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ABSTRACT: A new glass with ultra-low glass transition temperature based on 10Li2O-10Na2O-

20K2O-60MoO3 (LNKM) has been developed by conventional glass melting and quenching process. 

The glass has ultra-low glass transition and melting temperatures being 198 oC and 350 oC respectively. 

The glass exhibits a coefficient of thermal expansion of 17 ppm/oC in the temperature range of 25-300 

oC. X-ray diffraction and Raman spectroscopic studies indicate that the glass is partially crystallized. 

The chemical and elemental composition of the glass is confirmed by X-ray photoelectron 

spectroscopy. The glass pellet heat treated at 300 oC has a relative permittivity of 5.07 and dielectric 

loss tangent of 0.006 at 1 MHz. At 9.97 GHz, it shows a relative permittivity of 4.85 and dielectric loss 

tangent of 0.0009. The temperature dependence of the relative permittivity at 1 MHz and 9.97 GHz of 

the glass is 307 ppm/oC (temperature range 20-100 oC) and 291 ppm/oC (temperature range 25-85 oC) 

respectively.  

INTRODUCTION 

In the past two decades, glass materials have been established as an ideal packaging materials for 

microelectronic devices.1, 2 The main applications of low melting point glasses are in batteries3, 

optoelectronic devices1, 2, hermetic sealing1, 2, encapsulation of semiconductor devices 1, 2, 

photovoltaics 1, 2, 4, and thick film electronics, etc.,.5, 6 Among these glasses, Pb rich glasses with low 
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melting point are extensively used for various electronic and other packaging applications.1, 2 However, 

Pb-based materials are toxic to human health and the environment.7 Recently,  several new glass 

ceramic compositions  with good dielectric properties have been developed for microwave 

applications.8 Many of the Low and Ultra-Low Temperature Co-fired Ceramics (LTCC, ULTCC) 

utilizing low melting point glasses are able to offer significant benefits over other traditional packaging 

techniques.9-12 As a multilayer technology, conductive lines, vias, sensors, antennas or other 

components have been embedded to the LTCC based packages with good hermetical and thermal 

management.13-18 Lead free inorganic functional materials are also getting more attention at present 

scenario. 19 Avoiding toxic materials like Pb is also essential when ULTCC and LTCC compositions are 

developed. 

Over the last two decades, several approaches such as chemical synthesis20, 21, use of starting powders 

with smaller particle size22 and liquid phase sintering by adding low melting additives21, 22 have been 

adopted for reducing the sintering temperature of low loss ceramic materials. There are several recent 

reports on ultra-low temperature sinterable ceramic materials with and without glass addition.23-26 

Glasses with good dielectric properties for LTCC materials processing are also reported in the literature 

and are commercially available.27 Most of the reported low-temperature glasses are  PbO-B2O3 based  

usually  with additives such as  SiO2, ZnO and Al2O3 having glass transition temperature, relative 

permittivity and Qf  in the range of 390- 500 oC, 10-20 and 500-1000 GHz respectively.1, 26, 27 The 

ULTCC materials can be classified into category I (sintering temperature ≤ 400 oC) and category II 

(sintering temperature > 400-700 oC) materials. Classification of these ultra-low temperature ceramics 

is based on electrode metal compatibility as well as low-temperature fabrication process with 

environmentally friendly materials.26 Recently, several materials such as LiMoO4, LiMoO4-TiO2, 

LiMoO4-BaTiO3, BaTiO3-BBSZ, and NaAgMoO4 are reported for ULTCC Category I applications.28-31 
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In addition to the low sintering temperature, ULTCC materials should also have good dielectric, 

thermal and mechanical properties being important factors for device level integration. Most of the 

reported category II materials include lithium, sodium, potassium, bismuth, silver, tellurium, lead, 

based molybdates with sintering temperatures in the range of 400-700 oC.23, 26, 32-43 These materials 

have relative permittivity in the range of 5-45 and quality factor (Qf) of 1,000-70,000 GHz.32-43 More 

recently, MoO3 with an orthorhombic structure consisting of corner sharing and edge-sharing MoO6 

octahedra has showed potential applications. 44, 45 In the modern scientific world, molybdates based 

materials and glasses are getting more attention in technology as well as in materials research. 46-50 The 

primary objective of present study is to develop environment friendly ULTCC category I composition 

based on 10Li2O-10Na2O-20K2O-60MoO3 (LNKM). The preparation, structural, thermal and dielectric 

properties of bulk LNKM glass heat treated at 300 oC are presented. 

