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Abstract 

As one of the candidates of low-temperature cofired ceramics (LTCC), the sintering behavior, 

dielectric properties, and silver chemical compatibility of NaCaVO4 were studied. The bulk ceramic 

samples were densified well at a low sintering temperature of 720 oC with an optimal bulk density of 

2.87 g/cm3. Excellent microwave dielectric properties with a low relative permittivity r ~ 9.9, a high 

quality factor Qf ~ 31,600 GHz, and a temperature coefficient of resonance frequency f ~ -66.5 

ppm/oC were achieved at 11.5 GHz. The far infrared reflectivity spectra revealed the intrinsic dielectric 

properties (relative permittivity of 8.34 and dielectric loss of 2.710-4) are comparable to the measured 

values. The absence of chemical reaction between NaCaVO4 and silver at firing temperature, 

evidenced by X-ray diffraction and energy dispersive spectroscopy indicated the potential prospect for 

LTCC application. Furthermore, the very low density of NaCaVO4 opens up an avenue for its potential 

applications in light-weight devices. 
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1. Introduction 

Recent advances in the fifth generation (5G) mobile communication, internet of things (IoT) and 

wireless local area networks (WLAN) point towards the development of electronic terminals with 

specific focus on miniaturization, multifunctionality, and light-weight [1-3]. As permittivity is 

inversely related to device size, high-permittivity materials has been recognized as an effective method 

to realize miniaturization [1, 4]. However, such high-permittivity dielectrics usually exhibit high 

dielectric loss and inferior thermal stability resulting in loss/degradation of dielectric properties, 

keeping the potential options very limited [5, 6]. Low-temperature cofired ceramic (LTCC) is an 

alternative technology for device miniaturization due to its potential packaging of dielectrics with 

conductors and embedding passive components [7]. The most important requirement for dielectrics in 

LTCC is the suitable densification temperature and comparable chemical and thermal expansion 

characteristics with the electrode materials (e.g. silver). 

In the last decade, two main strategies have been proposed to explore low-firing ceramics:  

(i): Altering the synthesis and compositional parameters of well-developed materials (e.g. 

BaTi4O9, Ba2Ti9O20, and Mg5Nb4O15) with prominent dielectric performances such as: 

(a):by adding low-melting-point oxides or glasses, 

(b): chemical synthesis, or  

(c): applying ultrafine powders to effectively lower their sintering temperatures [8-10];  

or 

(ii): developing novel dielectrics that can be densified intrinsically at low temperatures without 

additional sintering aids[11, 12].  

The latter is a more desirable technique compared to the first one due to the simple processing 
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and comprehensive dielectric properties. The intensively explored low-sintering materials mainly 

include Li2O, Bi2O3, TeO2, MoO3, WO3, and V2O5 [13-19]. Recently, vanadates have attracted 

considerable attention for their potential applications in LTCC in consideration of their low molten 

point and outstanding microwave dielectric properties [20-24]. For example, Yao et. al reported that 

Ca5Mn4(VO4)6 ceramic sintered at 875 oC exhibited good microwave properties r ~ 11.2, Qf ~ 33,800 

GHz, and f ~ -70 ppm/°C [23]. Moreover, NaCa4V5O17 ceramic sintered at 840 °C has a high Qf ~ 

51,000 GHz but low r ~ 9.72 [24]. 

NaCaVO4 which is a double vanadate, adopts an orthorhombic structure with a space group Cmcm, 

isomorphous with Na2CrO4 [25]. Previous work of NaCaVO4 mainly focused on its luminescence 

properties, and it has been recognized as a promising host for rare-earth activators to enhance 

luminescence yield [26]. One of the most important characteristics of NaCaVO4 is the extremely low 

synthesis temperature which is around 700 oC [27] which ultimately predicts the optimal sintering 

temperature of NaCaVO4 to be low. Despite these properties, no attempts have been made to probe the 

dielectric properties of NaCaVO4 to the best of our knowledge. Therefore, in this work, dense 

NaCaVO4 ceramic was fabricated via simple oxide mixing route to develop novel low-firing 

microwave dielectric ceramics. The sintering behavior and structure stability were evaluated in a wide 

temperature range (640-740 oC) and dielectric properties at microwave frequency bands were 

characterized. 

