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a b s t r a c t

Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) low-permittivity microwave dielectric ceramics with cus-
pidine structure were prepared using conventional solid-state method at 1325 �Ce1400 �C for 10 h in air.
The lattice parameters of Ca3MSi2O9 (CMS) linearly decreased when M changed from Zr to Sn0.85Ti0.15,
and a single phase was formed. ForM¼ Sn1�xTix (x¼ 0.20e0.40), a second phase of CaTiO3 (CT) appeared.
The relative permittivity (εr), quality factor (Q� f), and temperature coefficient of resonant frequency (tf)
were closely related to ionic polarizability, relative covalence of M site, unit-cell volume, and CaTiO3

second phase. As a result, the highest Q� f value of 72840 GHz was obtained forM¼ Sn0.95Ti0.05, and near
zero tf value was achieved for M¼ Sn0.7Ti0.30. The microwave dielectric properties of which are as fol-
lows: εr¼ 11.07, Q� f¼ 42400 GHz, and tf¼�5.1 ppm/�C.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

High-performance microwave dielectric ceramics with low
permittivity have attracted considerable attention due to the
expansion of the operating frequency ranges of microwave wireless
communication. Low-permittivity (εr< 15) microwave dielectric
ceramics can be used as high-frequency substrates, dielectric an-
tennas, high-accuracy capacitors, and millimeter-wave compo-
nents such as resonators and filters [1]. This kind of ceramics is the
foundation of themicrowavewireless communication. For practical
applications, such microwave dielectric ceramics must have a low
dielectric constant (εr) to reduce the signal transmit delay, a high-
quality factor (Q� f) for frequency selectivity, and a near-zero
temperature coefficient of resonant frequency (tf) for stability of
the transmitted frequency [2,3].

Silicates exhibit some interesting characteristics, such as ferro-
electricity in Bi2SiO5 and BaZnSiO4 [1,4], unusual thermal expan-
sion coefficient in Ba1-xSrxZn2Si2O7 [5], and microwave dielectric
properties in Sm2SiO5 [6]. These interesting phenomena are related
ronic Information, Huazhong
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to the complex crystal structure of silicates, which are constituted
by [SiO4] tetrahedrons and some other polyhedrons. Usually, sili-
cates have a low permittivity value due to the SieO bond, which
contains 45% ionic bond and 55% covalent bond [6]. Many kinds of
silicates have been explored, such as forstreite (Mg2SiO4), willemite
(Zn2SiO4), and cuspidine (Ca3MSi2O9, M¼ Zr and Sn) [7e9]. All of
them have a low permittivity value and high quality factor, making
them a good choice for millimeter-wave devices. However, their tf
value exhibits generally a negative value. Moreover, Mg2SiO4 and
Zn2SiO4 are difficult to obtain a single phase, and cold isostatic
processing is required during molding [10e12]. Cuspidine-type
Ca3ZrSi2O9 ceramic possesses a stable crystal structure, and the
solid solution can be achieved by substitution of Zr4þ ions to
improve microwave dielectric properties [9]. Akinori Kan et al. [9]
found that the cuspidine-type Ca3(Zr1-xSnx)Si2O9 solid solutions,
which constitutes the [Si2O7] group, [Zr1-xSnxO6] octahedron, and
[CaO6/7] polyhedron, exhibited excellent low-permittivity micro-
wave dielectric properties. When the Zr4þ was substituted by Sn4þ,
the εr value decreased slightly, the Q� f value showed an increasing
trend, and the tf value approached to zero. This results could be
related closely to ionic polarizability and relative covalence at M
site in Ca3MSi2O9 lattice structure.

To clarify the effects of the M-site ions on the microwave
dielectric properties and establish the relationships between lattice
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Fig. 1. (a) XRD patterns of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics sintered at their optimum temperature, (b) crystal structure of Ca3MSi2O9 (M¼ Sn) (2� 2� 2), and
(c) [SnO6]e[SiO4] chain in unit cell for Ca3MSi2O9 (M¼ Sn) ceramics.

