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A B S T R A C T

Bi4B2+xO9+3x/2 (x = 1.5, 2, 2.5, 3) compounds with high relative permittivity and ultra-low sintering tem-
perature were prepared using the conventional solid-state method. Due to the volatilisation of B2O3 during
sintering, a Bi4B2O9 single phase was obtained in excess addition of boric acid for x= 2.5. The densest structure
of the Bi4B2+xO9+3x/2 (x= 2.5) ceramic, sintered at 585 °C, exhibited good microwave dielectric properties of a
relative permittivity (εr) = 42.5, quality factor (Q × f) = 3240 GHz, and temperature coefficient of resonance
frequency (τƒ) = −59 ppm/°C. As the value of x changed, the second phases of Bi2O3 and Bi3B5O12 appeared,
and the (εr) and (τƒ) values decreased. The Bi4B2+xO9+3x/2 (x= 2.5) ceramics did not react with either Ag or Al,
indicating that they are good candidate materials for ultra-low temperature co-fired ceramic (ULTCC) applica-
tions.

1. Introduction

As 5G technology becomes part of daily life, people's demand for
communication equipment is continuously increasing. Different from
low-temperature cofired ceramic (LTCC) technology, ultra-LTCC
(ULTCC) technology requires a lower sintering temperature and the
ceramic materials to be densified at temperatures below 700 °C, and
they do not react with Al or other low melting point materials to ensure
co-firing [1–7].
ULTCC technology provides the possibility for microwave dielectric

ceramics to be used in small portable equipment. However, relative
permittivity will limit the application of microwave dielectric ceramics
in devices of different sizes [8,9]. The wavelength of an electromagnetic
wave ( ) can be calculated using Equation (1):

= ,r
0

(1)

where 0 is the wavelength in a vacuum and r is the relative permit-
tivity of a microwave ceramic. At the same resonant frequency f0, the
larger the εr of the dielectrics, the smaller the wavelength, and the
smaller the size of the corresponding dielectric resonator; hence, more
electromagnetic energy can be concentrated in the medium [10]. In
other words, a high permittivity is beneficial to the miniaturization and
high quality of dielectric resonators. However, only a few studies on

microwave dielectric ceramics focus on both an ultra-low sintering
temperature and high dielectric constant.
Currently, studies on ULTCC are scarcer than other literature on

microwave dielectric ceramics, as shown in Fig. 1. In addition, the
majority of the relevant studies focus on low relative permittivity sys-
tems because a lower relative permittivity of a microwave ceramic
translates to lower microwave dielectric loss [11,12]. Only (Li0.5Bi0.5)
MoO4 ceramic was studied with high relative permittivity greater than
40 and low sintering temperature lower than 700 °C; its ceramic sin-
tered at 560 °C exhibited good microwave dielectric properties of
εr = 44.4, quality factor (Q × f) = 3200 GHz, and temperature coef-
ficient of the resonance frequency (τƒ) = +245 ppm/°C [13,14]. Mi-
crowave dielectric properties of εr = 39, Q × f = 2600 GHz, and
τƒ = −203 ppm/°C for Bi4B2O9 sintered at 660 °C were reported by
Chen et al. [15]. However, the harsh preparation process (using iso-
propanol as the ball milling medium), high negative temperature
coefficient of resonance frequency, and lack of tests of co-firing with Al
limits its further development.
In our previous research [16], Bi3B5+xO12+3x/2 (x = 0–6) com-

pounds for x = 4 exhibited a Bi3B5O12 single phase, an ultra-low sin-
tering temperature of 625 °C, and good microwave dielectric properties
of εr = 12.14, Q × f = 14,800 GHz, and τƒ = −72 ppm/°C. Lowering
the x value caused the appearance of the Bi4B2O9 second phase, which
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led to a decrease in the Q × f value and increase in the εr value from
12.14 to 18.81. In this study, the composites of Bi4B2+xO9+3x/2
(x= 1.5, 2, 2.5, 3) were designed and prepared using H3BO3 and Bi2O3
powders, and their microwave dielectric properties, sintering beha-
viours, microstructures, and compatibilities with aluminium and silver
were investigated.

2. Experimental procedure

Bi4B2+xO9+3x/2 (x = 1.5, 2, 2.5, 3) ceramics were prepared using a
conventional solid-state reaction method. High-purity raw powders of

Bi2O3 (99.95%) and H3BO3 (99.99%) were stoichiometrically weighted,
mixed, and ball-milled in alcohol using zirconia balls for 6 h and sub-
sequently dried at 90 °C in a drying oven. Subsequently, the dry powders
were calcined in air at 550 °C for 4 h. The fine calcined powders were
granulated by using 5 wt% polyvinyl alcohol (PVA) and subsequently
pressed into cylinders with a diameter of 10 mm and thickness of
4–6 mm under a pressure of approximately 200 MPa. Finally, the disks
were heated in air to 500 °C for 4 h to exhaust the binder and subse-
quently sintered at 555–595 °C for 4 h at a heating rate of 5 °C/min.
The crystalline phases of the ceramics were determined using an X-

ray diffractometer (XRD; Model X'Pert PRO, PANalytical, Almelo,
Netherlands) at a scan rate of 0.417°/s and Cu Kα radiation generated
at 40 kV and 40 mA. Rietveld refinement data were obtained at a low
scan rate (0.021°/s) using GSAS software to further calculate the re-
lative phase contents. Scanning electron microscopy (SEM; Model
JSM6380-LV, JEOL, Tokyo, Japan) was used to observe the micro-
structures of the natural surfaces of the ceramics. In thermal etching, all
cross sections of the samples were polished and heated at 50 °C below
their sintering temperature for 30 min. The relative densities of the
ceramics were calculated using Equation (2):

