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Abstract

Single-phase dielectric ceramics Li2CuxZn1�xTi3O8 (x¼0–1) were synthesized by the conventional solid-state ceramic route. All the

solid solutions adopted Li2MTi3O8 cubic spinel structure in which Li/M and Ti show 1:3 order in octahedral sites whereas Li and M are

distributed randomly in tetrahedral sites with the degree of Li/M cation mixing varying from 0.5 to 0.3. The substitution of Cu for Zn

effectively lowered the sintering temperatures of the ceramics from 1050 to 850 1C and significantly affected the dielectric properties. As

x increased from 0 to 0.5, tf gradually increased while the dielectric constant (er) and quality factor value (Q� f) gradually decreased,

and a near-zero tf of 1.6 ppm/1C with er of 25.2, Q� f of 32,100 GHz could be achieved for Li2Cu0.1Zn0.9Ti3O8 ceramic sintered at

950 1C, which make it become an attractive promising candidate for LTCC application. As x increases from 0.5 to 1, the dielectric loss

significantly increases with AC conductivity increasing up to 2.3� 10�4 S/cm (at 1 MHz).

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the last few decades, the microwave-based wireless
communications industry has been revolutionized with the
continuing requirement of miniaturization. Dielectric reso-
nators (DRs) provide significant advantages in terms
of compactness, light weight, temperature stability and
relatively low cost in the production of high frequency
devices. For application to resonators, microwave dielec-
tric materials require a high dielectric constant (er) to
facilitate circuit miniaturization, a high quality factor
values (Q� f) to increase their selectivity, and a near-zero
temperature coefficient of the resonant frequency (tf) to
ensure the stability of the frequency against temperature
changes[1]. Recently, there is a considerable interest in
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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lowering the sintering temperatures of dielectric ceramics
for co-firing with cheaper and highly conductive internal
electrode metals such as Ag (the melting point 961 1C) and
Cu (the melting point 1050 1C) [2,3], however, the sintering
temperatures of most of commercial microwave dielectric
ceramics such as Ba(Mg1/3Ta2/3)O3 and CaTiO3–NdA-
lO3[4,5]are usually above 1300 1C. Therefore, it is necessary
to search new systems with lower melting points, and many
studies have been focused on Li-containing compounds
which have low sintering temperature and excellent micro-
wave dielectric properties, such as LiZnNbO4 [6],
Ba4LiNb3O12 [7] and Li2MgSiO4 [8].
More recently, the microwave dielectric properties of

cubic spinels Li2ATi3O8 (A¼Zn, Mg, Co) and their solid
solution ceramics have been reported [9–12]. These ceramics
are well sintered below 1100 1C, and exhibit good microwave
dielectric properties with er in the range 25.6–28.9, Q� f up
to 72,000 GHz and low tf in the range �15–3.2 ppm/1C.
Furthermore, these materials are advantageous in terms of
low cost of raw materials, low sintering temperature and low
bulk density compared to commercially available ceramics.
rved.
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Fig. 1. X-ray diffraction patterns of the Li2CuxZn1�xTi3O8 (x¼0–1)

ceramics sintered at different temperatures for 2 h: (a) x¼0, (b) x¼0.05,

(c) x¼0.1, (d) x¼0.2, (e) x¼0.5 and (f) x¼1.
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However, the sintering temperature of these materials is still
too high to preclude their application for LTCC technology.

Considering the Shannon’s effective ionic radii of Cu2þ

(0.745 Å) are very similar to that of Zn2þ(0.74 Å) [13], and Cu
substitutions for Zn in the Yb2Ba(Cu1�xMx)O5 (M¼Zn, Ni)
ceramics has been reported to effectively reduce the sintering
temperature and adjust the microwave dielectric properties
[14], then Cu2þ substituted for Zn2þ in Li2ZnTi3O8 system
might explore new materials to meet the requirement of
LTCC. However, there has been no report on sintering
behaviors and microwave dielectric properties of Cu substi-
tuted Li-spinels. In the present work, the ceramics of
Li2CuxZn1�xTi3O8 (x¼0–1) solid solutions were prepared,
and the effect of Cu substitution on sintering behavior,
structure and dielectric properties were investigated.

2. Experimental procedures

Li2CuxZn1�xTi3O8 ceramics were prepared by conven-
tional mixed oxide route from the high-purity oxide
powders of Li2CO3 (Z99.9%), CuO (Z99.9%), ZnO
(Z99.9%) and TiO2 (Z99.9%). Stoichiometric amounts
of the powders were weighed and milled in alcohol medium
using zirconia balls for 4 h. The mixtures were dried and
calcined at 750 1C for 4 h. The calcined powders were
ground well and mixed with 5 wt% of polyvinyl alcohol
solution as the binder. The powders were then uniaxially
pressed into cylindrical disks of 12 mm diameter and
6–7 mm height under a pressure of 150 MPa. The samples
were heated at 600 1C for 4 h to remove the organic binder
and then sintered at 800–1075 1C for 2 h.

