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Abstract 

Two low-firing BiMVO5 (M = Ca, Mg) ceramics were prepared in the sintering 

temperature range of 760-850 °C. Their differences in phase formation, sintering behavior, 

and dielectric performances were investigated. BiCaVO5 formed a single phase with an 

orthorhombic structure, while BiMgVO5 crystallized in a monoclinic structure that needs 

longer dwelling time to obtain single phase. The optimized microwave dielectric properties 

were obtained with r = 15.70, Q×f = 55,000 GHz (at 10.6 GHz), and f = -71 ppm/°C for 

BiCaVO5, r = 18.55, Q×f = 86,860 GHz (at 9.63 GHz), and f = -65 ppm/°C for BiMgVO5. 

Additionally, the large negative f values of BiMVO5 (M = Ca, Mg) ceramics were 

successfully adjusted by forming composite ceramics with CaTiO3 and near-zero f values of 

+2 ppm/°C and -3 ppm/°C were obtained in 0.92BiCaVO5-0.08CaTiO3 and 

0.94BiMgVO5-0.06CaTiO3, respectively. Both ceramics exhibited good chemical 

compatibility with Ag electrode. The results demonstrate BiMVO5 (M = Ca, Mg) ceramics to 

be attractive candidates in LTCC technology. 

 

Keywords: Ceramics; Microwave dielectric properties; LTCC; BiMVO5 

 

1. Introduction 

Low temperature co-fired ceramics (LTCC) technology has attracted a great deal of 

attention due to its ability to fulfill the miniaturization and portability of microwave devices 

by integrating passive components within a monolithic bulk module [1-3]. Generally, 
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microwave dielectric ceramics as substrates or microwave passive components in LTCC 

devices should possess a high quality factor (Q×f), an appropriate permittivity (r), and a 

near-zero temperature coefficient of resonance frequency (f). In LTCC multilayer devices, 

alternating dielectric ceramics stack with internal metallic electrode layers where silver (Ag) 

is commonly used because of its high conductivity [4, 5]. In order to satisfy the co-firing with 

the electrode, the sintering temperature of the substrate materials is limited to be lower than 

the melting temperature of inner electrode (e.g., 960 °C for silver). Searching for novel 

low-firing materials with splendid dielectric properties is still of intriguing interest in view of 

scientific research and practical application. To date, a number of glass-free low-firing 

microwave dielectric ceramics with good performances have been reported and most of them 

are oxides based on low-melting constituents, such as V2O5-rich [6, 7], TeO2-rich [8, 9], 

Bi2O3-rich [10, 11], MoO3-rich oxide [12, 13]. It is proposed that the low melting-point 

constituents could facilitate the mass transport through liquid-phase sintering. Thus, this 

common feature opens up a way for the further development of low-firing ceramics to focus 

on the systems with low-melting constituents. Reasonably, material systems involving two or 

more low melting constituents are of value for developing low firing ceramics. 

 

The Bi2O3-MO-V2O5 (M = Mg, Zn, Co, and Ni etc.) ternary system simultaneously 

contains two low-melting constituents, Bi2O3 (825 °C) and V2O5 (690 °C). Thus, this system 

is expected to have low sintering temperatures and promising microwave dielectric 

performances. The vanadates BiMVO5 family in Bi2O3-MO-V2O5 system where M2+ can be 

Ca, Cd, Pb, Mg, Mn are analog of the paragonite mineral BiNiAsO5 [14, 15]. Some BiMVO5 
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have recently been synthesized and characterized due to the expectation on their potential 

ferroelectric properties, nonlinear optical properties, and luminescent properties [16, 17], 

arising partly from the presence of the Bi3+ lone-pair electrons [18, 19]. In the present work, 

we focused on the BiMVO5 system to explore novel low-firing microwave dielectric 

material. Two single-phase compounds BiMgVO5 and BiCaVO5 were obtained by optimizing 

the sintering conditions and the microwave dielectric properties were evaluated. Their 

structural difference was evaluated based on XRD, Rietveld refinement, and Raman 

spectroscopy analysis. Their chemical compatibility with metal electrodes was also studied. 

 

2. Experimental Procedure 

The BiMVO5 (M = Ca, Mg) ceramics were prepared via solid-state reaction. 

