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Abstract 

Phase composition, morphology, and microwave dielectric properties of (1 - x) 

LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (0.05 ≤ x ≤ 0.20) materials synthesised via the solid state 

reaction method were investigated. All these densified materials were obtained at the 

sintering temperature of 1150 °C. All compositions showed a major LiAlO2 phase that was 

accompanied by a minor CaTiO3 phase. The εr value increases gradually from 10.88 to 11.60, 

whereas the Q×f value remarkably decreased from 33,251 GHz to 13,511 GHz. The f value 

changes from -85 ppm/°C to 212 ppm/°C, thereby indicating that CaTiO3 could effectively 

adjust this value. HBO3-doping was used to further decrease the sintering temperature to 

900 °C. The optimum value was obtained at 7 wt.% HBO3 -doped with microwave dielectric 

properties of εr = 9.39, Q×f = 10, 224 GHz, and τf = -7.8 ppm/°C. This material also exhibited 

chemical compatibility with silver, making it a candidate for LTCC applications. 

 

Introduction 

Developing new microwave dielectric materials for the communication equipment such 

as resonators, filters and antennas, is necessary with the progress of wireless technology. [1-4] 

With the emergence of large scale integrated circuits, multi-chip component technology 

emerged, which is a high-density packaging technology for installing unpackaged integrated 

circuit (IC) chips on the same substrate, also known as advanced hybrid IC technology. Low 

temperature co-fired ceramics (LTCC) are considered as promising technology for the 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

manufacture of advanced hybrid integrated circuits. Thus, materials for LTCC application 

have been extensively investigated in the past years. [5, 6] LTCC technology has the 

following important features [7-10]: a) reduces the sintering temperature of the materials 

below the melting temperature of metal electrode, like Ag (961 °C); b) materials do not react 

with the metal electrode; and c) materials must have a stable temperature coefficient of the 

resonant frequency (-10 ppm/°C ≤ τf ≤ 10 ppm/°C). 

As an important microwave dielectric ceramic, LiAlO2 has been investigated for its a 

potential. In the past year, we have conducted research on the substitution of Al3+ ions with 

equal molar amounts of Zn2+ and Si4+ ions to reform the microwave dielectric properties of 

the LiAlO2 ceramic. [11] The result showed that the optimal property of the 

LiAl1-x(Zn0.5Si0.5)xO2 materials was obtained at x = 0.02. However, the constantly high 

sintering temperature (1300 °C) and large negative τf value (-122 ppm/°C) made this ceramic 

difficult to use for LTCC application. Usually, in the research area of LTCC technology, low 

melting temperatures of materials such as B2O3 [12], LiF [9, 13], LMZBS glass [14], 

ZnO–B2O3 glass [15], CaO–B2O3–SiO2 glass [16], BaO–B2O3–ZnO glass [17], and 

Bi2O3–ZnO–B2O3–SiO2 glass [18] etc. were frequently used as sintering aids to lower the 

sintering temperature. 

In this research, CaTiO3 and HBO3 were added to LiAl0.98(Zn0.5Si0.5)0.02O2 ceramic to 

solve the problems of high sintering temperature and large negative τf value in. The phase 

composition, morphologies, and microwave dielectric properties of (1-x) 

LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 + y wt.% HBO3 were then studied. Lastly, the chemical 
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compatibility of this material with silver was investigated to meet the requirement for LTCC 

application. 

Experimental procedure 

LiAl0.98(Zn0.5Si0.5)0.02O2 ceramic was synthesized by using the conventional solid 

reaction process route. Stoichiometric Li2CO3, Al2O3, SiO2, and ZnO reagents were blended 

with alcohol via ball milling for 5 h. Dried powder was then calcined in air at a furnace 

temperature of 900 °C for 3 h. The CaTiO3 reagent with a ratio of (1-x) 

LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 0.2) was added to the calcined 

LiAl0.98(Zn0.5Si0.5)0.02O2 powder and remilled in the same manner. The blended dried powder 

was then added into 10% PVA and follow sieved. And the granulated powder was pressed 

into pillars. Where after the pillars were sintered in air at 1150 °C for 6 h. For the samples 

containing HBO3, the 0.9LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1CaTiO3 + y wt.% HBO3 (y = 1, 3, 5, 7) 

powder was also milled in alcohol for 5 h. And then drying in oven. Where after the dried 

powder was using the same forming procedures. Lastly, the HBO3 -doped pillars were 

sintering in air at 900 °C for 3 h. 