Table 1
Lattice parameters and Rietveld discrepancy factors of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) compositions.

Phase Composition M a (Å) b (Å) c (Å) b (o) V (Å3) Rwp (%) Rp (%) c2

CMS Zr 7.360 10.178 10.442 90.898 782.059 6.90 5.00 4.09
Hf 7.354 10.156 10.441 91.044 779.742 6.23 4.40 5.06
Sn 7.321 10.067 10.429 91.073 768.351 6.87 5.03 3.67

Sn0.95Ti0.05 7.318 10.066 10.427 91.078 768.099 6.78 4.83 3.62
Sn0.90Ti0.10 7.312 10.065 10.423 91.079 766.976 6.98 5.00 3.67
Sn0.85Ti0.15 7.307 10.060 10.415 91.091 765.467 6.97 5.22 3.75

CSSeCT Sn0.80Ti0.20 7.306 10.060 10.414 91.090 765.305 7.32 5.46 4.01
Sn0.70Ti0.30 7.306 10.062 10.414 91.081 765.432 7.93 5.82 4.50
Sn0.60Ti0.40 7.301 10.056 10.409 91.100 764.063 12.16 8.73 9.41
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parameters and microwave dielectric properties in the cuspidine-
type Ca3MSi2O9 solid solutions, several ions similar to Zr4þ and
Sn4þ have to be selected to occupy the M site. Substitution of Ti4þ

by Sn4þ [13] and Zr4þ [14] had been adopted to form a solid solution
in the Zn2Ti1-xSnxO4 and Li2Zn(Ti1-xZrx)3O8 microwave dielectric
ceramics, respectively. In addition, Hf4þ exhibited similar charac-
teristics to Zr4þ in the ASiO4 (A¼ Zr, Hf) microwave dielectric ce-
ramics [15,16]. Therefore, Zr4þ, Sn4þ, Ti4þ, and Hf4þ ions with the
same valence state and similar ionic radii [17] could occupy the M
site to form a cuspidine-type lattice structure in Ca3MSi2O9 with a
structural flexibility of [MO6] octahedrons.

In this work, Ca3MSi2O9 (M¼ Zr, Hf, Sn) ceramics and
Ca3Sn1�xTixSi2O9 (x¼ 0.05e0.40) solid solutions were prepared.
The relationships among lattice parameters, phase composition,
and microwave dielectric properties were investigated
systematically.

2. Experimental procedure

The Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics were
prepared by conventional solid-state method using reagent grade
CaCO3 (99.8%), SiO2 (99.5%), ZrO2 (99.5%), HfO2 (99.5%), SnO2
(99.5%), TiO2 (99.5%) powder as rawmaterials. According to desired
stoichiometry, the raw materials were weighed to ball milled in a
polyethylene jar for 5 h using ZrO2 balls with deionized water. After
drying at 85 �C, the mixtures were calcined in air at 1000 �C for 3 h
with a heat rate of 5 �C/min. And then the powders were uniaxially
pressed into samples with dimensions of 12mm in diameter and
approximately 6mm in height under a pressure of 150MPa. The
samples were sintered in the temperature range of
1325 �Ce1400 �C for 10 h at a heating rate of 5 �C/min, and then
they were naturally cooled in the furnace after being cooled to
1000 �C at a rate of 2 �C/min.

The bulk density of the sintered samples was measured by
Archimedes' method. The relative density rrel was obtained by:

rrel ¼
robs
rthe

� 100 % (1)

where robs and rthe are the observed density and theoretical den-
sity, respectively.

For two-phase composite ceramics, rthe can be calculated by:

rthe ¼
W1 þW2

W1=r1 þW2=r2
(2)

where W1 and W2 are the weight percentage of phase 1 and phase
2, and r1 and r2 are the theoretical density of phase 1 and phase 2,
respectively.