Stoichiometric ratios of reagent-grade starting materials, Bi2O3 ( > 99%, Guo-Yao Co. Ltd, 

Shanghai, China), CaCO3 ( > 99.99%, Guo-Yao Co. Ltd, Shanghai, China), MgO ( > 99.99%, 

Guo-Yao Co. Ltd, Shanghai, China) and NH4VO3 ( > 99%, Guo-Yao Co. Ltd, Shanghai, 

China) were mixed in a planetary ball-mill in a nylon jar for 6 h using zirconia balls as a 

grinding medium. The mixed slurries were dried and calcined at 750-900 °C (an interval of 

50 °C) for 2-8 h. The calcined powders were subsequently ball-milled for 6 h again, dried, 

and the phase composition of which was analyzed using x-ray diffractometer. Thereby, the 

dried powders calcined at 750 °C/4 h for BiCaVO5 and 750 °C/6 h for BiMgVO5 were mixed 

with 5 wt% polyvinyl alcohol and pressed into cylindrical disks of 10 mm diameter and about 

5 mm height at a pressure of about 200 MPa, respectively. The pellets were heated at 550 °C 

for 2 h to remove the organic binder. Subsequently, the pellets of BiMVO5 (M = Ca, Mg) 
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sintered at 760-850 °C for 6 h at a heating rate of 5 °C/min. Composite ceramics between 

BiMVO5 (M = Ca, Mg) and CaTiO3 were prepared with a general formula 

(1-x)BiMVO5-xCaTiO3 (0 ≤ x ≤ 0.12) to adjust the thermal stability. The calcined BiMVO5 

(M = Ca, Mg) powders were mixed with pure single phase CaTiO3, ball milled for 6 h, and 

then pressed into pellets and sintered in the sintering range of 760-860 °C.  

 

The phase composition of samples was analyzed using an x-ray diffractometer (CuKα1, 

1.54059A, model X’pert PRO, PANalytical, Almelo, the Netherlands). The microstructure of 

the sintered samples was observed by scanning electron microscopy (SEM; Model 

JSM6380-LV, JEOL, Tokyo, Japan). The bulk densities of the sintered samples were 

measured by the Archimedes’ method. The microwave dielectric properties were measured 

using a network analyzer (Model N5230A, Agilent Co., Palo Alto, Canada) and a 

temperature chamber (Delta 9039, Delta Design, San Diego, CA). The temperature 

coefficient of resonant frequency was measured in the temperature range from 25 °C (T1) to 

85 °C (T2). The values were calculated as follows: 

 121

12

TTf
ff

f



                                              (1) 

where, f1 and f2 represent resonant frequencies at temperatures T1 and T2, respectively. 
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3. Results and discussion 

Fig. 1a1 shows the XRD patterns of the BiCaVO5 powders fired at 750 °C/4 h and 

BiMgVO5 powders fired at 900 °C/4 h (Fig. 1a2) and 750 °C/4 h (Fig. 1a3). For BiCaVO5, all 

the observed peaks were indexed according to the JCPDS card No. 81-1775 with an 

orthorhombic unit cell with Pbca (61) space group, indicating the formation of a single phase. 

However, it is clearly seen that BiMgVO5 exhibited mixed phases with the main phase 

BiMgVO5 (JCPDS No.72-9949) along with trace amount of Bi4.2Mg0.2V1.6O10.5 (JCPDS 

No.48-0267). Despite the fraction of BiMgVO5 phase increased with increasing calcination 

temperature, but a substantial fraction of the second phase still remained. The fraction of 

BiMgVO5 phase was evaluated approximately by the following equation [20], 

BiMgVO5 (vol%) = 
)103()221(

)221(

BA

A

II
I



    100                     (2) 

where, IA and IB are the strongest lines of BiMgVO5 (-221) and Bi4.2Mg0.2V1.6O10.5 (103) 

respectively. The relative amount of the BiMgVO5 increased from 80% to 98% as the 

temperature of increased from 750 to 900 °C. It seems difficult to obtain single-phase 

