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Abstract 

In the present work, a novel series of water insoluble ultra-low temperature firing 

(Na,Ag)2MoO4 microwave dielectric were prepared via the traditional solid state 

reaction method. A spinel structured solid solution was formed in the full composition 

range in the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2). As x increased from 0 to 2.0, cell volume 

decreased linearly from 9.32 Å to 9.10 Å. Sintering behavior were described using a 

so-called ‘bowing’ effect and densification was achieved below 420 oC for 0.5 ≤ x ≤ 

1.2 with grain size, 1 to 5 μm. Optimum microwave dielectric properties were 

obtained for (Na1.2Ag0.8)MoO4 ceramics sintered at 410 oC with a permittivity ~ 8.1, a 

microwave quality factor ~ 44,800 GHz and the temperature coefficient of the 

resonant frequency ~ − 82 ppm/oC at 13.9 GHz. Silver within the solid solution 
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inhibited hydrolyzation of ceramics and also reduced their sintering temperature. 

Compared with the sintering temperatures of traditional microwave dielectric ceramic 

(Al2O3, > 1400 oC) and normal low temperature co-fired ceramics (< 960 oC), this 

system will save lots of energy during processing and accelerate developments of 

sustainable electronic materials and devices. 

I. Introduction 

Microwave dielectric ceramics play an important role in modern communication 

devices with research dominated by the need for i), low loss (high quality value, Qf) 

materials with low permittivity (εr < 5) ii), ceramics with large εr (>150); iii), ultra 

high Qf materials (> 100,000 GHz) iv), lower cost materials fabricated from 

sustainable oxides resources and v), low sintering temperature ceramics, chemically 

compatible with low cost metal electrodes.1-5 

To meet the requirement of miniaturization, integration, and reliability, low 

temperature co-fired ceramic technology (LTCC) plays an important role in 

fabrication of modern microwave devices. LTCC technology is defined as the 

co-firing dielectric and internal electrode layers.3,6 LTCC technology requires 

microwave dielectric ceramics with lower sintering temperature than the melting point 

of metal electrode, such as 961 oC for silver and 660 oC for aluminum, along with 

chemical compatibility. Most traditional microwave dielectric ceramics have sintering 

temperature > 961 oC and thus require sintering aids, such as glasses and low melting 

point oxides to reduce processing temperatures but this is usually associated with 

deterioration of Qf.7-9 

In recent years, so-called ultra-low temperature co-fired ceramic technology 

(ULTCC) has attracted much attention. In ULTCC, microwave dielectric ceramics 

can be densified without sintering aids since they are fabricated from intrinsically low 



melting point oxides.10-14 A series of ULTCCs have been explored in Mo-rich, Bi-rich, 

Te-rich, B-rich, Li-rich, and V-rich systems, such as BaTe4O9 sintered at 550 oC with 

εr ~ 17.5, Qf value ~ 54,700 GHz and temperature coefficient of frequency (TCF) ~ − 

90 ppm/oC,10 Bi2Mo2O9 sintered at 620 oC with εr ~ 38, Qf value ~ 12,500 GHz and 

TCF ~ + 31 ppm/oC,11 (Li,Bi)(Mo,V)O4 with εr > 75, Qf value > 8,000 GHz.12 Such 

low sintering temperatures make it possible to employ Al in the multi-layer co-fired 

fabrication method. A prototype multilayer capacitor with five active layers sintered 

at 640 oC using Bi2Mo2O9 as the dielectric and Al as an electrode layer was reported 

in our previous work.15 In the last decade, many MoO3 based microwave dielectric 

ceramics have been explored due to their low melting point, ~ 795oC. However, the 

MoO3 is water soluble and molybdate-based microwave dielectric ceramics can suffer 

from surface degradation due to reaction with atmospheric moisture. Examples of 

water soluble molybdate ceramics include, Li2O-MoO3, Na2O-MoO3 and K2O-MoO3 

etc.16-18 Li2MoO4 was first reported16 as a microwave dielectric ceramic with a εr ~ 5.5, 

