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Abstract

The sintering properties and microwave dielectric properties of Ca[(Li1/3Nb2/3)1�xZr3x]O3+d (x = 0.05, abbreviated as CLNZ) ceramic doped

with ZBS frit are investigated for LTCC applications. XRD patterns and SEM photographs show that dense and single perovskite phase ceramics

can be obtained with ZBS doping content of less than 10 wt%, before the Ca2Nb2O7 pyrochlore phase begins to segregates. The results show that

ZBS vitreous phase stays at the grain boundary in the final sintered ceramics, suggesting it acts as liquid phase lubrication during sintering, and has

effectively lowered the sintering temperature of CLNZ ceramics from 1170 8C to 940 8C. The preferred orientation of CLNZ solid solution varies

from (1 2 1) plane to (1 0 1) plane as ZBS content and sintering temperature increase. The optimal microwave dielectric properties of er = 32.0,

Qf = 6.64 THz and tf = �27.1 ppm/8C can be obtained in 15 wt% ZBS doped CLNZ ceramic when sintered at 940 8C for 4 h. The Ag-cofiring

experiment clearly shows that no chemical reaction takes place between Ag and the ZBS-doped CLNZ ceramic, indicating its great potential

applications in LTCC field.
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1. Introduction

Since ultrahigh frequency multilayered circuit is effective in

miniaturizing various kinds of microwave modules and

substrates, it has become one of the most exciting areas in

microwave communication devices over the past decade [1–4].

In order to develop such highly packaged microwave circuits,

ceramics are required to be cofired with interlayered metals

such as Cu, Au and Ag with lower sintering temperatures than

that of the metal melting point (1080 8C for Cu, 1060 8C for Au

and 960 8C for Ag), which is known as low temperature cofired

ceramics (LTCC) technology. Recently, a number of studies

have been conducted to develop LTCC materials and among

these materials, Ca(Li1/3Nb2/3)O3�d-based complex perovskite

ceramic, which was first reported by Choi et al. [5], is an
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excellent candidate. This material possesses an outstanding

quality factor value of 40 THz with a medium dielectric

constant of 29.6 at room temperature. However, the large

negative temperature coefficient of resonant frequency (tf

value) would require further adjustment for practical applica-

tions. According to Choi et al., when (Li1/3Nb2/3)3.67+ complex

ions were substituted by 20 mol% Ti4+ ions at B-site, the tf

value could be stabilized to nearly zero. In our previous

research, we also found that Zr4+ nonstoichiometric substitu-

tion for B-site (Li1/3Nb2/3)3.67+ could effectively modify the

large negative tf value of Ca(Li1/3Nb2/3)O3�d ceramic. More-

over, since Li+ is an evaporable element during ceramic

sintering, which will result in oxygen vacancies and deteriorate

the Qf value of Ca(Li1/3Nb2/3)O3�d ceramic, Zr4+ nonstoichio-

metric substitution for B-site (Li1/3Nb2/3)3.67+ could compen-

sate for these oxygen vacancies and improve the Qf value.

However, the sintering temperature for these Ca(Li1/3Nb2/

3)O3�d-based ceramics (above 1150 8C) is too high to be cofired

with Ag. The addition of low melting point oxides or glasses

has been a common way to lower the sintering temperature of
d.
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Fig. 1. DSC curve of CLNZ ceramic and 10 wt% ZBS doped CLNZ ceramic.
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microwave dielectric ceramics in both academic and industrial

circles because of its efficiency and low cost [6–8] and a

number of investigations have focused on using single phase

oxide to lower the sintering temperature of Ca(Li1/3Nb2/3)O3�d-

based ceramics. For examples, 4 wt% Bi2O3 doping could

effectively lower the sintering temperature of Ca[(Li1/3Nb2/

3)0.8Ti0.2]O3�d ceramic to 1050 8C with good microwave

dielectric properties of er = 37.8, Qf = 11030 GHz and

tf = 12 ppm/8C [9], while 0.7 wt% B2O3 doping could lower

the sintering temperature of Ca[(Li1/3Nb2/3)0.9Ti0.1]O3�d

ceramic to 1000 8C and produce excellent microwave proper-

ties of er = 35, Qf = 21000 GHz and tf = �5.6 ppm/8C [10].

