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Abstract 

Bi2(Li0.5Ta1.5)O7+xBi2O3 (x=0, 0.01 and 0.02) ceramics were prepared using a solid 

state reaction method. All compositions crystallized in a single Bi2(Li0.5Ta1.5)O7 phase 

without secondary peaks in X-ray diffraction patterns. Bi2(Li0.5Ta1.5)O7 ceramics 

densified at 1025 oC with a permittivity (εr) ~ 65.1, Qf  ~ 15,500 GHz (Q ~ 

microwave quality factor; f ~ resonant frequency; 16,780 GHz when annealed in O2) 

and temperature coefficient of resonant frequency (TCF) ~ −17.5 ppm/oC. The 

sintering temperature was lowered to ~ 920 oC by the addition of 2 mol. % excess 

Bi2O3 (εr ~ 64.1, a Qf ~11,200 GHz / 11,650 GHz when annealed in O2 and a TCF ~ − 

19 ppm/oC) with compositions chemically compatible with Ag electrodes. 

Bi2(Li0.5Ta1.5)O7+xBi2O3 are ideal for applications as dielectric resonators in 5G 

mobile base station technology for which ceramics with 60 < εr < 70, high Qf and 

close to zero TCF are commercially unavailable. They may additionally prove useful 

as high εr, high Qf materials in low temperature co-fired ceramic (LTCC) technology. 

 

 

 

 

 

 

 

 

 

 

 

Page 2 of 24Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

13
/0

9/
20

17
 0

6:
05

:5
8.

 

View Article Online
DOI: 10.1039/C7TC03623J

http://dx.doi.org/10.1039/c7tc03623j


I. Introduction 

Microwave (MW) dielectric ceramics have been used in mobile communications, 

satellite television broadcasts, radar, Global Position System (GPS), Wireless Fidelity 

(WiFi) and other modern communication systems as dielectric resonator (DR), filters, 

duplexers and substrates, for almost half a century due to their high dielectric 

permittivity (εr), high Qf (Q ~ MW quality factor and f ~ resonant frequency) and 

small temperature coefficient of resonant frequency (TCF).1-6 Since the first report of 

MW dielectrics in the BaO-TiO2 binary system,7,8 ceramics with a range of εr, high Qf 

and near-zero TCF such as the Ba(Zn,Mg,Co)1/3(Nb,Ta)2/3O3, (Sr,Ca)TiO3-LnAlO3 

(Ln=La, Nd, Sm), (Zr,Sn)TiO4 and BaO-Ln2O3-TiO2
8-15 have been developed for use 

from 300 MHz ~ 40 GHz by leading corporations such as Murata, Kyocera, EPCOS 

and Trans-Tech.16-19 In general, the roadmap for the development of MW dielectric 

materials2-4,6 may be separated into the following key target areas where there is a 

technology pull from systems engineers and the absence suitable materials:  

i) Expanding the range of εr. Currently, most high Qf, zero TCF materials have 

20 < εr < 50 (base station resonators/antenna substrates) but there is a strong 

technology pull for 5 < εr < 20 (higher bandwidth antenna substrates), 60 < εr 

< 70 (base station resonators) and εr > 120 (ultra-small GPS antenna 

substrates). 

ii) Low sintering temperature technology. The drive is to create a range of low 

temperature co-fired ceramics (LTCC) compatible with Ag electrodes 

(sintering temperature ~960 oC) or ultra-low temperature co-fired ceramics 

(ULTCC) compatible with Al as inner electrodes (sintering temperature < 660 

oC). 

iii) Ultrahigh Qf ceramics (>200,000 GHz).The focus here is to optimize Qf to 
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achieve better selectivity to a specific frequency, critical for the transition from 

4G to 5G technology in mobile telecommunications. 

iv) Compositions based on low cost, abundant constituents. Here, the technology 

is driven by scarcity, environmental concerns and geopolitical uncertainty 

surrounding raw materials such as Ta2O5, Nb2O5, and Ln2O3 (Ln = lanthanide). 

