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Abstract 

In this study, the novel temperature-stable (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 microwave dielectric 

ceramics were prepared by a modified solid-state reaction method. The phase composition, 

microstructures and microwave dielectric properties of the (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 ceramics 

were investigated. All the compounds can be sintered well at ultra-low temperatures (< 540 °C). The 

XRD and SEM analysis indicate that the Ag2MoO4 and the Ag0.5Bi0.5MoO4 can coexist with each other. 

When x = 0.65, the ceramics exhibit the best microwave dielectric properties with a relative 

permittivity of 23.9, a Q × f value of 16200 GHz (at 7.3 GHz) and a near-zero TCF value of -2.4 

ppm/°C at 520 °C. The results indicate that temperature-stable (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 

ceramics are promising candidates for low temperature co-fired ceramics (LTCC) applications. 

Keywords：Dielectric properties; ultra-low sintering; near-zero TCF  

1. Introduction 

In recent years, with the rapid development of wireless communication, low-temperature co-fired 

ceramics (LTCC) technology with excellent electrical, mechanical, thermal and technological 

characteristics, has become the main-stream technology for passive integration. This technique greatly 

improves the reliability and promotes miniaturization of the microwave devices. To meet the 

requirement of LTCC technology, the microwave dielectric ceramics with a suitable relative 

permittivity, a high Q × f value, a near zero temperature coefficient of the resonant frequency (TCF 

value) and an ultra-low sintering temperature are needed [1-3]. Considering the industrial cost and the 

stability of the device to temperature, lowering sintering temperature and adjusting temperature 

coefficient of the ceramics to near zero are always the research focuses in the related fields. Currently, 

many ULTCC materials with sintering temperature lower than 700°C were reported [4]. However, most 
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of them have negative TCF values, which limit their applications. Among all the reported low-loss 

microwave dielectric ceramic materials, there are only three types of temperature-stable ceramics with 

sintering temperature lower than 600 °C. The detail information of them is listed in Table 2. Thus, the 

temperature-stable ceramics with ultra-low sintering temperature are still in urgent need for different 

applications.  

Generally, there are two effective approaches to adjust the TCF value, which are solid solution 

method and compositing two materials with opposite TCF values. The first one requires that the radius 

and the electronegativity of the substituted ions are close. Therefore, it is difficult to find a suitable ion 

to regulate the TCF value. The second method, which is not limited by the materials’ structures, is 

widely applied to adjust the TCF value [5-10]. Recently, the Ag2O-MoO3 binary system with ultra-low 

sintering temperature and good microwave dielectric properties was reported. The Ag2MoO4 ceramics 

with a relative permittivity of 8.1, a Q × f value of 17000 GHz and a temperature coefficient of 

resonance frequency about -133 ppm/°C could be densified well at 450 °C [11]. However, the negative 

TCF value limits its LTCC application. On the contrary, the Ag0.5Bi0.5MoO4 ceramics sintered at 690 °C 

have positive TCF value of approximately +57 ppm/°C, a relative permittivity of  30.4 and a Q × f = 

12600 GHz [12]. By the second method, it is possible to compound these two phases to get a near zero 

TCF value. To improve the density and avoid the side effect of the residual PVA, a modified solid-state 

reaction method was also applied, which was proposed in our previous study [13]. Compared with the 

traditional solid-state reaction method, this method with isostatic pressing technology and the 

substituting of PVA with ethanol has been proved to be effective in improving the density and dielectric 

properties of ceramics [13-14]. All the ceramic composites in this paper were prepared by this method.  

In this paper, these two materials with close sintering temperatures were selected and the novel 

temperature-stable (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 ceramics sintered at ultra-low temperatures have 

been obtained. Their phase compositions, microstructures, and microwave dielectric properties were 

also systematically studied. By tuning the chemical constituents and sintering temperature, the TCF 

value of this two-phase composite could be successfully adjusted to near zero. 