However, from the viewpoint of eutectic solution, multi-

component doping, such as B2O3 + SiO2 borosilicate glass, can

form a more stable compound with lower melting point than a

single phase doping system, such as B2O3 doping, so

multicomponent glass can lower the sintering temperature

more efficiently. Different kinds of borosilicate glasses have

been developed for LTCC applications [11–13], such as BaO–

B2O3–SiO2, CaO–B2O3–SiO2, ZnO–B2O3–SiO2, Li2O–B2O3–

SiO2 and so on. Among them, 60ZnO–30B2O3–10SiO2 (ZBS)

glass has a low melting point of �560 8C with low dielectric

loss at microwave frequency. Therefore, it is expected that ZBS

doped Ca[(Li1/3Nb2/3)1�xZr3x]O3+d (x = 0.05, abbreviated as

CLNZ hereafter) ceramic might have great potential for LTCC

technology application. In the present article, the sintering

behavior, phase assemblage and the microwave dielectric

properties of ZBS doped CLNZ ceramics are examined. The

liquid phase sintering mechanism of ZBS glass will be

discussed with results illustrating that ZBS glass is effective for

lowering the sintering temperature of CLNZ ceramic.

2. Experimental procedures

2.1. Sample preparation

High purity (>99%) raw materials CaCO3, Li2CO3, Nb2O5

and ZrO2 were weighed according to the desired stoichiometry.

The batched powders were mixed with ethanol medium and

planetary milled for 4 h. The slurry was pan dried and calcined

at 900 8C for 2 h. ZBS glass was made by batching desired

weight percentage of ZnO (60 wt%), B2O3 (30 wt%) and SiO2

(10 wt%) powders. The batched powder was mixed by

planetary milling for 4 h before it was pan-dried and heated

up to its melting point. Then the melting glass was quenched in

air and powdered for addition. The calcined CLNZ powder was

weighed with desired content of ZBS glass powder and milled

for another 4 h, pan dried and granulated with 5 wt% PVA. The

mixed powders were then pelleted into 7–8 mm high cylinders

with 15 mm diameter under a uniaxial pressure of 150 MPa.

The final sintering process was carried out at 940–1060 8C for

4 h in closed Al2O3 crucibles. The pellets were sintered under

the support of calcined powder with the same chemical

composition to prevent the evaporation of Li+. For coating with

Ag electrode process, the samples were screen printed with

high purity Ag slurry (Ag content > 80 wt%) and annealed at

500 8C for 20 min.
2.2. Sample characterization

The apparent density of the sample was directly measured by

the ratio of weight and volume. The theoretical density of

CLNZ ceramic was calculated using the XRD data and the

theoretical density of ZBS glass was measured by Archimedes

method. The phase assemblage was detected by X-ray method

(Bruker D8 Discover) using CuKa radiation. The micro-

structure properties were observed under a scanning electron

microscope (SEM) (JEOL 6490). The glass transition

temperature was examined through differential thermal and

thermogravimetric (DTA–TG) analysis ranging room tempera-

ture to 1100 8C in air with a thermal analyzer Netzsch

STA449C, Jupiter Equipment. The thermal expansion coeffi-

cient and the thermal conductivity of the sample with the

optimal microwave dielectric properties were tested by using

instruments Netzsch DIL402C and Decagon KD2 Pro

respectively. Microwave dielectric properties were measured

by Hakki-Coleman open resonator method using Agilent

8720ES vector network analyzer. TE011 modes, resonating in

4–7 GHz frequency range, were employed for the measure-

ment. The temperature coefficient was measured by a digital

controllable thermalstat in the temperature range of 20–80 8C.

3. Results and discussion

3.1. Sintering behavior

Fig. 1 presents the DTA properties of ZBS glass and 10 wt%

ZBS glass doped CLNZ ceramic. As can be seen, the first

exothermic peak, or the melting point, of ZBS glass locates at

around 520 8C. However, it shifts down to about 470 8C for

10 wt% ZBS doped CLNZ ceramic, suggesting that the liquid

phase generation temperature has lowered by �50 8C. Such

drop might be a result of alkali ion (Li+) acting as a modifier, in

which it breaks into the chemical bonds in the ZBS glass

network at low temperature and helps to further reduce the

melting point of ZBS glass, benefiting the grain-to-grain mass

transfer in liquid phase sintering [14].