Generically, MW dielectric ceramics are oxides, principallydue to the large ionic 

polarizability of the O2-ion.20 Binary compounds, such as MgO, TiO2, Bi2O3, TeO2, 

Al2O3 andCeO2,
21-26 possess high Qf and in some cases useful εr but invariably have 

large positive/negative TCF. Hence, ternary and higher compounds or compositesare 

often explored to obtain temperature stable microwave dielectric ceramics with high 

Qf.1-15 The key to success in MW ceramicdevelopment is therefore in choosing,either 

an adaptable crystal structure to form solid solutions or immiscible end members to 

form composites that have no or limited interaction. Perovskite is the mostadaptable 

crystal structure to form solid solution for MW ceramics (ABO3) since a large number 

of metallic elements may occupy the A and B sites in accordance with the 

Goldschmidt tolerance factor,27 

t =(RA+RB)/√(RB+RO),              (1) 

where RA, RB and RO are the ionic radii of the A-, B- and O-site. Perovskitesdominate 

medium and high permittivity commercial MW dielectrics in the range 25 < εr < 60 

and εr > 90.8-13 Althoughefforts have been made to explore novel complex 

perovskite-structured microwave dielectrics with εr ~ 65, only limited progress has 

been achieved with Qf < 12,500 GHz.28 Moreover, it is difficult to lower the sintering 

temperatures of perovskites and related microwave dielectrics to meet the 

requirements of LTCC technology. For example, commercial tungsten bronze 

structured compounds achieve 70 < εr < 90 and 8,000 < Qf < 12,000 GHz19 when 
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sintered to full density. If the sintering temperature is lowered to ~ 900 oC by the 

addition of glass, εr and Qf decrease to ~ 65 and < 6,000 GHz, respectively.29 Despite 

the great potential of LTCC technology and a substantial body of work in thescientific 

literature, suppliers such as Dupont and Ferro offer only a limited range of 

commercial LTCC materials.30,31 

In the present work, we have synthesized quaternary compounds in the 

Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) which are suitable for use as both 

dielectric resonators for 5G, targeting applications which require 60 < εr < 70, and 

also in LTCC technology with ceramics with x = 0.02 compatible with Ag electrodes. 

II. Experimental section 

Sample preparation. Reagent-grade Li2CO3 (> 99%, Fisher Scientific), Bi2O3, (> 

99%, Sigma-Aldrich) and Ta2O5 (> 99%, Fisher Scientific) were weighed according to 

the stoichiometric formulation Bi2(Li0.5Ta1.5)O7-xBi2O3 (x = 0, 0.01 and 0.02). 

Powders were mixed and ball-milled for 24 h using isopropanol. The powder mixture 

was then dried and calcined 4 h at 750 oC. The calcined powders were re-milled for 24 

hand pressed into cylinders (13 mm in diameter and 4 ~ 5 mm in height) at 50 MPa. 

Samples were sintered 2h at 880 oC ~ 1040 oC and annealed at optimal sintering 

temperatures in N2, air and O2 atmospheres. 

Characterization and electrical measurements. X-ray diffraction (XRD) was 

performed using with CuKα radiation (Bruker D2 Phaser) form 5-80 o 2θ at a step size 

of 0.02 o. The results were analyzed by the Rietveld profile refinement method, using 

the FULLPROF program. As-fired and fractured surfaces were observed by scanning 

electron microscopy (SEM, FEI, Inspect F). The dielectric properties over 0.2 to 1.2 

THz (6.7–40 cm-1) were measured by terahertz time-domain (THz TDS) spectroscopy 

(ADVAVTEST TAS7500SP, Japan). A passive mode-lock fiber laser is used to pump 

Page 5 of 24 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 G
az

i U
ni

ve
rs

ite
si

 o
n 

13
/0

9/
20

17
 0

6:
05

:5
8.

 

View Article Online
DOI: 10.1039/C7TC03623J

http://dx.doi.org/10.1039/c7tc03623j


and gate respectively two GaAs photoconductive antennas for the generation 

anddetection of THz wave. Profiles of electric field of THz pulses were measured 

with and without the sample as a reference. Fourier transformation was applied to 

obtain the complex transmission coefficient and the index of refraction was extracted 

through the Fresnel formula. Dielectric properties at MW frequency were measured 

with the TE01δ dielectric resonator method with a network analyzer (Advantest 

R3767CH; Advantest, Tokyo, Japan) and a home-made heating system. The 

temperature coefficient of resonant frequency TCF (τf) was calculated with the 

following formula:  

6

25

2585 10
)2585(

)( ×
−×

−
=

f

ff
TCF fτ

,
            (2) 

where f85 and f25are the TE01δ resonant frequencies at 85 oC and 25 oC, respectively. 

