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A B S T R A C T   

Two novel microwave dielectric materials LiBO2 (B = Ga, In) were synthesized by a solid-state reaction method. 
The orthorhombic structured LiGaO2 sintered at 1075 ◦C for 4 h exhibits a relative density of 96.1 ± 0.2 % and 
dielectric properties, namely, εr ~ 5.82 ± 0.01 (16.7 ± 0.1 GHz), Q × f = 24,500 ± 2000 GHz, and τf ~ 
-74.3 ± 2 ppm/◦C. Meanwhile, the tetragonal structured LiInO2 sintered at 920 ◦C for 4 h exhibits a relative 
density of 85.3 ± 0.2 % and dielectric properties, namely, εr ~ 9.6 ± 0.01 (15.2 ± 0.1 GHz), Q × f =
39,600 ± 2000 GHz, and τf ~ 9.8 ± 2 ppm/◦C. The dielectric properties were investigated by chemical bond 
theory, and results indicate that the τf value is closely related to the bond ionicity. The good chemical 
compatibility of LiInO2 ceramics with silver electrodes makes it a potential material for LTCC technology.   

1. Introduction 

Recently, with the rapid development of modern society, 5 G wire
less communication technology has played an indispensable role in 
optimizing emerging technologies such as the Internet of Things, cloud 
computing, and artificial intelligence (AI). Furthermore, microwave 
dielectric ceramics as key materials have been widely used as substrates, 
antenna, dielectric resonators, filters, capacitors, base-station, and os
cillators in wireless and satellite communications [1–3]. Generally, 
microwave dielectric materials must exhibit a suitable dielectric con
stant (εr), a high quality factor (Q × f), and a near zero temperature 
coefficient of resonant frequency (τf) to shorten the signal delays (for 
low-εr), reduce the size of device (for high-εr), lower the energy 
dispersion and maintain the temperature stability in device circuits, 
respectively [4–6]. The difficult issue is that the εr of a dielectric ma
terial has a specific value, which cannot simultaneously reduce the size 
of the device and shorten the signal delay time. Then, low-temperature 
co-fired ceramic (LTCC) technology emerged to reduce the size of mi
crowave devices by fabricating highly integrated. 

In general, LTCC technology requires dielectric materials to have low 
sintering temperatures (below the melting point of silver, i.e., 961 ◦C) 

and good compatibility with Ag electrodes. The low εr dielectric ce
ramics system must contain one or more cations with a relative low ionic 
polarizability, such as Li+ (1.20 Å3), Mg2+ (1.32 Å3), Zn2+ (2.04 Å3), 
B3+ (0.05 Å3), Al3+ (0.79 Å3), Ga3+ (1.50 Å3), Si4+ (0.87 Å3), Ge4+

(1.63 Å3), Sn4+ (2.83 Å3), and P5+ (1.72 Å3) [7]. Some low dielectric 
constant microwave dielectric ceramics are shown in Table 1 [8–21]. 
LiAlO2 with a simpler wurtzite derived structure, in which all atoms are 
tetrahedrally coordinated, reportedly has an extremely low εr (4.4) [21]. 
However, the high sintering temperature (>1400 ◦C) impedes its further 
application in LTCC technology. Several studies have been conducted to 
solve this problem. Zuo et al. [21] reported that LiAlO2 ceramics with 
3.0 wt% Li2O-B2O3-SiO2-CaO-Al2O3 glass exhibit εr ~ 4.48, Q × f = 35, 
540 GHz, τf ~ -53 ppm/◦C and a relative low sintering temperature of 
900 ◦C. Lan et al. reported that the partial substitution of [Zn0.5Si0.5]3+

for Al3+ could improve the microstructure, obtained optimum micro
wave dielectric properties (εr = 6.12, Q × f = 56,986 GHz and τf =

-122 ppm/◦C) in LiAl0.96(Zn0.5Si0.5)0.02O2 sintered at 1300 ◦C, and 
added CaTiO3 and H3BO3 to further lower the τf and the sintering 
temperature and satisfy the requirements of LTCC technology [20]. 