X-ray diffraction (XRD) patterns were obtained using XRD (XRD-
7000, Shimadzu, Kyoto, Japan) with CuKa radiation. The phase
analysis was performed by Rietveld refinement [18] using GSAS



Fig. 2. The variation of lattice parameters of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;
x¼ 0e0.15) ceramics with the M and r (M4þ).
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[19] and EXPGUI [20] software. The microstructures of the Ca3M-
Si2O9 samples were observed by scanning electron microscopy
(SEM, Sirion 200, Netherlands), and the grain size distributions
were obtained using Image J software. The εr and the unloaded Q� f
value were measured at 12e14 GHz in the TE011 mode by Hakki and
Coleman method [21] using a network analyzer (Agilent E8362B,
Agilent Technologies, USA) and parallel silver boards. The tf value in
the temperature range of 30e80 �C was calculated by Equation (3):

tf ¼
1

f ðT0Þ
½f ðT1Þ � f ðT0Þ�

T1 � T0
(3)

where f(T1) and f(T0) represent the resonant frequency at T1 (80 �C)
and T0 (30 �C), respectively.

3. Results and discussion

Fig.1 shows the XRD patterns of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;
x¼ 0e0.40) ceramics sintered at their optimum temperature and
[SnO6]e[SiO4] chain in Ca3MSi2O9 (M¼ Sn) crystal structure. A
single phase with monoclinic cuspidine structure and P21/c space
group can be obtained for Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;
x¼ 0e0.15). Whereas second phase CaTiO3 is observed in Ca3M-
Si2O9 (M¼ Sn1�xTix; x¼ 0.20e0.40), as shown in Fig. 1(a). This
result indicates that the maximum solubility of Ca3Sn1�xTixSi2O9 is
located between 0.15 and 0.20. Rietveld refinement using GSAS was
performed to analyze the crystal structure of Ca3MSi2O9 (M¼ Zr, Hf,
Sn1�xTix; x¼ 0e0.40) ceramics. Fig. 1(b) shows the crystal structure
of Ca3SnSi2O9 ceramics. The unit cell of which contains two [SnO6]e
[SiO4] chains composed of the [SnO6] octahedron and [Si2O7]
groups (Fig. 1(c)). The Rietveld discrepancy factors, such as Rp, Rwp,
goodness of fit (c2) values, and lattice parameters of Ca3MSi2O9
(M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) are shown in Table 1 and Fig. 2.
The Rietveld discrepancy factors in Table 1 show that the Rietveld
refinement results are reliable. The lattice parameters a, b, c and
unit-cell volumes V generally decrease when M changes from Zr to
Sn0.85Ti0.15, corresponding to the decreasing of ionic radius
(rZr4þ ¼ 0.720Å, rHf4þ¼ 0.710Å, rSn4þ¼ 0.690Å, rTi4þ¼ 0.605Å; CN¼ 6)
[17]. However, unlike the other lattice parameters, the b value
which represents the angle between a and c in unit cell increases
linearly, indicating that the symmetry of crystal structure decreases
with the decreasing ionic radius of M4þ.

The microstructures of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;
x¼ 0e0.40) ceramics sintered at their optimum temperature were
observed using SEM, as shown in Fig. 3. All these images reveal a
well-densified microstructure with uniform grain size and little
porosity, except for Ca3SnSi2O9 (Fig. 3(c)). For the Ca3SnSi2O9
specimen sintered at 1400 �C, a porous microstructure with a large
number of pores is present on the surface, and no clear grains can
be observed. The relative density of Ca3SnSi2O9 still has 96.6%
(Table 2), so the pores may be caused by the Sn evaporation on the
surface at high temperature [22]. When the Sn is partially
substituted by Ti, the pores decrease remarkably. The average grain
size of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics is
illustrated in Fig. 3, showing that the average grain size takes on the
increasing tendency from 2.85 mm (M¼ Zr) to
4.20 mm (M¼ Sn0.60Ti0.40).