Qf value ~ 46,000 GHz, TCF ~ − 160 ppm/oC, and a low sintering temperature ~ 

540oC. Subsequently, Kähari et al.[19] reported that dense ceramics can be obtained by 

moistening Li2MoO4 powders at 120 oC and a pressure of 130 MPa due to 

re-crystallization during the volatilization of water, which can be represented as a 

pressure-mediated hydrothermal method. Li2MoO4 may also be used to fabricate 

dense composite ceramics, such as Li2MoO4-TiO2, Li2MoO4-BaTiO3 as well as 

organic-inorganic composites at < 150 oC.20-22 It is evident that water soluble 

microwave dielectric materials may play an important role in the novel low 

temperature fabrication of electronic materials but for high Qf applications whose 

surfaces are exposed to ambient, water solubility is detrimental in achieving extended 

lifetimes. In previous work, Bi2O3, Ag2O and ZnO effectively suppressed the 



hygroscopicity of molybdates, such as Bi2Mo2O9, Ag2MoO4 and Li2Zn2Mo3O12
5,11,23 

Water insoluble microwave dielectric ceramics are essential for industry since they 

can be easily manufactured by using traditional solid state reaction method and with 

device geometries optimized through tape-casting and screen printing. In 2014, novel 

spinel structured water insoluble NaAgMoO4 compound was reported with฀ εr ~ 7.9, 

Qf ~ 33,000 GHz and TCF ~ − 120 ppm/oC and sintered at 400 oC which is the lowest 

conventional sintering temperature yet reported for ULTCC.14 

Generally, ULTCCs occur in low eutectic point oxides. NaAgMoO4 is spinel 

structured with general formula A2BO4, in which oxygen ions form a cubic 

close-packed array with 8 out of 64 tetrahedra (Td) and 16 out of 32 octahedra (Oh) 

occupied within the structure.24,25 Spinel structure is ubiquitous, highly adaptive and a 

number of spinel structured materials have been widely studied due to their 

magnetic,26 dielectric27 and semi-conducting properties.28 Besides NaAgMoO4, 

Ag2MoO4 and Na2MoO4 are also spinel structured23,29,30 In general, Ag-based oxides 

are insoluble with respect to Li, Na and K counterparts.31,32 Hence compositions in the 

solid solution (Na,Ag)2MoO4 look attractive to avoid reaction with ambient moisture. 

Moreover, modifying the Na:Ag ratio may tune TCF closer to zero. Hence, this solid 

solution is considered ideal to potentially synthesize temperature-stable ULTCC 

compositions suitable for MW applications. 

II. Experimental 

Reagent-grade Na2CO3, Ag2CO3, and MoO3 (>99%, Fuchen Chemical Reagents, 

Tianjin, China) were weighed according to the stoichiometric formulation 

(NaxAg2-x)MoO4 (x=0, 0.5, 1.0, 1.2, 1.5, 1.8, 2.0). Powders were mixed and milled for 

4 h using a planetary mill. The powder mixture was then dried and calcined at 350 ~ 

550 oC for 4 h. The calcined powders were ball milled for 4.5 h to obtain fine powders. 



and pressed into cylinders (10 mm in diameter and 4 ~ 5 mm in height) at 100 MPa. 

Samples were sintered 2 h at 380 oC to 620 oC. Room temperature X-ray diffraction 

(XRD) was performed using with CuKα radiation (Rigaku D/MAX-2400 X-ray 

diffractometry, Tokyo, Japan) form 10-80 o 2θ at a step size of 0.02 o. The results were 

analyzed by the Rietveld profile refinement method, using FULLPROF program. 

As-fired and fractured surfaces were observed by using a scanning electron 

microscopy (SEM, FEI, Quanta 250 F). Dielectric properties at microwave frequency 

were measured with the TE01δ dielectric resonator method with a network analyzer 

(HP 8720 Network Analyzer, Hewlett-Packard) and a temperature chamber (Delta 

9023, Delta Design, Poway, CA). The temperature coefficient of resonant frequency 

TCF (f) was calculated with the following formula:  
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where fT and fT0 are the TE01δ  resonant frequencies at temperature T and T0, 

respectively. 