EXPERIMENTAL SECTION 

Materials. The lithium sodium potassium molybdate glass consists of 10 mol. % Li2O - 10 mol. % 

Na2O – 20 mol. % K2O - 60 mol. % MoO3 (LNKM), was prepared by conventional melting and 

quenching process. High purity chemical raw materials, Li2CO3 (> 98 % Sigma Aldrich), Na2CO3 (> 99 

%, Sigma-Aldrich), K2CO3 (99 %, Merck) and MoO3 (Alfa Aesar, 99.5 %), were mixed with agate 

mortar and pestle. The mixed materials were melted at two different temperatures at 400 and 500 oC for 

1 h in a Pt crucible, and quenched at ice-cold ethanol bath. The quenched glass was milled using yttria-

stabilized zirconia (YSZ) balls in absolute ethanol medium for 12 h and dried in an oven at 80 oC. The 

dried powder was then pressed into cylindrical discs of 14 mm in diameter and ~1.8 mm in thickness 

for LCR and impedance analyzer measurements, and 25 mm in diameter and ~ 0.7 mm in thickness for 

SPDR (Split Post Dielectric Resonator) measurements. The samples were heat treated at 300 oC/2h 

with a heating rate of 5 oC/min and cooling rate of 3 oC/min. 
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Methods. The crystallinity of the powdered glasses was analyzed with X-ray diffraction technique (D8, 

Bruker, Billerica, MA) using CuKα radiation. XPS measurements were performed with a Thermo 

Fisher Scientific, ESCALAB 250 Xi using the MgKα X-ray source. The spectrometer was calibrated 

using the reference energies of Au 4f5/2 (83.9±0.1 eV) and Cu 2p3/2 (932.7±0.1 eV). A take-off angle of 

90o was used (angle between the surface and the analyzer). A binding energy of 285.0 eV assigned to 

the C 1s peak corresponding to the surface contamination and this was used as an internal reference for 

correction of charging effects. The glass transition temperature and crystallization of the glass were 

analyzed using TG/DSC (NETZSCH, STA 499 F3 Jupiter, Germany) at a heating rate of 2 oC/min. 

Glass deformation and coefficient of thermal expansion (CTE) were investigated using dilatometer 

(NETZSCH, DIL 402 PC/4, Germany) with a heating rate of 5 oC/min in the temperature range of 25-

300 oC. The optical Raman spectra were measured using spectrometer (LabRam HR800, Horiba Jobin-

Yvon, Villeneuve-d’Arcy, France) with signals excited by a 488 nm Ar+ laser. The dielectric properties 

from 20 Hz to 1 MHz were measured using Precision LCR meter (Agilent 4284A, Precision LCR 

Meter, USA) with accuracy of measurement of 0.1 %. The temperature dependence of relative 

permittivity in the range of 20-100 oC was also measured using Precision LCR meter. The dielectric 

properties from 5 MHz to 1 GHz were measured using RF impedance/Materials Analyzer (E4991A,  

Agilent, Santa Clara, CA) with Agilent 16453A dielectric material test fixture with an accuracy of 1 %. 

The relative permittivity, dielectric loss and temperature dependence of the permittivity (temperature 

range 25-85 oC) were measured by SPDR method with nominal resonance frequency of 9.97 GHz 

using a Vector Network Analyzer (10 MHz-20 GHz, ROHDE& SCHWARZ, ZVB20, Germany). The 

total uncertainty of the relative permittivity in SPDR measurement method does not exceed 0.5 %, and 

it is possible to resolve dielectric loss tangents to approximately 5x10-5.51 
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RESULTS AND DISCUSSION 

XRD analysis. Figure 1 (a), (b) and (c) illustrates the X-ray diffraction pattern of glass quenched from 

400 oC, 500 oC and heat treated glass powder (quenched from 500 oC) at 300 oC respectively. The 

partially crystalline phase observed from the XRD pattern of the glass quenched from 400 oC belongs 

to the Li, Na, K molybdates crystallites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, the glass quenched from 500 oC (See the photographic and optical image of LNKM glass 

quenched from 500 oC is shown in the supporting information, Figure S1) revealed amorphous nature 

as presented in Figure 1 (b). The heat treated powder showed several partially crystalline phases 

(Figure 1 (c)) such as Li2MoO4 (ICDD file card No: 12-0763), Na2MoO4 (ICDD file card No: 00-012-

0773), K2Mo3O10 (ICDD file card No: 37-1467), K2Mo2O7 (ICDD file card No: 27-0416) and 