Fig. 2(a) shows how the relative density of CLNZ + x wt%

ZBS-doped ceramics varies with sintering temperatures and

chemical compositions. The relative densities of various ZBS

content doped CLNZ samples were calculated by using the

apparent densities divided by theirs corresponding theoretical



Fig. 2. Relative density and radial linear shrinkage of CLNZ ceramics varied with ZBS contents and sintering temperatures.
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densities with the following formula [15]:

r ¼ W1 þ W2

W1=r1 þ W2=r2

(1)

where W1, W2 are the weight of CLNZ ceramic and ZBS glass

while r1 and r2 are the theoretical density of CLNZ ceramic

(4.48 g/cm3) and ZBS glass (4.87 g/cm3) respectively. As can be

seen from the figure, the relative density first increases with

increasing ZBS content until it reaches the maximum value of

x = 10 before it drops gradually with further increase of ZBS

content. The linear shrinkage of the above ceramics varies

similarly with the relative density as illustrated in Fig. 2(b).

Generally, more ZBS doping content will generate more liquid

phase during sintering process, which is beneficial for ceramic

densification. However, when ZBS doping content exceeds

10 wt%, pores and vacancies are formed easily due to the

evaporation of ZBS glass during sintering, which is suggested

to be responsible for the decreased relative density and linear

shrinkage after x = 10. Moreover, the densification temperature

decreases with increasing x value. For x � 10, the maximum

densities are obtained at 1020 8C, while for x = 15 and 20, the

maximum density is obtained at 980 8C and 940 8C respectively.

The highest relative density of 94.86% as well as the maximum

radial linear shrinkage of 23.43% are simultaneously obtained in

10 wt% ZBS doped sample when sintered at 1020 8C. Very poor

relative density of less than 85% can be found in both small ZBS

content (5 wt%) doped sample sintered at 940 8C and in high

ZBS content (20 wt%) doped sample sintered at 1060 8C. The

former might be a result of insufficient grain growth of CLNZ

ceramic, while the latter is due to the evaporation of ZBS glass as

well as the rapid growth of CLNZ grains, which results in a large

amount of closed pores in the final ceramic [16]. When taking

into account that the pure CLNZ ceramic is densified at 1170 8C
with a relative density of 94.28%, one may conclude that ZBS is

an effective sintering aid for CLNZ ceramic.

3.2. Phase formation and microstructure

Fig. 3 shows how the XRD patterns of CLNZ ceramic vary

with x wt% ZBS (x = 5, 7, 10, 15, and 20) glass additions and
sintering temperatures. As can be seen, the CLNZ ceramic

exhibits a distorted perovskite structure with orthorhombic

Pbmn space group; however, the crystal orientation of the

CLNZ ceramic varies with chemical composition in 1020 8C
sintered specimens, as illustrated in Fig. 3(a) and (b). The

intensity ratio of (1 0 1) to (1 2 1) crystal plane has an almost

linear dependence on ZBS glass content, suggesting an

anisotropic grain growth of CLNZ ceramic. This phenomenon

has also been observed by several other authors [17–19] and we

believe this could be attributed to the anisotropic interface

diffusion rate in CLNZ orthorhombic structure. Originally, the

interface diffusion energy of (1 0 1) crystal plane is higher than

that of the (1 2 1) crystal plane, thus, the latter has a faster

interface migration velocity. However, under the inducement

of ZBS viscous phase, the interface diffusion energy of (1 0 1)

crystal plane is gradually reduced and becomes energetically

superior to the (1 2 1) crystal plane, resulting in the final (1 0 1)

preferred orientation. Single perovskite phase ceramic can be

produced until ZBS glass content reaches 10 wt% before a

small amount of Ca2Nb2O7-type second phase can be detected

and its content increases with the increase of ZBS glass,

suggesting extensive chemical reactions might have taken

place between CLNZ ceramic and ZBS glass during sintering.

Also, the impurity phase varies with the sintering temperature

for the same chemical composition. For example, in 15 wt%

ZBS doped sample, about 28%, 24% and 20% volume

percentage Ca2Nb2O7-type second phase were found in

940 8C, 980 8C and 1060 8C sintered samples respectively.

