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Abstract
A novel low-fired microwave dielectric ceramic, BaCu(B2O5)-added 0.6Ca3/5La4/15TiO3–0.4Li1/2Nd1/2TiO3 (abbreviated 
CLT–LNT), was prepared by solid state route. The influence of BaCu(B2O5) on the phase composition, sintering behav-
ior and microwave dielectric properties of as-synthesized CLT–LNT ceramics was investigated. All the BaCu(B2O5)-
added CLT–LNT ceramic samples exhibited single phase orthorhombic perovskite structure. BaCu(B2O5) dramatically 
decreased the sintering temperature of CLT–LNT ceramics from 1400 to 930 °C. Favorable microwave dielectric properties 
(εr = 87.6, Q × f = 6530 GHz, τf = 3.2 ppm/°C) as well as the maximum relative density (97.9%) were obtained for the 1.6 wt% 
BaCu(B2O5)-added CLT–LNT ceramic sintered at 930 °C for 3 h. Therefore, such a novel BaCu(B2O5)-added CLT–LNT 
ceramic would be a promising candidate for low-temperature co-fired ceramics applications.

1  Introduction

The past few decades have witnessed tremendous develop-
ment of wireless communications in cell phone and satel-
lite communication systems. The ever-increasing package 
density of microwave components, such as filter, oscillator, 
and antenna, inevitably leads to the rise of chip volume and 
much generation of heat [1, 2]. To ensure the reliability of 
components and circuits, thermal conductive filler has been 
widely used to remove the unwanted heat [3–5]. Ceramics, 
with large thermal conductivity, could be a better choice. 
Now, the low-temperature co-fired ceramics (LTCC) tech-
nology has become an irreplaceable fabrication approach 
to realize the miniaturization and integration of microwave 
circuit system [6]. To meet the requirements of LTCC tech-
nology, the dielectrics with high dielectric constant, high 
quality factor, and near zero temperature coefficient of 

resonant frequency should be well sintered at low tempera-
ture (< 961 °C) to co-fire with Ag [7–9].

However, most of the known commercial ceramic 
materials with large dielectric constants and high qual-
ity factors have high sintering temperatures. To solve 
this problem, low-melting sintering aids such as oxides, 
compounds and glass frits are generally mixed with 
ceramic materials to reduce the sintering tempera-
ture. A lot of researchers have made great efforts. Fang 
et al. lowered the sintering temperature to 950 °C in the 
Ca0.35Li0.25Nd0.35Ti0.97Al0.03O3 ceramics by adding 5 wt% 
BaCu(B2O5) and obtained the optimized microwave 
dielectric properties: εr = 109.5, Q × f = 2979  GHz, and 
τf = 41.2 ppm/°C [10]. Ren et al. presented a novel LTCC 
material with sintering temperature of 875 °C based on 
CaO–B2O3–SiO2 glass/CaTiO3 ceramic [11]. This mate-
rial has the following characteristics: εr = 25.7, Q × f 
= 7778 GHz, τf = 3.7 ppm/°C, CTE = 6.9 ppm/K and ther-
mal conductivity λ = 3.4 W/mK. Zhang et al. investigated 
the effect of H3BO3–CuO–Li2CO3 combined additives on 
the sintering temperature of Ca0.61Nd0.26Ti0.98Sn0.02O3 
(CNTS) ceramics [12]. The H3BO3–CuO–Li2CO3 com-
bined additives effectively lowered the sintering tempera-
ture of CNTS ceramics from 1300 to 950 °C. Li0.5Nd0.5TiO3 
(LNT) demonstrated an effective compensation in τf value of 
the low-fired CNTS ceramics. Excellent dielectric proper-
ties of εr = 90.6, Q × f = 3400 GHz, and τf = 9 ppm/°C were 
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obtained in the 0.4CNTS–0.6LNT ceramics with 5 wt% 
(H3BO3–CuO)-0.5 wt% Li2CO3 sintered at 900 °C for 2 h.

(1-x)Ca0.6La0.8/3TiO3-xLi1/2Nd1/2TiO3 (0.4 ≤ x ≤ 0.6) is 
a well-known ceramic material for microwave applications 
due to its high relative permittivity, high quality factor, and 
near zero temperature coefficient of resonant frequency. 
Good temperature stability (τf  =  4.5 ppm/°C) with a high 
permittivity of 105 and a Q × f value of 7000 GHz was 
obtained in the sample sintered at 1400 °C for 4 h when 
x = 0.5 [13]. Meanwhile higher Q × f value of 7800 GHz with 
τf = 51.8 ppm/°C was also obtained when x = 0.4. However, 
it is difficult to be co-fired with high conductivity electrodes 
(e.g. Ag) at a low temperature (≤ 950 °C). According to the 
previous studies [14, 15], we prepared a novel LTCC mate-
rial with high permittivity based on BaCu(B2O5)/CLT–LNT 
(0.6Ca3/5La4/15TiO3–0.4Li1/2Nd1/2TiO3) ceramic. The sin-
tering temperature, phase composition, microstructure, and 
microwave dielectric properties were investigated.

