25 ppm/°C) [10], in contrast, (Li, sSm, 5)WO, has
a positive one (i.e., 86.7 ppm/°C) [22]. As a result, in the
CW-LSW system, an increase in the (Liy sSm, 5)WO, con-
tent (i.e., the x value) will result in an increment of the 7,
value from negative to positive [21, 31].

The chemical compatibility with Ag was evaluated via
co-firing a ceramic sample (x=0.14) with pure silver pow-
der in ambient atmosphere at 900 °C. In the XRD pattern
of the co-fired sample (see Fig. 8), the diffraction peaks
of both silver and the scheelite phase were identified, and
no impurity phase, such as Ag,WO, or Ag,W,0, were
detected. Additionally, as confirmed by the SEM observa-
tions combined with EDS analyses (see Fig. 9), the silver

6842
Ch0 MAG: 3000x HV:15kV WD: 9.5 mm Px: 38 nm

particles exhibited a homogeneous distribution on the
surface of the ceramic sample. These results indicate that
there was no apparent chemical reaction between Ag and
the ceramic sample during the sintering process. There-
fore, the (1 —x)CW-xLSW ceramic materials were proved
to be compatible with Ag electrodes.

As mentioned above, it is crucial for the LTCC materials
to have a combination of low sintering temperatures, out-
standing MWD properties, as well as excellent compatibility
with metal electrodes. Undoubtedly, this study provides a
promising candidate material system for LTCC technology.
Meanwhile, it is worth to note that for the CW-LSW ceramic
system, relatively high Q X f levels (~ 30,000 GHz) can be
obtained in a wide range of the sintering temperature (i.e.,
875-950 °C), which is quite favorable for practical applica-
tions. Additionally, in consideration of the relative density
levels of the specimens (i.e., ~95%), further study can focus
on increasing the relative density by optimizing the powder
processing and sintering parameters, which is expected to
effectively improve the Q X f of the CW-LSW ceramics.

4 Conclusions

In summary, samples of a new additive-free ceramic sys-
tem of (1 —x)CW-xLSW (0.12 <x <0.20) were prepared.
A single scheelite phase was detected in each specimen.
The MWD properties of the (1 —x)CW-xLSW specimens
were strongly dependent on both the sintering tempera-
ture and composition. An increment of x (i.e., the con-
tent of (Liy sSm, 5)WO,) resulted in decreases in both the
QX f'value and permittivity, as well as an increase in the 7,
level. A near-zero 7, level of —0.54 ppm/°C was achieved
at x=0.14 with £,=10.76 and Q Xf=28,754 GHz, when
sintered at 900 °C. Moreover, the ceramic samples showed

Distance (um)

Fig.9 a Back scattered electron image of the 0.86CW-0.14LSW ceramic co-fired with Ag at 900 °C; b EDS line-scan patterns from the

observed surface of the co-fired sample
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excellent chemical compatibility with Ag during the sinter-
ing process. The findings suggest that the CW-LSW ceram-
ics are promising candidate materials for LTCC applications.
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