2. Experimental procedure 

The (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 (0.00 ≤ x ≤ 1.00) composite ceramics with ultra-low 

sintering temperature were synthesized by a modified solid-state reaction method. The reagent-grade 

raw materials Ag2O (>99.7 %; Tianjin Guangfu Fine Chemical Research Institution, Tianjin, China), 
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MoO3 (>99.5 %; Yutong Chemical Reagents, Tianjin, China) and Bi2O3 (>99 %; Sinopharm Chemical 

Reagent Co. Ltd., Shanghai, China) were weighted and mixed according to the corresponding 

stoichiometric ratios. Then the mixtures were milled for 4 h in ethanol medium by a planetary mill 

(Nanjing Machine Factory, Nanjing, China) at 150 rpm with ZrO2 balls. The dried powders were then 

calcined at 420 °C for 6 h and cooled down in the furnace. After being re-milled for 4h, the dried 

powders were sprayed with ethanol to be moist. Then the powders were pressed into cylindrical disks 

(about 10 mm in diameter and 5 mm in thickness) at a uniaxial press of 150 MPa. Then, all the 

cylinders were pressed again at 200 MPa for 3 min via a cold isostatic press (CIP AIP3-12-60C, 

American Institute of Physics, MD, America). All the green presses were heated at 120 °C for 2 h to 

remove the ethanol then sintered at 440-540 °C for 6h with a heating rate of 2 °C/min.  

The crystalline structures of samples were characterized at room temperature by a X-ray 

diffractometer (SHIMADZU XRD-7000, Tokyo, Japan) with Cu-Ka radiation of 1.54 Å. To observe 

the microstructures, the scanning electron microscope (SEM) (FEI Quanta FEG 250, FEI, Hillsboro, 

Oregon, USA) was used. The sintered ceramics were polished and thermally etched at different 

temperatures for 25 minutes (x = 0.2, etched at 430°C; x = 0.4, 0.6, etched at 440°C; x = 0.65, 0.7, 0.8, 

etched at 450°C). The bulk densities of sintered samples were measured by Archimedes method. The 

network analyzer (8720ES, Agilent, Palo Alto, CA) and a temperature chamber were used to measure 

the dielectric behaviors of the sintered ceramics according to the TE01δ shielded cavity method. And 

the TCF (τf) values of those ceramics were calculated by the following formula: 

𝜏𝑓 = (𝑓85 − 𝑓25)/(60 × 𝑓25 )  × 106 (ppm/C)                                      (1) 

where, f25 and f85 are the TE01δ resonant frequencies at 25 °C and 85 °C, respectively. 

3. Results and discussion 

This series of (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 ceramics (x = 0.2, 0.4, 0.6, 0.65, 0.7, 0.8) is called 

AMAB for short. Fig. 1 presents the X-ray diffraction spectrum of the AMAB ceramics calcined at 

420 °C. It is clear that both Ag2MoO4 phase and Ag0.5Bi0.5MoO4 phase have been formed and no extra 

phases were detected as x value changed, which indicates that the tetragonal Ag0.5Bi0.5MoO4 ceramics 

and cubic Ag2MoO4 ceramics can coexist well with each other. 
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Fig. 1. XRD patterns of (1-x)Ag2MoO4-xAg0.5Bi0.5MoO4 ceramics calcined at 420 °C. 

Fig. 2 shows the relative densities of the AMAB ceramics sintered at their optimal sintering 

temperatures as a function against the x value. Due to the water-soluble properties, the samples were all 

kept at 120 °C for 4 h in the air oven and then cooled to room temperature. Subsequently, Archimedes 

method with ethanol as solvent was used to measure the densities of the samples. The density of the 

composite ceramics can be predicted as follows: 

𝜌𝑡ℎ𝑒𝑜 =  𝑣1𝜌1 + 𝑣1𝜌1                                                            (2) 

where the subscripts of ‘1’ and ‘2’ represent the material 1 and material 2, respectively. 𝜌𝑡ℎ𝑒𝑜 is the 

theoretical density of the composite, 1 and 2 are the theoretical densities of Ag2MoO4 and 

Ag0.5Bi0.5MoO4, respectively. v1 and v2 indicate the volume fractions of corresponding materials. Here, 

the theoretical density of Ag2MoO4 is 6.285 g/cm3 according to PDF card No.# 01-1002 and that of 

Ag0.5Bi0.5MoO4 calculated from lattice constants is 6.524 g/cm3. As shown in Fig. 2, all the relative 

densities of the AMAB ceramics are above 95%. This result indicates that the series of AMAB 

ceramics can be easily densified.  
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Fig. 2. Relative density of the AMAB ceramics sintered at their optimal sintering temperatures. 