BiMgVO5 just simply raising the firing temperature. It is well accepted that the second 

phase(s) adversely affect the dielectric properties of microwave ceramics, especially the 

quality factor [21-23]. Thus, in order to get single-phase BiMgVO5, efforts were made to 

change the preparation processes in terms of the soaking time. Fig. 1b shows the XRD 

patterns of the mixtures calcined at 750 °C with different soaking times. Obviously, the 

fraction of the second phase decreased as the soaking time increased, indicated by the 

decrease in the intensity of the reflection at 2 ~ 28.6o and the pure BiMgVO5 phase with a 
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monoclinic structure in P21/n (14) space group was obtained when the holding time was 

lengthened to 6 h and 8 h. These results reveal that soaking time plays a more prominent role 

in the formation of single-phase BiMgVO5 ceramic than sintering temperature. 

 

It is worth noting that BiCaVO5 and BiMgVO5 crystallized in different crystal structures 

with regards to their diverse XRD patterns. In order to obtain a deeper insight into the 

structural differences, Rietveld refinement was performed based on the fine XRD data, as 

shown in Fig. 2a and Fig. 2b. A good match between the observed and calculated XRD 

patterns, and the acceptable low residual factors with Rwp = 8.32%, Rexp = 2.12% and Rp = 

5.74% for BiMgVO5 and Rwp = 6.97%, Rexp = 3.55% and Rp = 3.71% for BiCaVO5 were 

obtained. The lattice parameters derived from the refinement are a = 7.5487(6) Å, b = 

11.6163(7) Å, c = 5.3059(6) Å, α = γ = 90°, β = 107.32813°, and V = 444.159 Å3 (Z = 4), 

which were summarizd in Table 1. Fig. 2c and Fig. 2d show the schematic crystal structure of 

BiCaVO5 and BiMgVO5. The structure of BiCaVO5 is characterized by the edge-linked 

[CaO7] polyhedra layers, isolated VO4 tetrahedra and interstitial Bi3+ with the asymmetric 

surrounding of oxygens [24-26]. The adjacent [CaO7] polyhedra and [VO4] tetrahedra are 

corner-linked. However, BiMgVO5 is constructed by a three-dimensional network of two 

edge-sharing [MgO6] octahedra that are corner-linked by [VO4] tetrahedra, forming large 

tunnels along c-axis. The interstitial Bi3+ with asymmetric ambient oxygens locates in the 

tunnels and can also be described as Bi3+ combined with oxygen to form tilting [BiO6] 

octahedra. The average tetrahedral distortion of the V-site was calculated (see in Table 1) 

using the following equation: 
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


 }{
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RR


                                          (3)

 

Ri is the individual and Rav the average bond length of the oxygen tetrahedron. The average 

tetrahedral distortion of [VO4] in BiCaVO5 (1.46) is higher than that of BiMgVO5 (1.34), 

reflecting their structural difference that would affect the dielectric properties. 

 

The room-temperature Raman spectra of BiMVO5 (M = Ca, Mg) are shown in Fig.3. 

The Raman active modes of the BiCaVO5 and BiMgVO5 were characterized using the group 

theoretical method according to the Pbca and P21/n space group, respectively, as follows: 

 

Γ(BiCaVO5) = 24 Ag + 24 B1g + 24B2g + 24B3g                       (4) 

Γ(BiMgVO5) = 24 Ag + 24Bg                                     (5) 

As shown in Fig. 3, the modes in the low-frequency region of 150-300 cm-1 could be 

attributed to the external modes, which involves the translational vibrations of the Ca2+, Bi3+ 

and [VO4]3- ions. For the modes between 300 cm-1 and 800 cm-1, the bands were principally 

due to the bending and stretching vibrations of Bi-O bands, and four bands of them (319, 336, 

359, 379 cm-1) are associated with V-O bending vibrations. As for the 800-1000 cm-1 region 

of BiCaVO5 Raman spectrum, it exhibits 3 bands (809, 832, 878 cm-1), which corresponds to 

the internal stretching vibrations (Ag mode) of [VO4] tetrahedra. Similarly, the four bands 

(116, 138, 190, 246 cm-1) of the BiMgVO5 were assigned to the translational vibrations of the 
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Mg2+, Bi3+ and [VO4]3-. The vibrations of Bi-O bands and the bending vibrations of V-O 

occurred at 300-700 cm-1 and 700-1000 cm-1, respectively. The different Raman modes and 

Raman shift of BiCaVO5 and BiMgVO5 reveal their different crystal structure. 

