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a b s t r a c t

(1-x)ZnGa2O4-xTiO2 (x¼ 0.05e0.20) composite ceramics were fabricated via traditional solid state
method. The experimental and theoretical value of 3r, tf and Q� f shows similar trend. Tunable micro-
wave dielectric performance was achieved due to the effect of TiO2, especially for temperature coefficient
and quality factor. The large negative temperature coefficient at resonant frequency (tf) of ZnGa2O4 was
continuously tailored from negative (�70 ppm/oC) to positive (þ13 ppm/oC) 2 For practical application,
15mol% (about 6.9 V%) TiO2 can adjust tf value to near zero. The tailoring effect on quality factor (Q� f)
was significant. Due to the smaller Q� f values of TiO2, the Q� f value decreases with the increasing
content of TiO2. The inhomogeneous microstructure results in the increasing difference between
calculated and experimented Q� f value. In addition, compositing TiO2 with ZnGa2O4 ceramic not only
promote the grain growth but also reduce its sintering temperature from 1400 �C to 1300 �C. The
dielectric constant ( 3r) was not significant affected by TiO2, only varied from 10.8 to 12.7. The 3r value of
12.3, Q� f value of 73,000 GHz (at 11.8 GHz) and tf value of þ3 ppm/�C were achieved for 0.85ZnGa2O4-
0.15TiO2, sintered at 1300 �C for 2 h.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Due to the urgent need of high quality ultra-stable oscillators,
ultrahigh-speed wireless local area networks (WLANs), and intel-
ligent transport systems (ITSs), low-K microwave dielectric ce-
ramics with excellent microwave dielectric properties (high Q� f
and near zero tf) have caught much attention [1e5].

Al2O3 [6], AWO4 (A¼ alkaline earth metal ions) [7], R2BaCuO5
(R¼Y, In) [8], M2SnO4 [9,10], M2SiO4 [11] and MAl2O4 (M¼ Zn, Mg)
[12,13] are six typical low-K microwave dielectric ceramics. Among
these, M2SnO4, M2SiO4 and MAl2O4 (M¼ Zn, Mg) all possess spinel
structurewith the formula of AB2O4. MGa2O4 (M¼ Zn, Mg) [14e17],
also a typical spinel ceramic, has been applied in numerous sci-
entific and commercial fields, such as magnetic materials, catalysts,
semiconductors, and superconductors. It is a new microwave
dielectric ceramic and has attracted the attention since 2013.
ce and Engineering, Nanjing
Although, both of MgGa2O4 and ZnGa2O4 are spinel ceramics, they
are quite different due to the differences in cation distribution.
ZnGa2O4 is a normal spinel with Zn2þ occupying tetrahedral site
and Ga3þ occupying octahedral site [18]. However, MgGa2O4 pos-
sesses a partial inverse spinel structure with a part of Mg2þ

entering into octahedral site and the same proportion of Ga3þ

entering into tetragonal site [19]. Thus, ZnGa2O4 based materials
caught researchers' attention for its simple structure. ZnGa2O4 ce-
ramics show relative high quality factors over 90,000 GHz, relative
low sintering temperature (1385 �C) compared with other single
phase low-K ceramics like Al2O3 which sintering temperature is
over 1800 �C, and wide sintering temperature region [20]. There-
fore, ZnGa2O4 based ceramic materials are considered as good
candidates for low-K dielectric ceramic materials.

Many investigations have studied the microwave dielectric
performance of ZnGa2O4 and ZnGa2O4 based solid solutions
[19e26]. Some ions were used to substitute Zn2þ or Ga3þ, such as
Mg2þ, Mn2þ, Cu2þ and Al3þ to form solid solutions which proved to
be an effectively way to enhance the microwave dielectric prop-
erties especially the quality factors (Q� f).

However, the larger negative tf value, ~-70 ppm/oC has limited
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Fig. 1. TG-DSC spectra of ZnGa2O4 raw materials.
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its application. For practical applications, it is required to possess
relative low dielectric constant ( 3r), high quality factor (Q� f) and
near zero temperature coefficient (tf). Thus, compared with
improving quality factors, it is more significant for ZnGa2O4-based
ceramics to obtain near zero tf value. Usually, the following two
ways, substitution with magnetic ion and compositing second
phase, are widely accepted to tailor tf [27]. In our recent research,
themagnetic ion, Mn2þ, was used to substitute ZnGa2O4. It revealed
that Mn-substitution can adjust its tf value to �12 ppm/oC, how-
ever, it is not able to achieve near zero temperature coefficient.