Scanning electron micrographs for the thermally etched surfaces of the AMAB ceramics sintered 

at their optimal sintering temperatures (S.T.) are shown in Fig.3. All the AMAB ceramics show 

compact microstructures. It can be observed that two types of grains can coexist, which is in 

accordance with the XRD results. The grains with a larger size and a smaller size belong to Ag2MoO4 

phase and Ag0.5Bi0.5MoO4 phase, respectively. Since the sintering temperature of AMAB composites is 

lower than that of pure Ag0.5Bi0.5MoO4 ceramics, the grains of Ag0.5Bi0.5MoO4 phase have not fully 

grown in the sintering process. As the x value increases, the number of Ag0.5Bi0.5MoO4 grains increases 

significantly and the densification temperature of AMAB ceramics rises from 460 °C to 530 °C. When 

the sintering temperature is higher than 520 °C, some irregular grains are observed as shown in Fig. 3(e) 

and Fig. 3(f), which may be attributed to the excessive sintering temperature for pure Ag2MoO4 phase. 

Too high sintering temperature results in the abnormal growth of the grains. In addition, according to 

the previous work, there might be some pores deeply inside the abnormal grains[15].  
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Fig. 3. SEM images of thermally etched AMAB ceramics: (a) x = 0.2, S.T. = 460°C, (b) x = 0.4, S.T. = 470°C, 

(c) x = 0.6, S.T. = 480°C, (d) x = 0.65, S.T. = 520°C, (e) x = 0.7, S.T. = 530°C, (f) x = 0.8, S.T. = 530°C.  

The microwave dielectric properties of the AMAB ceramics sintered in air at their optimal 

temperatures are shown in Fig. 4. The corresponding values have been obtained from the related 

samples sintered at their optimal sintering temperatures. When the composition of multiphase materials 

distributes randomly, there are several models to calculate the effective dielectric constant. Among 

them, Lichtenecker empirical logarithmic rule is applied to this work due to its relative simplicity and 

effectiveness [16]. 

ln ε =  𝑣1 ln ε1  +  𝑣2 ln ε2                                                           (3) 

Where, ε is the relative permittivity. To ensure the reliability of the theoretical calculation, the 

Ag2MoO4 and Ag0.5Bi0.5MoO4 ceramics were also prepared by the modified solid-state reaction method. 

The microwave dielectric properties of them are listed in Table 1. With the increase of x value, the 

measured and calculated relative permittivities increase gradually. The interfacial effects in the 

composite material may increase the dielectric constant of the ceramics, resulting in measured values 

higher than the calculated values.  

According to the Lichtenecker empirical logarithmic rule, the semi-empirical linear formula for 

calculating TCF value of multiphase ceramics can be deducted as, 

𝜏𝑓 =  𝑣1𝜏𝑓1 +  𝑣2𝜏𝑓2                                                                (4) 

where, τf1 and τf2 are the temperature coefficients of the resonant frequency (TCF value) of material 1 

and material 2, respectively. The TCF value of the Ag2MoO4 ceramic is -124 ppm/°C and it is +60 

ppm/°C for Ag0.5Bi0.5MoO4 ceramic. Thus, for the purpose of temperature stability, the theoretical x 

value is 0.71. Mathematically, the origin TCF value can be calculated as follows: 
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𝜏𝑓 = −𝛼𝐿 − 𝜏𝜀/2                                                                (5)  

It can be seen that the TCF value is closely related to the temperature coefficient of the relative relative 

permittivity (𝜏𝜀) and the linear expansion coefficient (𝛼𝐿). However, according to the previous work, 

the thermal expansion coefficient can be influenced by many factors, such as porosity [17]. It can be 

seen from the Fig. 4 that the measured TCF value increases linearly with x value. As the x value 

increases, the TCF value of the AMAB ceramics has been gradually adjusted from a negative value 

(-12 ppm/°C) to a positive value (+28 ppm/°C). When x = 0.65, the TCF value is -2.4 ppm/°C, which is 

near zero. The difference between the measured value and the theoretical value may be ascribed to the 

porosity in the samples. However, the difference is not significant, indicating that the semi-empirical 

linear formula is applicable to predict the TCF value of the composite mixtures. 

For multiphase ceramics, the Q × f value can be predicted according to the well-known general 

empirical model: 

1 Q ×  f ⁄ =  𝑣1 (Q1  ×  f1) +  𝑣2 (Q2  ×  f2)⁄  ⁄                                           (6) 

where, Q ×  f  is the quality factor of the mixture, Q1  ×  f1 and Q2  ×  f2 are the quality factors of 

two components. The Q × f values of Ag2MoO4 and Ag0.5Bi0.5MoO4 are 28000 GHz and 15000 GHz, 

respectively. When the mole fraction of Ag0.5Bi0.5MoO4 rises, the Q × f value of the AMAB ceramics 

decreases due to the lower Q × f value of pure Ag0.5Bi0.5MoO4. As reported [18-19], the Q × f value is 

influenced by many factors, such as grain boundary, grains size, porosity, and liquid phase. Thus the 

measured Q × f values are lower than the calculated values.  