The bulk densities of the sintered ceramics were measured
by the Archimedes method. The phase compositions of
sintered samples were determined using an X-ray diffract-
ometer (XRD) (CuKa1, 1.54059 Å, Model X’Pert PRO,
PANalytical, Almelo, Holland). The surface micrographs of
the samples were examined using a scanning electron
microscope (SEM, Model JSM6380-LV, JEOL, Tokyo,
Japan). The microwave dielectric properties were measured
using a network analyzer (Model N5230A, Agilent Co.,
Palo Alto, CA) and a temperature chamber (Delta 9039,
Delta Design, San Diego, CA). Thin disks of about 2 mm
thickness were used as a capacitor to determine the
dielectric constant at low frequency (1 kHz to 10 MHz)
using a Precision Impedance Analyzer (Agilent 4249 A) at
room temperature. Silver paste was applied to the surfaces
of these disks, then dried at 600 1C for 30 min and cooled
naturally to room temperature. The ac conductivity of these
samples were calculated using the equation s¼2pfe0ertan d,
where f is the measured frequency, e0 is the permittivity of
free space, er is the dielectric constant and tan d is the
dielectric loss of the sample. The microwave dielectric
properties were obtained using a network analyzer (Model
N5230A, Agilent Co., Palo Alto, CA). The tf were mea-
sured by noting the variation of resonant frequency of the
TE011 resonant mode over the temperature range of
25–85 1C
3. Results and discussion

The room temperature XRD patterns recorded for the
Li2CuxZn1�xTi3O8 (x¼0–1) ceramics sintered at different
temperatures using CuKa radiation are shown in Fig. 1.
The patterns are similar and match well with PDF files No.
01–086–1512 of Li2ZnTi3O8. All of the peaks were indexed
and there was no evidence of any secondary phases
present, which indicated that the single phase solid solu-
tions of Li2CuxZn1�xTi3O8 are easily formed for all x

values since Zn2þ and Cu2þ are isovalent and their
Shannon’s effective ionic radii are similar [13]. The relative
diffraction intensity of (110) and (220) peaks decrease with
x while that of (111) increases toward that of Li2CuTi3O8,
which might be related to different occupancy of cation
sites. The crystal structures of lithium spinels Li2MTi3O8

(M¼Zn, Mg, Co, Cu) have been reported West et al. [15],
and Li2MTi3O8 have a cubic spinel structure with space
group P4332. The cation distributions may be expressed by
the formula, Li1�YMY[(LiYM0.5�Y)Ti1.5]O4 (0rYr0.5)
[16], Y therefore denotes the degree of cation mixing in
tetrahedral sites, Li and M are distributed randomly in
tetrahedral 8c sites and octahedral 4b sites, and Ti is
situated only in octahedral 12d sites. For Li2ZnTi3O8,
Y¼0.5; there is complete 1:3 order of Li and Ti in
octahedral sites. As for Li2CuTi3O8, Y¼0.3; Li and Cu
are distributed in tetrahedral sites whereas Li/Cu and Ti
show 1:3 order in octahedral sites [16].
Fig.2 presents the relative densities of the Li2CuxZn1�x-

Ti3O8 (x¼0–1) ceramics as a function of sintering temperature
from 825 1C to 1075 1C. As the sintering temperature
increases, the relative density of the specimen gradually
increases to an optimized value above 96% and thereafter
slightly decreases. The optimized sintering temperature
decreases gradually from 1050 1C to 850 1C as the amount
of Cu increases. The microstructure of the Li2Cu0.1Zn0.9Ti3O8
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ceramics sintered at different temperatures for 2 h investigated
using SEM is shown in Fig.3. It is notable that the grain size of
Li2Cu0.1Zn0.9Ti3O8 ceramics increases with increasing sintering
temperatures. The microstructure is observed with several
pores, and most of the grain sizes are small at 900 1C,
approximately 3 mm, as shown in Fig. 3(a). The dense
microstructures were formed as the sintering temperature
increases from 900 1C to 975 1C. A well-sintered and uniform
microstructure with grain sizes in the range 8–20 mm can be
achieved at 950 1C. However, abnormal grain growth occurs
as the sintering temperature exceeds 950 1C. A few large grains
with an average size of 40 mm are observed, as shown in
Fig. 3(d).
Fig. 2. The relative density of Li2CuxZn1�xTi3O8 (x¼0–1) ceramics as a

function of sintering temperature.