2. Experimental procedure 

Synthesis: Polycrystalline NaCaVO4 ceramics were fabricated by a mixed oxide route using 

starting materials (all have purity > 99.9%, Guo-Yao Co. Ltd, China) of Na2CO3, CaCO3, and NH4VO3. 

The starting materials were weighed stoichiometrically and wet ball-milled for 4 h using zirconia balls. 
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The dried mixture was calcined at 600 oC for 4 h to obtain pure NaCaVO4 phase. Then the calcined 

powders were crushed and re-milled, followed by addition of PVA binders. Finally, the obtained 

powders were pressed into pellets and fired to 550 oC for 2 h to remove PVA, and then sintered in the 

temperature range from 660 to 740 oC for 6 h. 

Characterization: X-ray diffractometer (CuKα1, 1.54059 Å, Model X’Pert PRO, PANalytical, 

Almelo, Holland) was employed to identify the crystal structure of the calcined powders and bulk 

ceramics. The bulk density was evaluated via Archimede’s method. The surfaces of bulk ceramic 

samples were initially polished and thermally etched at lower than their optimal sintering temperature 

for 30 min. The microstructures were observed using a scanning electron microscope (Model 

JSM6380-LV SEM, JEOL, Tokyo, Japan), while Oxford X-Max microanalysis system (EDX) was 

used for elemental analysis. The room-temperature infrared reflectivity spectra were measured by a 

Bruker IFS 66v FT-IR spectrometer (Bruker Optics, Ettlingen, Germany). The relative permittivity and 

quality factor at microwave frequency bands were measured based on the Hakki and Coleman method 

[28] using a network analyzer (Model N5230A, Agilent Co., Palo Alto, Canada). The thermal shift (τf) 

of the resonance frequency was monitored in the temperature range of T1 (25 oC) to T2 (85 oC) inside 

a temperature chamber (Delta 9039, Delta Design, San Diego, CA), and calculated by Eq. (1): 

2 1

1 2 1

=
( )

f

f f

f T T





       (1) 

where f1 and f2 are the corresponding resonance frequency at T1 and T2, respectively. 

3. Results and discussion 

To get a clear perspective of the chemical reactions and their temperatures of the starting materials, 

thermal analysis through thermo-gravimetry (TG) and differential scanning calorimetry (DSC) was 

conducted on initially mixed raw materials. A total mass loss of ~ 23.3% is detected based on the TG 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 

curve as shown in Figure 1a. The mass loss occurred at two different temperature, a mass loss of 6.74% 

occurred at a lower temperature range (< 400 oC), while a more pronounced mass loss (16.5%) took 

place in the temperature of 400 oC to 600 oC accompanied by a broad exothermic peak (~ 450 oC) in 

the DSC curve. Previous work demonstrates NH4VO3 gradually decomposes into NH3, H2O, and V2O5 

at nearly 370 oC [24]. The theoretical thermal decomposition mass loss of NH4VO3 was nearly 9.62% 

in the present system, which is much higher than the measured value (6.74%), suggesting that NH4VO3 

does not decompose completely. According to the chemical reaction [2NH4VO3 + Na2CO3 + 2CaCO3 

= 2NaCaVO4 + 2NH3 (↑) + H2O (↑) + CO2 (↑)], the theoretical mass loss was calculated to be 17.8% 

in total, which is lower than the measured value (~ 23.3%). Thus, it is concluded that the volatilization 

of absorbed moisture during mixing and the partial decomposition of NH4VO3 was responsible for the 

first-step mass loss (below 400 oC), while the subsequent more pronounced mass loss (in the 

temperature of 400 oC to 600 oC) was caused by the decomposition of NH4VO3 and carbonates. 

Moreover, DSC curve exhibited an exothermic peak at 450 oC revealed the chemical reaction to form 

the NaCaVO4 phase. 

To identify the phase structure and stability, the room-temperature XRD patterns were recorded 

on the calcined powders at selected temperatures (660 - 740 oC for 6 h) as shown in Figure 1b. By 

indexing with the standard JCPDS No. 75-2310, an orthorhombic structure with a space group Cmcm 

was confirmed. Over the whole temperature range, no obvious difference in the XRD patterns was 

found, indicating the thermal stability of the phase structure. 