Therefore, it came to us to form composite ceramics to obtain
near zero tf value. According to the mixture rule [28], material with
large negative tf, high Q� f and relative low εr is optimal. TiO2 with
large positive tf (tf ¼ þ450 ppm/�C) [28,29] and high Q� f
(Q� f¼ 51,000 GHz) supposed to be an effectivematerial which can
adjust tf value of ZnGa2O4 ceramic [30]. Furthermore, TiO2 can
adjust tf without side reaction, and can reduce sintering tempera-
ture at the same time since rutile is a common sintering additive.

In this paper, ZnGa2O4-TiO2 composite ceramics were prepared
through a conventional solid-state method. The tailoring effect of
TiO2 was systematically investigated, including microwave dielec-
tric properties and sintering behavior.

2. Experiment

2.1. Materials preparation

ZnGa2O4-TiO2 composite ceramics were prepared via traditional
solid state method. All of the chemicals used in the experiment
were analytical grade and used without further purification.
ZnGa2O4 powders were prepared at 1000 �C for 3 h via ZnO, and
Ga2O3. The prepared powders were then mixed with TiO2 on the
basis of the stoichiometric compositions of (1-x)ZnGa2O4-xTiO2
(x¼ 0.05e0.15) denoted as 5T-ZGO, 10T-ZGO, 15T-ZGO and 20T-
ZGO. The mixed powders were milled for 8 h with ethanol in
polyethylene jars with agate balls in a planetary milling machine.
After dried at 100 �C for 24 h, the mixture were calcined at 1000 �C
for 2 h 7wt% polyvinyl alcohol as adhesion agent was added, fol-
lowed by ceramic powders and pressed into pellets of 13mm in
diameter and 6mm in thickness under uniaxial pressure ~75MPa.
These pellets were sintered at 1250e1350 �C for 4 h in air with a
high-temperature electric furnace (KSX4-16, Allfine, Wuxi, China).

2.2. Measurement

Thermal decomposition was followed by thermo gravimetric
analysis (TG-DSC; Model STA 449C, Netzsch, Selb, Germany). The
crystalline phases were determined by means of X-ray diffraction
(XRD, RigakuD/Max 2500 type, Japan) with Cu Ka radiation. The
relative density was evaluated via Archimedes' method. 5 samples
were measured for every sintering temperature and give the
average density value. Samples for transmission electron micro-
scopy (TEM) analysis were prepared by mechanically disaggrega-
tion of the ceramics followed by grinding in an agate mortar. The
powders were then suspended in ethanol and dropped onto a
carbon-coated copper grid. The high resolution TEM (HRTEM) im-
ages and selected-area electron diffraction (SAED) patterns were
obtained at 200 kV using transmission electron microscopy (JEM-
2100, JEOL). Raman spectra were collected using a Raman spec-
trometer (HR800, Horiba Labram) and the 514 nm He-Cd laser with
20mW laser power was used as excitation source. Fourier trans-
form infrared (FT-IR) spectroscopy was performed by NICOLET
5700 (Thermo, America). XPS core-level spectrawere takenwith an
X-ray photoelectron spectrometer (ESCALAB 250, Thermo Fisher,
UK). Microstructure evolution and EDS of the obtained ceramics
was investigated by a scanning electron microscope (SEM, Hitachi
SU8010, Japan). To investigate the microwave dielectric perfor-
mance, εr, Q� f, f0 and tf were detected using cavity resonator
method [31] by using Lightwave Component Analyzer (Hewlett
Packard 8703A,1550nm/130MHz-20GHz), and the resonator size is
ф36mm� h25mm. The temperature coefficient of resonant fre-
quency (tf) was calculated in the temperature range from 20 �C to
80 �C.
3. Results and discussion

The TG-DSC curves of ZnO and Ga2O3 raw powders are shown in
Fig. 1. A strong endothermic peak appeared at around 950 �C, with a
small weight loss. This suggests that the formation temperature of
ZnGa2O4 phase is above 950 �C. And through experiments, 1000 �C
was selected as the best synthesis temperature. Fig. 2(aec) shows
the sample consisted of nano-plates with a width of 50e100 nm
and the length 100e200 nm. Further insight was gained by HRTEM
observation on the edge area (marked by A) of the plate, as indi-
cated in Fig. 2(a). It displayed distinct lattice space of 0.29 nm
corresponding to a distance of (220) lattice planes (shown in
Fig. 2(b)). The corresponding SAED pattern Fig. 2(c) shows the
presence of sharp diffraction spots, indicating that the ZnGa2O4
grains have good crystallinity and possess polycrystalline structure.