Table 2 presents the optimum sintering temperature, observed
densities, relative densities, and microwave dielectric properties of
Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics. The samples
were prepared in a wide temperature range and only the best
sample was selected for further investigation. All the samples are
observed to possess high relative densities (approximately 98.0%).
The relative permittivity and absolute value of tf decreases initially
and then increases with the changing ofM from larger Zr to smaller
Sn0.60Ti0.40. However, the variation of Q� f value has an opposite
trend comparing with relative permittivity as a function of M. It
should be noted that the tf value approaches to near zero while the
M is Sn0.70Ti0.30, which makes it a promising candidate for
temperature-stable millimeter-wave devices.

In order to explain the variation tendency of microwave
dielectric properties in single phase area, structural data are used to
calculate some parameters, such as εr-cal, bond valence and relative
covalence ofM site. As for multi-phase area, the variation tendency
of microwave dielectric properties is mainly affected by the second
phase (CaTiO3) and explained by mixing-rule (Lichtenecker
empirical rule). The influence of porosity on εr can be eliminated by
the following equation [23]:

εr�obs ¼ εr�expð1þ 1:5PÞ (4)

where P is the porosity and can be calculated by:



Fig. 3. Scanning electron micrographs and average grain size (insert) of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics sintered at their optimum temperature: (a) M¼ Zr,
1375 �C; (b) M¼Hf, 1375 �C; (c) M¼ Sn, 1400 �C; (d) M¼ Sn0.95Ti0.05, 1350 �C; (e) M¼ Sn0.90Ti0.10, 1350 �C; (f) M¼ Sn0.85Ti0.15, 1325 �C; (g) M¼ Sn0.80Ti0.20, 1350 �C; (h)
M¼ Sn0.70Ti0.30, 1325 �C; (i) M¼ Sn0.60Ti0.40, 1350 �C.

Table 2
Sintering temperature (Tsint), observed densities (robs), relative densities (rrel), and microwave dielectric properties of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) ceramics.

Phase Composition M Tsint (�C) robs (g/cm3) rrel (%) εr-exp εr-obs εr-cal Q� f (GHz) tf (ppm/�C)

CMS Zr 1375 3.44± 0.03 98.3± 0.8 10.51± 0.05 10.87 7.92 44399± 549 �51.9± 2.0
Hf 1375 4.19± 0.03 98.7± 0.7 10.27± 0.01 10.47 7.86 45017± 1741 �46.9± 1.6
Sn 1400 3.67± 0.08 96.6± 1.2 8.80± 0.05 9.24 8.03 70944± 1169 �43.9± 1.0

Sn0.95Ti0.05 1350 3.72± 0.02 98.7± 0.6 9.12± 0.06 9.29 8.04 72840± 1568 �41.0± 0.8
Sn0.90Ti0.10 1350 3.73± 0.01 99.6± 0.2 9.30± 0.10 9.35 8.08 67117± 273 �40.1± 0.6
Sn0.85Ti0.15 1325 3.70± 0.01 99.4± 0.2 9.50± 0.05 9.59 8.13 63694± 1579 �39.1± 0.4

CSSeCT Sn0.80Ti0.20 1350 3.66± 0.05 97.9± 0.8 9.87± 0.08 10.19 e 52856± 1046 �29.4± 1.1
Sn0.70Ti0.30 1325 3.73± 0.05 98.0± 0.8 11.07± 0.03 11.41 e 42400± 812 �5.1± 0.7
Sn0.60Ti0.40 1350 3.75± 0.04 98.2± 0.7 12.34± 0.07 12.67 e 33840± 974 þ26.4 ± 1.1

εr-exp: the measured value of εr; εr-obs: the correction value of εr; εr-cal: the calculated value of εr.
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P ¼ 1� rrel (5)