III. Results and discussions 

X-ray diffraction patterns of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics sintered at 

optimal temperatures are presented in Figure 1a. All compositions crystallized in the 

spinel structure with no second phase peaks apparent in the spectra, suggesting that 

the spinel structure is stable for the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2). With increased Na 

concentration, the relative intensity of the (111) and (220) peaks increased 

accompanied by a decrease in (222) and (440). Refinements were performed on the 

(Na1.2Ag0.8)MoO4 and (Na1.8Ag0.2)MoO4 samples using Fullprof software based on 

the XRD data. As shown in Figure 1b and 1c, the refined cell parameters are a = b = c 

= 9.202 (0) Å and 9.133 (5) Å for the (Na1.2Ag0.8)MoO4 (Rp = 11.9 %, Rwp = 14.3 %, 



and Rexp = 7.07 %) and (Na1.8Ag0.2)MoO4 (Rp = 8.32 %, Rwp = 10.5 %, and Rexp = 

5.91 %), respectively, each arising from a face centered cubic structure with space 

group Fd-3m, based on the model (ICSD #159740) reported by Bouhemadou et al.33 

All cell parameters are listed in Table I and II and a schematic crystal structure of the 

(NaxAg2-x)MoO4 (0 ≤ x ≤ 2) sample is presented in the insert of Figure 1e.34  Na and 

Ag cations are randomly arranged in the CN6, octahedra, whereas the Mo cations are 

tetrahedrally (CN4) coordinated. Cell parameters of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) 

ceramics as a function of x value are shown in Figure 1f which decrease almost 

linearly with the increase of x in accordance with Vegard’s law which may be 

explained by the larger ionic radius of Ag+ (1.15Å) with respect to Na+(1.02 Å) in 

CN6.35 For the (Na1.2Ag0.8)MoO4 co-fired samples with both silver and aluminum, 

only peaks of the spinel phase and respective metals are observed with no additional 

peaks in the XRD traces, implying that (Na1.2Ag0.8)MoO4 material did not react with 

either Ag or Al at 410oC. 

SEM images of as-fired and fractured surfaces of the (Na1.2Ag0.8)MoO4 ceramic 

sintered 410 oC are shown in Figure 2a. A dense and homogeneous microstructure is 

observed in the (Na1.2Ag0.8)MoO4 ceramic sintered at 410 oC with grain size 1 ~ 5 μm, 

similar to (NaAg)MoO4 and smaller than that of pure Ag2MoO4.
14,23 The densification 

temperature and relative densities (theoretical density was obtained from cell 

parameters shown in Figure 1; bulk densities for x < 1.5 were obtained using 

Archimedes’ method and for x ≥ 1.5 sample simply using mass / volume) of the 

(NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics as a function of x are shown in Figure 2b. 

Sintering temperatures of the two end members, Ag2MoO4 and Na2MoO4, are 450 oC 

and 620 oC, respectively.17,23 The sintering temperature did not change linearly but 

went through a minimum of 400 oC at x = 0.1, behavior previously observed in solid 



solutions such as Bi(Sb1-xTax)O4 and (Ag,Bi)(Mo,V)O4.
36,37 This ‘bow-shaped’ 

behavior extends even to, for example, calculation of the band gap in ZnO–CrO, 

III–V compounds,38, 39 and is described by the following second order equation: 

)5.01(..)5.01(..5.0).(. )()( 4242
xbxTSxTxSxTS MoOAgMoONa         (2) 

where S.T.(Na2MoO4) and S.T.(Ag2MoO4) correspond to sintering temperatures of the end 

member Na2MoO4 and Ag2MoO4, respectively. The parameter b is the bowing 

parameter which is influenced by a number of different crystal chemical factors such 

as the difference in ionic radius and electronegativity. When fitted to Eq. (2), the 

observed nonlinearity in sintering temperatures of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) 

ceramics yielding a bowing parameter, b = 248.6 oC. 

The spinel structure primitive cell contains two Ag2MoO4 units that provide a total 

of 42 vibrational degrees of freedom. Group theoretical considerations give rise to 

five Raman-active modes:40-43 

Γ = A1g + Eg + 3F2g               (3) 

As shown in Figure 3a, the A1g mode at ~ 890 cm−1 corresponds to the Mo−O bond 

symmetric stretching vibration of the MoO4 unit, whereas the T2g mode at 780 cm−1 

represents asymmetric stretching. The F2g mode found at 370 cm−1 corresponds to the 

asymmetric bending mode of the MoO4 units. The Eg mode at 279 cm−1 corresponds 

to a twofold degenerate Eg symmetric bending mode of the MoO4 units. As reported 

in the literature, there should be another F2g mode at about 100 cm-1, which 

corresponds to triply degenerate F2g associated with translations of the MoO4units (or 

Ag cations). Due to the measurement limit, this mode was not obtained here. 