The Rietveld refinement was performed on the NaCaVO4 powder sintered at 700 oC using 

Fullprof software to understand the fine structure of NaCaVO4. The fitting R factors were Rwp = 11.93%, 

Rp = 10.02% respectively and indicated that the refinement results were reliable as shown in Figure 1c. 
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The lattice parameters were calculated to be a = 5.8690(1) Å, b = 9.2999(3) Å, c = 7.1561(3) Å, while 

volume of the cell (V) was calculated to be 390.5926(5) Å3, respectively. A schematic of the NaCaVO4 

structure is presented in the inset of Figure 1d. Ca can be seen located at the center of oxygen 

octahedron (Wyckoff position: 4b) while both Na and V atoms are located at the center of oxygen 

tetrahedron (Wyckoff position 4c). The neighboring Ca octahedron are connected through sharing 

edges to form the layers parallel to the (001) plane. Both NaO4 and VO4 tetrahedra are linked to CaO6 

octahedron through corner-linking. Two sets of bond lengths for Na-O in NaO4 tetrahedra and V-O in 

VO4 tetrahedra were calculated, Na-O bond-lengths were 2.4738 Å and 2.3166 Å, while for V-O, the 

bond lengths were 1.6003 Å and 1.7341 Å respectively. Moreoever, the distortion degree of the 

tetrahedra can be estimated via the equation [29]: 

Polyhedron distortion = 
(𝑙𝑎𝑟𝑔𝑒𝑠𝑡−𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡) 𝑀−𝑂𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑀−𝑂𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
       (2) 

where M denotes the cations in a polyhedron and O denotes the bonded oxygen in the same polyhedron. 

The calculated distortion degree was ~ 6.56% and ~ 2.55% for NaO4 and VO4, respectively. The 

distortion difference is related to the different ionic radius and electrovalence for Na+ (0.99 Å, C.N. = 

4) and V5+ (0.355 Å, C.N. = 4). It is speculated that such an off-center location for Na and V in 

tetrahedra will enhance the local polarization and consequently will improve the dielectric properties. 

It is well accepted that the electrical properties of microwave ceramics critically depend on several 

parameters, especially, the optimum dielectric performances are generally observed in ceramics 

exhibiting the highest density (compared to theoretical density of the bulk ceramic) [230, 31]. Thus, 

the sintering behavior of the NaCaVO4 ceramics was studied in terms of microstructural and density 

variation as a result of different sintering temperature. As demonstrated in Figure 2 (a-e), the porosity 

of the ceramics reduced along with visible grain growth with the increasing sintering temperature. A 
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relatively dense microstructure with closely packed grains could be obtained for a sintering 

temperature of 720 oC. The variation in bulk and relative densities as functions of sintering temperature 

are shown in Figure 2f. The sample sintered at 660 ºC showed a porous microstructure. The bulk 

density of the sample was 2.68 g/cm3, which is only 88.4% of the theoretical value (3.03 g/cm3). As 

the sintering temperature increased, the density gradually increased to a maximum value of 2.87 g/cm3 

(~ 94.6% for relative density). These results clearly point towards and additional benefit of NaCaVO4 

compared to most commercial microwave ceramics in terms of the density. The density of present 

NaCaVO4 ceramics is nearly half of the commercially known microwave ceramics, which makes 

NaCaVO4 superior in light-weight devices. 

The variations in microwave dielectric properties (r, Qf, and f) as a function of sintering 

temperature are shown in Figure 3. An obvious correlation between relative permittivity and sintering 

temperature could be seen. The relative permittivity increased initially followed by a decrease, yielding 

the maximum value of 9.9 at 720 oC. A similar variation was also seen for the quality factor. The 

maximum value of 31,600 GHz corresponds to a sintering temperature of 720 oC. As a result, the 

densest sample of all possessed the optimal relative permittivity and quality factor, which is consistent 

with the previous work [11]. Such correlation for r and Qf on density revealed the predominant 

effects of bulk density on dielectric behavior. Figure 3a also shows the porosity corrected relative 

permittivity (corr) calculated through the Bosman and Having’s equation [corr = r (1 + 1.5p) where p 

is the fractional porosity] [32]. The calculated corr values were slightly higher than the measured values, 

further confirming the significant influence of density on dielectric properties. Besides, it should be 

noted a large deviation (Δ = 25%) between the calculated relative permittivity of NaCaVO4 by the 