Relative permittivity of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;
x¼ 0e0.15) ceramics are also calculated by the total ionic polariz-
ability of individual ions (aTD) and molar volume (Vm) according to
Clausius-Mossotti equation [24,25]:
εr�cal ¼
1þ 2baTD

�
Vm

1� baTD
�
Vm

(6)

where b¼ 4p/3. The total ionic polarizability (aTD) of Ca3MSi2O9

(M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.15) can be calculated with the addi-
tive rule:



Fig. 4. The variation of relative permittivity and the ionic polarizability with theM and
r (M4þ).
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aTD ¼ 3a
�
Ca2þ

�
þ a

�
M4þ

�
þ 2a

�
Si4þ

�
þ 9a

�
O2�

�
(7)

where a(Ca2þ), a(M4þ), a(Si4þ) and a(O2�) are the ionic polariz-
ability of Ca2þ, M4þ, Si4þ and O2�, respectively.

The observed (εr-obs) and calculated (εr-cal) values of relative
permittivity are listed in Table 2. The variation of εr-exp and εr-obs
presents the same trend. However, because of the Clausius-
Mossotti equation is more suitable for cubic or isotropic materials
than low symmetry materials [26], the calculated εr-cal is much
smaller than εr-obs.

The variation of relative permittivity (εr-exp) and the ionic
polarizability with the M are shown in Fig. 4. The variation ten-
dency of εr-exp is similar to that of ionic polarizability, especially in
the single-phase area. This finding means that the variation of
relative permittivity in single phase area is dominated by ionic
polarizability of M4þ rather than the grain size or pores. In multi-
phase area, the relative permittivity increases sharply with the
increase of CaTiO3 second phase. For multi-phase ceramics, the
relative permittivity can be calculated from the Lichtenecker
empirical rule [27]:

ln εr�cal ¼ V1 ln εr�1 þ V2 ln εr�2 (8)

where V1 and V2 are the volume fractions of CSS and CT; εr-1 and εr-2
are the relative permittivity of the CSS and CT, respectively. The
volume fraction is calculated from the weight fraction, which is
obtained from the refinement result. The relative permittivity of
CSS and CT is εr-1¼9.50 and εr-2¼170 [28], respectively. Table 3
shows the weight fractions (Wt.F), volume fractions (V.F) and mi-
crowave dielectric properties of Ca3MSi2O9 (M¼ Sn1�xTix;
x¼ 0.20e0.40) (CSSeCT) composite. It is found that the calculated
Table 3
Weight fractions (Wt.F), volume fractions (V.F) and microwave dielectric properties of Ca

M Wt.F (%) V.F (%) εr

CSS CT CSS CT exp

Sn0.80Ti0.20 98.09 1.91 98.20 1.80 9.87± 0.08
Sn0.70Ti0.30 94.59 5.41 94.90 5.10 11.07± 0.03
Sn0.60Ti0.40 90.37 9.62 90.90 9.10 12.34± 0.07
relative permittivity agrees well with the experimental value.
The quality factor (Q� f) of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix;

x¼ 0e0.15) ceramics with the change of M (decreasing ionic radius
of M4þ) are shown in Fig. 5. The Q� f increases initially and then
decreases linearly, and the maximum Q� f value (72840 GHz) is
obtained at M¼ Sn0.95Ti0.05. In general, the quality factor of mi-
crowave dielectric ceramics depends on intrinsic loss and extrinsic
loss. The intrinsic losses are determined by absorptions of phonon
oscillation and the extrinsic losses are dominated by many factors,
such as second phase, porosity and grain size [3]. It is obvious that
the quality factor of single phase area depends on intrinsic losses
and the multiphase area is determined by CaTiO3 second phase.

Many structural factors, such as bond valence, packing fraction,
and relative covalence affect the Q� f value [9,29,30]. For Ca3M-
Si2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.15), the bond valence ofM site is
calculated by the following equations [31,32]:

Vi ¼
X
j

vij (9)

vij ¼ exp
�
Rij � dij

n

�
(10)

where Rij is the bond valence parameter, dij is the bond length
between the i and j atoms, and n is a constant of 0.37Å. The bond
lengths dij are obtained by refinement results and shown in
Table S1.