K2Mo4O13 (ICDD file card No: 36-0347). It is also reported that Na2MoO4 retains its spinel structure (α 

Figure 1 X-ray diffraction pattern of LNKM glass (a) quenched from 400 oC, (b) 500 oC and (c) 
quenched from 500 oC and powder heat treated at 300 oC. 
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-Na2MoO4, ICDD file card No: 00-012-0773) until 400-460 oC, and it becomes orthorhombic (β form) 

and finally hexagonal (γ form) above 650 oC before melting (~ 690 oC).52 

 

 

 

 

 

 

 

 

 

 

 

 

 

XPS analysis. The chemical composition and oxidation state of the MoO3 rich LNKM glass were 

analyzed by using XPS technique. A qualitative analysis of the chemical state of the LNKM glass 

quenched from 500 oC and bulk glass sample heat treated at 300 oC, within the surface layer of about 

50 Å, is extracted from the spectrum. The survey spectrum of LNKM glass sample quenched from 500 

oC and bulk glass sample heat treated at 300 oC are shown in Figure 2 (a) and (b) respectively. Besides 

the expected Li 1s, Na 1s, K 2p1/2, 2p3/2, Mo 3d5/2, 3d3/2, O 1s peaks, a C 1s peak were also observed. 

The C 1s peak appears due to the adsorption of hydrocarbon impurities. This peak does not affect the 

interpretation of the present results and in fact, it was used for binding energy calibration by setting its 

binding energy at 284.8 eV in order to correct the sample charging.53 Figure S2 (Supporting 

Figure 2 XPS survey spectrum of LNKM glass (a) quenched from 500 oC and (b) bulk 
sample heat treated at 300 oC. 
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Information) shows the high resolution spectrum of C 1s peak originating from the hydrocarbon 

impurities present at the surface of LNKM glass. It is evident that the lowest peaks appearing below 

the binding energy 100 eV are attributed to the peaks corresponding to the Li 1s, Na 2s & 2p, K 3s & 

3p, Mo 4s and O 2s.  Rastogi et. al., and Nyholm et. al., reported the low binding energy orbitals of 

Mo 4p, 4p3/2, and 4s at 35.3, 35.5 and 63.2 eV, respectively.54, 55  

In the survey spectrum, Auger lines of Mo (415 eV) are also evidently belonging to the Auger line of 

AP-3d5/2, M45N23V and are reported by Powell et. al., in 2012.56 The peak corresponding to Mo 3p1/2, 

3p3/2 and 3s is also visible in the survey spectrum of the LNKM glass. All the above peaks of Mo are 

indexed based on previous reports as well as NIST XPS database.57-59  

 

 

 

 

The high-resolution Li 1s spectrum consisting of two weak peaks are evident from Figure 3 (a). In 

XPS, Li sensitivity is limited to 10 mol. % of Li2O in the LNKM glass and it is hard to study the high-

resolution Li spectrum. However, a high-resolution spectrum of a weak Li 1s peak is also detected at 

Figure 3 High resolution XPS spectrum of (a) Li 1s, (b) Na 1s, (c) K 2p, (d) Mo 3d and (e) O 1s from LNKM bulk 
glass sample heat treated at 300 oC. 
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54.33 eV with atomic wt. % of 1.33 and the peak fitted at 62.45 eV may be due to the peaks of Mo 4s 

with atomic wt. % 3.86.  It is reported that Mo has 4s orbital peak at 62.45 eV which is close to the 

observed spectrum of LNKM glass.54 The XPS spectral resolution is limited to lower binding energy 

region below 100 eV. High-resolution Na 1s spectrum and the fit parameters to the Na 1s spectrum of 

LNKM glass are illustrated in Figure 3 (b). Generally, glass materials may exhibit increased amount of 

sodium at the surface due to diffusion processes. However, the present LNKM glass contains only 10 

mol. % Na2O and the peak fitted for Na 1s spectrum has a dominant peak at 1071.15 eV at atomic wt. 

