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Abstract 

Na5Y(MoO4)4 and Na5Yb(MoO4)4 ceramics are prepared by solid state ceramic route 

and  structural characterization has been done using powder X-ray diffraction and Laser 

Raman spectroscopy techniques. The presence of MoO4
2- units in the crystal structure is 

confirmed from Raman spectra. The scanning electron micrographs of the sintered 

ceramic samples show dense microstructure. Na5Y(MoO4)4  ceramics exhibited a 

maximum sintered density of 3.6 g/cm3  at 600°C  with a  dielectric constant of  7.8, 

quality factor (Q × f) of 56,800 GHz, and temperature coefficient of resonant frequency 

(τf) of -83 ppm/°C, whereas Na5Yb(MoO4)4  ceramics showed a maximum sintered 

density of 3.9 g/cm3  at 570°C  with a dielectric constant of 6.9, quality factor (Q × f) of 

43,400 GHz, and temperature coefficient of resonant frequency (τf) of -68 ppm/°C. 

Powder X-ray diffraction and energy dispersive X-ray spectroscopic analyses of the co-

fired samples confirm good chemical compatibility with  aluminium electrode for 

Na5Yb(MoO4)4 ceramics  and hence is a suitable candidate material for ULTCC 

applications.  

 

Keywords: A. Sintering, B. Electron microscopy, C. Dielectric properties, Raman 

spectroscopy. 

 

 

 

 

 

 



1. Introduction 

Low temperature co-fired ceramic (LTCC) technology is a multilayer circuit fabrication 

technique which facilitate integration of many circuit components into highly 

miniaturised systems [1-3]. LTCC technology has immense applications in wireless 

communication systems such as power amplifiers, radar devices, RF front end modules 

etc. [4-8]. LTCC technology involves the fabrication of green tapes from suitable 

ceramic powders followed by metallization using appropriate conducting paste 

formulations. Circuits are screen printed on green tapes, followed by stacking the thin 

dielectric layers and sintering them at appropriate temperatures [9-11]. 

 The ceramic compositions used for LTCC systems should possess the following 

properties such as low sintering temperature (i.e. less than 960oC) which is the melting 

point of silver, low dielectric constant, low dielectric loss, low temperature coefficient 

of resonant frequency, chemical compatibility with silver electrode on co-firing,  

appropriate thermal and mechanical properties etc. Ultra low temperature co-fired 

ceramics (ULTCC) are a new class of materials which can be sintered below 660oC, 

where in aluminium paste is used as the metal electrode [1-3,12]. ULTCC technology 

enables better miniaturisation and cost reduction compared to LTCC packaging 

technology. Glass free LTCC and ULTCC compositions co-firable with both silver and 

aluminium metal electrodes reported largely in the literature comprise of molybdenum 

[13-18], tellurium [19-21] and vanadium [22-26] based oxide ceramics.  

Recently a few sodium molybdate based compositions have been reported as suitable 

candidates for ULTCC applications [14,27]. In the present study, authors have 

intuitively revisited the phase diagram of Na2MoO4-M2(MoO4)3 double molybdate with 



Na:M ratio 5:1, where M represent yttrium and other rare earth ions. Mokhosoev et al. 

has reported the synthesis of Na5Ln(MoO4)4 (Ln = La-Lu) by solid state ceramic route 

and correlated the lattice parameters with ionic radii [28,29]. Stedman et al. has reported 

the synthesis and detailed structural characterization of Na5Y(MoO4)4  ceramics [30]. 

Though the series is reported to be isostructural with identical structural units, the bond 

lengths and molecular arrangements are varied with respect to the rare earth ion, which 

are attributed to the electronegativity differences in the trivalent cation in the 

composition [28-34]. In the present work, yttrium and a heavier rare earth ion ytterbium 

are chosen for a comparative evaluation of variation in their structural arrangements and 

associated changes in the microwave dielectric properties. The chemical compatibility 

of the material system with aluminium electrode is also studied at length.  

Na5Y(MoO4)4  and Na5Yb(MoO4)4  ceramics have been prepared by solid state ceramic 

route. The structure and molecular structure of the compositions are studied using 

powder X-ray diffraction and laser Raman spectroscopic techniques. The microwave 

dielectric properties and chemical compatibility of the compositions with aluminium 

metal electrode are also investigated using XRD and energy dispersive X-ray 

spectroscopy with a view to use them for ultra-low temperature co-firable applications. 