Fig. 3. Scanning electron micrographs of the Li2Cu0.1Zn0.9Ti3O8 cera
The dielectric properties of the Li2CuxZn1�xTi3O8

(x¼0–1) ceramics have been measured in the low
frequency region (up to 10 MHz) at the room-temperature
was shown in Table 1. It was notable that dielectric loss
(tan d) gradually increases from 0.0003 to 3.9 and AC
conductivity (sac) increases from 5.7� 10�9 S/cm to
2.3� 10�4 S/cm as x increases. It is well known that
practically all the physical and chemical properties of the
metal oxide materials are directly related to their elemental
composition, crystal structure and cationic distribution,
lithium spinels LiNiGe3O8 (with Y¼0) has been reported
to exhibit high sac of 3.4� 10�3 S/cm at room temperature
due to interconnected octahedral and tetrahedral that
would provide pathways for lithium ion mobility[15]. The
increase of tan d and sac might be attributed to the
decreasing Y values from 0.5 for x¼0 to 0.3 for x¼1
[15]. Further, the electrochemical properties of the Li2Cu-
Ti3O8 will be investigated in the future.
The microwave dielectric properties are only measured

for the Li2CuxZn1�xTi3O8 ceramics with xr0.5 since
other ceramics did not show any resonance. The micro-
wave dielectric properties of the ceramics sintered at
optimized temperature are summarized in Table 1. As x

increases from 0 to 0.5, the er slightly decreases the
ceramics vary from 26.9 to 24.6 and tf increases form
�13.2 ppm/1C to 30.4 ppm/1C, which are similar to the
trends reported in Yb2Ba(Cu1�xZnx)O5 solid solu-
tions[14]. The Q� f significantly decreases from 74,000 to
9400 GHz which may be ascribed to the increasing ionic
conductivity. It is worth noting that a near-zero tf of
1.6 ppm/1C with er of 25.2, Q� f of 32,100 GHz could be
achieved for Li2Cu0.1Zn0.9Ti3O8 ceramic sintered at
mics sintered at (a) 900 1C, (b) 925 1C, (c) 950 1C and (d) 975 1C.



Table 1

Sintering temperatures and dielectric properties of the Li2CuxZn1�xTi3O8 (x¼0–1) ceramics.

Composition x Sintering temp. (1C) Relative density (%) Microwave dielectric properties er

1 MHz

tan d
1 MHz

s
(S/cm)

er Q� f (GHz) tf (ppm/1C)

x¼0 1050 97.4 26.9 74,000 �13.2 30.8 0.0003 5.7� 10�9

x¼0.05 1000 97.3 26.5 48,180 �4.7 29.7 0.0011 1.8� 10�7

x¼0.1 950 97 25.2 32,100 1.6 27.6 0.0019 3.2� 10�7

x¼0.2 950 96.6 24.9 18,784 12 26.4 0.0026 6.6� 10�7

x¼0.5 925 96.4 24.6 9432 30.4 32.9 0.0122 7.9� 10�6

x¼1 850 96.2 * * * 1842.3 3.939 2.3� 10�4

ncannot be measured.
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950 1C, which might be an attractive promising candidate
for LTCC application.

4. Conclusions

The Li2CuxZn1�xTi3O8 (x¼0–1) solid solution system
with cubic spinel structure has been prepared by the
conventional solid-state ceramic route. Cu substituted for
Zn effectively lowered the sintering temperatures of the
ceramics from 1050 to 850 1C and significantly affected the
dielectric properties. As x increased the tf increased from
�13.2 ppm/1C for x¼0 to 30.4 ppm/1C for x¼0.5 while er

decreased from 26.9 to 24.6 and Q� f decreases from
74,000 to 9400 GHz. As x increases from 0.5 to 1, the
dielectric loss significantly increases with AC conductivity
increasing from 7.9� 10�6 to 2.3� 10�4 S/cm. The cera-
mic Li2Cu0.1Zn0.9Ti3O8 with x¼0.1 sintered at 950 1C/2 h
exhibits an excellent combination of microwave dielectric
properties with er of 25.2, Q� f of 32,100 GHz and tf of
1.6 ppm/1C, which might be an attractive promising
candidate for LTCC application, and further studies are
in progress to investigate its compatibility with silver
electrode.

Acknowledgments

This work was supported by Natural Science Founda-
tion of China (nos. 50962004, 21061004 and 51102058),
Project of Department of Science and Technology of
Guangxi (nos. 2012GXNSFDA053024, 10–046–01, 11-
031-03 and 11107006–42), and Program to Sponsor Teams
for Innovation in the Construction of Talent Highlands in
Guangxi Institutions of Higher Learning.