2 � Experimental procedure

2.1 � Materials

All the raw mater ials, including CaCO3(99%), 
Li2CO3(99%), La2O3(99.99%), Nd2O3(99.99%), TiO2(98%), 
Ba(OH)2.8H2O(99%), CuO (99%) and H3BO3 (99.5%) 
were obtained from Sinopharm Chemical Reagent Co. Ltd. 
(Shanghai, China).

2.2 � BaCu(B2O5) powder preparation

The BaCu(B2O5) powder was synthesized by conventional 
solid-state route. Stoichiometric amounts of Ba(OH)2·8H2O, 
CuO, and H3BO3 were weighed and mixed with ZrO2 balls 
in alcohol for 24 h, and then calcined in air at 800 °C for 3 h 
after being dried at 80 °C. The as-synthesized BaCu(B2O5) 
was crushed, ground, and sieved by 200 mesh.

2.3 � CLT–LNT ceramic preparation

Samples of CLT–LNT ceramics were also fabricated by con-
ventional solid-state route. The La2O3 and Nd2O3 powders 
were first calcined at 900 °C for 2 h to removal the moisture 
and CO2 absorbed from the environment. Stoichiometric 
amounts of raw powders were weighed according to the 
formula of CLT–LNT. The powder mixtures were milled 
with ZrO2 balls in alcohol for 24 h. The slurry was dried at 
80 °C and sieved by 120 mesh screen, and then calcined in 
air at 1200 °C for 3 h to form the CLT–LNT phase. Then, 
block CLT–LNT was crushed and milled into fine ceramic 
powders in high speed (420 r/min) planetary ball mill. The 
as-synthesized CLT–LNT and BaCu(B2O5) powders at 

different weight ratios (0.4, 0.8, 1.2, 1.6, and 2.0 wt%) were 
milled for 24 h again, then granulated with PVA binder, 
and finally uniaxially pressed into cylinders with 10 mm in 
diameter and 5 mm in height under a pressure of 150 MPa. 
The cylinders were heated at 600 °C for 2 h to burn out the 
organic binder at a heating rate of 0.5 °C/min. And then, the 
pure CLT–LNT and BuCu(B2O5)-added CLT–LNT pellets 
were sintered at 1350–1450 °C and at 850–950 °C for 3 h at 
a heating rate of 5 °C/min, respectively.

2.4 � Characterization

The bulk densities of the sintered ceramic samples were 
measured by the Archimedean immersion method using 
distilled water as medium with the accuracy of ± 0.001 g/
cm3. The phase composition of the samples were identi-
fied by X-ray powder diffraction patterns (XRD, Bruke D8 
ADVANCE, Germany, Cu Kα1, 40 kV and 40 mA). Prior to 
the examination, the sintered pellets were crushed into pow-
ders with an agate mortar. The morphologies of the sintered 
samples were characterized by scanning electron microscopy 
(SEM, Jeol, JSM5610LV, Japan). Before visualization, the 
surfaces of samples were coated with a thin layer of gold 
to enhance electric conductivity. The quality-factor Q × f 
values and the relative dielectric constants εr at microwave 
frequency were determined with a network analyzer (Agi-
lent N5230C, USA) in S21 transmission mode at room tem-
perature according to the post-resonant method developed 
by Hakki and Coleman [16]. The temperature coefficient of 
the resonant frequency (τf) was also measured by the same 
method at the temperatures ranging from 20 to 80 °C, and 
calculated by the following equation:

where f80 and f20 represent the resonant frequencies at 80 and 
20 °C, respectively.