Fig. 3(a) shows the XRD patterns of (1-x)ZnGa2O4-xTiO2
(x¼ 0.05e0.20) ceramics x, following sintered at 1300 �C for 2 h.
Obviously, all the diffraction peaks could be well indexed to spinel
structured ZnGa2O4 (JCPDS No.86-0413) and TiO2 (JCDPS No.21-
1276). Notably, the relative intensity of TiO2 main diffraction
peaks ~27� significantly increases as x increased (shown in
Fig. 3(b)). Even at a very low-level TiO2 content, i.e., 0.95ZnGa2O4-
0.05TiO2 (about 2.2 V%), peaks from the TiO2 phase was observed.
In addition, no diffraction peaks can fit with ZnTiO3 or other im-
purity phases. Therefore, TiO2 doesn't affect the crystal structure of
ZnGa2O4 or react with ZnGa2O4. ZnGa2O4-TiO2 composite ceramics
were successfully prepared via traditional solid state method.

Raman spectrum of ZnGa2O4-TiO2 composite ceramics was
exhibited in Fig. 4. For rutile, it has three Raman-active modes of
multi-proton process (230 cm�1), Eg (445 cm�1) and A1g (610 cm�1)
[32] which are marked with “R”. And for ZnGa2O4, two typical
modes were T2g (610 cm�1) and A1g (700 cm�1) [33] marked with
“Z”. It is clearly indicated that both of the rutile and ZnGa2O4 phases
are well preserved in ZnGa2O4-TiO2 composite ceramics, which is
consistent with XRD patterns.

Fig. 5 shows the FT-IR spectrum of (1-x)ZnGa2O4-xTiO2 (x¼ 0.05,
0.10, 0.15, 0.20) composite ceramics. The absorption peaks at
around 573 cm�1 and 432 cm�1 [34] represent the bond vibration
of ZnGa2O4. And the absorption bands at around 700 cm�1 in FT-IR



Fig. 2. (a) TEM image, (b) HRTEM image, (c) SAED pattern of ZnGa2O4 crystal.

Fig. 3. XRD patterns of (1-x)ZnGa2O4-xTiO2(x¼ 0.05e0.20) composite ceramics sintered at 1300 �C for 2 h in air.

Fig. 4. Raman spectra of (1-x)ZnGa2O4-xTiO2 (x¼ 0.05e0.20) ceramics. Fig. 5. FT-IR spectrum of (1-x)ZnGa2O4-xTiO2 (x¼ 0.05e0.20) ceramics.
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spectrum comes from TiO2 [35] compared with pure ZnGa2O4. No
obvious peak shift was observed because rutile did not react with or
enter into ZnGa2O4 to change the crystalline structure of spinel
structured ZnGa2O4. And this result in turn proves the XRD data.

To study whether there is any variation in chemical state
(especially Ti element), the XPS spectra of 0.15TiO2-0.85ZnGa2O4
composite ceramics weremeasured and the results are displayed in
Fig. 6. Fig. 6(aed) shows the Zn 2p1/2, Ga 2p3/2, O 1s and Ti 2p3/2,
respectively. And through GaussianeLorentzian curve fitting, it
revealed that there is no other ions but Zn2þ, Ga3þ, Ti4þ and O2� in
the compositing ceramics. Therefore, elements in ZnGa2O4-TiO2
component ceramic are stable.

To describe the distribution of elements in ZnGa2O4-TiO2 com-
posite ceramics, mapping and EDS patterns of 0.85ZnGa2O4-
0.15TiO2 are shown in Fig. 7. The three elements: Zn, Ga, Ti exhibit
uniform distribution shown in Fig. 7(aec). EDS pattern confirms the
composition of Zn, Ga, and Ti. No obvious phase segregation was
observed which means TiO2 and ZnGa2O4 phases mixed well.

SEMmicrographs of fracture surface of ZnGa2O4-TiO2 composite
ceramics with various TiO2 content sintered at 1300 �C are
exhibited in Fig. 8. With the increasing of TiO2 content, the average
size increases significantly. Grain growth has been promoted by
TiO2 and exaggerated grain growth behavior is observed due to
higher amount of TiO2. For ceramics of 0.8ZnGa2O4-0.2TiO2, the
particles showed a surprising grain growth, properly due to the
movement of the grain boundaries through consuming smaller
grains. A large number of closed pores were trapped within the



Fig. 6. XPS spectrum of 0.85ZnGa2O4-0.15TiO2 (a) Zn 2p1/2; (b) Ga 2p3/2 and Ga 2p1/2; (c) Ti 2p3/2; (d) O 1s.

