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A B S T R A C T   

Tri-layer ZnTi0.97Ge0.03Nb2O8-TiO2-ZnTi0.97Ge0.03Nb2O8 ceramics with different mass fractions of TiO2 were 
initially prepared. The advantages of the multilayer architecture were fully demonstrated, and the microwave 
dielectric properties were controlled by the components of each dielectric layer. In contrast to the random 
distribution-type ZnTi0.97Ge0.03Nb2O8-TiO2, this tri-layer architecture could achieve a nearly 50 % increase in 
the Q×f value. Meanwhile, based on the parallel distribution mode, a 10 % increase in the dielectric constant 
could be obtained due to the existence of Zn2GeO4. After sintering at 1120 ℃ for 6 h, ZnTi0.97Ge0.03Nb2O8-TiO2- 
ZnTi0.97Ge0.03Nb2O8 tri-layered ceramics exhibited excellent dielectric properties (εr = 42.1, Q×f = 51,477 GHz 
and τf = +1.9 ppm/℃) with 0.04 wt% TiO2, and the cooperative optimization of microwave dielectric properties 
was achieved. This research provides a direction for the preparation of high-performance microwave dielectric 
resonators for application in 5 G wireless communication technologies.   

1. Introduction 

To better meet the requirements of high-performance dielectric de
vices in the 5 G era for low insertion loss, small size, and good tem
perature stability, the quality factor value (Q×f value), dielectric 
constant (εr), and the temperature coefficient of resonant frequency (τf) 
of the corresponding microwave dielectric ceramics (MWDCs) should be 
further optimized. However, the relation between the Q×f value, εr, and 
τf of MWDCs is mutually restricted, and improving the comprehensive 
dielectric performance of MWDCs has been the focus of past research 
[1–4]. At present, the two-phase composite method is widely used to 
prepare high-performance MWDCs [1,5,6]. That is, the microwave 
dielectric performance can be adjusted by adding another phase with 
high εr and opposite τf [5,6]. This random distribution mode is a typical 
combination mode for MWDCs with different phases, which means that 
the required materials are directly mixed and turned into ceramics. 
Based on this method, both the dielectric constant and the temperature 
coefficient of resonance frequency can be optimized. Nevertheless, un
desired chemical reactions between the two mixed materials inevitably 
lead to varied defects that deteriorate the microwave dielectric prop
erties, and the products cannot meet the application requirement of low 
insertion loss [7–12]. 

Recently, the laminated co-firing method has been used to prepare 

microwave dielectric ceramics with two complementary phases 
[13–15]. For instance, Zn1.01Nb2O6/TiO2/Zn1.01Nb2O6 and MgTiO3/
TiO2/MgTiO3 laminated co-fired ceramics with excellent characteristics 
were reported by Zhang et al. [16,17]. This method can effectively 
reduce the deterioration of the Q×f value during the adjustment process 
of εr and τf. However, the εr of the system increases slightly, which is not 
conducive to the miniaturization of the microwave device. Therefore, 
eliminating the defects of the two methods has become an important 
topic. 

ZnTiNb2O8 was discovered in the ZnNb2O6-TiO2 system by Baum
garte et al. [18]. Kim et al. [19] first reported the microwave dielectric 
properties of sintering at 1250 ℃: Q×f = 42,500 GHz, εr = 43, and τf =

-50 ppm/℃. The insufficient Q×f value and the large negative temper
ature coefficient of resonance frequency limit its application in 5 G 
communication. Recently, Luo et al. [20] optimized its quality factor 
(Q×f value) nearly 1.5 times through Ge4+ quantitative doping (Q×f =
62700, εr =35.6, and τf = -58 ppm/℃ with 3 mol% Ge4+ doped in 
ZnTiNb2O8). However, its temperature coefficient still needs to be 
improved. Therefore, based on their phase compositions, the above
mentioned methods were chosen to tailor the comprehensive dielectric 
performance of ZnTi0.97Ge0.03Nb2O8 with multiple phases. 

