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The  microwave  dielectric  properties  of (Mg(1−x)Znx)2SnO4 ceramics  were  examined  with  a  view to  their
exploitation  for  mobile  communication.  The  (Mg(1−x)Znx)2SnO4 ceramics  were  prepared  by  the  conven-
tional  solid-state  method  with  various  sintering  temperatures.  The  X-ray  diffraction  patterns  of  the
(Mg0.93Zn0.07)2SnO4 ceramics  revealed  no  significant  variation  of  phase  with  sintering  temperatures.
Dielectric  constant  (εr) of  8.50,  quality  factor  (Q  × f) of 186,100  GHz,  and  temperature  coefficient  of reso-
nant  frequency  (� ) of −61 ppm/◦C were  obtained  for (Mg Zn ) SnO ceramics  that  were  sintered  at
eywords:
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-ray diffraction pattern
ielectric constant
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1550 ◦C  for  4 h.
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requency

. Introduction

Materials that are to be used in microwave devices must have
hree dielectric characteristics – a high dielectric constant, a high
uality factor, and a near-zero temperature coefficient of resonant
requency. These enable small devices with low loss and high tem-
erature stability, respectively, to be fabricated [1,2]. However,
he carrier frequencies of interest are from the ISM (industrial,
cientific and medical) bands to values that correspond to millime-
er wavelengths. Materials with low dielectric constants are being
ntroduced to replace materials with high dielectric constants in
he millimeter wave range.

Mg2SnO4 ceramics exhibit a dielectric constant of 8.41, a qual-
ty factor (Q × f) of 55,100 GHz, and a temperature coefficient of
esonant frequency (�f ) of −62.0 ppm/◦C when sintered at 1550 ◦C
or 4 h [3].  Since the ionic radius of Zn2+ (0.074 nm)  is similar to
hat of Mg2+ (0.072 nm), the Mg2+ ion can be replaced by with
he Zn2+ ion to form (Mg(1−x)Znx)2SnO4 [4]. In this investigation,
Mg(1−x)Znx)2SnO4 were synthesized and some of the Mg2+ ions
ere substituted with Zn2+ ions to improve their microwave dielec-

ric properties. Moreover, the effect of the sintering temperature on
he microwave dielectric properties of (Mg(1−x)Znx)2SnO4 ceram-

cs was studied. (Mg(1−x)Znx)2SnO4 ceramics were synthesized by
he conventional mixed-oxide method and demonstrated to have
etter microwave dielectric properties than Mg2SnO4 ceramics.
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The microwave dielectric properties of (Mg(1−x)Znx)2SnO4 ceramics
were found to vary with the degrees of Zn2+ substitution and sinter-
ing temperatures. These various microwave dielectric properties
were analyzed by densification, X-ray diffraction (XRD) patterns,
and observation of their microstructures.

2. Experimental procedure

The starting raw chemicals were MgO  (99.3%), ZnO (99.9%), and SnO2 (99.0%)
powders. The prepared compound was (Mg(1−x)Znx)2SnO4. Specimens were pre-
pared by the conventional mixed-oxide method. The raw material was weighed
out in stoichiometric proportions, ball-milled in alcohol, dried, and then calcined
at  1200 ◦C for 4 h. The calcined powder was re-milled for 12 h using PVA solution
as  a binder. The obtained powder was then crushed into a fine powder through
a  sieve with a 200 mesh. The obtained fine powder was then axially pressed at
2000 kg/cm2 into pellets with a diameter of 11 mm and a thickness of 6 mm.  The
specimens thus obtained were then sintered at temperatures of 1450–1600 ◦C for
4  h in air. Both the heating rate and the cooling rate were set to 10 ◦C/min. Following
sintering, the phases of the samples were investigated by X-ray diffraction. X-ray
Rigaku D/MAX-2200 spectrometer was  used with Cu K� radiation (at 30 kV and
20  mA)  and a graphite monochromator in the 2� range of 20–80◦ . Scanning electron
microscopy (SEM; JEOL JSM-6500F) was  utilized to elucidate the microstructures of
the  specimens. The apparent densities of the specimens were measured using the
Archimedes method using distilled water.