However, we suggest that the chemical composition is

different in these Ca2Nb2O7-type phases because the pre-

ferential crystal planes of these impurity phases are different,

as illustrated in Fig. 3(e).

Fig. 4 presents SEM pictures of CLNZ + x wt% ZBS

ceramics sintered at 1020 8C for 4 h. It can be seen that the

average grain size gradually increases as x values increases and

it saturates after x = 15. The grains exhibit approximate

equiaxial morphology in x < 15 samples, yet the grains begin

to feature an elongated morphology when x � 15, which

corresponds very well with the XRD patterns, indicating a

preferred (1 0 1) orientation in x � 15 samples. A vitreous

phase can be clearly found at grain boundary in x � 7 samples,



Fig. 3. (a) XRD patterns of Ca[(Li1/3Nb2/3)0.95Zr0.15]O3+d + x wt% ZBS (x = 5, 7, 10, 15, 20) ceramics sintered at 1020 8C for 4 h. (b) The ratio of (1 0 1) and (1 2 1)

peak intensity varied with x value. (c)–(e) XRD patterns of x = 7, 10 and 15 ZBS doped ceramics sintered at different temperatures for 4 h.
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Fig. 4. SEM photographs of Ca[(Li1/3Nb2/3)0.95Zr0.15]O3+d + x wt% ZBS ceramics sintered at 1020 8C for 4 h. x = (a) 5 wt%, (b) 7 wt%, (c) 10 wt%, (d) 15 wt%, (e)

20 wt%, and (f) average grain size established from SEM photographs.

Fig. 5. er varied with chemical compositions and sintering temperatures in

CLNZ + x wt% ZBS ceramics.
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implying the grain growth is controlled by liquid phase

sintering process in ZBS doped CLNZ ceramics. Thus, the

densification temperature can be lowered because of the fast

grain-to-grain mass transfer speed in liquid phase sintering.

However, when a large amount of liquid phase is generated (in

x � 15 samples), the densification is degraded because of the

evaporation of ZBS glass [20]. Some rod-like secondary phases

can also be observed in x > 7 samples and it should be the

Ca2Nb2O7-type pyrochlore phase according to the XRD

analysis in Fig. 3.

3.3. Microwave dielectric properties

Fig. 5 illustrates how er varies with chemical compositions

and sintering temperatures in CLNZ + x wt% ZBS ceramics.

It is known that dielectric constant relates closely to relative



Fig. 6. Qf value of CLNZ + x wt% ZBS ceramics varied with chemical compositions and sintering temperatures.
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density, cell volume, polarizability and secondary phase in