2. Materials and Methods 

Na5Y(MoO4)4 and Na5Yb(MoO4)4 ceramics, (hereafter referred to as NYM and NYbM 

ceramics) were prepared by the conventional solid-state ceramic route. The starting 

materials used were NaCO3 (99.9 %, Merck), Y2O3 (99.9 %, Star Rare Earth), Yb2O3 

(99.9%, Treibacher) and MoO3 (99%, Himedia). The stoichiometric proportions of these 

chemicals were accurately weighed and thoroughly mixed in an agate mortar using 



double distilled water as the mixing medium. The resultant slurry was dried inside a hot 

air oven and calcined at 500 °C for 1 h in a programmable SiC furnace. The calcined 

powder was ground in an agate mortar into fine powder and 5 wt. % of polyvinyl 

alcohol (PVA) solution was added to it as binder and then dried. This fine powder was 

then made into cylindrical compacts using a 11 mm tungsten carbide die under a 

pressure of 200 MPa in a hydraulic hand press and sintered at temperatures in the range 

560 to 610°C. The bulk density values of the sintered samples were determined 

accurately using Archimedes method using acetone as measuring medium. 

Powder X-ray diffraction (XRD) measurement of the samples was carried out using 

Brucker AXS model X-ray diffractometer with CuKα radiation. The Raman spectra of 

the compositions under study were recorded using a Thermo Scientific DXR with 

Nd:YVO4 DPSS laser of 532nm. The sintered samples were thermally etched for 30 min 

at a temperature of about 100ºC below the sintering temperature, and the surface 

morphology was studied using a scanning electron microscope (Carl Zeiss, Model No: 

EVO18 Research, Germany).  The energy dispersive X-ray spectroscopy (EDS) 

technique was used for analysing the chemical compatibility of the ceramic samples 

with aluminium metal electrode. A Vector Network Analyser (Agilent make PNA 

E8362B, Bayan Lepas, Malaysia) was used to measure the microwave dielectric 

properties of the well sintered ceramics. The dielectric constant of the sample was 

measured by Hakki and Coleman post resonator technique [35] and the quality factor 

was measured by resonant cavity method (Krupka cavity) [36]. The temperature 

coefficient of resonant frequency ‘τf’ of the ceramics was also measured in the 

temperature range 30–100oC. 

3. Results and discussion 



The X-ray diffraction patterns of NYM and NYbM ceramics are given in Fig. 1. The 

Na5Ln(MoO4)4 series is reported to be isostructural for all rare earth ions and yttrium. 

The title compositions have tetragonal crystal structure with I41/a space group and 4 

formula units per unit cell [28-34]. The X-ray diffraction patterns are indexed on the 

basis of standard ICDD (International Centre for Diffraction Data) file no. 82-2368 for 

Na5Y(MoO4)4  ceramic. The XRD analysis reveals that the compositions under study 

are phase pure as all the peaks are exactly matching with that of the standard ICDD 

data. The calculated lattice parameters obtained for NYM are a= 11.368Å and c= 

11.427Å and the same for NYbM are a= 11.319Å and c=11.385Å. The XRD patterns of 

both Y and Yb analogues show similar features. 

The laser Raman spectra of both NYM and NYbM ceramics are given in Fig. 2. The 

crystal structure of Na5Y(MoO4)4 consists of molybdenum atom occupying the Wyckoff 

position 16(f) in the unit cell having approximately regular tetrahedral co-ordination 

with Mo-O bond lengths varying from 1.741 Å to 1.759 Å.  The crystal structure also 

contains yttrium atoms occupying Wyckoff position 4(a) forming a slightly distorted 

YO8 dodecahedron with two Y-O bond lengths 2.362 Å and 2.366 Å. The unit cell 

contains two types of Na atoms, of which one forms a regular NaO4 tetrahedron and the 

other forms a highly irregular NaO6 octahedron [30]. 