The microwave dielectric properties of the specimens were measured using the
postresonator method that was developed by Hakki and Coleman [5].  The postres-
onator scheme utilized a specimen in the form of a cylinder of diameter D and
length L. The specimens whose microwave dielectric property was measured had
an  aspect ratio D/L of approximately 1.6, which is in the range identified as accept-
able by Kobayashi and Katoh [6].  The cylindrical resonator was sandwiched between

two conducting plates. Two small antennas were positioned in the vicinity of the
specimen to couple the microwave signal power into or out of the resonator. The
other ends of the antennas were connected to an Agilent E5071C network analyzer.
The  resonance characteristics depended on the size and dielectric properties of the
specimen. The microwave energy was  coupled using electric-field probes. The TE0 1 1
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7)2SnO4 specimens sintered at 1450–1600 ◦C for 4 h.
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amounts of (Mg0.93Zn0.07)2SnO4 and MgO  with sintering tempera-
ture was not significant compared with that of SnO2. The formation
of second phases of SnO2 and MgO  affected the microwave dielec-
tric properties of (Mg0.93Zn0.07)2SnO4 ceramics.
Fig. 1. X-ray diffraction patterns of (Mg0.93Zn0.0

esonant mode was optimal for determining the dielectric constant and the loss fac-
or  of the specimen. The Agilent E5071C network analyzer was  used to identify the
E0 1 1 resonant frequency of the dielectric resonator, and the dielectric constant and
uality factor were calculated. The scheme for measuring �f was  the same as that for
easuring the dielectric constant. The test cavity was  placed in a chamber and the

emperature was  increased from 25 to 75 ◦C. The �f value (ppm/◦C) was  determined
y noting the change in resonant frequency,

f = f2 − f1
f1(T2 − T1)

, (1)

here f1 and f2 represent the resonant frequencies at T1 and T2, respectively.

. Results and discussion

Fig. 1 displays the X-ray diffraction patterns of
Mg0.93Zn0.07)2SnO4 ceramics that were sintered at 1450–1600 ◦C
or 4 h. Clearly, (Mg0.93Zn0.07)2SnO4 is the main crystalline phase,
hich is accompanied by small amounts of MgO  and SnO2 as

econdary phases, indicating that some of the MgSnO3 might have
ormed in the initial stages. The parallel reactions are as follows:

gO + SnO2 → MgSnO3, (2)

nd

MgO + SnO2 → Mg2SnO4, (3)

MgSnO3 is unstable at high temperatures and thermally decom-
oses into Mg2SnO4 and SnO2.

gSnO3 → 0.5Mg2SnO4 + 0.5SnO2, (4)

These results are consistent with those of Pfaff [7]. The SnO2
ntensity decreased at high sintering temperature, revealing evap-
ration of SnO2 at high temperatures according to the reaction
8]:

nO2(s) → SnO(g) + 0.5O2(g), (5)

Figs. 2 and 3 show the X-ray diffraction patterns of the
Mg0.93Zn0.07)2SnO4 ceramics in the 2� range of 25.5–27.5◦ and
2.6–43.0◦ that were sintered at 1450–1600 ◦C for 4 h. The amount
f SnO2 decreased with increasing sintering temperature. The rela-
ive integrated intensities demonstrated the difference in amounts

f (Mg0.93Zn0.07)2SnO4, SnO2, and MgO  more clearly [9]. The rel-
tive integrated densities can be assumed to be represented the
mount of phases presented. The relative integrated intensities of
Mg0.93Zn0.07)2SnO4, SnO2, and MgO  were evaluated from most
Fig. 2. X-ray diffraction patterns of (Mg0.93Zn0.07)2SnO4 ceramics in the 2� range of
25.5–27.5◦ that were sintered at 1400–1550 ◦C for 4 h.

intensive lines of each phase. For example, the relative integrated
intensity of (Mg0.93Zn0.07)2SnO4 was calculated as follows:

Relative intensity of (Mg0.93Zn0.07)2SnO4

=
I(Mg0.93Zn0.07)2SnO4(3 1 1)