References

[1] S. George, M.T. Sebastian, Synthesis and microwave dielectric proper-

ties of novel temperature stable high Q, Li2ATi3O8 (A¼Mg, Zn)

ceramics, Journal of the American Ceramic Society 93 (8) (2010)

2164–2166.

[2] L. Fang, D. Chu, C. Li, H. Zhou, Z. Yang, Effects of BaCu(B2O5)

addition on phase transition, sintering temperature and microwave

properties of Ba4LiNb3O12 ceramics, Journal of the American

Ceramic Society 94 (2011) 524–528.
[3] M. Guo, S. Gong, G. Dou, D. Zhou, A new temperature stable

microwave dielectric ceramics: ZnTiNb2O8 sintered at low tempera-

tures, Journal of Alloys and Compounds 509 (2011) 5988–5995.

[4] H. Matsumoto, H. Tamura, K. Wakino, Ba(MgTa)O3–BaSnO3 high

Q dielectric resonator, Japanese Journal of Applied Physics 30 (1991)

2347–2349.

[5] B. Jancar, D. Suvrorov, M. Valant, Microwave dielectric properties

of CaTiO3-NdAlO3 ceramics, Journal of Materials Science Letters 20

(2001) 71–72.

[6] H.F. Zhou, H. Wang, K.C. Li, H.B. Yang, et al., Microwave

dielectric properties of ZnO–2TiO2-Nb2O5 ceramics with BaCu(B2O5)

addition, Journal of Electronic Materials 38 (2009) 711–716.

[7] L. Fang, C.C. Li, X.Y. Peng, C.Z. Hu, et al., Ba4LiNb3�xTaxO12

(x¼0–3): A Series of High-Q Microwave Dielectrics from the

Twinned 8H Hexagonal Perovskites, Journal of the American

Ceramic Society 93 (2010) 1229.

[8] S. George, P.S. Anjana, V.N. Deepu, P. Mohanan, et al., Low-

temperature sintering and microwave dielectric properties of Li2MgSiO4

ceramics, Journal of the American Ceramic Society 92 (2009) 1244–1249.

[9] L. Fang, D. Chu, H. Zhou, X. Chen, Z. Yang, Microwave dielectric

properties and low temperature sintering behavior of Li2CoTi3O8

ceramic, Journal of Alloys and Compounds 509 (2011) 1880–1884.

[10] X. Chen, H. Zhou, L. Fang, X. Liu, Y. Wang, Microwave dielectric

properties and its compatibility with silver electrode of Li2MgTi3O8

ceramics, Journal of Alloys and Compounds 509 (2011) 5829–5832.

[11] L. Fang, D. Chu, H. Zhou, X. Chen, H. Zhang, B. Chang, C. Li,

Y. Qin, X. Huang, Microwave dielectric properties of temperature

stable Li2ZnxCo1�xTi3O8 ceramics, Journal of Alloys and Com-

pounds 509 (2011) 8840–8844.

[12] S. George, M.T. Sebastian, Microwave dielectric properties of novel

temperature stable high Q Li2Mg1�xZnxTi3O8 and Li2A1�xCaxTi3O8

(A¼Mg, Zn) ceramics, Journal of the European Ceramic Society 30

(2010) 2585–2592.

[13] R.D. Shannon, Revised effective ionic radii and systematic studies of

interatomic distances in halides and chaleogenides, Acta crystal-

lographica Section A, Crystal Physics, Diffraction, Theoretical and

General Crystallography 32 (1976) 751–767.

[14] A. Kan, H. Ogawa, H. Ohsato, J. Sugishita, Influence of M (M¼Zn

and Ni) substitution for Cu on microwave dielectric characteristics of

Yb2Ba(Cu1�xMx)O5 solid solutions, Japanese Journal of Applied

Physics 40 (2001) 5774–5778.

[15] H. Kawai, M. Tabuchi, M. Nagata, H. Tukamoto, A.R. West,

Crystal chemistry and physical properties of complex lithium spinels

Li2MM03O8 (M¼Mg, Co, Ni, Zn; M0 ¼Ti, Ge), Journal of Materials

Chemistry 8 (1998) 1273–1280.

[16] V.S. Hernandez, L.M.T. Martinez, G.C. Matherb, A.R. Westb, Stoichio-

metry, structures and polymorphism of spinel-like phases, Li1.33xZn2�2x

Tilþ0.67O4, Journal of Materials Chemistry 6 (9) (1996) 1533–1536.


	Adjustable dielectric properties of Li2CuxZn1minusxTi3O8 (xequal0 to 1) ceramics with low sintering temperature
	Introduction
	Experimental procedures
	Results and discussion
	Conclusions
	Acknowledgments
	References