III. Results and discussions 

Figure 1 shows the XRD patterns of Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) 

ceramics sintered at different temperatures and co-fired with 30 wt. % silver powder. 

As reported by Muktha et al.,32 undoped Bi2(Li0.5Ta1.5)O7 crystalize in a variant of the 

Aurivillius structure with a monoclinic, C2/c space group. The diffraction peaksfrom 

415141-ICSD (Inorganic Crystal Structure Database) are also plotted in Figure 1. All 

peaks were attributed to a single Bi2(Li0.5Ta1.5)O7 phase when sintered at their optimal 

temperatures with no evidence of second phase, despite the addition of excess Bi2O3. 

Although it is possible that excess Bi2O3 becomes incorporated in the lattice, Bi-rich 

phases may also exsits but below the detectionlimit of the XRD equipment used 

within this study. Results from Rietveld structural refinements are shown in Figure S1 

of the supplementary material. 

The addition of 2 mol. % Bi2O3 lowers the sintering temperature from 1025 oC to 
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920 oC, below the melting point of Ag (~ 961 oC) which raises the possibility that 

Bi2(Li0.5Ta1.5)O7 based ceramics may be sutable for LTCC technology, provided that 

no reaction occurs. As seen from Figure 1, only peaks of Bi2(Li0.5Ta1.5)O7 and silver 

were observed in the ceramic co-fired with Ag powder sintered at 920 oC. The absence 

of secondary phases in XRD therefore suggests that Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 

ceramics are chemically compatible with Ag. 

Secondary electron (SE) images of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 

0.02) ceramics sintered at their optimal temperatures, BSE images of 

Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 co-fired at 920 oC with Ag powder and an electrode, and 

a schematic ofthe crystal structureof Bi2(Li0.5Ta1.5)O7 are shown in Figure 2. Dense, 

homogenous microstructures were revealed for all the ceramics, Figure 2(a) – (c) with 

the grain size of Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) decreasing from ~ 5 

to ~ 3 µm for x = 0 and x = 0.02, respectively, presumably due to the reduction in 

sintering temperature. 

The theoretical density of Bi2(Li0.5Ta1.5)O7 is reported by Muktha32 as 9.002 

g/cm3 and confirmed from the XRD results present in this study. Bulk densities of 

Bi2(Li0.5Ta1.5)O7+xBi2O3 ceramics sintered at their optimal temperatures were 8.782 

g/cm3, 8.826 g/cm3, and 8.873 g/cm3 for x = 0, 0.01 and 0.02, respectively, and thus 

relative densities > 97 % were achieved for all compositions. The BSE image of 

ceramics co-fired with Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 and silver powders and with a Ag 

surface electrode are shown in Figure 2 (d) and (e). The silver grains have a lower 

weight average atomic number than Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 and thus appear 

darker. There is no evidence of a reaction zone at the Ag/Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 

interface. Moreover, a dense microstructure and clean interface is observed between 

the Ag electrode and ceramic in Figure 2(e). The SEM images therefore, confirm 
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XRD results that Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 ceramics are chemically compatible 

with Ag and thus suitable for LTCC technology. 

Microwave dielectric properties of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 

0.02) ceramics as a function of sintering temperature are presented in Figure 3. εr 

and Qf of Bi2(Li0.5Ta1.5)O7 increased from 62.5 to 65.1 and 13,820 to 15,500 GHz, 

respectively, as sintering temperatrure increased from 1000 oC to 1025 oC and then 

decreased slightly, possibly due to either secondary grain growth and/or 

volatilization of Bi2O3. After annealling 2h in O2 at 1000 oC, Qf was improved to 

16,780 GHz which is attributed to the decrease in oxygen vacancies (VO). 

Meanwhile, Qf of samples annealed in N2 decreased slightly. Generally, the 

improvements in Qf due to a decrease in VO when annealed in O2 are limited to < 

8 %. A similar trend was observed for Bi2(Li0.5Ta1.5)O7+0.01Bi2O3 but we note that 

the densification temperature decreased from ~ 1000 to ~ 975 oC. 

For x=0.02, εrand Qf decreased to 64.1 and ~11,200 GHz (11,650 GHz after 

annealing in O2), respectively,but sinteredat 920 oC, accompanied by a decreasein 

TCF from − 17.5 to – 19 ppm/oC. Although TCF requires further tuningto obtain 

values closer to zero, possibly through the substitution of Nb for Ta or addition of 

typical microwave dielectric with large positive TCF, such as TiO2 or CaTiO3, the 

MW properties demonstrate proof of concept that Bi2(Li0.5Ta1.5)O7+xBi2O3 ceamics 

have the potential for commercial exploitation in resonatorand LTCC applications. 