% of 4.56 observed and shoulder peak matched at 1072.96 eV with atomic wt. % of 0.9 which may 

belong to the bridging oxygen atom present in the LNKM glass.60  

Figure 3 (c) represents the high-resolution spectrum of K 2p in the LNKM glass. The peaks correspond 

to K 2s and K 2p also noted in the survey spectrum of LNKM glass (Figure 2). The K 2p spectrum 

exhibits a principal peak fitted at low binding energy 292.43 eV belonging to the peak of K 2p3/2 with 

atomic wt. % of 7.9 and another peak matched at little higher binding energy 295.21 eV which is 

attributed for K 2p1/2 with atomic wt. % of 5.25. This is due to the spin-orbit splitting doublet 

composed of two peaks of K 2p and is reported by Nefedor et. al.,.61, 62 High-resolution spectrum of Mo 

determines the elemental composition and oxidation state of Mo in the LNKM glass. Figure 3 (d) 

shows the high-resolution spectrum of Mo 3d orbitals such as Mo 3d3/2 and 3d5/2 at 232.13 and 235.28 

eV with atomic wt. % of 24.61 and 21.42, respectively. This Mo 3d line indicates only Mo6+ oxidation 

state for LNKM glass. Similar observation was also reported.63 High-resolution spectrum of O 1s and 

its curve fitting for LNKM glass are shown in Figure 3 (e). These O 1s photoelectron peaks provide 

information on the oxide ion in the molybdates glass with different chemical bonding. A well-resolved 

peak around 530.03 eV fitted with atomic wt. % of 21.84 is associated with the Mo-O-Mo vibrations 

(bridging oxygen group), accompanied by shoulder peak fitted at 531.07 eV with atomic wt. % 4.41 
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associated with Mo-O-Li, Mo-O-Na and Mo-O-K glass modifiers present with the content of  10 mol. 

% Li2O- 10 mol. % Na2O- 20 mol. % K2O- 60 mol. % MoO3. All the peaks associated with O 1s show 

good agreement with reported values of alkali-molybdates.61,64 

 

Thermal analysis and coefficient of thermal expansion. The TG/DSC analysis of LNKM glass at a 

heating rate of 2 oC/min (glass quenched from 500 oC) is depicted in Figure 4 (a). The DSC curve of 

LNKM glass shows first endothermic peaks near to 195-200 oC which corresponds to the glass 

transition temperature. The observed Tg of the glass is at 198 oC. The two exothermic peaks present in 

the temperature range of 250-300 oC correspond to the crystallization of Li, Na, K molybdates. The 

high field strength of Mo6+ cation and crystallization of alkali molybdates may occur during the melt 

cooling or heat treatment of glass. It has been reported that Mo6+ cation exerts a strong ordering effect 

on the surrounding anions and combine with other elements such as alkali and alkali-earth cation to 

form crystalline molybdates.53-56 The area under the exothermic peaks (DSC curve) is proportional to 

the quantity of the crystallization. The massive crystallization during heat treatment might be due to the 

seeding effect of MoO3 present in the glass composition. The melting of LNKM glass occurs at 350 oC. 

 

Figure 4 (a) TG and DSC curve of quenched glass from 500 oC and (b) Shrinkage measurement at temperature 
range of 25-300 oC. 
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Figure 4 (b) shows the shrinkage measurement of LNKM glass pellet over a temperature range of 20 - 

300 oC. The shrinkage analysis shows similar behavior as that of DSC measurement in Figure 4 (a). 

The shrinkage measurement further confirms that the glass softening temperature of the LNKM glass is 

about at 100 oC. The LNKM glass shows bulk Archimedes density of 3.05 g/cm3 using absolute ethanol 

medium. Among the crystalline molybdates, alkali molybdates are water soluble ceramics and are 

suitable for ultra-low temperature materials and its processing.28, 29, 31 Figure 5 shows the variation of 

linear change in length as a function of temperature of LNKM glass heat treated at 300 oC. The LNKM 

glass shows an average CTE (coefficient of thermal expansion) of about 17 ppm/oC in the temperature 

range of 25-300 oC. 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

Raman spectrum analysis. Figure 6 (a), (b) and (c) show Raman spectra of LNKM glass heat treated 

at 300 oC, quenched from 500 oC, and pure MoO3 pellet heat treated at 500 oC respectively. According 

to the group theory analysis of MoO3, 45 optical modes are expected at k = 0 for the       (Pbnm) space 

group and 24 of them are Raman active (8Ag + 8B1g + 4B2g + 4B3g).65 The Raman spectra of the alkali-

mono molybdates are well documented by Voronko et. al., recently.66 According to Voronko et. al., 

Figure 5 Temperature variation of change in linear dimension (25-300 oC) of bulk LNKM glass pellet 
heat treated at 300 oC. 
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vibrational frequency assignments are v2 (E)+v4 (F2) states at a wavelength of 315, 320, 320 cm-1, 

assigned for Li2MoO4, Na2MoO4, K2MoO4, respectively. The vibrational frequencies and assignments 

for v3(F2) are 820 and 815 cm-1 and the vibrational state for v1 (A1) at 895, 885, and 870 cm-1 relates to 