In this paper, ZnTi0.97Ge0.03Nb2O8 based on our previous work is 
used as the matrix, and the composite ceramic (ZnTi0.97Ge0.03Nb2O8- 
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TiO2) with a tri-layered architecture and random distribution is pre
pared by the above two methods. Based on analysis using XRD and SEM, 
the crystal structure, the phase compositions, and the microstructure of 
the transition layers are characterized. Then, the microwave dielectric 
properties of the ZnTi0.97Ge0.03Nb2O8-TiO2-ZnTi0.97Ge0.03Nb2O8 tri- 
layer architecture ceramics are comprehensively analysed, and the 
modification mechanism of the co-fired layer composite method is 
clarified in the ZnTiNb2O8 ceramic-derived system. Meanwhile, a novel 
microwave dielectric ceramic with a high Q×f value, high dielectric 
constant, and good temperature stability is obtained. This material is 
expected to meet the application requirements of a high-performance 
dielectric resonator in the 5 G era. 

2. Experimental procedure 

The ZnTi0.97Ge0.03Nb2O8-TiO2-ZnTi0.97Ge0.03Nb2O8 (ZTGN-TO- 
ZTGN) ceramic with tri-layer architecture and the ZnTi0.97Ge0.03Nb2O8- 
TiO2 (ZTGN-TO) ceramic with random distribution were prepared via a 
solid phase calcination process. High-purity ZnO (≥99.99 %), GeO2 
(≥99.99 %), Nb2O5 (≥99.99 %), and TiO2 (≥99 %) powders were 
selected as the raw materials. First, ZnTi0.97Ge0.03Nb2O8 (ZTGN) pow
ders were pre-synthesized by the traditional solid-state method. Ac
cording to the nominal composition, ZnO, TiO2, GeO2, and Nb2O5 
powders were weighed and ball-milled in pure water for 6 h with zir
conia balls. Then, the slurry was dried and calcined at 950 ◦C for 4 h in 
air. After the calcination process, the ZTGN powders and TiO2 powders 
were re-milled with 1 wt% PVA for 12 h. Based on the compositions of 
0.5ZTGN-xTO-0.5ZTGN (x = 0.01, 0.02, 0.03, 0.04, 0.05, where x is a 
mass ratio), the two powders were added into the mould layer by layer 
(in the order of ZTGN-TO-ZTGN) and then pressed into tri-layer pellets 
10 mm in diameter and approximately 4~5 mm in thickness. The green 
bodies of the layer co-fired ceramics are shown in Fig. 1. TiO2 was evenly 
spread in the middle layer, and the samples were labelled ZTGN-xTO- 
ZTGN according to the amount of TiO2 added. In addition, samples of 
randomly distributed ZTGN-TO dielectric ceramics were prepared by a 
conventional mixing process. According to the mass ratio, the pre- 
sintered powders were mixed with high-purity TiO2. After that, the 
mixed powders were ball-milled with 1 wt% PVA for 12 h. The mixtures 
were dried and pressed into green pellets with a diameter of 10 mm and 
a thickness of 5 mm, and the samples were marked as ZTGN-yTO ac
cording to the y values (y = 0.10, 0.12, 0.14, 0.16, 0.18). Finally, the two 
types of samples were sintered at 1120 ◦C in air at a rate of 3 ◦C/min for 
6 h. 

The phase compositions of the two as-prepared samples were iden
tified by an X-ray diffractometer (XRD, Rigaku, D/MAX-2500, Tokyo, 
Japan) with Cu Kα radiation. The 2theta (2θ) range was from 20◦ to 80◦. 
The fracture surface microtopography and chemical composition of the 
lamination samples were detected by scanning electron microscopy 
(FESEM, FEI Nanosem 430, Oregon, North America) with an energy 
dispersive spectrometer (EDS). To ensure that the micrographs were 
representative and clear, the fracture samples were first polished with a 
polishing machine. The polished samples were washed using ultrasonic 
waves and then thermally etched for 0.5 h. Prior to imaging, the samples 
were sputtered with gold to ensure electroconductivity. The dielectric 
properties (εr, Q×f value, and τf) were examined by a network analyser 

