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Abstract

Microwave dielectric ceramics, with a4LiTisO1, (0 < x < 1.2) formula, were
prepared using a conventional solid-state reaction method. The effects of doping
amount on the phase stability, microstructure and microwave dielectric properties
were investigated. The XRD analysis showed that=at0, pure LiTisO;, could not
be obtained but with trace amount of 7i& a secondary phase, while single phase of
the LiyTisO12 solid solution was formed ir range of 0.2 to 0.4. The fiisO;, and
Li,TiO3 coexisted in the compositions with G6 < 1.2 and the amount of 5iO3
phase increased with increasing doping concentration. The microwave dielectric
properties were strongly dependent on the sintering temperature and composition. A
near-zeror; of +2.7 ppnfC along with aQxf of 36,000 GHz and & of 25.1 was
obtained inx = 1.2 sample sintered at 10 Moreover, promising low temperature
co-fired ceramic (LTCC) materials with thermal stability and chemical compatibility

with silver can be obtained in tixe= 1.2 sample with 0.5 wt%-,B; addition sintered
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at 940°C. This material has good microwave dielectric properties ayith 28.0,Qxf
of 32,000GHz andk of -7.8 ppn¥C.
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1. Introduction

In recent years, the increasing demands for miniaturization and portability of
electronic devices have revolutionized wireless communication [1-3]. The LTCC
technology has become an irreplaceable approach in the development of various
modules and substrates due to its ability to integrateaheus passive components
to a three-dimensionahodules with embedded silver or copper electrodes [4,5]. To
qualify as a commercially viable candidate as microwave ceramic, the crucial
requirements are: a lower sintering temperature than the melting point of the inner
metal electrode<C 960°C for silver); a suitable relative permittivity; a high quality
factor to improve the transmission quality; a near-zero temperature coefficient of
resonant frequency;(~ 0 ppm?C) for temperature stability [6]. Besides, chemical
compatibility, compactness, light weight, and low cost are also important figure of
merits from practical application point of view.

Li-contained oxides have attracted wide attention as LTCCs due to their low
sintering temperatures and high dielectric performance. For example, the rock-salt
structured LiTiO3 ceramics sintered in temperature range of 1100-iG0tade, =
20-24,Qxf = 20,000-70,000 GHz, ang= +20-+40 ppniC [7-10]. And its positivey

value was successfully used to adjust the thermal stability of several dielectric



ceramics with negativer values [11,12]. More recently, some Li-based spinel
microwave dielectric ceramics, such asTidOio, LioZnsTisO12 and LbZnTizOg have

been reported [13-15]. Among them, theTiO;, ceramic has been extensively
investigated for LTCC application because of its relatively low sintering temperature
(~ 930°C) and encouraging microwave dielectric propertigs=(18.5-30.1,Qxf =
9,200-29,530 GHz angl= -10.4--15 ppniC [13,16].

It is reported that the vaporizatiodf Li in Li-containing ceramics at elevated
sintering temperatures is inevitable and harmful to the microwave dielectric properties
[17]. For example, owing to the volatilization of Li, pureTisO1, was difficult to
obtain through the stoichiometric mixture of,@Qi and TiQ [18]. Zuo [16] et.al
reported that by adjusting the molar ratio of Li:Ti to 4.08:5 through reducing the
concentration of TiQ single phase LTisO;, could be obtained. In this work, tkxf
values of the Li-excess samples (67,926 GHz fardLlisO:12) were significantly
enhanced compared to the stoichiometrigTisO;, sample withQxf = 9,200 GHz.

On the other hand, in the binary phase diagram @-0iO,, by increasing the molar
ratio of Li, the LpTiO3 phase appeared and co-exist withTigO;, within 4.3:5 to
9.6:5 of Li:Ti ratio range [19]. Considering the opposite sign of thaialues, it is
expected that near zerp value can be achieved by the formation ofTl®; in
Li4TisOq2 through excess of §© addition. In present work, the 4iTisOq, (0 < x <
1.2) ceramics were prepared angDBis used as sintering aid to lower the sintering
temperature. Chemical compatibility between the.LisO;, (0 < x < 1.2) ceramics

and silver was also studied.



2. Experimental procedure

The LisTisO12 (0 < x < 1.2) and LiTiO; were prepared by conventional
solid-state reaction technique using high-purity starting reagents©@0i.and TiQ
(99.99%). The mixed oxides were ball-milled for 4 h in nylon jars with zirconia balls
using alcohol as a medium. The wet mixture were rapidly dried and calcined’a 900
for 4 h and then ball-milled again for 4 h. The calcined sampld.2 was reground
with 0.5 wt% BQOs. These resulting slurries were dried and reground with PVA as
binder. The granulated powders were pressed into 10 mm-diameter disks at a uniaxial
pressure of 200 MPa. The samples were first heated &C5f0 4 h for debinding
and then sintered at various temperatures in ambient atmosphere. Thexsanle
with 0.5 wt% BOs sintered at 946C for 4 h was crushed and then reground with 15
wt% Ag. The mixed powder was pressed into small disks and then sintered®&t 940
for 2 h.

