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A B S T R A C T   

Orthorhombic-structured CaIn2O4 ceramics with a space group Pca21 were synthesized via a solid-state reaction 
method. A high relative density (95.6 %) and excellent microwave dielectric properties (εr ~11.28, Qf = 74,200 
GHz, τf ~ − 4.6 ppm/◦C) were obtained when the ceramics were sintered at 1375 ◦C for 6 h. The dielectric 
properties were investigated on the basis of the Phillips–Van Vechten–Levine chemical bond theory. Results 
indicated that the dielectric properties were mainly determined by the In–O bonds in the CaIn2O4 ceramics. 
These bonds contributed more (74.65 %) to the dielectric constant than the Ca–O bonds (25.35 %). Further
more, the intrinsic dielectric properties of the CaIn2O4 ceramics were investigated via infrared reflectivity 
spectroscopy. The extrapolated microwave dielectric properties were εr ~10.12 and Qf = 112,200 GHz. Results 
indicated that ion polarization is the main contributor to the dielectric constant in microwave frequency ranges.   

1. Introduction 

With the rapid development of commercial wireless technologies, 
microwave dielectric ceramics as key materials are urgently needed in 
substrates, antennas, dielectric resonators, filters, capacitors, base sta
tions, and oscillators. These materials have been investigated for over 
half a century [1]. Several new technologies, such as the Internet of 
Things, cloud computing, and artificial intelligence, fuel the demand for 
high-speed signal propagation at high-frequency regions [2–4]. There
fore, microwave dielectric materials require a low dielectric constant (εr 
< 15) and a high-quality factor (Q) to shorten signal delays and reduce 
energy dispersion [5–7]. Furthermore, a near-zero temperature coeffi
cient of resonant frequency (τf) is essential for devices to maintain their 
working frequencies under different environmental temperatures 
[8–10]. In general, dielectric materials with low εr and high Qf values 
are often accompanied by a large negative τf value, and only a few 
materials exhibit the desired microwave dielectric properties. Thus, 
developing new materials with a low εr, a high Qf, and a near-zero τf 
value remains a challenge. 

Tuning τf values close to zero while maintaining the desired εr and Qf 
parameters is probably the most difficult aspect of developing micro
wave dielectric ceramics [11,12]. So far, a near-zero τf value is usually 
obtained by combining two materials with opposite signs of τf [13,14]. 
Moreover, Ruddlesden–Popper phases with the general formula 
Srn+1TinO3n+1, as well as ARAlO4 (A = Sr, Ca; R = Sm, Nd, La) with 
K2NiF4-type structure, can improve the structural stability and the τf 
value by changing the radius of B site cation [15–19]. This finding 
provides a novel insight into adjusting the τf value of microwave 
dielectric ceramic materials and may be beneficial to the development of 
microwave dielectric ceramics with negative τf values. More recently, 
similar results were also observed in Ca2MO4 (M = Si, Ge, Sn) [20–22] 
and LiMO2 (M = Al, Ga, In) [23,24] systems, as shown in Table 1. 
Therefore, low-εr dielectric materials with a near-zero τf value might be 
achieved by adjusting the ionic radius in compounds with similar 
chemical formulas. 

Song et al. [26] reported that the dielectric properties of 
monoclinic-structured CaAl2O4 ceramics with a space group of P21/n 
sintered at 1450 ◦C are εr ~ 8.9, Qf ~ 91,350 GHz, and τf ~ − 55 ppm/◦C. 
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Given that In3+ not only has the same valence state as Al3+ but also has a 
higher ionic polarizability and a larger ionic radius than Al3+, the crystal 
structure and microwave dielectric properties of CaIn2O4 ceramics are 
worth studying. Such an investigation may obtain microwave dielectric 
ceramics with a higher εr and a τf value closer to zero than CaAl2O4 
ceramics. In this work, CaIn2O4 ceramics were synthesized via the 
traditional solid-state reaction method. The sintering behavior, crystal 
structure, microstructure, and microwave dielectric properties of the 
CaIn2O4 ceramics were investigated and characterized. Furthermore, 
the Phillips–Van Vechten–Levine (P–V–L) chemical bond theory and 
infrared reflectivity spectroscopy were used to investigate the intrinsic 
dielectric properties of the CaIn2O4 ceramics. 

2. Experimental procedures 

CaIn2O4 ceramics were prepared via the conventional solid-state 
reaction process from individual reagent-grade oxide powders: CaCO3 
(>99.95 %) and In2O3 (>99.99 %). The high purity powders were 
weighed stoichiometrically and ball-milled for 4 h with alcohol as the 
medium. After drying the slurry at 120 ◦C for 1 h, the mixtures obtained 
were calcined at 1200 ◦C for 6 h in air. The calcined powders were then 
ball-milled again for 6 h and dried. Subsequently, the dried powders 
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 heated to 550 ◦C for 2 h to 
remove the PVA and then sintered at 1300 ◦C–1400 ◦C for 6 h. 