(Agilent Technologies E5071C, Agilent Technologies, Singapore) 
accompanied by a temperature chamber. εr and τf were measured by the 
Hakki-Coleman dielectric resonator method, and the unloaded quality 
factor was measured using the cavity method. The τf values were 
calculated via the following equation: 

τf =
f2 − f1

f1(85 − 25)
(1)  

where f1 and f2 are the resonant frequencies of the samples at 25 ℃ and 
85 ℃, respectively. The measurement error of the dielectric constant, 
Q×f value, and the temperature coefficient of the resonance frequency 
were <0.5 %×εr, 2% Q×f, and 0.5 × 10− 6/℃, respectively. 

3. Results and discussion 

The microwave dielectric properties of the tri-layer samples and 
randomly distributed samples sintered at 1120 ℃ for 6 h with different 
mass fractions of TiO2 are listed in Table 1. The microwave dielectric 
properties of ZnTi0.97Ge0.03Nb2O8 and TiO2 sintered at 1120 ℃ for 6 h 
are also listed. The optimized microwave dielectric properties of the two 
samples are εr = 42.1, Q×f = 51,477 GHz, and τf = +1.9 ppm/℃ for 
ZTGN-0.04TO-ZTGN and εr = 46, Q×f =35,049 GHz, and τf = -3.2 ppm/ 
℃ for ZTGN-0.16TO. Under the premise of good temperature stability, 
the tri-layer architecture can achieve a nearly 50 % increase in the Q×f 
value, and the dielectric constant does not deteriorate significantly 
compared with the random distribution type. Unlike the layered process, 
the random distribution process requires a large amount of TiO2 (four 
times as much as the layered process) to make the temperature coeffi
cient of resonance frequency close to zero in this system (as shown in 
Table 1). This can be attributed to the formation of other phases, which 
is confirmed in the following analysis [21]. 

Fig. 2 shows the XRD patterns of the ZTGN-0.04TO-ZTGN sample 
(Fig. 2a), along with the sample ZTGN-0.16TO for comparison. When 
the sintering temperature is 1120 ℃, the main phase of both as-prepared 
samples is a ZnTiNb2O8 phase with an ixiolite structure 
(JCPDS#48− 0323), and a trace Zn2GeO4 (JCPDS#11− 0687) phase 
presented by the (410) diffraction peak is observed in both samples 
simultaneously. Only in Fig. 2a can the diffraction peak representing the 
TiO2 phase with a rutile structure (JCPDS#21− 1276) in the (110) di
rection be observed, which is difficult to find in Fig. 2b. In addition, the 
diffraction peak of the Ti-rich phase Zn0.17Nb0.33Ti0.5O2 
(JCPDS#11− 0687), which can be considered a ZnTiNb2O8-2TiO2 solid 
solution. GeO2 (JCPDS#23− 0999) is also detected in Fig. 2b. However, 
no other diffraction peaks are detected except for the ixiolite phase and 
rutile phase in Fig. 2a. This phenomenon can be attributed to the similar 
structure of ixiolite and rutile phases, which results in similar reaction 

Fig. 1. Configuration diagram of the tri-layer ZTGN-TO-ZTGN green body (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

Table 1 
The microwave dielectric properties of samples prepared by the layered process 
and random distribution process.  

samples εr Q×f (GHz) τf (ppm/℃) 

ZTGN-0.01TO-ZTGN 36.9 58,921 − 46.41 
ZTGN-0.02TO-ZTGN 37.8 56,314 − 27.94 
ZTGN-0.03TO-ZTGN 39.7 53,948 − 17.62 
ZTGN-0.04TO-ZTGN 42.1 51,477 +1.9 
ZTGN-0.05TO-ZTGN 42.9 48,001 +12.41 
ZTGN-0.10TO 38.57 51,576 − 42.65 
ZTGN-0.12TO 39.2 50,800 − 36.5 
ZTGN-0.14TO 40.2 46,000 − 31.52 
ZTGN-0.16TO 46 35,000 − 3.2 
ZTGN-0.18TO 48.9 26,572 +32.7 
ZnTi0.97Ge0.03Nb2O8 35.6 62,700 − 58 
TiO2 94.8 12,470 +427 