Clausius-Mossotti theory [33] (r = 7.45) and the measured value (r = 9.9). Such deviation is the result 
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of contribution of the off-center ions in NaO4 and VO4 tetrahedra to the local polarization (6.56%), 

which is consistent with Shannons theory [33]. On the contrary, the f value of NaCaVO4 exhibited a 

weak dependence on the sintering temperature and fluctuated around -60 ppm/ºC. the f value is 

sensitive to phase transition and coexistence phases [24]. The fact that no phase transition or the second 

phase emerged over the temperature range (660-740 ºC) accounts for the weak dependence of the . 

The infrared reflection spectra (IR) are mainly caused by the absorption of the polar lattice 

vibration and can be used to study the intrinsic microwave dielectric properties. As shown in Figure 4, 

the infrared reflectivity spectra of NaCaVO4 ceramic is shown. Based on the classical oscillator model, 

the infrared reflectivity R() can be obtained from the complex dielectric function *() which can be 

calculated from the following equations [34, 35]: 

2

( ) 1

( ) 1
R( )ω





 

 




                                     (3) 

2 2

2 2 2 2 2 2 2 2 2 2
1 1

( )
( )

( ) ( )

( ) ( )

n n
j j j j

j jj j

S S
i

          i





  
  

       

   

 


  

   

   

 
     (4) 

n

4
1

tan = =
( )

j j

j j

S 


   



 
                                  (5) 

where n represents the order of transverse polar-phonon modes; j, Sj, and j is the frequency, strength, 

and damping constant of the j-th mode; and  is the relative permittivity caused by electronic 

polarization. 

According to the factor group analysis of orthorhombic structure with a space group Cmcm, the 

IR active mode of NaCaVO4 has been confirmed to be 6B1u+7B2u+5B3u [36]. As shown in Table 1, 14 

IR active modes were adopted to fit the IR reflectivity spectra. Figure 4a shows the measured and 

calculated IR spectra and Figure 4b shows the real and imaginary parts of the complex responses 
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obtained from the fitting of the IR reflectivity spectra. The calculated permittivity and dielectric loss 

at the microwave range were 8.34 and 2.710-4, 42,500 GHz, respectively. The measured permittivity 

(9.9) was slightly higher than the calculated value which could be attribute to the higher frequencies 

at IR spectra compared to the microwave range. The extrinsic dielectric contributions were gradually 

withdrawn with the increasing frequency. However, the calculated dielectric loss had the same order 

of magnitude as the measured one, indicating that the absorptions of structural phonon oscillation at 

the infrared were dominated by the dielectric loss at the microwave range. 

For LTCC processing, dielectric ceramic layers and metallic electrode layers such as silver were 

stacked alternatively. The outstanding chemical compatibility of ceramic with electrode (silver in this 

case) is essential, especially, when they were cofired at elevated temperatures [7, 39, 40]. Figure 5a 

shows the X-ray diffraction patterns of the cofired NaCaVO4 ceramic with 20 wt.% Ag at 720 oC. 

Comparing with the standard PDF card for NaCaVO4 (No. 75-2310) and silver (No. 87-0719), no 

additional XRD peaks could be observed. It suggests that no chemical reaction between NaCaVO4 and 

silver took place during cofiring. Backscattered electron image (BSEM) provided another evidence for 

chemical compatibility between them in Figure 5b. It demonstrated a clear separation of silver grains 

(the big gray ones, as confirmed by the EDS) from the ceramic matrix. The prominent chemical 

compatibility with the silver electrode implies NaCaVO4 a promising candidate for LTCC. 

Table 2 lists sintering temperature and microwave dielectric properties of several vanadates [12, 

24, 37, 38]. All vanadates have relatively low sintering temperature (< 960 oC) and chemical 

compatibility with silver, suggesting their promising prospect in LTCC technology. Amongst them, 

the Bi-containing compounds having high or moderate relative permittivity are related to their lone 

pair electron feature. In contrast, low permittivity was achieved in the sample composed of rich alkali 
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metals with particular interest in Na-based vanadates that showed the lowest density (e.g. 2.87 g/cm3 

for NaCaVO4) compared to commercially known microwave ceramics. 