Considering that Al3+, Ga3+, and In3+ ions have the same valence 
state and nearly the same electronegativity, we explored the microwave 
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dielectric properties of LiGaO2 and LiInO2 ceramics. LiGaO2 has the 
same simple wurtzite-derived structure as LiAlO2 and a band gap within 
5.3–5.6 eV [22]. However, LiInO2 crystallizes in the tetragonal LiFe
O2-type structure with a band gap of 3.7 eV [23]. LiGaO2 and LiInO2 
have received considerable attention due to their applications in catal
ysis, luminescence, and energy storage [22–25], but their microwave 
dielectric properties have yet to be reported. Mazharul et al. reported 
that LiGaO2 and LiInO2 ceramics could be sintered within the sintering 
temperature 700 ◦C–1000 ◦C [22,26], indicating that they might be 
potential materials for LTCC technology. In this work, the sintering 
behavior, crystal structure, microstructure, chemical bond characteris
tics, Raman spectra, dielectric spectroscopy, and microwave dielectric 
properties of LiBO2 (B = Ga, In) ceramics were investigated. 

2. Experimental procedures 

Raw materials of high purity rare-earth Li2CO3 (> 99.95 %), Ga2O3 
(> 99.99 %), and In2O3 (> 99.99 %) were used to prepare LiBO2 
(B = Ga, In) ceramics via the conventional solid-state reaction process. 
Raw materials Ga2O3 and In2O3 were first dried at 80 ◦C for 12 h before 
weighing because of they easily absorb the moisture in air. Then, all the 
starting materials were weighed stoichiometrically and ball-milled for 
4 h with alcohol as the medium. The dried mixtures were first calcined 
at 900 ◦C and 750 ◦C for 4 h at a heating rate of 5 ◦C/min to obtain the 
LiGaO2 and LiInO2 phases, respectively. Subsequently, the dried pow
ders with 5 wt% polyvinyl alcohol (PVA) were pressed into green disks 
with a diameter of 10 mm and a height of 6 mm under the pressure of 
6 tons of press scale. Finally, all the samples were first heated to 550 ◦C 
for 2 h to remove the PVA and then within sintering temperatures 
860 ◦C–940 ◦C and 1000 ◦C - 1100 ◦C for 4 h to obtain LiInO2 and 
LiGaO2 ceramics, respectively. 

The crystal structure of LiBO2 (B = Ga, In) ceramics was investigated 
using X-ray diffraction (XRD, X’Pert PRO, Holland) with CuKα1 radia
tion. The structural refinement based on the fine XRD data was inves
tigated by using the FullProf software [27]. Further in-depth 
information about the crystal structure of LiBO2 (B = Ga, In) was ob
tained by performing transmission electron microscopy (TEM, 
JME-2100 F) and high-resolution transmission electron microscopy 
images (HRTEM) together with selected area electron diffraction (SAED) 
patterns. Before scanning electron microscopy (SEM) was used to 
observe the microstructure, the best sintered LiGaO2 and LiInO2 ce
ramics were polished to a mirror surface with 30, 9, 3, 1 and 0.5 μm 
diamond pastes and thermally etched at a sintering temperature of 50 ◦C 
below the sintering temperature. The density was obtained via the 
Archimedes’ method. The Raman spectra were investigated using a 
Raman spectrometer with a 532 nm line. The temperature-dependent 

dielectric characteristics were measured by an Agilent 4294A precision 
impedance analyzer equipped with a temperature controller. The 
permittivity and the dielectric loss were measured in the TE011 mode 
using the Hakki and Coleman method [28] and the network analyzer 
(Model N5230 A, Agilent Co., Palo Alto, California) at the frequency 
range of 10 MHz to 40 GHz. The τf values were evaluated as follows: 

τf =
f2 − f1

f1 (T2 − T1)
(1)  

Where f1 and f2 represent the operating frequencies at room temperature 
and 85 ◦C, respectively. 