The measurement error of dielectric constant, Q×f value and the temperature 
coefficient of resonance frequency was <0.5 %×εr, 2% Q×f and 0.5 × 10− 6/℃, 
respectively. 
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temperatures for the various phases. Therefore, some unexpected 
chemical reactions will occur between ZnTi0.97Ge0.03Nb2O8 and TiO2, 
which give rise to unexpected secondary phases (for example, 
Zn0.17Nb0.33Ti0.5O2 and GeO2), and the microwave dielectric properties 
are worsened [8,11,12]. On this basis, the tri-layer co-fired approach 
can effectively restrict the chemical reactions between ZnTi0.97

Ge0.03Nb2O8 and TiO2 at a finite area (shown in Fig. 4), and the mi
crowave dielectric properties are improved significantly [13–17]. In 
addition, compared to the TiO2 phase (τf = +427 ppm/℃) with a rutile 
structure, Zn0.17Nb0.33Ti0.5O2 has a lower temperature coefficient of 
resonance frequency (τf = +237 ppm/℃). Therefore, the random dis
tribution process requires more titanium oxide when the τf values are 
near zero (shown in Table 1) [22,23]. 

To explore the mechanism by which the tri-layer co-fired ZTGN-TO- 
ZTGN samples influence their microwave dielectric properties, XRD data 
are refined and fitted to obtain the volume fraction of the rutile phase 
TiO2 in the rephase system. The Rietveld refinement of the XRD data for 
ZTGN-0.04TO-ZTGN is shown in Fig. 3a, and the Rietveld discrepancy 
factors Rwp and Rp are all below 15 % (Rwp = 12.23 %, Rp = 10.41 %, 
GOF = 1.27). Fig. 3b illustrates the test values and theoretical values of 
the TiO2 volume fraction. At a lower TiO2 additive amount (<0.03 g), 
the difference between the theoretical values and the measured values of 
TiO2 phase content is large, which may be caused by the formation of a 
transition phase through ion diffusion between the middle layers of the 

Fig. 2. XRD patterns of (a) the random type and (b) multi-layered 
type samples. 

Fig. 3. (a) XRD refinement results for the ZTGN-0.04TO-ZTGN ceramic. (b) Volume fraction of TiO2 in the ZTGN-xTO-ZTGN (0.01 ≤ x ≤ 0.05) ceramics.  
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structure. However, due to the limited accuracy of the XRD test, the 
components of the transition phase with a lower content are almost 
undetectable. With a continuous increase in TiO2 content, the errors 
between the theoretical values and the measured values gradually nar
rowed to a certain range, indicating that a relatively stable TiO2 layer 
was formed when a sufficiently high TiO2 content was reached. The 
relative densities of the ZnTiNb2O8 phase, Zn2GeO4 phase, and TiO2 
phase at x = 0.04 are approximately 96.8 %, 96.5 %, and 95.7 %, 
respectively. It can be reasonably speculated that the tri-layer co-fired 
ZTGN-0.04TO-ZTGN sample has a high relative density when sintering 
at 1120 ℃ for 6 h. 

Fig. 4 shows the fractured surface micrographs of the ZTGN-0.04TO- 
ZTGN tri-layer sample and the EDS results of the selected line. As shown 
in Fig. 4, it can be observed that the boundary between the ZnTi0.97

Ge0.03Nb2O8 layer and TiO2 layer is unclear, the connection is relatively 
dense, and there are no traces of microcracks or large stomata. This 
result further indicates that the ZTGN-0.04TO-ZTGN tri-layer sample 
has great sintering quality. Meanwhile, a few spiculate grains formed by 
Zn2GeO4 penetrate the interfaces between the layers, which also im
proves the stability of the tri-layer structure to some extent. According to 
the EDS analysis results, a relatively complete TiO2 layer (interlayer) 
and transition layer (interface) appear between the ZTGN layers, and the 
width is approximately 160 μm. At the interface, the diffusions of Zn, 
Nb, and Ti are restricted to a relatively narrow region between the 
different layers. Therefore, the tri-layer structure can effectively avoid 
chemical reactions between ZnTi0.97Ge0.03Nb2O8 and TiO2, improving 
the microwave dielectric properties. 