Wavenumbers of the stretching and bending modes of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) 

ceramics as a function of x are presented in Figure 3b. All the modes were 

blue-shifted as a function of x. Hardcastle and Wachs44 gave a empirical relation 



between Raman stretching frequencies of molybdenum-oxygen bonds and their 

respective bond distances in molybdenum oxide compounds in 1990 as following: 

ν(cm-1)= 32895 × exp(−2.073R)            (4) 

where ν is the Raman shift and R is the Mo-O bond distance. The calculated Mo-O 

bond length lies between 1.741 ~ 1.749 Å as shown in Figure 3b. The Mo-O bond 

length decreased linearly with x in (NaxAg2-x)MoO4, corresponding well with the 

XRD analysis discussed above. 

Microwave dielectric ɛr, Qf and TCF of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics 

as a function of x are shown in Figure 4. Microwave dielectric properties as a function 

of sintering temperature were not shown for clarity and the densification temperatures 

were obtained from both density and permittivity as a function of sintering 

temperature. ɛr is stable at ~ 8 for 0 ≤ x ≤ 1.2 but then decreases to ~ 5 for 1.5 ≤ x ≤ 

2.0. The ionic polarizability of Na+ is reported by Shannon to be 1.80 Å3, whilst that 

of Ag+ was calculated as 2.25 Å3 in previous work.14,45 Microwave ɛr is determined by 

photon absorption and far-infrared region of the EM spectrum and only ionic and 

electron displacive polarization contributes. Typically, microwave ɛr changes linearly 

in solid solution materials as described by Shannon’s additive rule but the sudden 

drop between 1.2 ≤ x ≤ 1.5 does not follow the predicted trend. The polarizability of 

Mo6+ is ~ 3.28 Å3,46,47 larger than those of Na+ and Ag+. Therefore it is Mo6+ ion 

within the MoO4 tetrahedron which contributes primarily to ɛr in the (NaxAg2-x)MoO4 

(0 ≤ x ≤ 2) system. As discussed previously, the smaller ionic radius of Na+ with 

respect to Ag+ decreases the dimensions of the [Na,Ag]O6 octahedra, resulting in a 

linear decrease in cell volume with MoO4 tetrahedra forced to accommodate the 

decreasing cell volume. The effective polarizability of Mo6+ ion is thus reduced as the 



Mo-O bond length shrinks. Although this simple concept explains the decrease in ɛr, it 

does not explain the non-linear trend and this phenomena requires further study. 

Qf values of this system increased from below 20,000 GHz to above 40,000 GHz as 

x increased from 0 to above 1.2, concomitant with a shift in TCF  from ~ – 140 

ppm/oC at x = 0 to ~ – 60 ppm/oC at x = 2.0. The best microwave dielectric properties 

were obtained for the (Na1.2Ag0.8)MoO4 ceramic sintered 410 oC with a ɛr ~ 8.1, Qf 

value = 44,800 GHz and TCF = − 82 ppm/oC at 13.9 GHz. Comparison of its 

microwave dielectric properties with other systems with a permittivity ~ 8 from 

literatures are presented in Table 3.5,14,16,23,48 Moreover, the substitution of Ag up to 

10 mol. % for Na (x=1.8), effectively suppresses hydrolyzation which, in combination 

with the chemical compatibility of these ceramics with Al and Ag electrodes, suggests 

that they have potential for exploitation in ULTCC technology.  

IV. Conclusions 

In summary, a spinel structured solid solution was formed in the (NaxAg2-x)MoO4 (0 ≤ 

x ≤ 2) ceramics prepared via solid state reaction method. The cell volume and Mo-O 

bond length both decreased with x. Within the composition range 0.5 ≤ x ≤ 1.2, 

ceramics densified below 420 oC with microwave ɛr ~ 8, 30,000 < Qf < 44,800 GHz 

and values between – 120 ≤ TCF ≤ − 82 ppm/oC. Combined with our previous study 

illustrating the chemically compatible with silver and aluminum electrodes, these 

compositions have the potential to play an important role in ULTCC technology. 
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Table 1 Refined atomic fractional coordinates from XRD data for the 

(Na1.2Ag0.8)MoO4 sampleand the lattice parameters at room temperature are a = b = c 

= 9.202 (0) Å. The space group is Fd-3m (227). 