3. Results and Discussion 

Fig. 1 shows the XRD patterns of LiBO2(B = Ga, In) ceramics together 
with the standard data of LiGaO2 (JCPDS#23− 359), and LiInO2 
(JCPDS#43− 1131). All the diffraction patterns show sharp peaks, 
indicating the formation of a highly crystalline phase. In the LiBO2 
(B = Ga, In) ceramics system, the LiGaO2 ceramics crystallize into an 
orthorhombic structure phase. However, as the In3+ into the B site, the 
LiInO2 ceramics form a tetragonal structure phase. To better understand 
the effect of the B-site cation on the crystal structure, Rietveld refine
ment was performed on the fine XRD data of LiBO2 ceramics. As shown 

Table 1 
Some microwave dielectric ceramics with lower dielectric constant.  

Compounds S.T. (oC) εr Q × f (GHz) τf (ppm/℃) Reference 

Li2MgGeO4 1220 6.1 28,500 − 74.7 [8] 
Li2ZnGeO4 1200 6.5 35,400 − 60.6 [8] 
LiBGeO4 820 6.28 21,620 − 88.7 [9] 
LiZnPO4 850 5.3 28,486 − 80.4 [10] 
LiGa5O8 1260 10.51 127,040 − 60.16 [11] 
Zn2SiO4 1250 6.7 27,917 − 17 [12] 
Zn2Ge1.1O4 1060 7.09 112,700 − 51 [13] 
Mg2.05SiO4 1575 7.5 114,730 − 59 [14] 
Mg2Ge0.98O4 1360 7.3 112,400 − 64.6 [15] 
Ca2GeO4 1420 6.76 82,400 − 67 [16] 
Ca2SnO4 1450 10.1 84,600 − 42.5 [17] 
CaAl2O4 1450 8.9 91,350 − 55 [18] 
MgAl2O4 1650 7.9 82,000 − 73 [19] 
LiAl0.98(Zn0.5Ti0.5)0.02O2 1300 6.45 56,986 − 122 [20] 
LiAlO2 + 3 wt% LBSCA 900 4.48 35,540 − 53 [21] 
LiGaO2 1075 5.82 ± 0.01 24,500 ± 2000 − 74.3 ± 2 This work 
LiInO2 920 9.6 ± 0.01 39,600 ± 2000 9.8 ± 2 This work  

Fig. 1. XRD pattens of LiBO2 (B = Ga, In) ceramics at their optimal sintering 
temperature. 
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in Figs. 2 (a) and (b), the good agreement between the observed and 
calculated XRD patterns coupled with low residual factors confirms that 
the refined lattice parameters and the unit cell volume summarized in 
Table 2 are acceptable. The crystal structures of LiBO2(B = Ga, In) are 
shown in Figs. 2 (c) and (d). The Li and Ga atoms are located at the 
center of the oxygen tetrahedrons, forming an alternate stacking of two- 
dimensional arrays at the centers of the LiO4 and GaO4 tetrahedrons. 
However, in the tetragonal LiInO2 system, Li, In, and O atoms occupy 
Wyckoff positions 4b, 4a, and 8e, respectively, in which each (Li/In)O6 
octahedron shares edges with six other (Li/In)O6 octahedra. This phe
nomenon may be closely related to the radius of the trivalent cation. 
Generally, in the ABO3 perovskite system, if the A-cation is smaller than 
what is required to form an ideal perovskite structure, the coordination 
of the A and B cations and the space group symmetry will be decreased 
and vice versa [29]. Therefore, as the large In3+(CN = 6, 0.80 Å, 
CN = 4, 0.62 Å) enters the B-site, LiInO2 forms a crystal structure with a 
higher coordination number and symmetry than those of LiGaO2. TEM 
was used to further determine the crystal structure and phase compo
sition of LiBO2 (B = Ga, In) ceramic, as shown in Figs. S1 (a–d). The 
Raman spectra were used to investigate the lattice vibration modes, the 
phase composition, and the order-disorder, and the details are presented 
in the supplementary information and in Fig. S2. 