The microwave dielectric properties of tri-layer ZTGN-xTO-ZTGN 
samples with different TiO2 contents are measured and compared with 
the theoretical values, as shown in Fig. 5. Based on the parallel model, 
the theoretical values of the microwave dielectric properties of the 
samples can be calculated by the following equations [13–14, 24–25]: 

εr = V1ε1 + V2ε2 (2)  

tanδ =
V1ε1tanδ1 + V2ε2tanδ2

ε (3)  

τf =
V1ε1τf 1 + V2ε2τf 2

ε (4)  

where V1 and V2, ε1 and ε2, tanδ1 and tanδ2, τf1 and τf2 present the 
volume fractions, the dielectric constants, the dielectric losses, and the τf 
values of the total system, phase 1, and phase 2, respectively. The Q 
values are nearly equal to the inverse of tanδ, and then the Q×f values of 
the composite samples can be predicted. The data required for the 
calculation of the microwave dielectric properties are shown in Table 1 

and Fig. 3b. The overall trends of the measured and theoretical curves 
are similar (Fig. 5), although the experimental values are higher than the 
predicted results for the dielectric constant. The deviation between the 
theoretical values and the measured values increases with increasing 
TiO2 content (Fig. 5a). When the mass of TiO2 is less than 0.03 g, the 
theoretical value of the dielectric constant of the system is slightly less 
than the measured value. As the TiO2 content continuously increases 
(>0.3 g), a relatively stable TiO2 layer can be formed, and the deviation 
between the theoretical values and the measured values decreases. 

The ceramic sample prepared in this paper is equivalent to a cylin
drical dielectric resonator operating in TE01δ mode. In this working 
mode, the inner wall of the medium is approximated as a magnetic wall. 
At this time, the direction of the magnetic field is perpendicular to the 
direction of the electric field. Based on the law of refraction, the 
dielectric constant of the ceramic sample (εr) and the incidence (θi) and 
refraction (θt) angles of the electromagnetic wave are related as follows 
[8,26]: 
̅̅̅̅
εr

√
sinθi = sinθt (5) 

Under the ideal resonance condition, θt is 90◦, and the incident wave 
in the medium is reflected back to the medium, forming a standing wave. 
Therefore, most of the electric field is concentrated in the medium block, 
and θi satisfies the following relation [8,27]: 

θi = θc = sin− 1

(
1
̅̅̅̅εr

√

)

(6)  

where θc is the critical angle of the incident electromagnetic wave, 
which presents the minimum incident angle when only reflection occurs. 
According to the relation above, the critical angle decreases with 
increasing dielectric constant. This means that the greater the dielectric 
constant of the materials, the easier all-reflection occurs, and the closer 
the inner wall of the medium is to the magnetic wall; thus, the electric 
field is more easily bounded in the high-permittivity dielectric materials. 
This means that the electric field lines are more densely distributed in 
the dielectric layer with a high dielectric constant. 

Thus, the errors (as shown in Fig. 5a) result from two factors. First, 
the macroscopic dielectric constant of ZTGN is somewhat different from 
that of the rutile phase TiO2 and the transition layer. Second, the 
microstructure formed by Zn2GeO4 possesses a low dielectric constant 
(εr ~7). This enhances the electric field distribution in the rutile phase 
TiO2 and the interface between the different layers, avoiding the dete
rioration of the dielectric constant of the system under the normal tri- 
layer composite conditions. Fig. 5b and c show the Q×f values and τf 
values as a function of TiO2 content, respectively. Due to the diversity of 
the dielectric constant between different layers, the reflection loss 

Fig. 4. SEM patterns of the random type and multi-layered type samples.  
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cannot be ignored, which makes the Q×f values of the system slightly 
lower than the theoretical values. In addition, the measured values of 
the temperature coefficient of resonance frequency (τf) fit well with the 
theoretical values, and a near zero τf can be obtained when the mass 
ratio of TiO2 is 0.04. 