The phase composition of the CaIn2O4 ceramics was investigated via 
X-ray diffraction (XRD, X’Pert PRO, Holland) with CuKα1 radiation. 
Before scanning electron microscopy (FE-SEM, Model S4800, Hitachi, 
Japan) was used to observe the microstructure, the ceramics were pol
ished to a mirror surface using a Phoenix 4000 Sample Preparation 
System and diamond pastes (30, 9, 3, 1 and 0.5 μm in sequence) and 

thermally etched at a sintering temperature of 50 ◦C below the sintering 
temperature at the heating rate of 5 ◦C/min. The bulk density of the 
sintered samples was measured via the Archimedes’ method. Permit
tivity and dielectric loss were measured in the TE011 mode via the Hakki 
and Coleman method [27] and by using a network analyzer (Model 
N5230 A, Agilent Co., Palo Alto, California), respectively, in the fre
quency range of 13.6–14.0 GHz. 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. Infrared reflectivity spectrum of the polished 
CaIn2O4 ceramics was obtained using the infrared beam line station (U4) 
at the National Synchrotron Radiation Laboratory, China. 

3. Results and discussion 

The XRD data of the CaIn2O4 sample sintered at 1375 ◦C for 6 h were 
refined on the basis of an orthorhombic-structured CaFeInO4 with a 
space group of Pca21 by using the FullProf software [28]. As shown in 
Fig. 1(a), all the diffraction peaks of the CaIn2O4 sample could be 
indexed well by the positions of Bragg reflection, indicating the for
mation of an orthorhombic-structured phase. Moreover, the good 
agreement between the observed and the calculated XRD patterns 
coupled with low residual factors confirmed that the refined lattice 
parameters (a = 9.6474 Å, b = 3.2144 Å, c = 11.2984 Å) and the unit cell 
volume (Vm = 350.372 Å3) were acceptable. The crystal structure of the 
CaIn2O4 ceramics was obtained by the refined XRD data, as shown in 
Fig. 1(b). This structure has two In atoms (In1 and In2) occupying the 
center of the oxygen octahedron, where the same [InO6] octahedrons 
are co-edged with each other, i.e., [In1O6] and [In1O6], and [In2O6] and 
[In2O6] are connected at the same edge, whereas [In1O6] and [In2O6] 
octahedrons are shared with a corner. The large Ca atoms are located at 
an irregular hexagon surrounded by six [InO6] octahedrons along the y 
axis. In the CaM2O4 (M = Al, In) system, as the large In3+ entered the 
M-site, the crystal structure of the CaIn2O4 ceramics exhibited a higher 
symmetry than that of the monoclinic-structured CaAl2O4. A similar 
phenomenon was observed in the LiMO2 (M = Al, Ga, In) system [23, 
24], in which LiInO2 formed a crystal structure with a higher coordi
nation number and symmetry than those of LiAlO2 and LiGaO2. 

Fig. 2 displays the density and relative density of the CaIn2O4 ce
ramics as a function of sintering temperature. Similar trends in density 
and relative density under increasing sintering temperatures were 
observed, that is, density initially increased from 5.73 g/cm− 3 to the 

Table 1 
Some microwave dielectric ceramics with lower dielectric constant.  

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

Ca2SiO4 1450 8.6 26,100 –89 [20] 
Ca2GeO4 1420 6.76 82,400 –67 [21] 
Ca2SnO4 1450 10.1 84,600 –42.5 [22] 
LiAlO2 1250 5.45 14,748 –190 [23] 
LiGaO2 1075 5.82 24,500 –74.3 [24] 
LiInO2 920 9.6 39,600 9.8 [24] 
LiF 800 8.2 110,800 –135 [25] 
CaAl2O4 1450 8.9 91,350 –55 [26] 
CaIn2O4 1375 11.28 74,200 –4.6 This work  

Fig. 1. (a) Representative Rietveld refined X-ray diffraction data and (b) crystalline structure of CaIn2O4 ceramics.  
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maximum value of 6.05 g/cm− 3 and then gently decreased. The CaIn2O4 
ceramic sintered at 1375 ◦C for 6 h exhibited a high relative density of 
95.6 %. 

The insert in Fig. 2 is the polished and thermally etched SEM image 
of the CaIn2O4 ceramic at the optimum sintering temperature. It has a 
dense and homogeneous microstructure, consistent with the high rela
tive density. 