The relationships between the density, relative density, and sintering 
temperature of the LiBO2 (B = Ga, In) samples are shown in Fig. 3. 
Similar trends under increasing sintering temperature are shown in all 
compositions, that is, the density first increased from 3.85 ± 0.01 g/ 
cm− 3, and 4.45 ± 0.01 g/cm− 3 to a maximum 4.02 ± 0.01 g/cm− 3, 
4.84 ± 0.01 g/cm− 3, respectively, and then gently decreased. At the 
optimum sintering temperature, the LiBO2 (B = Ga, In) ceramics 
exhibited relative densities of 96.1 ± 0.2 % (LiGaO2) and 85.3 ± 0.2 % 
(LiInO2). SEM images of LiGaO2 ceramics are shown in Figs. 4 (a–c). 
With the increase of sintering temperature, there is no obvious change of 
the grain shape. While, the average grain sizes of LiGaO2 ceramics are 

increased from 2.7 μm to 3.8 μm. And a dense and homogeneous 
microstructure is exhibited at the optimum sintering temperature, which 
is consistent with the high relative density (96.1 ± 0.2 %). As shown in 
Figs. 4 (d–f), with the increase of sintering temperature, the average 
grain sizes of LiInO2 ceramics are slightly increased from 2.1 μm to 
2.6 μm. And all SEM images of LiInO2 ceramics exhibit many pores at the 
grain boundary, which might be the main reason for its low relative 
density. 

The phase purity and the crystal structure were investigated by XRD, 
TEM, and Raman spectroscopy. The results show that the B-site trivalent 
cation plays a dominant role in determining the crystal structure of 
LiBO2 (B = Ga, In) ceramics. Therefore, their structure-properties rela
tionship is worth exploring. The εr, Q × f, and τf of LiBO2 (B = Ga, In) 
ceramics as functions of sintering temperature are shown in Fig. 5. Both 
εr and Q × f values shown in Fig. 5 present a similar change tendency 
with the density. However, the τf value does not exhibit abrupt change 
with the sintering temperature. 

To the best our knowledge, microwave dielectric properties are 
determined by the intrinsic lattice vibration and the extrinsic defects 
[30–32]. The former is contributed by the lattice anharmonic vibration 
and the latter are induced by the relative density, the secondary phases, 
the grain boundary, and the lattice defects. According to XRD and SEM 
analyses, the effect of the secondary phase could be ignored. To inves
tigate the influence of porosity on εr, the following equation obtained by 
Penn et al. [33] is used to correct relative permittivity εr. 

ε’ = εm

(

1 −
3P(εm − 1)

2εm + 1

)

(2)  

where εm is the permittivity of the material corrected for porosity, ε’ is 
the experimentally obtained permittivity and P is the fractional porosity 
of LiBO2 (B = Ga, In) ceramics, respectively. The corrected permittivity 
values, 6.1(6) and 11.7(6), were higher than the measured values, 
5.82 ± 0.01, and 9.6 ± 0.01, at the optimum sintering temperature due 

Fig. 2. Representative Rietveld refined X-ray diffraction data and crystalline structure for LiBO2(B = Ga, In) ceramics.  
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to the low dielectric of air. Furthermore, the Clausius-Mosotti [34] 
equation was used to calculated the intrinsic contribution caused by 
ionic polarizability. As shown in Table 3, the theoretical dielectric 
constant (εth, 6.595(9)) of the LiGaO2 ceramic was higher than the 
corrected permittivity (i.e., 6.1(6)). This phenomenon can be explained 
by the crystal structure, in which LiO4 and GaO4 corner-shared formed a 
stable crystal structure, resulting in low ionic polarizability [35]. 
However, the corrected permittivity (εth, 11.7(6)) of LiInO2 ceramic was 
higher than the theoretical dielectric constant (εth, 10.249(1)), which 
might be due to the rattling effects of the InO6 and LiO6 octahedron [36]. 

LiInO2 has a larger Q × f value than LiGaO2 and a near-zero τf value, 
which may be related to its crystal structure. To better understand the 
structure-properties relationships, the distortion (Δ), bond valence and 
packing fraction of LiBO2 (B = Ga, In) ceramics were calculated and are 
summarized in Table 3. In previous research, a high packing fraction 

generally corresponds to a high Q × f values [37]. Therefore, the higher 
packing fraction of LiInO2 (59.636(4)) than that of LiGaO2 (53.905(5)) 
is the decisive factor affecting Q × f. As for the τf, previous works have 
explained it by octahedral distortion and the bond valence [38,39]. 
Generally, a large Δ plays an important role in enhancing the ionic 
polarizability and further influences the τf value, while a large bond 
valence corresponds to a stable crystal structure, which reduces the 
dielectric loss caused by non-harmonic oscillator vibration [40,41]. In 
the LiBO2 system, the coordination number of cations and the symmetry 
of the crystal structure will increase as a large In3+ enters the B-site, and 
with the increase of the coordination number, the bond length between 
the cation and the anion will increases, resulting in large ionic polariz
ability and low bond valence. The result is in good agreement with the 
bond valance as shown in Table 3. 