A summary of the Q×f value versus τf plot for ATiNb2O8-based and 
AZrNb2O8-based MWDCs is shown in Fig. 6, and some detailed values 
are listed in Table 2. Except for this work, other ATiNb2O8-based and 
AZrNb2O8-based MWDCs are prepared by random mixed synthesis. In 
comparison to the microwave dielectric performances described in 
previous studies, we can find that the performance of the tri-layer ZTGN- 
TO-ZTGN composite ceramics is superior. This study reports an excellent 
Q×f value and a large dielectric constant, which is compared with the 
study of systems with near-zero τf (Fig. 6 and Table 2). 

Thus, in the present work, we have put forward a strategy to improve 
the microwave dielectric performance of conventional materials systems 
and provide a direction for the preparation of high-performance mi
crowave dielectric ceramic materials based on available materials, 

further adapting to the strict requirements for 5 G wireless communi
cation devices. 

4. Conclusion 

Tri-layer ZTGN-TO-ZTGN composite ceramics were prepared and 
compared with random distribution-type ZTGN-TO composite ceramics. 
It is worth mentioning that the measured εr is higher than the theoretical 
values calculated by the parallel model. In contrast to the random dis
tribution type ZTGN-TO, this architecture can achieve a nearly 50 % 
increase in the Q×f value, and the dielectric constant does not deterio
rate significantly. The excellent performance is attributed to the stable 
tri-layer structure design. In this tri-layer structure, the existence of the 
stable TiO2 layer (interlayer) and the microstructure formed by Zn2GeO4 
enhance the distribution of the electric field in the region with a high 
dielectric constant and avoid the deterioration of the dielectric constant. 
In addition, the tri-layer structure design can largely avoid the occur
rence of unexpected chemical reactions between the composite com
ponents. In conclusion, a near-zero τf (+1.9 ppm/℃) with high εr (42.1) 
and high Q×f (51,477 GHz) can be achieved in the tri-layer ZTGN-TO- 
ZTGN ceramic when the mass fraction of the TiO2 layer is 0.04 wt% after 
sintering at 1120 ℃ for 6 h. 
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Fig. 5. Microwave dielectric properties of the tri-layer ZTGN-TO-ZTGN sam
ples as a function of mass fractions of TiO2. 

Fig. 6. Summary of the Q×f value versus τf plot for ATiNb2O8-based and 
AZrNb2O8-based MWDCs (the larger the ball in the figure, the greater the 
dielectric constant of the dielectric ceramic) [3,4,12,28–42]. 

Table 2 
The microwave dielectric properties of samples prepared by the layered process 
and conventional mixed process.  

Materials S.T. 
(℃) 

εr Q×f 
(GHz) 

τf (ppm/ 
℃) 

Ref. 

ZnTiNb2O8 1120 34.3 42,500 − 52 [12] 
MgTiNb2O8 1000 33.8 26,260 − 19.2 [30] 
0.63MgZrNb2O8- 

0.37TiO2 

1300 43 46,110 − 2.5 [31] 

Zn0.9Mn0.1ZrNb2O8 1200 29.43 44,900 − 5.61 [32] 
0.3ZnZrNb2O8-0.7TiO2 1150 41.4 38,500 − 2.4 [35] 
MgZrNb2O8 1250 26.54 57,477 − 17.96 [37] 
Zn0.9Mg0.1ZrNb2O8 1200 27.82 53,400 − 45.82 [39] 
Zn0.7Co0.3TiNb2O8 1075 35.93 35,125 0 [41] 
ZTGN-0.04TO-ZTGN 1120 42.1 51,477 +1.9 This 

work  
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