I(Mg0.93Zn0.07)2SnO4(3 1 1) + ISnO2(1 1 0) + IMgO(2 0 0)
× 100, (6)

Table 1 shows the amount of SnO2 decreased significantly from
5.52% to 4.20% as the sintering temperature increased from 1550
to 1600 ◦C, which is in agreement with Eq. (5).  The variation of the
Fig. 3. X-ray diffraction patterns of (Mg0.93Zn0.07)2SnO4 ceramics in the 2� range of
42.6–43.0◦ that were sintered at 1400–1550 ◦C for 4 h.
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Fig. 4. X-ray diffraction patterns of (Mg(1−x)Znx)2SnO4 ceramics with

Table  1
Amount of (Mg0.93Zn0.07)2SnO4, SnO2, and MgO  of (Mg0.93Zn0.07)2SnO4 sintered at
1450–1600 ◦C for 4 h.

Sintering temperature (◦C) (Mg0.93Zn0.07)2SnO4 SnO2 (%) MgO  (%)

1450 91.71 5.70 2.59
1500 92.40 5.76 1.84
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1550 92.29 5.52 2.19
1600 93.57 4.20 2.23

Fig. 4 shows the X-ray diffraction patterns of (Mg(1−x)Znx)2SnO4
eramics as x varied from 0 to 0.09, following sintering at 1550 ◦C
or 4 h. The intensity of second phases of MgO  and SnO2 did not sig-
ificantly vary with the degrees of Zn2+ substitution. Table 2 shows
he unit cell volume of (Mg(1−x)Znx)2SnO4 ceramics as x increased
rom 0 to 0.09. The unit cell volume of (Mg(1−x)Znx)2SnO4 ceramics
ncreased from 644.41 to 647.60 Å3 as x increased from 0 to 0.09.

Fig. 5 shows the microstructures of (Mg(1−x)Znx)2SnO4 following
intering for 4 h at different temperatures. The microstructures of
Mg(1−x)Znx)2SnO4 ceramics when Mg2+ ions were replaced with
ifferent extent of Zn2+ substitution indicated that the average
rain size did not vary significantly with x varied from 0 to 0.09.
he (Mg0.93Zn0.07)2SnO4 ceramics were not dense, and grains did
ot grow after sintering at 1450 ◦C for 4 h, potentially degrad-

ng the microwave dielectric properties of the (Mg0.93Zn0.07)2SnO4
eramics. Comparing the microstructures of (Mg0.93Zn0.07)2SnO4
eramics that were sintered under different temperatures indi-
ated that the average grain size increased as sintering temperature
ncreased from 1450 to 1600 ◦C. However, porous microstructures

◦
ccurred at high sintering temperature (1600 C).
Fig. 6 shows the apparent densities of (Mg(1−x)Znx)2SnO4

eramics with different degrees of Zn2+ substitution, follow-
ng sintering at 1450–1600 ◦C for 4 h. The apparent density of

able 2
nit cell volumes, internal strain, and relative density of (Mg(1−x)Znx)2SnO4 ceramics

intered at 1550 ◦C for 4 h.

x Unit cell
volumes (Å3)

Internal strain
(×10−3)

Relative
density (%)

0 644.41 5.86 96.98
0.03  646.05 3.20 97.49
0.05  646.61 3.20 97.52
0.07  646.79 2.09 97.53
0.09  647.60 2.10 97.16
 x varied from 0 to 0.09, following sintering at 1550 ◦C for 4 h.

(Mg0.93Zn0.07)2SnO4 ceramics that were sintered at 1450–1600 ◦C
for 4 h was highest, 4.74 g/cm3, when sintering was conducted at
1550 ◦C, beyond which temperature, it declined. The increase in
apparent density may  be caused by the decrease in the number of
pores and the decrease in apparent density may be caused by the
porous microstructure, as presented in Fig. 3. The maximum appar-
ent density of (Mg(1−x)Znx)2SnO4 ceramics increased from 4.62 to
4.80 g/cm3 as x increased from 0 to 0.09. The increase in apparent
density is associated with the fact that the Zn atom has a larger
mass than the Mg  atom.