Fig. 3 shows the εr, Qf, and τf of the CaIn2O4 ceramics as a function of 
sintering temperature. The τf value did not evidently change with sin
tering temperature, and a near-zero τf value (− 4.6 ppm/◦C) was ob
tained at the sintering temperature of 1375 ◦C for 6 h. εr initially 
increased from 10.15 to the maximum value of 11.28 and then slightly 
decreased to 11.1 with the further increase in sintering temperature. The 
tendency of change in εr was consistent with relative density, indicating 
that the density played a decisive role in affecting εr. To eliminate the 
influence of porosity on εr, the εm of CaIn2O4 ceramics are calculated by 
the following equation obtained by Penn et al. [29]. 

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 sintered ceramics. All the corrected permittivity values were higher 
than the measured values owing to the low dielectric of air as shown in 
Fig. 3. Furthermore, the theoretical dielectric constant of the CaIn2O4 
ceramic sintered at the optimum temperature was calculated by the 
Clausius–Mosotti [30] equation as follows: 

εth =
3V + 8παt

3V − 4παt
(3)  

Where V represents the cell volume (350.372 Å3), and αt is the total of 
ionic polarizability of α(Ca2+), 2α(In3+), and 4α(O2− ) [31]. The 
porosity-corrected dielectric constant εm (12.11) and the theoretical 
dielectric constant εth (12.04) of the CaIn2O4 ceramics were very close, 
implying that the dielectric contribution within the microwave region 
was due to the ion polarization caused by lattice vibrations. 

To the best of our knowledge, dielectric losses are determined by 
intrinsic lattice vibrations and extrinsic defects [32–34]. The former is 
contributed by lattice anharmonic vibrations, whereas the latter is 
induced by relative density, secondary phases, and lattice defects. The 
high Qf, (74,200 GHz) value of the CaIn2O4 ceramics was obtained at 
1375 ◦C for 6 h. XRD and SEM analyses indicated that the effects of 
relative density and secondary phase could be ignored. The effects of 
intrinsic factors are discussed in the next sections. 

The chemical bond characteristics of the CaIn2O4 ceramics according 
to the (P–V–L) bond theory [35–38] were used to investigate the 
intrinsic dielectric properties. As shown in Fig. S1(a)–(d) and Table S1, 
the bond length and chemical bond ionicity (fi) of the Ca–O bonds were 
larger than those of the In–O bonds. By contrast, the lattice energy 
(Utotal) value, and the calculated dielectric constant εu value of the latter 
were about twofold larger than those of the former. These results illus
trated that the dielectric properties were mainly determined by the 
In–O bonds in the CaIn2O4 ceramics [39,40]. As shown in Fig. S1(e) and 
Table S1, the In–O bonds contributed more (74.65 %) to the dielectric 
constant than the Ca–O bonds (25.35 %), and the theoretical εr value 
obtained according to P–V–L chemical bond theory was close to the 
experimental value. 

In this work, the temperature dependence of εr (τε) and linear 
expansion coefficient (αL) were used to further investigate the τf value of 
the CaIn2O4 ceramics. The relationship among τf, τε and αL can be 
expressed by the following equation: 

τf = − αL −
1
2

τε (4) 

According to the thermal expansion data (Fig. 4[a]), the αL of the 
CaIn2O4 ceramics was 3.6 ppm/◦C between 25 ◦C and 85 ◦C. Fig. 4b 
shows the temperature dependence of the relative permittivity of the 
CaIn2O4 ceramics at 1, 10, and 100 kHz and 1 MHz. The τε value at 25 ◦C 
− 85 ◦C was 4.6 ppm/◦C. The calculated τf value of the CaIn2O4 ceramics 
(− 5.9 ppm/◦C) was consistent with the measured value in the micro
wave regions (− 4.6 ppm/◦C). 

The infrared reflectivity spectrum of the CaIn2O4 ceramics was 
measured to further investigate their intrinsic dielectric properties. As 
shown in Fig. 5, reflectivity R(ω) is expressed via the complex dielectric 
function ε*(ω) according to Fresnel formula [41,42]: 

R(ω) =
⃒
⃒
⃒
⃒
1 −

̅̅̅̅̅̅̅̅̅ε∗(ω)

√

1 +
̅̅̅̅̅̅̅̅̅ε∗(ω)

√

⃒
⃒
⃒
⃒

2

(5) 

The complex dielectric response can be obtained using the harmonic 
oscillator model based on the Lorentz three parameter semiquantum 
model as follows: 

ε∗(ω) = ε∞ +
∑n

j=1
(

ω2
pj

ω2
oj − ω2 − jγjω

) (6) 

Fig. 2. Density and relative density of CaIn2O4 ceramics as a function of sin
tering temperature (the insert is the polished and thermally etched SEM image 
of the CaIn2O4 ceramic sintered at 1375 ◦C). 