In the microwave region, polarizability is the sum of both ionic and electronic 

components. Shannon20 suggested that molecular polarizability(α) of complex 

substances maybe estimated by summing α of the constituent ions which for 

Bi2(Li0.5Ta1.5)O7 is: 
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01.3475.15.02 25371.50.52 )OTa(LiBi ≈+++= −+++ OTaLiBi
ααααα Å3,     (3) 

where the ionic polarizabilities of Bi3+, Li+, Ta5+and O2- are 6.12 Å3, 1.20 Å3, 4.73 Å3 

and 2.01 Å3, respectively.20 Considering the Clausius–Mosotti relation,33 

71.33
)2(4
)1(3

43
83

≈
+

−
=⇒

−

+
=

επ

ε
α

πα

πα
ε

V

V

V
meas

Å3,         (4) 

where V is the cell volume (1182.61/8 = 147.826 Å3), the molecular polarizability 

may be obtained from εr to give ~ 33.71 Å3 which is similar to the calculated value 

(34.01 Å3) based on Shannon’s additive rule. 

The complex permittivity of Bi2(Li0.5Ta1.5)O7 ceramics measured at MW 

frequencies using TE01δ method and THz region using THz-TDS technology 

(Terahertz time domain spectroscopy)34,35 are plotted as a function frequency in 

Figure 4. Complex refractivity (n*) can be obtained from the THz transmission data 

without using the Kramers-Kronig relation.34-36 From the relation between refractivity 

and ε (√ε*= n*), the real and imaginary part of ε may be calculated. As shown in 

Figure 4, the real part of ε  for Bi2(Li0.5Ta1.5)O7 increased from ~ 65 at 200 GHz 

(similar to the measured value at 4.3 GHz) to ~ 76 at 1100 GHz before decreasing 

sharply, implying thatthe first phonon oscillation absorption occured at 1100 GHz, 

possibly associated with the stretching mode of the Bi-O bond. The imaginary part of 

ε  also followed a similar trend. ε obtained from THz-TDS technology and TE01δ 

rersonance method are thus in good agreement. 

Qf of commercial microwave dielectric ceramics as a function of εr are plotted in 

Figure 5a. Qf and εr of Bi2(Li0.5Ta1.5)O7 ceramics effectively fill the gap in resonator 

technology for 60 < εr < 70 where previously no high Qf materials (> 15,000 GHz) 

have been reported. Moreover, we note that commercial MW ceramics such as 

CaTiO3-NdAlO3 have been fabricated for a number of years in large volumes and the 
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extrinsic dielectric losses minimized by tailored dopants and processing. We 

propose that Qf of Bi2(Li0.5Ta1.5)O7 may thus be improved in the future by the use 

of appropriate dopants and by superior synthesis methods. The sintering 

temperatures and microwave dielectric properties of high εr (> 60) single phase 

LTCC materials are listed in Table 1 with Qf versus εr plotted in Fig. 5b. We note 

that Qf of pyrochlore Bi2(Zn1/3Ta2/3)2O7, Li-Nb-Ti-O M-phase and Bi2O3–CaO–

Nb2O5 system are inferior to Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 (11,200 GHz).37-42 Given 

the low sintering temperature of Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 and its compatibility 

with Ag, we propose that it offers an ideal solution for high Qf, εr materials in 

LTCC technology (εr ~ 64.1, a Qf ~11,200 GHz and a TCF ~ −19 ppm/oC). The 

above discussions are based on ceramics sintered from single monolithic green 

bodies. We note that stacking ceramics with adhesive bonding is also an effective 

way to achieve near-zero TCF materials over a wide range of permittivities.43 

However, this latter route offers limited control over resonator geometry. 