ceramics [21–23]. In this case, the variation trend of er is quite

similar to that of relative density (please refer to Fig. 2). It

firstly increases as x value increases until it reaches the

maximum value of x = 10 before decreasing with further

increase of ZBS content. In the range of x � 10, the optimal er

value is obtained at the sintering temperature of 1020 8C,

which can be also ascribed to the relative density effect. The

maximum er value of 32.4 is obtained at x = 10 when sintered

at 1020 8C due to its highest relative density. However, in the

range of x > 10, this trend seems broken as er has become

inconsistent with the variation of relative density and

decreases with increasing sintering temperature. Note that

Ca2Nb2O7-type pyrochlore phase appears in this range and its

content increases when sintering temperature deviates from

1020 8C (please refer to Fig. 3(b)). It has been reported that

Ca2Nb2O7 pyrochlore phase has a dielectric constant of �27.0

at 1 MHz [24], similar to that of CLNZ perovskite main

phase. However, Li+, as well as the ions from ZBS frit, might

also incorporate into the Ca2Nb2O7 crystal lattice, which can

be indicated by the different crystal orientations of Ca2Nb2O7

phase in Fig. 3(e), and this might change the dielectric

constant of Ca2Nb2O7 phase. Since this chemical composition

effect outweighs the relative density effect, the maximum er

value is not obtained at the highest relative density point in

x > 10 samples. For example, in the x = 15 sample, the

maximum er value of 32.0 is obtained when sintered at

940 8C, instead of at 980 8C, where the highest relative

density is obtained. Taking into account that the dielectric

constant of pure CLNZ ceramic is 31.6 when sintered at

1170 8C for 4 h with a relative density of 94.3%, one may

conclude that ZBS glass addition has lowered the sintering

temperature of CLNZ ceramic by 230 8C as well as increased

its er value.
The variation of Qf value with chemical composition and

sintering temperature in CLNZ + x wt% ZBS ceramics is

shown in Fig. 6. As can be seen, the Qf value first increases

with increasing ZBS content until it reaches the maximum

value at x = 15 (except for samples sintered at 1020 8C when

the maximum value is obtained at x = 10) before it decreases

with further ZBS frit doping. The highest Qf value of 6.8 THz

can be obtained at x = 15 when sintered at 980 8C. The

variation trend of Qf value is similar to that of relative density,

but the maximum value is not synchronously obtained. It is

quite common that in glass-doped microwave ceramics, Qf

value can only be improved in a limited glass doping content

due to the enhancement of relative density as well as the

elimination of oxygen vacancies [25,26] yet when a large

amount of glass is incorporated, the formation of impurity

phase will become a detrimental factor to Qf value. The

impurity phase usually stems from two channels: continuous

excess inactive glass phase distributed around grain boundary

and the reaction between the vitreous phase and ceramic. In

the first case, since ions are weakly bonded in a glassy

network in amorphous materials [27], which dissipates and

absorbs microwave energy heavily, the Qf value is substan-

tially reduced in ZBS doped CLNZ ceramics when compared

with the Qf value of 15.0 THz in pure CLNZ ceramic.

However, in the second case, it seems that the Ca2Nb2O7-type

pyrochlore phase has not worsened the Qf value in ZBS doped

CLNZ ceramics. For example, according to the calculation of

XRD pattern, about 28% volume percentage Ca2Nb2O7-type

pyrochlore phase can be found in the x = 15 sample when

sintered at 940 8C, much higher than that (about 8% volume

percentage) in the x = 10 sample when sintered at 1020 8C.

However, the Qf value of the former is still larger than the

latter despite the fact that the latter possesses both a higher

relative density and less vitreous phase content than the



Fig. 8. Thermal expansion coefficient of 15 wt% ZBS doped CLNZ ceramic in

the temperature range from room temperature to 800 8C.
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former. This clearly shows that the Ca2Nb2O7-type pyro-

chlore phase in the present system possesses a high Qf value in

microwave frequency, which would be worthwhile for further

investigation in the future.

Fig. 7 shows how the temperature coefficient of resonant

frequency tf varies with chemical compositions and sintering

temperatures in CLNZ + x wt% ZBS ceramics sintered at

1020 8C. It can be seen that the tf value becomes more negative

from �19.6 ppm/8C to �43.2 ppm/8C with increasing ZBS

glass content, especially in the range of x � 7 when the tf value

decreases much faster, as shown in Fig. 7(a). This reveals that

ZBS glass possesses a large negative tf value, which is

consistent with the investigation of Joseph et al. [28]. The

loosely connected ions in vitreous materials, which vibrate in a

larger room due to volume expansion as temperature increases,

result in an increased dielectric constant, or an increased

positive temperature coefficient of dielectric constant, te.

Because te is related to tf as: tf ¼ �ð1=2Þte � aL, where aL is

the linear thermal-expansion coefficient for a perovskite

ceramic and is usually in the range of 8–10 ppm/8C [29,30],

it would be justified to infer from the present investigation that

the vitreous material possesses a negative tf value. Fig. 7(b)

shows the influence of sintering temperature on tf value in the

x = 10 and x = 15 samples. As the sintering temperature

increases, there is little variation in tf value in the x = 10
Fig. 7. tf varied with (a) ZBS glass doping content in CLNZ ceramics sintered

at 1020 8C for 4 h and (b) variation of tf value with sintering temperatures in

CLNZ + x wt% ZBS ceramics (where x = 10 and 15).
sample, while the tf value varies significantly in the x = 15

sample. It first decreases as sintering temperature rises from

940 8C to 1020 8C when the sintering temperature reaches

1060 8C, possibly a result of the increase of Ca2Nb2O7-type

pyrochlore phase. Optimal microwave dielectric properties of

er = 32.0, Qf = 6.64 THz and tf = �27.1 ppm/8C can be

obtained in 15 wt% ZBS glass doped CLNZ ceramic when

sintered at 940 8C for 4 h. The thermal expansion coefficient of

the sample is 15.3 ppm/8C in the temperature range from room

temperature to 800 8C, as illustrated in Fig. 8, suggesting the

ceramic is suitable for surface mounting on PCB substrate since

its thermal expansion coefficient matches rather well with that

of PCB substrate (12–20 ppm/8C) [31]. In addition, the thermal

conductivity of the sample is 2.4 W/mK, which means the

15 wt% ZBS glass doped CLNZ ceramic has good heat

dissipation capacity for the packaged LTCC.