The crystal structures of (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 and 

0.9LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1CaTiO3 + y wt.% HBO3 ceramics were measured by using a 

Shimadzu XRD - 7000 X-ray diffractometer and the lattice parameters were obtained using 

the software GSAS. [19] The microstructure of thermal etching samples were obtained using 

a scanning electron microscope (SEM, Sirion 200, Netherlands). The εr and Q×f value of (1 - 
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x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 0.2) and 0.9LiAl0.98(Zn0.5Si0.5)0.02O2 + 

0.1CaTiO3 + y wt.% HBO3 ceramics were recorded by using the Hakki and Coleman method 

[20] and were detected by using a microwave network analyser (Agilent E8362B, Agilent 

Technologies, USA). Besides, the τf value of all the ceramics was obtained as follows [21]: 

 
[ ( ) ( )]1

( )
1 0

f
0 1 0

f T f T
f T T T







, (1) 

where f(T1) and f(T0) denote the resonant frequency measured at T1 (80 °C) and T0 (30 °C), 

respectively. Impedance spectroscopy analysis of the sample with coated Ag electrode was 

performed using an impedance analyzer in the frequency range of 100 Hz to 10 MHz. 

Moreover, all data were analyzed using in-house software. 

Results and discussion 

Fig. 1 shows the XRD patterns of (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 

0.20) ceramics sintered in air at 1150 °C for 6 h. This figure illustrated that these patterns 

exhibited only two phases of LiAlO2 and CaTiO3. On the basis of the profile intensity of the 

sample x = 0.05, Fig. 1(a) reveals that the LiAlO2 phase is a major phase accompanied by a 

minor CaTiO3 phase. The increase in the x value strengthened the main peak’s intensity in the 

CaTiO3 phase at approximately 33° of the 2 axis, thereby indicating the increase in CaTiO3 

content. The Rietveld refinement method is used to obtain the lattice parameters of the series 

of materials. Fig. 2 shows the refinement results of the (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x 

CaTiO3 materials at x = 0.05 and x = 0.20 and Table 1 shows the lattice parameters of the 

LiAl0.98(Zn0.5Si0.5)0.02O2 and CaTiO3 ceramics. As shown in Table 1, the lattice parameters of 
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LiAl0.98(Zn0.5Si0.5)0.02O2 and CaTiO3 remain almost no changes, which also indicate there is 

no reaction between LiAl0.98(Zn0.5Si0.5)0.02O2 and CaTiO3 material. 

    Fig. 3 shows the results of thermally etched morphologies and Energy Dispersive X-ray 

Detector (EDX) of (1 - x)LiAl0.98(Zn0.5Si0.5)0.02O2 + xCaTiO3 ceramics sintered in air at 

1150 °C for 6 h, that were observed via SEM. A dense microstructure with minimal porosity 

was detected in the samples (Fig. 3 (a) – 3 (d)). This result showed that the addition of 

CaTiO3 could decrease the densification temperature of the LiAl0.98(Zn0.5Si0.5)0.02O2 ceramic, 

in which the optimal sintering temperature was 1300 °C. [11] In addition, all the samples in 

the SEM (Fig. 3 (a) – 3 (d)) presented the same grain with large and small parts. To further 

identify the phase compositions of different grains, EDX was used on the (1-x) 

LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.1) samples. The results (Fig. 3 (e) – 3 (h)) showed 

that the large grains were rich in Al element, thereby indicating that the samples were in the 

LiAl0.98(Zn0.5Si0.5)0.02O2 phase. By contrast, the small grains were rich in Ca and Ti elements, 

thereby indicating that these samples were in the CaTiO3 phase. These results revealed that 

no reaction occurred between LiAl0.98(Zn0.5Si0.5)0.02O2 and CaTiO3 ceramics. 

Fig. 4 shows the microwave dielectric properties of (1-x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x 

CaTiO3 ceramics sintered in air at 1150 °C for 6 h. This figure illustrates that the εr value 

monotonously increased from 10.88 to 11.60 with the change in x from 0.05 to 0.20, whereas 

the Q×f value remarkably decreased from 33,251 GHz to 13,511 GHz. The f value changed 

from -85 ppm/°C to 212 ppm/°C, thereby indicating that the near zero f value can be 

achieved by adjusting the CaTiO3 content. A near zero f value could be obtained at x = 0.10 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved. 

with the value of 9 ppm/°C. As shown in Fig. 3, all the compositions exhibit high 

densification. The εr, Q × f and f values of a two-phase compact microwave dielectric 

composite ceramic generally obeys the following mixing rule [7, 22, 23]: 

 r 1 1 2 2ln ln lnv v    ; (2) 

 1 1 1
1 1 2 2Q v Q v Q    ; (3) 

 1 1 2 2f f fv v    ; (4) 

 1 2 1v v  . (5) 

where v1 and v2 represent the volume fractions of components, respectively. As we know, the 

CaTiO3 microwave dielectric ceramic possesses high εr, low Q×f and large f values. [24, 25] 

This feature of the CaTiO3 material led to the increase in εr and f values and a decrease in the 

Q×f value of (1-x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 0.2) ceramics as the x 

value increased. 

Fig. 5 exhibits the temperature dependency of the Arrhenius fit for the bulk conductivity 

(σ) of the (1-x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 0.2) ceramics through 

impedance spectroscopy testing. With increased x from 0.05 to 0.2, the activation energy (Ea) 

calculated from the slope of the fitted line has a decrease tendency from 0.972 eV to 0.949 eV. 