3 � Results and discussion

3.1 � Phase composition

Figure 1 illustrates the typical room-temperature XRD pat-
terns of the pure CLT–LNT ceramics sintered at 1400 °C 
for 3 h and the CLT–LNT ceramics with different amount 
of BaCu(B2O5) addition sintered at 930 °C for 3 h. A single 
orthorhombic perovskite structure without ordered arrange-
ment of cations/vacancies was observed in the as-synthe-
sized CLT–LNT ceramics and complete solid solution of the 
complex perovskite phase was confirmed (JCPDS78-1013). 
Meanwhile, the diffraction peak corresponding to the (224) 

(1)

�f =
f80 − f20

f20 × (80 − 20)
=

f80 − f20

f20 × 60
× 106 (ppm/oC)
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crystal face shifted slightly to the low angle with the incre-
ment of BaCu(B2O5) content, suggesting that the d224 value 
increased with BaCu(B2O5) addition according to the Bragg 
equation (2dsinθ = nλ).

3.2 � Sintering behavior

Figure  2 shows the relative densities of the CLT–LNT 
ceramics with 0.4 ~ 2.0 wt% BaCu(B2O5) addition as a func-
tion of sintering temperature from 850 to 950 °C and without 
BaCu(B2O5) from 1350 to 1450 °C for 3 h. The relative den-
sities of the BaCu(B2O5)-added CLT–LNT ceramics increase 
initially as the sintering temperatures rise, and then almost 
saturate at above 930 °C. The relative densities of CLT–LNT 

ceramics with BaCu(B2O5) sintered at 930 °C were almost 
the same as the pure CLT–LNT ceramic sintered at 1400 °C 
(98.1% of calculated theoretical density). After adding the 
BaCu(B2O5), the sintering temperature of the CLT–LNT 
ceramics has been dramatically reduced by 470 °C. The 
highest relative density (97.9%) could be obtained for the 
CLT–LNT ceramics with 1.6 wt% BaCu(B2O5) sintered at 
930 °C. However, further increasing BaCu(B2O5) content 
led to a slight decrease in the relative density.

3.3 � Microstructure

Figure 3 illustrated the typical SEM images of the surface 
morphology of BaCu(B2O5)-added CLT–LNT ceramics sin-
tered at 930 °C for 3 h and pure CLT–LNT ceramics sintered 
at 1300 °C for 3 h. All the specimens except for the 0.4 wt% 
BaCu(B2O5)-added showed dense microstructures with 
low porosity. It can be seen that a large number of quadrate 
grains (1–2 µm) existed in BaCu(B2O5)-added CLT–LNT 
ceramics. With the BaCu(B2O5) content increasing, the pore 
volume decreased and the morphology became denser, but 
there were no significant differences in the number and size 
of grains. Meanwhile, grains with much larger size (3–5 µm) 
were observed in the pure CLT–LNT ceramics sintered at 
1400 °C for 3 h. This indicated that sintering temperature 
was the key factor for the grain growth of CLT–LNT ceramic 
samples other than BaCu(B2O5) content.

3.4 � Dielectric properties

Figure 4 illustrated the dielectric properties of BaCu(B2O5)-
added CLT–LNT ceramics sintered at 930 °C for 3 h as a 
function of BaCu(B2O5) content. Clearly, all the BaCu(B2O5) 
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Fig. 1   Typical XRD patterns of the BaCu(B2O5)-added CLT–LNT ceramic samples sintered at 930 °C for 3 h and the pure CLT–LNT ceramic 
sample sintered at 1400 °C for 3 h
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added CLT–LNT ceramic samples exhibited lower permit-
tivities than that of pure CLT–LNT ceramic (106) sin-
tered at 1400 °C. This might attribute to low permittivity 
of the amorphous phase originated from BaCu(B2O5) flux 
during the cooling process. In general, the dielectric con-
stant depends on phase composition, and relative density 
[17, 18]. In this work, the εr values of BaCu(B2O5) added 
CLT–LNT ceramics exhibited the same tendency as the 
relative densities since higher relative density means lower 
porosity (εr ~ 1) [19]. Therefore, the maximum of εr value 
(87.6) was obtained in well-densified CLT–LNT ceramic 

sample with 1.6 wt% BaCu(B2O5) addition. The Q × f val-
ues of BaCu(B2O5)-added CLT–LNT ceramic samples 
increased gradually with the increment of BaCu(B2O5) up 
to 1.6 wt% (the saturated Q × f value is 6530 GHz), and then 
decreased rapidly for further BaCu(B2O5) addition. Gener-
ally speaking, the microwave dielectric loss included not 
only intrinsic losses that were mainly caused by the lattice 
vibration modes but also extrinsic losses dominated by 
densification/porosity, the secondary phases, grain sizes 
and oxygen vacancies, etc. [15, 20–22]. The increasing of 
the εr and Q × f value with the increment of BaCu(B2O5) 
contents should be attributed to the improved densification. 
Another explanation might be the restrained evaporation of 
lithium during the sintering process at 930 °C, much lower 
than the sintering temperature of pure CLT–LNT ceramic. 
It was also clearly observed that the temperature coefficient 
of the resonant frequency (τf) decreased slightly with the 
BaCu(B2O5) content, from 15.5 to − 6.5 ppm/°C, due to the 
negative τf value of BaCu(B2O5) (− 32 ppm/°C) [23, 24]. In 
summary, BaCu(B2O5) dramatically decreased the sinter-
ing temperature of the CLT–LNT ceramic while causing not 
that much deterioration in microwave dielectric properties. 
The optimum microwave dielectric properties of εr = 87.6, 
Q × f = 6530 GHz, and τf = 3.2 ppm/°C were obtained for 
1.6 wt% BaCu(B2O5)-added CLT–LNT ceramics sintered 
at 930 °C for 3 h.