Atom Site Occ. x y z Biso 

Mo 8a 0.04167 0.12500 0.12500 0.12500 0.67564 

Na 16d 0.05000 0.50000 0.50000 0.50000 1.15366 

Ag 16d 0.03333 0.50000 0.50000 0.50000 1.15366 

O 32e 0.16667 0.23460 0.23460 0.23460 0.76760 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2 Refined atomic fractional coordinates from XRD data for the 

(Na1.8Ag0.2)MoO4 sampleand the lattice parameters at room temperature are a = b = c 

= 9.133 (5) Å. The space group is Fd-3m (227). 

Atom Site Occ. x y z Biso 

Mo 8a 0.04167 0.12500 0.12500 0.12500 0.32704 

Na 16d 0.07500 0.50000 0.50000 0.50000 0.78023 

Ag 16d 0.00833 0.50000 0.50000 0.50000 0.78023 

O 32e 0.16667 0.23460 0.23460 0.23460 0.59198 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 Comparison of microwave dielectric properties of ULTCCs with a 

permittivity ~ 8 

Composition Phase S.T. 

(oC) 

εr Qf 

(GHz) 

TCF 

(ppm/oC) 

Ref. 

NaAgMoO4 spinel 400 7.9 33,000 −120 14 

Li2O-B2O3-SiO2-Al2O3-CaO composite 550 8.0 2,400 −48 48 

Ag2MoO4 spinel 450 8.1 17,000 −133 23 

(Na1.2Ag0.8)MoO4 spinel 410 8.1 44,800 −82 this work 

Li2Ca2Mo3O12 composite 630 8.5 108,000 −89 5 

Li2Mo4O13 Anorthic 520 8.8 7,700 −66 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure Captions 

Fig. 1 X-ray diffraction patterns of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics sintered 

at optimal temperatures (a), the experimental (circles) and calculated (line) X-ray 

powder diffraction profiles of the (Na1.2Ag0.8)MoO4 ceramic sintered at 410 oC for 2 h 

(Rp = 11.9 %, Rwp = 14.3 %, Rexp = 7.07 %) (b), the (Na1.8Ag0.2)MoO4 ceramic sintered 

at 470 oC (c) for 2 h (Rp = 8.32 %, Rwp=10.5 %, Rexp = 5.91 %, the short vertical lines 

below the patterns mark the positions of Bragg reflections. The bottom continuous 

line is the difference between the observed and the calculated intensity), XRD 

patterns of the (Na1.2Ag0.8)MoO4 co-fired samples with 30 wt. % Ag and 30 wt. % Al 

at 410 oC for 2 h (d), and schematic crystal structure of the (NaxAg2-x)MoO4 ceramic 

(e). 

Fig. 2 SEM images of as-fired and fractured surfaces of the (Na1.2Ag0.8)MoO4 

ceramic sintered 410 oC (a) and densification temperatures of the (NaxAg2-x)MoO4 

ceramics as a function of x with relative density marked (b). 

Fig. 3 Raman spectra of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics (a) and mode shift 

as a function of x (b). 

Fig. 4 Microwave dielectric permittivity, Qf value and TCF value of the 

(NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics as a function of x. 
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Fig. 2 SEM images of as-fired and fractured surfaces of the (Na1.2Ag0.8)MoO4 

ceramic sintered 410 oC (a) and densification temperatures of the (NaxAg2-x)MoO4 

ceramics as a function of x with relative density marked (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 3 Raman spectra of the (NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics (a) and mode shift 

as a function of x (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4 Microwave dielectric permittivity, Qf value and TCF value of the 

(NaxAg2-x)MoO4 (0 ≤ x ≤ 2) ceramics as a function of x. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



A table of contents entry 

A novel series of spinel structured ultra-low temperature co-fired microwave 

dielectric (Na,Ag)MoO4 ceramics were studied in detail. The (Na1.2Ag0.8)MoO4 

ceramic can be well sintered at 410 oC with a permittivity ~ 8.1, a quality factor (Qf) 

~ 44,800 GHz and grain size 1 ~ 5 μm. 

  

 

 