Based on the approximation of the intrinsic band gap, Eg ≈ 2Ea, [26-28] the conductivity is 

deduced to increase with increased x from 0.05 to 0.2. Thus, the sample at x = 0.05 has the 

highest quality factor for the (1-x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 ceramics. 
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To further reduce the sintering temperature of (1-x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 

(x = 0.10) and meet the requirement for LTCC application, different HBO3 contents were 

doped in the 0.9 LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 material. Table 2 lists the microwave 

dielectric properties with different HBO3 content added at a sintering temperature of 900 °C 

for 3 h. The εr value monotonously increased from 5.73 to 9.39, whereas the Q×f value 

increased from 2, 739 GHz to 10, 224 GHz. In addition, the f value changed from 5.4 

ppm/°C to -7.8 ppm/°C, thereby indicating that the optimum value was obtained at 7 wt.% 

HBO3. Fig. 6 (a) shows the XRD pattern of the 7 wt.% HBO3 doped 0.9 

LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 sample. Only two phases of LiAlO2 and CaTiO3 were 

revealed, and the HBO3 content could be beyond the XRD limitation for detection. To verify 

the material chemical compatibility with Ag, the sample mixed with silver was sintered at 

900 °C for 3 h. Fig. 7 shows the SEM and EDX of the 7 wt.% HBO3 -doped 

0.9LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1CaTiO3 sample. Doping of 7 wt.% HBO3 could obtain a 

dense sample at the lowered sintering temperature. Fig. 7 (a) illustrates two different large 

and small grains. The XRD pattern of Fig. 6 (b) shows that only LiAlO2, CaTiO3, and Ag 

phases exist. The EDX analysis in Fig. 7 (b - d) further demonstrated that no reaction was 

observed between the 7 wt.% HBO3 -doped 0.9 LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 sample 

and Ag. 
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Conclusion 

In this work, a positive τf value of CaTiO3 was added to compensate the τf value and 

solve the limitation of the large negative τf value of LiAl0.98(Zn0.5Si0.5)0.02O2 ceramic. Dense 

(1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05 – 0.20) materials were synthesised via 

the solid-state reaction method at 1150 °C for 6 h. All the compositions showed two phases, 

and the EDX mapping manifested that no reactions occurred between LiAl0.98(Zn0.5Si0.5)0.02O2 

and CaTiO3. With the increase in CaTiO3 content, a near zero sample was obtained at x = 0.10. 

HBO3 was used to further decrease the sintering temperature. The use of 7 wt.% HBO3 could 

effectively reduce the sintering temperature to 900 °C with suitable microwave dielectric 

properties for LTCC application. Lastly, the cofired test with silver proved that this material 

did not react with Ag.  
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Table 1 Lattice parameters of (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 ceramics, the 

subscript 1 LiAl0.98(Zn0.5Si0.5)0.02O2 represent and subscript 2 represent CaTiO3. 

Sample 0.05 0.10 0.15 0.20 

a1(Å) 5.169 5.167 5.168 5.167 

c1(Å) 6.294 6.295 6.294 6.296 

a2(Å) 5.371 5.371 5.372 5.372 

b2(Å) 7.645 7.644 7.645 7.644 

c2(Å) 5.439 5.438 5.439 5.437 

 

 

Table 2 Microwave dielectric properties of 0.9 LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 + y wt% 

HBO3 ceramics sintered at 900 °C for 3 h. 

y value εr Q×f (GHz) τf (ppm/°C) 

1 5.73 2739 5.4 

3 7.04 3331 -1.6 

5 7.99 6139 -4.2 

7 9.39 10224 -7.8 
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Figure captions: 

Fig. 1 XRD patterns of the (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 ceramics sintered at 

1150 °C in air for 6 h: (a) x=0.05; (b) x=0.10; (c) x=0.15; (d) x=0.20. 

Fig. 2 Rietveld refinement of (a) (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.05) and (b) 

(1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 (x = 0.20) ceramic. 

Fig. 3 SEM micrograph and EDX of the (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 ceramics 

sintered at 1150 °C for 6 h in air atmosphere: (a) x = 0.05; (b) x = 0.1; (c) x = 0.15; (d) x = 0.2; 

(e) x = 0.1; (f) Al content; (g) Ca content; (h) Ti content. 

Fig. 4 The microwave dielectric properties of the (1 - x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 

(x = 0.05 –0.20) ceramics as a function of x value. 

Fig. 5 Arrhenius fitting plot from the temperature dependence of the bulk conductivity for (1 

- x) LiAl0.98(Zn0.5Si0.5)0.02O2 + x CaTiO3 ceramics. 

Fig. 6 (a) XRD pattern of 0.9 LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 + 7 wt% HBO3; (b) XRD 

pattern of Ag co-fired sample. 

Fig. 7 (a) SEM of 0.9 LiAl0.98(Zn0.5Si0.5)0.02O2 + 0.1 CaTiO3 + 7 wt.% HBO3; (b) Ag content; 

(c) Al content; (d) Ti content.  
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