The bond strength (S) is defined as the ratio of bond valence sum
of cation and its coordination number, and the relationship among
the bond strength (S), covalence (fc) and relative covalence are
given by the following equations [29]:

fc ¼ gSm (11)

Relative Covalence ð%Þ ¼ fc
S
� 100 (12)

where g and m are the empirical parameters [32], which are
dependent on the core electrons.

As shown in Fig. 5, the correlations between Q� f and M in the
single phase area nearly reveal the same trend similar to those
between relative covalence of M site and M, indicating that the
relative covalence ofM site plays a dominant role in controlling the
Q� f value of Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.15). A similar
correlation between Q� f value and relative covalence is also
observed in Ca3Zr1�xSnxSi2O9 and Ca1�xCdxMoO4 solid solutions
[9,29].

In multi-phase region, the Q� f value displays a linear variation,
which is in good agreement with the empirical model for multi-
phase ceramics (Table 3), and the model is described by the
following equation [33]:
3MSi2O9 (M¼ Sn1�xTix; x¼ 0.20e0.40) (CSSeCT) composite.

Q� f (GHz) tf (ppm/�C)

cal exp cal exp cal

9.59 52856± 1046 59376 �29.4± 1.1 �29.8
10.57 42400± 812 45711 �5.1± 0.7 �4.0
11.88 33840± 974 35740 þ26.4 ± 1.1 þ28.1



Fig. 5. The variation of Q� f value and the relative covalence ofM site with theM and r
(M4þ).

Fig. 6. The variation of tf value and the unit-cell volume with the M and r (M4þ).
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1
Qf

¼ V1�
Qf

�
1

þ V2�
Qf

�
2

(13)

where (Qf)1 and (Qf)2 are the quality factors of the CSS and CT,
respectively.

Fig. 6 shows the variation of tf value and the unit-cell volume
with the M. Lee et al. [34] suggested that the unit-cell volume is
inversely proportional to the lattice energy for a material family
with a same lattice structure. In single phase area, the variation of tf
has an opposite trend compared with unit-cell volume. Small unit-
cell volume represents high lattice energy. Furthermore, high lat-
tice energy means high stability of structure and temperature
stability.

In two-phase composite ceramics, the tf can be described as
[35]:

tf ¼ V1

�
tf

�
1
þ V2

�
tf

�
2

(14)

where ðtf Þ1 and ðtf Þ2 are the tf values of CSS and CT [27],
respectively. The calculated tf values are shown in Table 3, and a
near zero tf value is achieved for M¼ Sn0.70Ti0.30.

4. Conclusions

Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.40) microwave
dielectric ceramics with low relative permittivity have been pre-
pared via solid-state reaction process. A single phase with mono-
clinic cuspidine structure and P21/c space group is obtained for
Ca3MSi2O9 (M¼ Zr, Hf, Sn1�xTix; x¼ 0e0.15). However, for
M¼ Sn1�xTix (x¼ 0.20e0.40), CaTiO3 occurs as the second phase.
For single phase region, the variation tendency of εr value is similar
to that of ionic polarizability, which decreases initially and then
increases linearly. The Q� f value is dependent on the relative
covalence of M-site cations, and both of them reach the maximum
value atM¼ Sn0.95Ti0.05. The variation of tf value is opposite to unit-
cell volume. In multiphase region, the experimental microwave
dielectric properties are consistent with the calculated results,
meeting the mixing-rule. The highest Q� f value of 72840 GHz is
obtained for M¼ Sn0.85Ti0.15, and near zero tf value is achieved for
M¼ Sn0.70Ti0.30, which possesses the microwave dielectric proper-
ties of εr¼ 11.07, Q� f¼ 42400 GHz, and tf¼�5.1 ppm/�C.
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