The phase composition of the sintered ceramics was confirmed by an X-ray
diffractometer (XRD; Model X'Pert PRO, PANalytical, Almelo, the Netherlands) and
a Raman spectrometer (DXR; Thermo Fisher Scientific, American). The bulk
densities of the specimen were measured with the Archimede’s method. To observe
grain morphology, the polished and thermal etched surfaces of as-fired ceramics (fired
25 °C below the optimized sintering temperature) were examined by scanning
electron microscopy (SEM; JSM6380-LV, JEOL, Tokyo, Japan). Microwave dielectric
properties of the sintered ceramics were measured using a network analyzer (N5230A,

Agilent Co., Palo Alto, California) and a temperature chamber (Delta 9039; Delta



Design, San Diego, California). The values were calculated with the following

formula;

_— fa—f1
" f(T2-Th

1)
where,f; andf, represent resonant frequencies at temperalur@sdT,, respectively.
3. Resultsand discussion

Fig. 1 shows the room-temperature XRD patterns recorded on the sintered
Li 4+ TisO12 ceramics at their relative optimum temperatures. The nominal saxple (
0) exhibited the cubic LTisO;1, phase and trace amount of rutile Tighase (marked
as solidheart-shapedymbol) with no other phases containing Li or Ti detected. It is
believed that the existence of Li@as attributed to the volatilization of Li, resulting
in the deviation of the molar ratio of Li:Ti from 4:5. This is similar to the earlier
reports [16,19]. WheRr increased to 0.4, the peaks belonging to, d®appeared and
only the diffraction peaks of the fliisO;, could be observed within the limitation of
XRD. It is expected that the addition of Li successfully compensated the Li
volatilization, leading to the formation of the single phasglit©:,. However,
beyondx = 0.4, another phase with a main peak arouridastshown in the enlarged
profile) appeared and detected as monocprig,TiO; with a C2/c space group. The
formation of LyTiOz is because of the excess of Li after compensation and can be
expressed by the following reaction:sTisO;, + 3Li,O = 5Li,TiO3 [20]. Besides,
the intensity of diffraction peaks of the,LiO3; phase increased with increasing

indicating that the LiTiO3 content increased. Herein, Rietveld refinement was

employed to calculate the content ratio of thdi(d; phase and the results is listed on



Table 1. The content ratio of the,LiOzincreased from 10.1 mol % at= 0.6 to 25.3
mol % atx = 1.2.

To further confirm the phase composition, the Raman spectroscopy was utilized.
Fig. 2 shows the Raman spectra of thg,LisO,, ceramics in the wavenumber range
of 100-1000 crit. The samples witk < 0.4 exhibited main Raman bands at 224, 275,
347, 419, and 665 ch which are the characteristic modes of the pure spinel
Li4TisO1, ceramic [21]. The peak at 665 '&rmlg mode) is assigned to the vibration
of TiOg octahedral. The peak at 419 '(Er(Eg mode) is involving stretching bending
vibration of LiO, tetrahedral. It is reported that two main Raman peaks at 609 and 406
cm™ are assigned asipand B modes for the Ti@rutile, respectively [18]. For the
= 0 sample, characteristic Raman peaks from, Wére invisible, possibly because of
the modes broadening and overlapping. With further increasirgn 0.6 to 1.2, two
additional bands around 284 and 392'cwere observed, which were reported to be
the characteristic bands from theTiO3; phase [17]. This result further indicates the
formation the LiTiO3 phase.

The SEM micrographs of the polished and thermal etched surfaces of the
Li4+TisO12 ceramics sintered at their optimum temperature are illustrated in Fig. 3.
For all compositions, dense microstructures with few pores can be observed,
suggesting the high densification when sintered at optimum temperatures. Moreover,
with increasing Li addition, the amount of porosity gradually decreased. Obviously,
for thex = 0.2 and 0.4 sample, only ogein morphology with plate-like shape was

observed. However, the microstructure of the 0.6 ceramic is characterized by a



bimodal grain morphology consisting of small columnar grains (spot 2) embedded in
a matrix of large plate-like grains (spot 1). The EDS analysis (shown in the inset of
Fig. 3) verified that the Ti:O ratio of spot 1 and spot 2 was different, which was closed
to that of the LjTisO;2 and LpTiOs, respectively. Similar grain morphology and
distribution were reported for some spinel-rock salt composites [11,12,22]. Further,
the grain size and the amount of the second phase increageidcasased. Those
results conform to the XRD and Raman analysis.