 

SEM images of the BiCaVO5 ceramic sintered at 760 °C to 850 °C for 6 h are shown in 

Fig. 4(a-e). As observed, a relatively porous microstructure consisting of small grains 

(approximately 1-3 μm) was observed in the 760 °C-sintered ceramic. With increasing 

sintering temperature, the number of pores decreased accompanied by an obvious grain 

growth. Densification occurred when sintered at 820 °C, characterized by a dense 

microstructure with distinct grain boundaries and homogeneous grains about 4 μm. However, 

when the temperature increased to 850 °C, large grains (~ 10 μm) appeared. Microstructural 

evolution as a function of sintering temperature in BiMgVO5 was similar to BiCaVO5 and a 

dense and uniform microstructure was developed in the sample sintered at 800 °C for 6 h, as 

shown in Fig. 4(f-j). 

 

Fig. 5 plots the bulk density, relative density and microwave dielectric properties of the 

BiCaVO5 and BiMgVO5 ceramics sintered at various temperatures. In Fig. 5a1 for BiCaVO5, 

with increasing temperature the relative density firstly increased from 91.9% at 760 °C, 

reached a to a maximum value ~ 96.2% at 820 °C, and a further increase in sintering 

temperature decreased the relative density to 94.9% which was related to the exaggerated 

grain growth at elevated temperatures. As shown in Fig. 5a2 the relative permittivity (r) of 
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BiCaVO5 ceramics increased from 14.10 to 15.70 as the sintering temperature increased from 

760 to 820 °C, and then slightly decreased, exhibiting a similar variation trend to the density. 

As for BiMgVO5 (see in Fig. 5b1 and Fig. 5b2), the density of BiMgVO5 also exhibited a 

similar variation trend with the sintering temperature but with a lower magnitude as 

compared with BiCaVO5. The relative density of BiMgVO5 sintered at the lower temperature 

760 °C was high (95.1% of the theoretical density, ~5.45 g/cm3), which was increased to 

98.7% when sintered at 800 °C for 6 h. Additionally, slight variation in relative permittivity 

(18.20-18.50) of BiMgVO5 is observed as the sintering temperature increased, which can be 

accounted for the high densification of the BiMgVO5 specimens. In general, the relative 

permittivity depends on the several factors such as structural characteristics, ionic 

polarizability, the secondary phase, density, and defects, etc [27, 28]. In this work, the effects 

of the secondary phase on r value were negligible, as no secondary phase was detected by 

the XRD within its accuracy. These results indicate that the density played a dominating role 

in the relative permittivity. 

 

The theoretical permittivity is determined by the molecular polarizability and can be 

evaluated based on the Clausius-Mossotti equation [29, 30].  






43
83






V
V

th                                         (6) 

where V is the cell volume. The theoretical permittivity was calculated to be 18.72 for 

BiCaVO5 and 20.32 for BiMgVO5. This can explain for the larger r value of BiMgVO5 than 
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BiCaVO5. In order to eliminate the influence of the porosity on dielectric permittivity, the 

Bosman and Having’s correction equation was used: corrected = r (1 + 1.5p), where p is the 

fractional porosity, corrected and r are the corrected and measured relative permittivity, 

respectively. The corrected values, shown in Fig. 5a2 and Fig. 5b2, remained stable around 16.1 

for BiMgVO5 and 18.9 for BiMgVO5 of different samples, accounting for the vital effect of 

density. On the other hand, it should be noted that the relative error between the corrected and 

theoretical permittivity is extremely high, 22.9% for BiCaVO5 and 16.9% for BiMgVO5. The 

large deviation indicates another factor affecting the relative permittivity, which can be 

attributed to the lone electron pair of bismuth [31, 32]. Similar results were also reported in 

other Bi-based ceramic systems [33, 34]. 