For the investigation of cofiring property with Ag, about

20 wt% high purity conductive Ag slurry (Ag con-

tent > 80 wt%) was added to CLNZ + 15 wt% ZBS calcined

powder, mixed manually using agate mortar and pestle. After

drying, the powder was pelleted and sintered at 940 8C for 4 h.

As illustrated in the XRD pattern in Fig. 9(a), the diffraction

peaks of Ag cubic phase can be clearly indexed in terms of

PCPDF card No. 87-0720. Besides CLNZ and Ag phase, no

other diffraction peaks can be observed from the XRD pattern.

It can also be seen from Fig. 9(b) and (c) that the Ag particles

are embedded in the ceramic matrix with a highly visible grain

boundary. Such evidence suggests the absence of chemical

reaction between Ag and CLNZ ceramic or ZBS glass.

Moreover, in order to check whether Ag metal migrates along

grain boundaries and creates conduction pathways in the above

ceramic, we tested the variation of the Qf value in 15 wt% ZBS

doped CLNZ ceramic before and after coating with Ag

electrode. The Qf value before coating with Ag electrode is

6.64 THz, while after the coating and scraping off excess Ag

process, the Qf value has become 6.29 THz. The variation is

only within 5.3%, showing the conductive loss of the sample is

hardly modified by Ag cofiring. Thus, 15 wt% ZBS glass doped

CLNZ ceramic could be a potential LTCC material for

applications in electronic industry providing that the tf value

can be further modified.



Fig. 9. Cofiring experiment of Ag with 15 wt% ZBS doped CLNZ ceramics sintered at 940 8C for 4 h. (a) XRD patterns, (b) SEM photograph and (c) EDS spectrum

of the white particle.
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4. Conclusion

Sintering behaviors and microwave dielectric properties of

Ca[(Li1/3Nb2/3)0.95Zr0.15]O3+d ceramic doped with ZBS frit

have been investigated. The XRD patterns illustrate that a

single perovskite phase can be obtained in ZBS doped CLNZ

ceramics when the doping content is lower than 10 wt%.

However, minor Ca2Nb2O7-type pyrochlore phase appears

when ZBS doping content reaches 15 wt% and its relative

content increases with increasing ZBS doping content as well

as sintering temperature. The (1 0 1) crystal plane in CLNZ

perovskite  has become preferred orientation with increasing

ZBS content and sintering temperature, indicating that the

(1 0 1) crystal plane possesses higher growth energy than that

of the (1 2 1) crystal plane and that it prefers to grow under the

inducement of ZBS vitreous phase or at higher sintering

temperature. The ZBS vitreous phase segregates at grain

boundary in the final ceramics, helping the densification

process of CLNZ ceramic as well as lowering the sintering

temperature by over 200 8C. Both the dielectric constant and

Qf value change similarly with the relative density in low ZBS

doping content range of 5–10 wt%, but later the Ca2Nb2O7-

type impurity phase begins to positively contribute to both the

er and Qf values and causes the variation trend to deviate from

the relative density. The tf value has become more negative as

the ZBS doping content increases. The optimal microwave

dielectric properties of er = 32.0, Qf = 6.64 THz and

tf = �27.1 ppm/8C can be obtained in 15 wt% ZBS doped

CLNZ ceramic when sintered at 940 8C for 4 h. The thermal
expansion coefficient and the thermal conductivity of the

ceramic are 15.3 ppm/8C and 2.4 W/mK respectively, suggest-

ing it is suitable for surface mounting on PCB substrate. The

cofiring experiment with Ag metal clearly shows that the ZBS

doped CLNZ ceramic is both chemically and electrically

compatible with Ag and has potential applications  in LTCC

industry if the tf value can be further adjusted to nearly zero.
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