In this work, the temperature-dependence of permittivity was also 
used to explore the temperature coefficient of resonant frequency (τf). 
The relationship among the τf, τε and αl can be expressed by the 
following equation: 

τf = − αl −
1
2
τε (3) 

For dielectric ceramics, αl is usually +10 ppm/◦C. Therefore, τε plays 
a decisive role in τf. Fig. 6 shows the temperature dependence of the 
relative permittivity of LiBO2 (B = Ga, In) ceramics at 1k Hz, 10k Hz, 
100k Hz and 1 M Hz. Generally, if the sample is can easily absorb 
moisture, a Debye relaxation peak will appear at 0 ◦C–100 ◦C [42]. To 
solve this problem, we tested the temperature dependence of relative 
permittivity again under the vacuum state from -50 ◦C - 250 ◦C as shown 
in the inset of Fig. 6. Then, the τε values of 20 ◦C–100 ◦C were obtained 
based on the temperature dependence of relative permittivity. The 
calculated τf value of -74.(5) ppm/◦C for LiGaO2 is consistent with 
measured value -74.3 ± 2 ppm/◦C at the microwave regions. However, 
a large deviation exists between the calculated value (0.(8) ppm/◦C) and 
the experimental value (9.6 ± 2 ppm/◦C) for LiInO2 ceramic. 

Table 2 
Space group, Rietveld refinement data, total ionic polarizability, theoretical, corrected, and experimental permittivity of LiBO2(B = Ga, In) ceramics.  

Compounds Space group a (Å) b (Å) c (Å) vm  αT
D  εtheoretical εcorrected εr 

LiGaO2 Pna21 5.406(9) 6.379(1) 5.012(9) 172.89(7) 6.72 6.595(9) 6.1(6) 5.82 ± 0.01 
LiInO2 I41/amd 4.315(8) 4.315(8) 9.358(2) 174.30(4) 7.84 10.249(1) 11.7(6) 9.6 ± 0.01  

Fig. 3. Density and relative density of LiBO2(B = Ga, In) samples as function of 
sintering temperature. 

Fig. 4. SEM images of LiBO2 (B = Ga, In) ceramics as function of sintering temperature: (a) LiGaO2 - 1000 ◦C, (b) LiGaO2 -1075 ◦C, (c) LiGaO2 - 1100 ◦C, (d) LiInO2 - 
860 ◦C, (e) LiInO2 - 920 ◦C, and (f) LiInO2 - 940 ◦C. The statistic distributions of the gain size in ceramics using Gauss distribution. 
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To further understand the structure-properties relationships, the 
chemical bond characteristics of LiBO2 (B = Ga, In) ceramics were 
investigated based on the (P–V–L) bond theory proposed by Phillips, 
Van Vechten, and Levine [43–46]. The bond length, chemical bond 
ionicity (fi), lattice energy (U), and coefficient of thermal expansion α of 
LiBO2(B = Ga, In) ceramics were obtained based on the PVL theory 
(Supplementary information) as shown in Fig. 7 and Table S1. Figs. 7(a) 
and (b) illustrate that the bond length and bond ionicity of LiInO2 ce
ramics are higher than those of LiGaO2, which are consistent with the εr 
of LiInO2, which is much higher than that of LiGaO2. Wu et al. [47,48] 
reported that the Q × f value has a strong connection with lattice energy 
(U). Usually, a high lattice energy corresponds to a strong bond, 
resulting in low dielectric loss. However, in the LiBO2 system, the large 
In3+ enters the B-site increasing the coordination number of cations, 

improving the symmetry of crystal structure, and increasing the bond 
length, resulting in low lattice energy and high packing fraction. Fig. 7 
(d) shows that the Li-O bonds of LiGaO2 and LiInO2 contribute the most 
to the coefficient of thermal expansion α. 