 

It is well known that the dielectric loss at microwave frequencies depends not only on 

the intrinsic losses caused by the lattice vibration but also on the extrinsic losses, e.g. 

densification, secondary phase, grain boundaries and grain sizes, defects, etc [35, 36]. As 

shown in Fig. 5a3 and Fig. 5b3, the variation in the Q×f value with the sintering temperature 

is similar to the density. As the sintering temperature increased from 760 °C to 820 °C, the 

Q×f value reached a maximum value ~ 55,000 GHz for BiCaVO5, and ~ 86,860 GHz for 

BiMgVO5 when sintered at 800 °C, which is related to the increased densification and 

homogeneous microstructure [37, 38]. Further increase in sintering temperature decreased the 

quality factor slightly, which might be explained by the microstructure degradation caused by 

the abnormal grain growth [39]. In addition, the higher Q×f value of BiMgVO5 than 

BiCaVO5 is also related to the higher densification of BiMgVO5. Fig. 5a3 and Fig. 5b3 shows 
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the variation in the calculated packing fraction versus sintering temperature, which is 

consistent with the change in Q×f values of BiMVO5 (M = Ca, Mg) ceramics. Therefore, the 

variation in Q×f value in BiMVO5 (M = Ca, Mg) origins from the combined contributions 

from the relative density and the packing fraction. In contrast, the f values of both ceramics 

were not affected significantly by the sintering temperature and remained stable around -71 

ppm/°C for BiCaVO5 and -65 ppm/°C for BiMgVO5, as shown in Fig. 5a4 and Fig. 5b4. 

 

Since the large negative f values of BiMVO5 (M = Ca, Mg) ceramics are unacceptable 

for practical applications, formation of composite ceramics using CaTiO3 with a positive f 

value ~ + 800 ppm/°C was utilized to improve the temperature stability of BiMVO5. XRD 

patterns of (1-x)BiMVO5-xCaTiO3 (M = Ca, Mg) ceramics only revealed the peaks of CaTiO3 

(JCPDS No. 76-2400) and BiMVO5 phase, suggesting that no chemical reaction occurred 

between BiMVO5 (M = Ca, Mg) and CaTiO3. Table 2 lists the microwave dielectric 

properties of the composite ceramics. As expected, the f value changed from negative to 

positive with increasing x value. A near-zero temperature coefficient of resonant frequency f 

~ +2 ppm/°C was achieved in 0.92BiCaVO5-0.08CaTiO3 ceramic at 850 °C, along with r ~ 

17.63 and Q×f ~ 43,600 GHz. In addition, excellent combined microwave dielectric 

properties with a near-zero temperature coefficient of resonant frequency τf~ -3 ppm/°C and 

εr ~ 20.89 and a Q×f ~ 69,800 GHz was also obtained at 0.94BiCaVO5-0.06CaTiO3 

composition when sintered at 860 °C.  
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Chemical compatibility with inner electrodes is another important factor for the practical 

application. 20 wt % Ag powders were added to the BiMVO5 (M = Ca, Mg) matrix and 

co-fired at 820 oC for 2 h to assess the chemical compatibility of BiMVO5. The 

corresponding powder XRD profiles of the co-fired sample are shown in Fig. 7(a). The 

patterns of pure BiMVO5 (M = Ca, Mg) are also given for comparison. Only peaks of Ag 

(JCPDS No. 89-3722) and BiMVO5 phases were observed, indicating that after cofiring 

BiMVO5 phase coexisted with silver electrodes, respectively. Backscattered electron image 

(BSE), energy-dispersive spectroscopy (EDS) analysis, and element mapping of the co-fired 

BiCaVO5 ceramic are shown in Fig. 7(b). Two distinct kinds of grains were detected in BSE 

image. The large grains marked with “+1” are rich in silver, which was further confirmed by 

the element mapping. In addition, to further confirm the thermal expansion matching and 

interdiffusion between BiMVO5 (M = Ca, Mg) ceramics sheet with Ag film, co-firing were 

conducted at 820 oC. As shown in Fig. 7, SEM micrographs and line scanning analysis on the 

fracture surface demonstrate distinct interfaces and no interdiffusion occurred between the 

layers of BiMVO5 and Ag electrode. This results also illustrate good chemical and sintering 

shrinkage compatibilities among the BiMVO5 matrix phases and Ag thick film, which is 

critical for the LTCC application. 