Fig. 4 depicts the bulk density and microwave dielectric properties of the
Li 4 Ti5O12 ceramics at their optimum temperature as function dhe bulk density
first increased to a maximum value (3.26 gigat x = 0.4 and then decreased. The
increase of bulk density was the result from the formation of the pure-phas®Li
as suitable excess of Li not only compensated for the volatilization of Li but greatly
promoted the sintering behavior. Due to the smaller density of $M&ki(3.14 g/cn)
than LiiTisOy,, the bulk density almost linearly decreased from 3.23 {ton8.18
g/cm3 as x increased from 0.6 to 1.2. It is obvious that microwave dielectric
performances were affected by compositions, which was primarily ascribed to density
and impurity. As (< x < 0.4, the permittivity an@xf value were enhaced because of
the improved density, and the value decreased owing to the disappearance of
impurity TiO,, which has a large positivevalue about +465 ppfic [16].

It is well known that many factors affect the microwave dielectric properties
which can be classified into two aspects, the intrinsic factors (lattice vibration) and

extrinsic ones (e.g. second phases, densification, and grain size, etc) [23]. Especially,



the second phases exert a vital role in adjusting the relative permittivity and thermal
stability of resonance frequency. Several models have been proposed to predict the
effective permittivity of a bi-phase system, such as Maxwell-Garnett rule, Bruggeman
rule and Lichtenecker logarithmic rule [24-26]. Among them, the Lichtenecker
formula is usually applied to calculate the microwave permittivity of composite
ceramics. Thus, in the present work, in the range o£& 6 1.2 with LpTiO3 as a
second phase, the Lichtenecker empirical logarithmic rule were used to calculate the
permittivity of the LiTisO,2-Li,TiO3 composite [27]:
loge = X,logég, + X, loge, (2)

where X and X are the volume fractions (% X,= 1); ¢; ande; are the relative
permittivity of the pure LiTisO;, and LpTiO3 ceramics. The results are given on
Table 2. As expected, asncreased from 0.6 to 1.2 the calculated permittivity of the
Li4TisO12-Li TiO3 composites decreased monotonously from 26 to 25.2 due to the
smaller permittivity of LiTiOs (¢ = 21.9), which agrees well with the measured
values.

The theoreticats values of the two-phase composite ceramics are calculated by
the empirical linear rule [28]:

T, = XT¢+ X0y, 3

where X and X% are the volume fractionsy; and, are ther value of the pure
Li4TisO12 and LiTiO3 phase, respectively. The LisO1> has a negative of -15.6
ppm°C, while the LTiO3 has a large positive af of +39.6 ppnfC. As expected, the

calculatedr value of the composite ceramics gradually increased from -18@@n



x = 0.6 to -1.6 pprAC atx = 1.2. The variation tendency is consistent with that of the
measured value and a near-zgmf 2.7 ppnfC is obtained at = 1.2.

The Qxf value is sensitive to many factors, especially the extrinsic ones, such as
porosity, defects, second phases, densification, and grain size and distribution, etc. As
observed, in the whole addition range, t@&f value increased remarkably from
9,000 GHz a = 0 to 36,000 GHz at = 1.2. It is anticipated that Li compensation
depressed defects and improved densification, resulting in the enhancement in the
Qxf value. In addition, due to the high sintering temperature of puQg, the
sintering temperature of the 4MisO;,-Li,TiO3 increases as the value rises. The
higher sintering temperature is also favorable for densification. For samples xvith
0.4, the increase in th@xf value might partly related to the high@xf value of the
pure LbTiO3 (42,000 GHz) than that of the4IisO;, (30,000 GHz).

Although the ceramicx = 1.2 sintered at 100(C has excellent microwave
dielectric properties, the high sintering temperature restricts its cofiring with silver
electrodes for LTCC application. A small amount @B addition (0.5 wt%) could
effectively lower the sintering temperature to 880The BO; addition did not affect
the phase composition of the ceramie 1.2 and no other phase can be identified
from the XRD patterns (seen in Fig. 5 (b)). Compared with the counterpart without
B,Os; addition, theg value increased from 25.1 to 28 probably because of the
improved density, and the value shifted towards the negative direction, decreasing
from 2.7 ppnfC to -7.8 ppniC. Considering the small amount of@ addition, the

Qxf value slightly decreased from 36,000 GHz to 32,000 GHz. The excellent



combination of microwave dielectric propertiggh ¢ = 28.0,Qxf = 32,000 GHz and
71 = -7.8 ppnfC (listed on Table 2) were obtained.