Fig. 3. Microwave dielectric properties εr, Qf, and τf of CaIn2O4 ceramics as a 
function of sintering temperature. 
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where ε*(ω) represents the complex dielectric function; ε∞ is the high 
frequency dielectric constant contributed by the electronic polarization; 
ωpj, γj and ωoj are the plasma frequency, damping factor, and transverse 
frequency of the j-th Lorenz oscillator, respectively, and n is the number 
of transverse phonon modes. The spectrum of the CaIn2O4 ceramics was 
fitted by 16 resonant modes that corresponded to the reflectivity peaks. 
As shown in Fig. 5, the fitted values (solid line) were consistent with the 
experimental values (hollow circles), indicating that the fitting results 
listed in Table 2 were credible. The extrapolated permittivity value of 
the CaIn2O4 ceramics was 10.12, which was close to the measured value 
of 11.28 (at 13.8 GHz), implying that ionic polarization was the main 
contributor to the dielectric constant in the microwave regions [43]. 
Given that permittivity depends on frequency and dipolar polarization 
processes that occur at low frequencies, it does not usually occur at high 
optical frequencies. At microwave frequencies, ionic and electronic 
polarization which occur at infrared and visible frequencies, predomi
nantly contributed to the net dipole moments. 

The theoretical quality factor value of the CaIn2O4 ceramics in the 

microwave frequency region (ω << ωpj) was calculated by the following 
equation: 

ε’ = ε∞ +
∑n

j=1

ω2
pj

ω2
oj
= ε∞ +

∑n

j=1
Δεj (7)  

tanδ(ω) = ε’’

ε’ = ω
∑n

j=1

Δεjγj

ω2
oj(ε∞ +

∑n
j=1 Δεj )

(8) 

The calculated Qf value of the CaIn2O4 ceramics was 112,200 GHz (f 
= 13.8 GHz), which was considerably higher than the values measured 
using the TE011 method (74,200 GHz), indicating that Qf can be 
improved by optimizing the experimental processes. 

4. Conclusions 

In this work, CaIn2O4 ceramics were prepared via the conventional 
solid-state route. XRD data combined with Rietveld refinement analyses 
indicated that the CaIn2O4 ceramics crystallized into a single 
orthorhombic-structured phase. The optimum microwave dielectric 
properties of the CaIn2O4 ceramics were obtained at the sintering tem
perature of 1375 ◦C for 6 h with εr ~ 11.28, Qf = 74,200 GHz, and τf ~ 
− 4.6 ppm/◦C (at 13.8 GHz). Analyses of the CaIn2O4 ceramics via the 
P–V–L) bond theory illustrated that the dielectric properties were 
mainly determined by the In–O bonds, and these bonds contributed 

Fig. 4. (a) Thermal expansion curve at 25 ◦C–260 ◦C and (b) dependence of relative permittivity (εr) of the CaIn2O4 sample at 1, 10, and 100 kHz, and 1 MHz sintered 
at 1075 ◦C. 

Fig. 5. Measured and calculated infrared reflectivity spectrum (solid line are 
the fitted value, whereas hollow symbols are the measured values) and complex 
dielectric spectrum (dashed lines are the fitted values, hollow symbols are the 
measured data in infrared regions, and red solid circles are the measured 
dielectric constant and dielectric loss at 13.8 GHz) of CaIn2O4 ceramic (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article). 

Table 2 
Phonon parameters obtained from the fitting of the infrared reflectivity spec
trum of CaIn2O4 ceramic.  

Mode ωoj (cm− 1) ωpj (cm− 1) γj (cm− 1) △εj 

1 121.37 41.713 4.7361 0.118 
2 143.67 45.761 8.6887 0.101 
3 159.98 61.107 5.2545 0.146 
4 186.8 225.07 68.459 1.45 
5 202.06 172.28 29.597 0.726 
6 226.85 46.478 7.9636 0.042 
7 247.98 132.77 17.734 0.287 
8 281.87 84.158 30.122 0.089 
9 317.75 115.12 10.378 0.131 
10 339.6 249.05 19.561 0.538 
11 351.71 432.14 47.547 1.51 
12 422.59 142.46 51.475 0.114 
13 462.13 148.95 25.074 0.104 
14 528.96 148.55 60.933 0.079 
15 565.59 60.206 − 28.031 0.011 
16 632.98 155.16 62.48 0.06 
CaIn2O4 ε∞ = 1.79   εo = 10.12  
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more (74.65 %) to the dielectric constant than the Ca–O bonds (25.35 
%). Infrared reflectivity spectrum was used to explore the intrinsic 
dielectric properties of the CaIn2O4 ceramics. Results showed that ionic 
polarization was the main contributor to the dielectric constant in the 
microwave regions and Qf can be improved by optimizing the experi
mental processes. Compared with some of the materials with low 
dielectric as shown in Table 1, the CaIn2O4 ceramics exhibited the 
desired microwave dielectric properties. Therefore, CaIn2O4 ceramics 
have potential commercial applications in wireless technologies. 
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