 

In summary, BiMVO5 (M = Ca, Mg) microwave dielectric ceramics were prepared at 

relatively low temperatures and their dielectric performances were characterized at 

microwave frequency band. Contrast to BiCaVO5 being readily formed, longer dwelling time 

were required to obtain single phase BiMgVO5, which were explained by their structural 
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difference being characterized by tetrahedral distortion. Their different dielectric properties 

were analyzed in terms of molecular polarizability, packing fraction. Besides, chemical 

compatibility with Ag electrode was verified based on XRD, SEM, EDS and elements 

mapping. This work shed lights on the exploitation of novel low-firing ceramics with 

promising microwave dielectric performances. 
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Table 1 Crystallographic data obtained from Rietveld refinement and the distortion of [VO4] 

tetrahedra for BiMVO5 (M = Ca, Mg)  

compositio
n 

Lattice parameters (Å) 

Rwp (%) Rp (%) X2 (%) [VO4] a b c 

BiCaVO5 11.202
2 

5.4283 15.5605 6.97 3.71 3.55 1.46 

BiMgVO5 7.5487
6 

11.6163
7 

5.30596 8.32 5.74 2.12 1.34 

 

 

 

 

Table 2 Microwave dielectric properties of (1-x)BiMVO5-xCaTiO3 (M = Ca, Mg) composite 

ceramic. 

composition x value S.T. (oC) r  Q×f (GHz) f 
(ppm/°C) 

BiCaVO5 

0 820 15.70 ± 0.1 55,000 ± 2000 -71 ± 2.1 
0.04 830 16.56 ± 0.1 49,850 ± 1500 -31 ± 1.5 
0.08 850 17.63 ± 0.1 43,600 ± 1800 +2 ± 0.5 
0.12 880 19.40 ± 0.1 38,100 ± 2000 +22 ± 2.5 

BiMgVO5 

0 820 18.50 ± 0.1 86,860 ± 1500 -65 ± 2.1 
0.03 840 19.15 ± 0.1 78,400 ± 1500 -38 ± 2.0 
0.06 860 20.89 ± 0.1 69,800 ± 1500 -3 ± 0.2 
0.09 880 22.05 ± 0.1 62,350 ± 1500 +11 ± 1.5 
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Figure Captions: 

Fig. 1 The XRD patterns of BiMVO5 (M = Ca, Mg): (a1): BiCaVO5 calcined at 750 oC for 4 

h, (a2) calcined at 750 and (a3) 900 oC for 4 h for BiMgVO5; (b): BiMgVO5 calcined at 

750 °C as the sintering time varied from 2 to 8 h. 

 

Fig. 2 The observed and calculated XRD patterns from Rietveld refinements and the crystal 

structure of BiMVO5 (M = Ca, Mg). 

 

Fig. 3 Raman spectrum of BiMVO5 (M = Ca, Mg) ceramics sintered at 820 °C and 800 °C, 

respectively. 

 

Fig. 4 The FE-SEM images of the BiMVO5 (M = Ca, Mg) ceramics at various conditions 

(a-e):760, 780, 800, 820, 850 °C for BiCaVO5, (f-j): 760, 780, 800, 820, 850 °C for 

BiMgVO5. 

 

Fig. 5 The bulk density, relative densities, packing fraction and the microwave dielectric 

properties (r, Q×f and f values) of the BiMVO5 (M = Ca, Mg) ceramics sintered at 

various temperature for 6 h. 
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Fig. 6 XRD patterns of the 0.92BiCaVO5-0.08CaTiO3 ceramic sintered at 850 oC, and the 

0.94BiMgVO5-0.06CaTiO3 ceramic sintered at 860 oC. 

 

Fig. 7 (a) Powder XRD patterns of the BiMVO5 (M = Ca, Mg) ceramics co-fired with 20 wt 

% Ag at 820 oC. SEM images and corresponding EDS analysis of fracture surface of 

BiMVO5 ceramic pellets co-fired with Ag electrode at 820 oC/2 h in air. (b) 

Backscattered electron image (BSE), energy-dispersive spectroscopy (EDS) analysis, 

and element mapping of the co-fired BiCaVO5 ceramic.  
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