Fig. 7 shows the dielectric constants of (Mg(1−x)Znx)2SnO4
ceramics with different degrees of Zn2+ substitution, following sin-
tering at 1450–1600 ◦C for 4 h. (Mg0.93Zn0.07)2SnO4 ceramics that
were sintered at 1550 ◦C for 4 h had a maximum dielectric con-
stant of 8.50. A high sintering temperature was not necessary
for obtaining a high dielectric constant. The decrease in dielec-
tric constant was associated with low apparent densities of the
ceramics. A higher density is associated with lower porosity, and,
therefore, a higher dielectric constant. The dielectric constant
increased from 8.41 to 8.54 as x increased from 0 to 0.09 when
the (Mg(1−x)Znx)2SnO4 ceramics were sintered at 1550 ◦C for 4 h.
The fact might be explained by the ionic polarization. The dielectric
constant can be calculated using the Clausius–Mossotti equation,
as suggested by Tohdo et al. [10]:

εr = 3Vm + 8�˛D

3Vm − 4�˛D
, (7)

where Vm is the molar volume, ˛D is the sum of ionic polarizations
of individual ions. The dielectric constant calculated by Eq. (7) was
intrinsic factor to dielectric property. Dielectric constants therefore
depend on the molar volume and the ionic polarization. As seen
from Eq. (7),  a smaller molar volume or a larger ionic polarization, is
associated with a larger obtained dielectric constant. The influence
of ionic polarization on dielectric constant is much larger than that
of molar volume. The ionic polarization of Zn2+ ion and Mg2+ ion
are 2.04 and 1.32 Å3, respectively [11,12]. The sum of ionic polar-
ization of (Mg(1−x)Znx)2SnO4 ceramics increased as x increased, so
the dielectric constant of (Mg(1−x)Znx)2SnO4 ceramics increased as
x increased.
Fig. 8 shows the Q × f of the (Mg(1−x)Znx)2SnO4 ceramics
with different degrees of Zn2+ substitution, following sintering at
1450–1600 ◦C for 4 h. (Mg(1−x)Znx)2SnO4 ceramics that were sin-
tered at 1550 ◦C for 4 h had the highest Q × f of 186,100 GHz. The
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Fig. 5. Microstructures of (Mg(1−x)Znx)2SnO4 ceramics sintered under different temperatures for 4 h: (a) x = 0/1550 ◦C, (b) x = 0.03/1550 ◦C, (c) x = 0.05/1550 ◦C, (d)
x  = 0.07/1450 ◦C, (e) x = 0.07/1500 ◦C, (f) x = 0.07/1550 ◦C, (g) x = 0.07/1600 ◦C, and (h) x = 0.09/1550 ◦C.
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Fig. 6. Apparent densities of (Mg(1−x)Znx)2SnO4 ceramics with different degrees of
Zn2+ substitution, following sintering at different temperatures for 4 h.
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Fig. 7. Dielectric constants of (Mg(1−x)Znx)2SnO4 ceramics with different degrees of
Zn2+ substitution, following sintering at different temperatures for 4 h.
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Fig. 8. Q × f of (Mg(1−x)Znx)2SnO4 ceramics with different degrees of Zn2+ substitu-
tion, following sintering at different temperatures for 4 h.
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Fig. 9. �f of (Mg(1−x)Znx)2SnO4 ceramics with different degrees of Zn2+ substitution,
following sintering at different temperatures for 4 h.

relationship between the Q × f and the sintering temperature was
consistent with that between the apparent density and the sin-
tering temperature, because the microwave dielectric loss was
affected by many factors, and consisted of intrinsic and extrinsic
components. Intrinsic loss is associated with the lattice vibrational
modes. Extrinsic loss is related to the density, porosity, second
phases, impurities, oxygen vacancies, grain size, internal strain,
and lattice defects [13,14]. Since the Q × f of (Mg0.93Zn0.07)2SnO4
ceramics was consistent with the variation of the apparent den-
sity, it is suggested to be dominated by the apparent density. The
Q × f increased from 55,000 to 186,100 GHz as x increased from 0 to
0.07, then decreased from 186,100 to 173,000 GHz as x increased
from 0.07 to 0.09, when the (Mg(1−x)Znx)2SnO4 ceramics were sin-
tered at 1550 ◦C for 4 h. This was  associated with the internal strain
and density. The internal strain � can be calculated by following
equation, as suggested by Ohsato and Imaeda [15].