Fig. 7. Energy dispersive spectrometer patterns of 0.85ZnGa2O4-0.15TiO2. (a) Ti distribution, (b) Zn distribution, (c) Ga distribution and (d) EDX pattern.
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Fig. 8. SEM images of (1-x)ZnGa2O4-xTiO2(x¼ 0.05e0.20) ceramics sintered at 1300 �C for 2 h in air: (a) x¼ 0.05; (b) x¼ 0.10; (c) x¼ 0.15; (d) x¼ 0.20, respectively.

X. Lu et al. / Journal of Alloys and Compounds 792 (2019) 742e749746
grains. In general, inhomogeneous microstructure may do harm to
microwave dielectric properties, especially Q� f.

Fig. 9 shows the bulk and relative density of (1-x)ZnGa2O4-xTiO2
(x¼ 0.05e0.20) sintered at various temperatures from 1250 �C to
1400 �C for 2 h TiO2 (5.01 g/cm3) and ZnGa2O4 (5.99 g/cm3) were
used to calculated relative density. The maximum bulk and relative
density for (1-x)ZnGa2O4-xTiO2 were achieved at 1300 �C. At this
sintering temperature, the relative density is independent of TiO2
content with almost the same value. Obviously, dense structure is
good for the microwave dielectric performance. Therefore, 1300 �C
is the optimal sintering temperatures for ZnGa2O4-TiO2 composite
ceramics.
Fig. 9. The bulk and relative densities of ZnGa2O4-TiO2 composite ceramics, sin
Fig. 10(aec) displays the dielectric constant, resonant frequency,
and quality factors of ZnGa2O4-TiO2 composite ceramics as a
function of sintering temperatures. Clearly, the dielectric constant
( 3r) for each composition all shows the same tendency that 3r in-
creases from 1250 �C to 1300 �C and achieve its highest value at
1300 �C then decreases. 3r depends on three factors: sample size
(shape, diameter and thickness), phase composition and density. As
the sample size is almost the same mentioned in the experimental
part, the dielectric constant was determined by density and phase
composition. For resonant frequency (Fig. 10 (b)), it shows inverse
trend as 3r cause f0 is dominated by the resonator surroundings, 3r

and the sample size. According to the formula f0 f 1/(v* ( 3r)1/2) [3],
tered at various temperatures range from 1250 �C to 1400 �C for 2 h in air.



Fig. 10. (a) Dielectric constant ( 3r), (b) resonant frequency (f0), and (c) quality factor (Q� f) of ZnGa2O4-TiO2 composite ceramics as a function of sintering temperatures.
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due to the same resonator surroundings and sample size, f0 only
depends on 3r. Therefore f0 decreases with the increasing of 3r.
Fig. 10 (c) displays the Q� f variation of (1-x)ZnGa2O4-xTiO2
(x¼ 0.05e0.20). The Q� f value significantly changed with sinter-
ing temperatures and obtained the highest value for all specimens
sintered at 1300 �C. Therefore, 1300 �C is the optimized sintering
temperature for 3r and Q� f which agrees with the results of the
relative density. Obviously, the tailoring effect of TiO2 on 3r andQ� f
was remarkable shown in Fig. 10 (a) and (c). 3r increases from 10.8
to 12.7 with the increasing content of TiO2. For Q� f, it declined
with x increased, to a minimum value of 54,190 GHz (x¼ 0.20). And
this can be ascribed to the lower Q� f value of TiO2 compared with
ZnGa2O4, as well as poorer microstructure.
Table 1
List of the composition of ZnGa2O4-TiO2 composite ceramics.

Composition\Fraction x (mol%) V (%)

5T-ZGO 5 2.2
10T-ZGO 10 4.5
15T-ZGO 15 6.9
20T-ZGO 20 9.5

Table 2
List of microwave dielectric properties of ZnGa2O4-TiO2 composite ceramics.