To satisfy the requirements of LTCC technology, the chemical 
compatibility of LiInO2 ceramics with silver electrodes was investigated. 
Fig. 8 shows the XRD pattern and BSE image analyses of LiInO2 ceramics 
with 20 wt% Ag powders after co-firing at 900 ◦C for 2 h. As shown in 
Fig. 8(a), only the peaks of LiInO2 and Ag were detected in the XRD 
patterns. The SEM micrograph exhibits some bright Ag grains distrib
uted randomly among the LiInO2 matrix, suggesting that the LiInO2 
ceramic did not react with the silver powders. Then, elemental mapping 
(Fig. S3) analysis further identified that the LiInO2 ceramics are chem
ically compatible with silver electrodes and can be a potential material 

Fig. 5. Microwave dielectric properties εr, Q×f, and τf of LiBO2(B = Ga, In) samples as function of sintering temperature.  

Table 3 
Distortion degree (Δ), bond valence and packing fraction of LiBO2(B = Ga, In) ceramics.  

Compounds Δ (Li) Δ (B) VLi (Å) VB (Å) VO1 (Å) VO2 (Å) Packing fraction (%) 

LiGaO2 5.3(2)*10− 4 4.7(2)*10− 6 0.990(3) 2.933(8) 1.920(6) 2.098(5) 53.905(5) 
LiInO2 1.44(8)*10− 3 1.44(8)*10− 3 0.806(9) 2.625(4) 1.714(1) – 59.636(4)  

Fig. 6. Dependence of relative permittivity (εr) of LiBO2(B = Ga, In) samples on temperature at 1 kHz, 10 kHz, 100 kHz, and 1 MHz, (a) LiGaO2 sintered at 1075 ◦C 
and (b) LiInO2 sintered at 920 ◦C. 
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for LTCC technology. 

4. Conclusions 

In this study, LiBO2 (B = Ga, In) ceramics were prepared by the 
conventional solid-state route. XRD and TEM analyses indicate that the 
LiGaO2 ceramics crystallized into the orthorhombic structure phase, and 
the LiInO2 ceramics formed a tetragonal structure phase. In the LiBO2 
system, the large In3+ enters the B-site, increasing the coordination 
numbers of Li and B cations (NCLi = NCGa = 4 in LiGaO2, and NCLi =

NCIn = 6 in LiInO2), improving the symmetry of the crystal structure, 
and increasing the bond length, resulting in low lattice energy and high 
packing fraction from 53.905(5)% of LiGaO2 to 59.636(4)% of LiInO2. 
The sintering temperature of LiInO2 ceramics is lower than that of 

LiGaO2 ceramics by 140 ◦C. The optimum microwave dielectric prop
erties of LiGaO2 were obtained at the sintering temperature of 1075 ◦C 
for 4 h, namely, εr ~ 5.82 ± 0.01 (16.7 ± 0.1 GHz), Q × f =

24,500 ± 2000 GHz, and τf ~ -74.3 ± 2 ppm/◦C. The LiInO2 sintered at 
1075 ◦C for 4 h exhibits microwave dielectric properties with εr ~ 
9.6 ± 0.01(15.2 ± 0.1 GHz), Q × f = 39,600 ± 2000 GHz, and τf ~ 
9.8 ± 2 ppm/◦C. The large bond ionicity and α value of the Li-O and In- 
O bonds might be the main reasons for the positive τf values of LiInO2 
ceramics. The LiInO2 ceramics exhibit a good chemical compatibility 
with Ag electrodes and might therefore be a potential material for LTCC 
technology. 

Fig. 7. Chemical bond parameters of LiBO2(B = Ga, In) ceramics: (a) Bond length, (b) chemical bond ionicity (fi), (c) lattice energy (U), and (d) coefficient of thermal 
expansion (α). 

Fig. 8. (a) X-ray diffraction patterns, and (b) Backscattered electron image micrograph of LiInO2 ceramic with 20 wt% silver powder.  
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