 ̌ = 2� tan �, (8)

where  ̌ is the full width at half maximum (FWHM) of X-ray diffrac-
tion peaks, � is the diffraction angles. The grain size is also a factor
that will affect FWHM of the specimen. Since the average grain size
did not vary significantly with the extent of Zn2+ substitution, curve
fitting was  used to fit the internal strain � of (Mg(1−x)Znx)2SnO4
ceramics with different degrees of Zn2+ substitution with Eq. (8).
The curve fittings were based on the least-squares method. In this
method, the square of the deviation of the experimental value from
the theoretical expectation was calculated while varying the fitted
internal strain. The fitting process was ended at a specific value of
the fitted internal strain where the deviation was  minimized.

The low internal strain associated with the ordering distribu-
tion of the ions, therefore, resulted in a high quality factor. There
are similar examples in other microwave ceramic materials [16,17].
The La(Mg0.5−xCaxSn0.5)O3 and La1−xBix(Mg0.5Sn0.5)O3 ceramics
exhibited excellent quality factor as they had low internal strain.
As shown in Table 2, the internal strain of (Mg0.93Zn0.07)2SnO4
ceramics is lowest, then the Q × f of (Mg0.93Zn0.07)2SnO4 ceramics is
largest. In the second case of density, the relative density increased
from 96.98% to 97.53% as x increased from 0 to 0.07, then decreased
from 97.53% to 97.16% as x increased from 0.07 to 0.09 as shown

in Table 2. Densification plays an important role in controlling the
Q × f as described above.

Fig. 9 shows the temperature coefficient of resonant frequency
(�f ) of (Mg(1−x)Znx)2SnO4 ceramics with different degrees of Zn2+
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ubstitution, following sintering at 1450–1600 ◦C for 4 h. Gener-
lly, �f is related to the composition, the amount of additive, and
he second phases that are present in the ceramics. Although sec-
nd phases of MgO  and SnO2 were found, variation of the amount
f second phases with x was not significant, which the influence on
he �f of (Mg(1−x)Znx)2SnO4 ceramics, was small. Since the compo-
ition of (Mg(1−x)Znx)2SnO4 ceramics with a fixed amount of Zn2+

ubstitution did not vary with sintering temperature, no signifi-
ant variation in �f of (Mg(1−x)Znx)2SnO4 ceramics with sintering
emperature over the entire range of sintering temperatures con-
idered herein was observed. A �f of −61 ppm/◦C was measured for
Mg0.93Zn0.07)2SnO4 ceramics that were sintered at 1550 ◦C for 4 h.
elatively high �f of the (Mg0.93Zn0.07)2SnO4 ceramics precludes its

mmediate application potential. A later investigation will involve
ailoring the �f of (Mg0.93Zn0.07)2SnO4 ceramics.

. Conclusions

The effects of the degree of Zn2+ substitution and sin-
ering temperature on the microwave dielectric properties of
Mg(1−x)Znx)2SnO4 ceramics were studied. The microwave dielec-
ric properties of (Mg(1−x)Znx)2SnO4 ceramics were improved by
ubstituting Mg2+ ions with Zn2+ ions. The X-ray diffraction peaks of

Mg0.93Zn0.07)2SnO4 ceramics did not vary significantly with sinter-
ng temperatures. (Mg0.93Zn0.07)2SnO4 ceramics that were sintered
t 1550 ◦C for 4 h had an apparent density of 4.74 g/cm3, a dielec-
ric constant of 8.50, a Q × f of 186,100 GHz, and a temperature

[
[
[
[
[

ompounds 527 (2012) 84– 89 89

coefficient of resonant frequency (�f ) of −61 ppm/◦C. The dielectric
constant of (Mg(1−x)Znx)2SnO4 ceramics was affected by the den-
sity and ionic polarization. The Q × f of (Mg(1−x)Znx)2SnO4 ceramics
depended on the density and internal strain.
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