The four fundamental modes of vibration of MoO4
2-, which include a non-degenerate 

symmetric stretching mode υ1(A) at 894 cm−1, a doubly degenerate symmetric bending 

mode υ2(E) at 318 cm−1, triply degenerate asymmetric stretching υ3(F2), and asymmetric 

bending υ4(F2) modes at 833 and 381 cm−1, respectively are observed in the laser 

Raman spectra of both NYM and NYbM ceramics [37-40]. The symmetric stretching 

vibrations (υ1) of MoO4
2− tetrahedra are observed as a very strong peak at 917 cm−1 



together with weak shoulder at 937 cm−1 for both the compositions. Prominent bands 

observed in the range 807 to 874 cm−1 corresponds to the asymmetric stretching 

vibrations of MoO4
2 − ions. The symmetric (υ2) bending vibrations of MoO4

2 − tetrahedra 

are observed at 329 cm-1 and 332 cm−1 for NYM and NYbM ceramics respectively. The 

asymmetric (υ4) bending vibrations of MoO4
2 −  tetrahedra appear at 374 and 392 cm−1 

for NYM and 377 and 394 cm−1 for NYbM ceramics respectively. The lattice-mode 

vibrations are observed below 250 cm−1 and unambiguous assignment of these modes 

are difficult. Less number of vibrational modes observed in the symmetric and 

asymmetric stretching vibrations of MoO4
2- ions in both NYM and NYbM ceramics 

confirm a regular tetrahedral arrangement as proposed in the crystal structure studies by 

Stedman et al. [30]. 

Laser Raman spectra of both NYM and NYbM ceramics show similar vibrational 

features and hence it can be concluded that the molecular arrangements is the same for 

both the ceramics. 

The SEM micrographs of NYM and NYbM ceramics sintered at 600°C and 570°C for 1 

h are shown in Fig. 3(a) and (b). Both the samples show dense microstructure with 

polygonal grains of sizes 1 to 3 µm which are evenly distributed. 

NYM and NYbM ceramics are sintered at various temperatures in the range 560°C to 

610°C for 1 h to obtain maximum density. The variation of density with sintering 

temperature for NYM and NYbM ceramics are shown in Fig. 4. NYM ceramic shows a 

maximum sintered density of 3.6 g/cm3 with 95 % densification at 600oC, with dielectric 

constant (ԑr) of 7.8, quality factor (Q × f) of 56,800 GHz, and temperature coefficient of 

resonant frequency (τf) of -83 ppm/°C. Whereas, NYbM ceramic shows a maximum 

sintered density of 3.9 g/cm3 with 93% densification at 570oC, with dielectric constant 



(ԑr) of 6.9, quality factor (Q × f) of 43,400 GHz, and temperature coefficient of resonant 

frequency (τf) of -68 ppm/°C. The lower dielectric constant for NYbM ceramic is 

attributed to the lower ionic polarizability value for Ytterbium 3.58 Å3 compared to 3.81 

Å3 for Yttrium [41]. 

The variation of resonant frequency with temperature of NYM ceramic sintered at 

600oC/1h and that of NYbM ceramic sintered at 570oC/1h is shown in Fig. 5.   

The chemical compatibility of NYM and NYbM ceramics with aluminium electrode is  

studied  by powder X-ray diffraction and energy dispersive X-ray spectroscopy (EDS) 

analyses of ceramic samples co-fired with 20 wt. % of aluminium powder at 600°C for 

1 h and 570°C for 1 h respectively. The XRD patterns of the co-fired samples are shown 

in Fig. 6(a) and 6(b). Compared to co-fired NYM sample, the XRD pattern of NYbM 

ceramic co-fired with aluminium exhibits well defined peaks of aluminium at 2θ values 

38.5°, 44.7° and 65.1°, marked with ‘*’, in addition to the characteristic peaks of the 

ceramics. The backscattered SEM images of the co-fired sample, elemental colour 

mapping and the EDS point analysis done separately at aluminium region (spot 1) and 

ceramic region (spot 2) for NYM ceramic are shown in Fig. 7(a-d) and that of NYbM 

ceramic are shown in Fig. 8(a-d). The EDS line scan of NYbM ceramic is shown in Fig. 