Conclusions 

The low-density NaCaVO4 ceramic was fabricated by a simple mixing oxide route at low 

temperatures. Thermal analysis reveals the phase formation of NaCaVO4 at a very low temperature of 

~ 450 oC, and exhibited thermal phase stability within a temperature span of 640-740 oC. The Rietveld 

refinement confirmed that NaCaVO4 adopted an orthorhombic structure with a space group Cmcm. 

The sintering behavior and dielectric performances were optimized based on their variation in sintering 

temperatures. The ceramic sintered at 720 oC possessed a bulk density of 2.87 g/cm3 and enhanced 

microwave dielectric properties r ~ 9.9, Qf ~ 31,600 GHz, and f ~ -60 ppm/oC,316,00 GHz. Besides, 

far-infrared spectra analysis reveal the optimum quality factor of NaCaVO4 cramics with 42,500 GHz 

and offer the possibility to further improve their dielectric properties. NaCaVO4 showed no chemical 

reaction with silver for cofiring at 720 oC. As a result, the lightweight, low sintering temperature, 

comparable dielectric properties, and chemical compatibility with silver electrodes indicated the 

potential application of NaCaVO4 in LTCC technology. 
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Table 1 Phonon parameters obtained from the fitting of the infrared reflectivity spectra of NaCaVO4 ceramic 

Mode oj (cm-1) pj (cm-1) j (cm-1) j 

1 85.88 123.68 2.07 0.335 

2 125.49 31.765 0.6641 0.0315 

3 193.53 129.27 0.446 0.106 

4 242.37 240.07 0.981 0.0885 

5 271.76 243.46 0.803 0.198 

6 335.92 81.057 0.582 0.0631 

7 397.05 135.95 0.717 0.0785 

8 546.51 138.62 0.0643 0.21 

9 655.37 196.08 0.0895 0.232 

10 768.27 448.51 0.341 0.106 

11 858.81 99.841 0.0135 0.0368 

12 883.95 155.68 0.031 0.0369 

13 902.98 146.08 0.0262 0.0285 

14 917.32 95.998 0.011 0.0234 

NaCaVO4              = 1.52        r = 8.34 

 

Table 2 Sintering temperature, dielectric properties, and chemical reaction with electrodes of some low-firing 

vanadates in different structures 

Phase 
S.T 

(ºC) 

Density 

(g/cm3) 
r Qf (GHz) f (ppm/ºC) electrode Reference 

SrMgV2O7 780 3.48 16 21,300 -70 Ag [14] 

NaCa4V5O17 840 3.03 9.72 51,000 -84 Ag [24] 

BiCaVO5 820 5.33 15.7 55,000 -71 Ag [37] 

BiMgVO5 820 5.45 18.55 86,860 -65 Ag [37] 

AgCa2Mg2V3O12 750 3.96 23.3 26,900 19.3 Ag [38] 

AgCa2Zn2V3O12 750 4.49 26.4 28,400 -18.4 Ag [38] 

NaCaVO4 720 2.87 9.9 31,600 -66.5 Ag This work 
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Figure captions: 

Figure 1 (a) DSC and TG curves of the raw mixed powders (unfired); (b) X-ray diffraction profiles 

recorded on the calcined powders at selected temperatures from 640 to 720 oC; (c) Rietveld refinement 

on the powder XRD data using Fullprof software; (d) the crystal structure schematic of NaCaVO4; 

Figure 2 SEM images of the thermally etched surfaces of the ceramics sintered at (a) 660 oC, (b) 680 

oC, (c) 700 oC, (d) 720 oC, (e) 740 oC; (f) the bulk density and relative density sintered at various 

temperatures; 

Figure 3 Microwave dielectric properties (r, Q×f, and f) of NaCaVO4 ceramics sintered at various 

temperatures from 660 to 740 oC; 

Figure 4 (a) The measured and calculated infrared spectra and (b) the real and imaginary parts of the 

complex responses obtained from the fitting of the IR reflectivity spectra; 

Figure 5 (a) XRD and (b) SEM micrograph of NaCaVO4 cofired with the silver electrode at 720 °C 

(EDS analysis of Ag is shown in the inset). 
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Figure 2  
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Figure 3
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Figure 4  
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Figure 5 
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