Li2MoO4, Na2MoO4, and K2MoO4.66 In the present studies, Raman spectra are divided into low-

frequency region (50-600 cm-1), mid-frequency region (600-900 cm-1) and high-frequency region (900-

1250 cm-1) for appropriate discussion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Low-frequency region (50-600 cm
-1

). A few weak peaks are observed in the Raman spectra of LNKM 

glass as well as pure α-MoO3 at room temperature in the low-frequency region. The spectra in Figure 6 

(a) and (b) show a couple of weak peaks below 600 cm-1, which can be roughly classified as 

Figure 6 Raman spectra of LNKM glass (a) bulk sample pellet heat treated at 300 oC (b) quenched from 500 
oC and 

(c) Raman spectra of pure MoO3 sample heat treated at 500 oC. 
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deformation modes between 450 and 200 cm-1 and all other peaks present below 200 cm-1 are ascribed 

as lattice modes.65 On comparing the Raman spectra of LNKM glass with that of pure MoO3 (Figure 6 

(c)), it is observed that some of the bands at lower wavelength region broaden and some lower 

frequency lines have disappeared, which is characteristic for lattice modes. It is also evident that weak 

Raman modes of v2(E)+v4(F2) alkali-mono molybdates are also present in the Raman spectrum of 

LNKM glass depicted in Figure 6 (a) and (b).66 

Mid-frequency region (600-900 cm
-1

). MoO3 peak at 649 cm-1 (Figure 6 (c)) is shifted to the 

wavelength region of 700-720 cm-1 in the spectrum of LNKM glass as seen in Figure 6 (a) and (b). The 

corresponding peaks of state v3(F2) are also present in the Raman spectrum of LNKM glass is shown in 

Figure 6 (a) and (b). The broadened peak present in the frequency range of 815-830 cm-1 corresponds 

to the peaks of alkali-mono molybdates present in the LNKM glass. It is also reported that the peaks 

present in the 870-895 cm-1 belong to the v1(A1) vibrational state of alkali-mono molybdates present in 

the LNKM glass.66 There are reports that the sharp line at 848 cm-1 is assigned to stretching vibrations 

of the metal-oxygen bonds in the corner-sharing octahedra in Mo-O-Mo units which are also evident in 

the LNKM glass.65 

High-frequency region (900-1250 cm
-1

). The band around 900-975 cm-1 is due to the symmetric 

stretching vibration of (MoO4)2- tetrahedral units located in the glassy phase of LNKM glass (Figure 6 

(a) and (b)). These bands can be mostly associated with terminal oxygen atoms (Mo=O or Li-O, Na-O, 

K-O) bond vibrations associated with either 4, 5 or 6 coordinated Mo atom.67, 68 It is observed that 

molybdenum oxide rich glass shows that the terminal molybdenum-oxygen bonds are present in the 

entire glass-forming range. Raman spectra reveal the crystalline nature of the LNKM glass in 

comparison with XRD and TG/DSC analysis.   

Page 12 of 25

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

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



13 

 

Dielectric properties. The Figure 7 (a) shows the relative permittivity and dielectric loss of LNKM 

partially crystalline glass heat treated at 300 oC as a function of frequency ranging from 20 Hz to 1 

MHz. Relative permittivity and dielectric loss show a decreasing trend with an increase in frequency. 

The relative permittivity decreases from 6.27 to 5.07 with an increase in frequency. The dielectric loss 

decreases from 0.09 to 0.006 at this frequency range.  

A similar observations are also visible in the high-frequency region from 5 MHz to 1 GHz measured 

with an impedance analyzer (Figure 7 (b)), where the relative permittivity decreases from 5.11 to 4.93. 

The decreases in the relative permittivity, especially at a lower frequency, may be associated with 

electrode polarization as well as the effect of orientational polarization during the measurement.69, 70 

The dielectric loss tangent decreases from 0.02 to 0.001 at this frequency range of 5 MHz to 1 GHz 

being moderately low against the earlier reported values for low loss glasses.27 

The microwave dielectric properties of developed LNKM glass (heat treated at 300 oC) measured using 

split post dielectric resonator with the nominal resonant frequency of 9.97 GHz shows relative 

permittivity of 4.85 and dielectric loss tangent of 0.0009. Table 1 depicts the ULTCC category 1 

materials and their microwave dielectric properties based on the recent review on ULTCC materials by 

Figure 7 Relative permittivity and dielectric loss of bulk LNKM glass heat treated at 300 oC as a function of log of 
frequency ranging from (a) 20 Hz to 1 MHz and (b) 5 MHz to 1 GHz. 
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Sebastian et. al.,.26 It is noted that only few number of materials and glasses are reported for ULTCC 

category 1 applications. In comparison with reported ULTCC materials, present LNKM glass shows 

good microwave dielectric properties. 