Table 1 The microwave dielectric properties of the Ag2MoO4 ceramic and the Ag0.5Bi0.5MoO4 ceramic prepared by 

the modified solid-state reaction method and traditional solid-state reaction method 

Sample S. T. (°C) 𝜺𝐫 Q × f (GHz) TCF (ppm/°C) Density(g/cm3) Ref. 

Ag2MoO4 440 8.98 28000 -124 5.7 This work 

Ag0.5Bi0.5MoO4 580 36.8 15000 60 6.38 This work 

Ag2MoO4 450 8.08 17000 -133 6.02 [11] 

Ag0.5Bi0.5MoO4 690 30.4 12600 57 -- [12] 
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Fig. 4. Microwave dielectric properties of the AMAB ceramics sintered at their optimal temperatures 

The microwave dielectric properties of the AMAB (x=0.65) ceramics sintered at temperatures 

ranging from 440 °C to 540 °C are shown in Fig. 5. When sintered at 520 °C, the 

0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramics exhibit the best properties with a relative permittivity of 

23.9, a Q × f value of 16200 GHz (at 7.3 GHz), and a near zero TCF value of -2.4 ppm/°C. The relative 

permittivity improves with the increasing of the sintering temperature and reaches the optimal value of 

23.9 at around 520 °C and then decreases. This trend is attributed to the porosity of ceramic samples 

[20-21]. The porosity in the samples decreases with the sintering temperature at first then increases 

slightly because of the increasing closed pores in the abnormal grains. The TCF value fluctuates from 

-5.6 ppm/℃ to -2.4 ppm/℃ in the whole sintering temperature range. When sintered at 520 °C, the grain 

boundary and porosity of 0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramic drastically decrease due to its 
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homogeneous and compact microstructures, and its Q × f value reaches a maximum of 16200 GHz. 

Subsequently, the abnormal growth of grain makes the increase of grain boundary and porosity, 

resulting in the decease of the Q × f value. Table 2 shows some selected ultra-low temperature co-fired 

ceramics with temperature stability. Compared with the reported temperature-stable ceramics with 

low-sintering temperatures, the 0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramic does not have the highest 

Q × f value. However, considering the highly toxic of tellurium oxide, the 

0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramic in our work has the lowest sintering temperature and 

excellent microwave dielectric properties comprehensively [22-24]. 

 
Fig. 5 Microwave dielectric properties of the 0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramics as a function of 

sintering temperature. 

Table 2 The sintering temperature, microwave dielectric properties, and densities of some selected ultra-low 

temperature co-fired ceramics with temperature stability 

Sample S. T. (°C)   𝜺𝐫  Q × f (GHz) TCF (ppm/°C) Ref. 

BaTe4O9 + 40wt%TiTe3O8 575 25.0 19300 -3 [22] 

0.47BaTe4O9-0.53TiTe3O8 560 28.0 12000 4 [23] 

0.25Na2Mo2O7-0.75Na0.5Bi0.5MoO4 580 24.0 13000 3 [24] 

0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 520 23.9 ± 0.1 16200 ± 700 -2.4 ± 0.2 This work 

4. Conclusion 

In this work, the temperature-stable 0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 microwave dielectric 

ceramics sintered at low temperatures were prepared by a modified solid-state reaction method. Two 

types of grains distribute randomly and coexist with each other according to the XRD and SEM results. 
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The samples sintered at 520 °C exhibit a high relative density of 97 % and good microwave dielectric 

properties with a relative permittivity of 23.9, a Q × f value of 16200 GHz (at 7.3 GHz) and a near-zero 

TCF value of -2.4 ppm/°C. Compared with other temperature-stable ceramics sintered at ultra-low 

sintering temperatures, the 0.35Ag2MoO4-0.65Ag0.5Bi0.5MoO4 ceramics in this work possess superior 

comprehensive advantages, such as better temperature stability, lower sintering temperature and 

environment-friendly feature, providing more possibilities for its application in LTCC microwave 

devices. 
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