Composition\Properties εr tf (ppm/oC) Q� f (GHz)

5T-ZGO 10.8 �23 85,927
10T-ZGO 11.4 �12 74,601
15T-ZGO 12.1 þ4.0 65,032
20T-ZGO 12.7 þ13 54,190

Fig. 11. Microwave dielectric properties of ZnGa2O4-TiO2 composite ceramics sintered at 130
The experimental and theoretical dielectric constant ( 3r); (c) Experimental and theoretical
In order to calculate the theoretical tf, εr and Q� f, Table 1
transforms the composition of the composite ceramics from mole
percent into volume percentage. And Table 2 summarizes the mi-
crowave dielectric properties of (1-x)ZnGa2O4-xTiO2
(x¼ 0.05e0.20) fired at 1300 �C for 2 h. Fig. 11(a) exhibits the
experimental and theoretical temperature coefficient at resonant
frequency of ZnGa2O4-TiO2 composite ceramics sintered at 1300 �C.
The theoretical tf was calculated based on tf¼ n1tf1 þ n2tf2, where
n1, n2 are the volume fraction, and tf1, tf2 are the temperature co-
efficient of ZnGa2O4 (�60 ppm/oC) and TiO2 (þ450 ppm/oC),
respectively. Notably, there is a strong linear positive correlation
between tf and TiO2 content both for experimental and theoretical
tf. The relative density and microstructure are responsible for the
difference between theoretical and experimental tf value of
ZnGa2O4-TiO2 composite ceramics. The tf shifted from negative
value to positive value with the increasing TiO2 content 2, and
samples with composition of 0.85ZnGa2O4-0.15TiO2 achieve the
near zero tf of about 4 ppm/oC. Therefore, 0.85ZnGa2O4-0.15TiO2 is
the optimal composition for the best comprehensive dielectric
performance.

Fig. 11(b) shows the experimental and theoretical dielectric
constant of ZnGa2O4-TiO2 composite ceramics (sintered at 1300 �C).
The theoretical εr was calculated based on lnεr¼ n1lnεr1 þ n2lnεr2,
where n1, n2 are the volume fraction, and εr1, εr2 are the dielectric
constant of ZnGa2O4 and TiO2, respectively. εr used in this paper for
evaluation of ZnGa2O4 and TiO2 is 10 and 100. Notably, there is a
strong linear positive correlation between the dielectric constant
and TiO2 content both for experimental and theoretical εr. As dis-
cussed in tf section, the relative density and microstructure are
responsible for the difference between theoretical and
0 �C for 2 h in air. (a) The experimental and theoretical temperature coefficient (tf); (b)
quality factors (Q� f).
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experimental εr value of ZnGa2O4-TiO2 composite ceramics. The εr

value of 0.85ZnGa2O4-0.15TiO2 is 12.
The theoretical Q� f value of ZnGa2O4-TiO2 composite ceramics

was obtained according to the formula: Q�1¼ n1Q1
�1þ n2Q2

�1, where
n1, n2 are the volume fraction, and Q1, Q2 are quality factor of
ZnGa2O4 (Q1¼90,000) and TiO2 (Q2¼ 51,000), shown in Fig. 11(c).
Due to the smaller Q2, the theoretical Q� f value declined with the
TiO2 content. The experimental Q� f value shows the same trend as
the theoretical value. Due to its highly sensitivity to microstructure
and relative density, the difference between the calculated and
experimental Q� f value became larger and large.

4. Conclusions

(1-x)ZnGa2O4-xTiO2 (x¼ 0.05, 0.10, 0.15, 0.20) ceramics were
successfully prepared by the conventional solid-state method. No
side reaction existed during preparation. Introducing TiO2 can
effectively reduce the sintering temperature of ZnGa2O4 from
1400 �C to 1300 �C. The grain growth was promoted as well. The
highest relative density was obtained at 1300 �C for each
composition.

The theoretical and experimental data of 3r, tf and Q� f were
compared and show good consistent. Tunable microwave dielectric
performance was achieved due to the compositing effect of TiO2,
especially for tf and Q� f. tf value shifts from negative
(�70 ppm/oC) to positive (þ13 ppm/oC). Due to the inhomogeneous
microstructure, the difference of Q� f value between calculated
and experimented becomes larger and larger with increasing of
TiO2 content. 0.85ZnGa2O4-0.15TiO2 sintered at 1300 �C for 2 h,
exhibits good microwave dielectric properties: 3r¼ 12.3,
Q� f¼ 73,000 GHz, tf ¼ þ3 ppm/�C. This work demonstrates that
ZnGa2O4-TiO2 composites are nice microwave dielectric ceramics
with relative low sintering temperature, low dielectric constant,
high quality factor, and near zero temperature coefficient. More-
over, it also provides a good example of rational design to tailor
temperature coefficient.
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