9.The phase map of both the samples show co-fired aluminium as an island surrounded 

by the sintered ceramic. However, the EDS point analysis at the aluminium region in the 

co-fired NYM sample shows traces of the ceramic phase also, which indicates possible 

reaction between the ceramic and aluminium phases. Whereas, in the case of co-fired 

NYbM ceramic, EDS point analysis shows the presence of metal aluminium only, 

which clearly indicates that Ytterbium composition exhibits better co-firability with 

aluminium electrode material. Due to 4f shell contraction, Yb3+ ion in YbO8 



dodecahedron has lower ionic radii of 98 pm compared to 102 pm of Y3+ ion in YO8 

dodecahedron and eight co-ordinated Yb-O bond is reported to be stronger than the Y-O 

bond. The lower sintering temperature for NYbM sample and relatively higher strength 

of Yb-O bond in the structure could be the possible reasons for the excellent 

compatibility of NYbM composition with Al metal [42]. 

4. Conclusions 

NYM and NYbM ceramics have been prepared by solid state ceramic route. The 

structural characterization of the samples under study are carried out by powder X-ray 

diffraction. The   molecular arrangements in the unit cell of the ceramics have been 

studied using laser Raman spectroscopy.  The existence of regular MoO4
2- tetrahedral 

ions in the unit cells of both the compositions under study is confirmed through Raman 

studies. The scanning electron microscopic studies reveal that the microstructure of the 

sintered ceramic compacts are dense in nature with grain size ranging from 1 to 3 µm. 

NYM ceramic exhibited a dielectric constant of  7.8, quality factor (Q × f) of 56,800 

GHz, and temperature coefficient of resonant frequency (τf) of -83 ppm/°C whereas  a 

dielectric constant (ԑr) of 6.9, quality factor (Q × f) of 43,400 GHz, and temperature 

coefficient of resonant frequency (τf) of -68 ppm/°C  are obtained for NYbM ceramic. 

Powder X-ray diffraction and energy dispersive X-ray spectroscopy analyses of the 

ceramic samples co-fired with 20 wt. % aluminium show excellent chemical 

compatibility with the metal electrode for NYbM ceramic. Present study shows that 

Na5Yb(MoO4)4 ceramic is an ideal candidate material for ULTCC applications. 
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Figure captions 

Fig. 1. XRD patterns of (a) Na5Y(MoO4)4 ceramics sintered at 600°C for 1h; (b) Na5 Yb 

(MoO4)4 ceramics sintered at 570°C for 1h. 

Fig. 2. Laser Raman spectra of (a) Na5Y(MoO4)4 ceramics sintered at 600°C for 1h; (b) 

Na5 Yb(MoO4)4 ceramics sintered at 570°C for 1h. 

Fig. 3. SEM micrographs of (a) Na5Y (MoO4)4 ceramics sintered at 600°C for 1h; (b) 

Na5 Yb (MoO4)4 ceramics sintered at 570°C for 1h. 

Fig. 4. Sintered density as a function of sintering temperature for Na5Y(MoO4)4and  

Na5Yb(MoO4)4 ceramics. 

Fig. 5. Temperature variation of resonant frequency for Na5Y(MoO4)4 ceramic sintered 

at 600°C for 1 h and Na5Yb(MoO4)4 ceramic sintered at 570°C for 1 h. 

Fig. 6. XRD patterns of (a) Na5Y(MoO4)4 ceramic co-fired with 20 wt. % Al at 600°C 

for 1 h.; (b) Na5Yb(MoO4)4 ceramic co-fired with 20 wt.% Al at 570°C for 1 h. 

Fig. 7. (a) SEM image of Na5Y(MoO4)4 ceramic with 20 wt.% Al sintered at 600°C for 

1 h; (b) Elemental colour mapping of the Na5Y(MoO4)4 ceramic sintered with 20 wt.% 

Al; (c) EDS spectrum at spot 1 (d) EDS spectrum at spot 2. 

Fig. 8. (a) SEM image of Na5Yb(MoO4)4 ceramic with 20 wt.% Al sintered at 570°C for 

1 h; (b) Elemental colour mapping of the Na5Yb(MoO4)4 ceramic sintered with 20 wt.% 

Al; (c) EDS spectrum at spot 1 (d) EDS spectrum at spot 2. 

Fig. 9. Line scan image of Na5Yb(MoO4)4 ceramic with 20 wt.% Al sintered at 570°C 

for 1 h. 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 



 

 

 

 

 