To investigate the chemical compatibility with metal electrodes, 15 wt% Ag was
mixed into the sample powd&r= 1.2 with 5 wt% BOs addition. The XRD patterns
of the cofired sample is illustrated in Fig. 5 (a). Except the peaks of fhigQi, and
Li,TiO3, the peaks of Ag can also be observed, indicating that there are no chemical
interactions between Ag and the ceramie 1.2 with 0.5 wt% BO3;. The BSE image
and EDS analysis of the cofired sample are shown in Fig. 6. The bright grain (Spot A)
was confirmed as Ag, which had a highly visible grain boundary in the matrix
ceramics. The results further confirm that Ag did not react with neith&rsOh, nor
Li»TiO3. Therefore, it is reasonable to conclude thaixthel.2 ceramic with 0.5 wt%
B,O;z sintered at 948C for 4 h could be a promising candidate for LTCC application,
because of its low sintering temperature, promising microwave dielectric properties,

chemical compatibility with Ag, light weight, and low cost.

4. Conclusions
Novel microwave dielectric ceramicsskiTisO12 (0 < x < 1.2) were prepared by
conventional solid-state reaction method. The phase evolution, sintering behavior,
microstructure, and microwave dielectric properties were systematically investigated.
The XRD, EDS and Raman analysis show that the pure spigEl@j, solid
solutions were obtained at= 0.2 tox = 0.4, while TiQ appeared as a secondary

phase ak = 0 and another phase,LiO3; appeared with further increasirngeyond



0.4. The quality factor of the ceramics within<Ox < 0.4 improved greatly with
appropriate excessive amount of lithium. Moreovergthalues could be adjusted to
near zero. The ceramic wir 1.2 sintered at 100C has a relative permittivity{

of 25.1, a quality factor@xf) of 36,000 GHz, and a temperature coefficient of
frequency €) of +2.7 ppnfC. The relationship between microwave dielectric
properties and their compositions were investigated. We also studied their chemical
compatibility with silver in consideration of LTCC applications.
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Table 1 Phase compositions, calculatedndz; value of LiTisO12 (0.6< x < 1.2)

ceramics.

X LigTisO12 (Mol%)  Li,TiO3 (mol%) & (calculated) z; (calculated) (ppniC)

0.6 89.9 10.1 26 -10
0.8 83.9 16.1 25.7 -6.7
1 78.1 21.9 25.4 -3.5
1.2 74.7 25.3 25.2 -1.6

Table 2 Sintering temperature, bulk density and microwave dielectric properties of

Li4+xTi5012 (0< x < 1.2) ceramics.

X S.T(C) p (glcnt) & Qxf (GHz) 7 (ppm/C)
0 930 3.07 25.8 9000 -8.1
0.2 960 3.19 27.0 26000 -16.2
0.4 980 3.26 26.5 30000 -15.6
0.6 980 3.23 26 32000 -13.5
0.8 980 3.2 254 34000 -9.8
1 1000 3.19 25.2 35000 -5.2
1.2 1000 3.18 25.1 36000 2.7
1.2+0.5%B0O; 940 3.28 28.0 32000 -7.8

Li,TiOs 1150 3.14 21.9 42000 39.6




Figure Caption:

Fig. 1. X-ray patterns of the sintered.4iisO1> (0 <x< 1. 2) ceramics.

Fig. 2. Raman spectra of the Lilis0;, (0 < x < 1.2) ceramics.

Fig. 3. SEM micrographs of the LiTisO;2 (0 < x < 1.2) ceramics sintered at
optimum temperature: (x)= 0.2, (b)x = 0.4, (c)x = 0.6, (d)x = 0.8, (e)x = 1, and (f)
x = 1.2 (the inset is the EDS results of spot 1 and 2).

Fig. 4. The variation in (a) bulk density,(b) permittivity, (@xf and (d)z of
Li4+xTisO;12 ceramics at their optimum temperature as function of

Fig. 5. The XRD patterns of (a)= 1.2 sample with 0.5 wt%-Bs sintered at 94%C
for 4 h and (b)x = 1.2 sample with 0.5 wt% B cofired with 15 wt% Ag at 94
for 2 h.

Fig. 6. The BSE image (a) and EDS analysis (b) of sarplé.2 with 0.5 wt% BOs

cofired with 15 wt% Ag at 94%C for 2 h.
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Fig. 6.



Dense and single phase Li4TisO;, ceramics were obtained through appropriate

amount of Li addition.

Li4TisO;2 and Li,TiO3 coexisted to form composite ceramics with near zero

values and high quality factor.

. The sintering temperature of Lis.«TisO1, ceramics could be lowered with small

amount of B5Os.

. Chemical compatibility between Lis.«TisO12 and silver electrode was confirmed.