As known, the temperature coefficient of resonant fre-
quency (τf) was a critical factor for the microwave compo-
nent, especially for the wireless communication applications, 

Fig. 3   Typical SEM images of the CLT–LNT ceramics doped by a 0.4 wt%, b 0.8 wt%, c 1.2 wt%, d 1.6 wt%, e 2.0 wt% BaCu(B2O5) sintered at 
930 °C for 3 h, and f pure CLT–LNT ceramics sintered at 1400 °C for 3 h
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and a near zero τf value was often expected [25]. Moreover, 
high quality factor was also required to ensure the selection 
of desired signal and the removal of unwanted ones by its 
narrow bandwidth and a relatively high dielectric constant 
for minimization of the component [26]. Figure 5 showed the 
microwave dielectric properties of CaO–Li2O–Re2O3–TiO2 
based ceramics and some typical low temperature sintered 

ceramics with εr ≥ 70. It was clearly seen that only twelve 
ceramics met the requirement of sintering temperature to be 
lower than 961 °C. Considering that the near zero tempera-
ture coefficient of resonant frequency (|τf| < 10 ppm/°C) was 
required, the BaCu(B2O5)-added CLT–LNT ceramics in this 
work possessed much higher Q × f and relative permittivity 
values.

Fig. 5   Microwave dielectric 
properties of CaO–Li2O–
Re2O3–TiO2 based ceramics 
(Re = rare earth) and some 
typical low temperature sintered 
ceramics with relative permit-
tivity over 70. a permittivity 
(εr), b Q × f. A1 (after Ref. [27]); 
A2 (after Ref. [28]); A3 (after 
Ref. [29]); A4 (after Ref. [30, 
31]); A5 (after Ref. [32]); A6 
(after Ref. [33]); A7, A9 (after 
Ref. [34]); A8 (after Ref. [35]); 
A10, A12, B12 (after Ref. [36]); 
A11, A14, B16 (after Ref. [37]); 
A13 (after Ref. [38]); A15, 
A16, B13, B14, C11–C24 (after 
Ref. [39]); A17, B12 (after Ref. 
[40]); A18, C26 (after Ref. 
[13]); B1, C7 (after Ref. [10]); 
B2 (after Ref. [41]); B3 (after 
Ref. [42]); B4 (after Ref. [15]); 
B5 (after Ref. [43]); B6 (after 
Ref. [44]); B7 (after Ref. [45]); 
B8 (after Ref. [46]); B9 (after 
Ref. [47]); B10 (after Ref. [48]); 
B11 (after Ref. [49]); B15 (after 
Ref. [50]); B17, C25 (after 
Ref. [51]); C1 (after Ref. [52]); 
C2–C5 (after Ref. [53]); C6 
(after Ref. [54]); C8 (after Ref. 
[55]); C9, C10 (after Ref. [56]). 
Red line inserted in the figure 
shows the melt point of silver
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4 � Conclusions

A novel low-fired and high-εr microwave dielectric ceramic 
BaCu(B2O5)-added CLT–LNT was fabricated, and the sin-
tering behaviors and microwave dielectric properties of the 
CLT–LNT ceramics with different amounts of BaCu(B2O5) 
addition had been investigated. BaCu(B2O5) lowered the 
sintering temperature of CLT–LNT ceramics from 1400 to 
930 °C and improved its densification. No second phase was 
detected in all the BaCu(B2O5)-added CLT–LNT ceramic 
samples. The 1.6  wt% BaCu(B2O5)-added CLT–LNT 
ceramics sintered at 930 °C for 3 h had optimum micro-
wave dielectric properties of εr = 87.6, Q × f = 6530 GHz, and 
τf = 3.2 ppm/°C, enabling it a promising material for LTCC 
applications.
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