Table 1 ULTCC category 1 materials and microwave dielectric properties 

Materials εr Qf/tanδ References 

LNKM glass 4.8 0.0009 Present paper 

NaAgMoO4 7.9 33,000 26 

PbO-B2O3-SiO2 (50:40:10) 13.8 900 26 

PbO-B2O3-SiO2 (70:20:10) 19.6 500 26 

BBSZ+BaTiO3 36 0.007 26 

 

The variation of the relative permittivity of LNKM glass with the temperature at low frequencies (20 

Hz, 100 Hz, 1 kHz, 100 kHz and 1 MHz) is shown in Figure 8 (a). A similar behavior of decreasing 

permittivity (Figure 7) with increasing frequency is observed. It is evident from the Figure 8 (a) that the 

relative permittivity increases with increase in measuring temperature from 20 to 100 oC. When the 

frequency increases the temperature variation of relative permittivity becomes smaller. The temperature 

variation of the relative permittivity (τε) of LNKM glass at 1 MHz is about 307 ppm/oC. The low-

frequency dispersion in relative permittivity gradually increases with increase in temperature. This is 

due to the electrode polarization as well as thermal activation of defect dipole present in the LNKM 

glass matrix. Similar observations are also reported by Jungang et. al., in 2010.70  

Figure 8 (b) shows that the temperature variation of relative permittivity (τε) and dielectric loss at 9.97 

GHz. The heat treated LNKM glass shows the temperature-dependent of the relative permittivity of 

291 ppm/oC at 9.97 GHz. It shows a similar trend like that of 1 MHz, a slight increase in the relative 

permittivity with temperature. 
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The increased dielectric loss during heating at 9.97 GHz is due to the presence of ion–polaron 

interactions as well as thermal activation dominating in this frequency range. It is assumed that the 

mobile electrons (polarons) are attracted to oppositely charged Li+, K+ and Na+ ions and create cation–

polaron pairs, which move together as neutral- entities.71,72 Ultra-low processing temperature, moderate 

CTE, low and high-frequency dielectric properties suggest that the presented Pb-free LNKM glass 

could be a good candidate for ULTCC applications as well as an encapsulated device fabrication with 

less environmental impact. 

CONCLUSIONS 

The present paper discusses the preparation, characterization and properties of a distinct combination of 

10Li2O-10Na2O-20K2O-60MoO3 (LNKM) glass for ULTCC applications. The LNKM glass was 

developed by conventional glass melting and quenching process. The glass has ultra-low temperature 

glass transition at 198 oC and melting temperature of 350 oC. The developed glass shows the coefficient 

of thermal expansion of 17 ppm/oC in the temperature range of 25-300 oC. X-ray diffraction and 

Raman spectroscopic studies indicate that the glass is partially crystallized. The chemical and elemental 

composition of the glass is confirmed by X-ray photoelectron spectroscopy. The bulk glass sample heat 

Figure 8 Temperature variation of (a) relative permittivity at various low frequencies and (b) relative permittivity and 
dielectric loss tangent at 9.97 GHz of bulk LNKM glass heat treated at 300 oC. 
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treated at 300 oC has relative permittivity of 5.07 and dielectric loss tangent of 0.006 at 1 MHz. At 9.97 

GHz, the relative permittivity and dielectric loss tangent are 4.85 and 0.0009, respectively. The 

temperature variation of relative permittivity is 307 (20-100 oC) and 291 (25-85 oC) ppm/oC 

respectively at 1 MHz and 9.97 GHz.  The ultra-low temperature processing, good dielectric and 

thermal properties make this glass a suitable candidate for next generation electronics with less 

environmental impact. 
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TOC Synopsis: Microwave dielectric properties of ultra-low temperature LNKM glass. It 
has low glass transition temperature of 198 oC, relative permittivity of 4.85, low dielectric 
loss of 0.0009 and low CTE 17 ppm/oC. The ultra-low temperature processing, good 
dielectric and thermal properties make this glass a suitable candidate for next generation 
electronics with less environmental impact. 
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