IV. Conclusions 

The Bi2(Li0.5Ta1.5)O7 ceramic sinter to > 95% theoretical density at 1125 oC with 

εr ~ 65.1, Qf ~ 15,500 and TCF~ − 17 ppm/oC, filling the gap in εr between 60 ~ 70 

for base station resonators application. Furthermore, annealing in O2 further 

increased Qf to 16,780 GHz. The sintering temperature of the based composition is 

lowered to 920 oC by adding 2 mol. % Bi2O3 whilst retaining excellent MW 

dielectric properties, εr~ 64.1, Qf ~11,200 GHz (almost twice larger than the 

existing LTCCs with the similar permittivity) and TCF ~ −19 ppm/oC. In 

conclusion, these compositions occupy a unique place in the pantheon of 

microwave ceramics and have the potential to attain commercial exploitation as 

either 5G resonators and/or in LTCC technology. 
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Table 1. List of high k (k > 60) single phase LTCC materials with TCF < ± 40 ppm/oC 

Composition Frequency 

(GHz) 

S.T. 

(oC) 

εr Qf 

(GHz) 

TCF 

(ppm/oC) 

Ref. 

BaSm2Ti4O12-16 

mol.-%BaCu(B2O5) 

—— 875 60 4,500 −30 29 

Bi2(Zn1/3Ta2/3)2O7-0.5 

wt-%B2O3 

—— 850 63.9 3,500 −14 37 

Bi2(Li0.5Ta1.5)O7-0.02Bi2O3 4.3 920 64.1 11,200 −19 this 

work 

LiNb0.6Ti0.5O3-0.5 wt. % 

0.17Li2O–0.83V2O5 

5.92 850 64.7 5,900 +9.4 38 

Li1-x-yNb1-x-yTix-4yO3 (x=0.1, 

y=0.1) 

-2 wt-%V2O5 

5.6 900 66 3,800 +11 39 

Bi2O3–CaO–Nb2O5 

(52.5 :17.5 : 30) 

3.6 925 66 330 +35 40 

Bi2(Zn1/3Ta2/3)2O7 —— 850 66.3 3,200 −8.8 41 

LiNb0.6Ti0.5O3-1 wt-%B2O3 —— 880 70 5,400 −6 42 
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Figure Captions: 

Fig. 1 XRD patterns of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) ceramics 

sintered at different temperatures and co-fired with Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 and 

30 wt. % silver powders 

Fig. 2 SEM images of the Bi2(Li0.5Ta1.5)O7-xBi2O3 for x = 0 sintered at 1025 oC (a), x 

= 0.01 sintered at 1000 oC (b), x = 0.02 sintered at 920oC (c), backscattered electron 

(BSE) image of co-fired ceramics with silver powders (d) and silver paste (e) sintered 

at 920 oC and schematic of crystal structure (f) 

Fig. 3 Microwave dielectric properties of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 

0.02) ceramics as a function of sintering temperature 

Fig. 4 Real and imaginary parts of permittivity over a wide frequency range. 

Fig. 5 Comparison of this work and commercial systems (a) for dielectric resonators 

and (b) high permittivity LTCC materials29,37-42 
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Fig. 1 XRD patterns of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) ceramics sintered at different 
temperatures and co-fired with Bi2(Li0.5Ta1.5)O7+0.02Bi2O3 and 30 wt. % silver powders  
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Fig. 2 SEM images of the Bi2(Li0.5Ta1.5)O7-xBi2O3 for x = 0 sintered at 1025 oC (a), x = 0.01 sintered at 
1000 oC (b), x = 0.02 sintered at 920oC (c), backscattered electron (BSE) image of co-fired ceramics with 

silver powders (d) and silver paste (e) sintered at 920 oC and schematic of crystal structure (f)  
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Fig. 3 Microwave dielectric properties of the Bi2(Li0.5Ta1.5)O7+xBi2O3 (x = 0, 0.01 and 0.02) ceramics as 
a function of sintering temperature  
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Fig. 4 Real and imaginary parts of permittivity over a wide frequency range.  
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Fig. 5 Comparison of this work and commercial systems (a) for dielectric resonators and (b) high 
permittivity LTCC materials29,37-42  
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Fig. 5 Comparison of this work and commercial systems (a) for dielectric resonators and (b) high 
permittivity LTCC materials29,37-42  
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TOC GRAPH: 

TOC Synopsis: The Bi2(Li0.5Ta1.5)O7 ceramic possesses a permittivity ~ 65.1, 

microwave quality factor (Qf) ~ 15,500 GHz (16,780 when annealed in O2) and 

temperature coefficient of resonant frequency ~ − 17.5 ppm/
o
C. The sintering 

temperature was lowered to ~ 920 
o
C by the addition of 2 mol. % excess Bi2O3, which 

makes it potential for dielectric resonator and LTCC applications. 
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