= / ,r b C (2)

where r , b, and C are the relative density, bulk density, and theore-
tical density of the ceramics, respectively. The bulk density was mea-
sured using Archimedes' method.
The dielectric behaviour in the microwave frequency range was

tested using the TE01δ method via a network analyser (E5071C, Agilent
Co., CA, USA, 10 MHz to 20 GHz). The τƒ values were calculated using
Equation (3):

=
f f

f T T( )f
T T

T 0

0

0 (3)

where fT and fT0 are the resonant frequencies at 80 and 25 °C, respec-
tively.

Fig. 1. Application of microwave dielectric ceramics with different relative
permittivities at different sintering temperatures.

Fig. 2. The room-temperature XRD patterns of Bi4B2+xO9+3x/2 (x = 1.5, 2, 2.5, 3) ceramics sintered at the optimum sintering temperature.
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3. Results and discussion

The room-temperature XRD patterns of Bi4B2+xO9+3x/2 (x= 1.5, 2,
2.5, 3) ceramics sintered at their optimum temperatures are illustrated
in Fig. 2. When x = 1.5 and 2, the pure phase structure of Bi4B2O9
cannot be obtained; instead, Bi4B2O9 and Bi2O3 phases are obtained
because of the volatilisation of B2O3. As the value of x increased to 2.5,
the extra Bi2O3 participated in the reaction because of the addition of
excessive H3BO3, indicated by the disappearance of the peak on the
(120) crystal plane, which caused only a single phase of monoclinic
Bi4B2O9 (PDF: 01-070-1458). As x further increased to 3, a Bi3B5O12
(PDF: 01-015-0372) second phase with orthorhombic structure was
observed in the XRD result, which was indicated by the appearance of
(200) and (105) peaks.
The Rietveld refinement result for the Bi4B2+xO9+3x/2 (x = 2.5)

sample processed by the GSAS software is shown in Fig. 3 [17]. The R-
values with Rwp = 7.90%, Rp = 5.83%, and χ2 = 6.89 were obtained
by using the crystal structure of Bi4B2O9 (See ICSD: 2796) as the re-
ference standard for refinement. These low R-values suggest that the
XRD data test result of ceramic matched well with Bi4B2O9 for the
monoclinic structure in the space group P21/c. The refined cell para-
meters were a= 11.11589(8) Å, b= 63,444(5) Å, c= 11.04526(8) Å,
α = γ = 90°, β = 91.0198(7)°, and V = 814.434(10) Å3. The atomic
coordinates are listed in Table 1. Fig. 3(b) shows the structure cell of a
Bi4B2+xO9+3x/2 (x = 2.5) ceramic. There were two types of isolated
[BO3]3- trigonal coordinations—part triangle, part pyr-
amidal—containing all boron of ceramic. This result was similar to the
Bi4B2O9 crystal structure in Egorysheva's study [18].
Fig. 4 depicts the micrographs of the free surfaces for

Bi4B2+xO9+3x/2 ceramics sintered at different temperatures. The

porosity of Bi4B2+xO9+3x/2 (x = 2.5) ceramics decreased as sintering
temperature increased from 565 to 585 °C, as shown in Fig. 4(a) and
(b). The ceramic exhibited a dense microstructure with distinct grain
boundaries at 585 °C. As the sintering temperature further increased to
595 °C, a few pores appeared in the ceramic, as shown in Fig. 4(c). As
Fig. 4(d) and (e) show, when x = 2 and 3, a dense morphology was
obtained in the ceramics at 585 and 610 °C, respectively. However, the
second phases of Bi2O3 and Bi3B5O12 appeared. This result was con-
sistent with the XRD analysis. The details of the results of the EDS
analysis are shown in Fig. 5.
Fig. 6(a) illustrates the bulk and relative densities of Bi4B2+xO9+3x/

2 (x = 2.5) ceramic sintered at 555–595 °C. At the sintering

Fig. 3. (a) Rietveld refinement of the room-temperature XRD data of Bi4B2+xO9+3x/2 (x = 2.5). (b) A crystal structure schematic for that ceramic.

Table 1
Atomic coordinates of Bi3B5+xO12+3x/2 (x = 4) and reliability factors.

Atom Mult x/a y/b z/c Occ Ui/Ue*100

Bi1 4e 0.992357 0.482339 0.346054 1 1.09
Bi2 4e 0.80679(21) 0.04379(28) 0.49051(19) 1 1.18
Bi3 4e 0.502179 0.424060 0.159545 1 0.98
Bi4 4e 0.342967 0.438888 0.481242 1 0.74
O1 4e 0.480223 0.095725 0.133001 1 1.24
O2 4e 0.4048(31) 0.1710(34) 0.5122(25) 1 1.66
O3 4e 0.8604(28) 0.2069(35) 0.3010(25) 1 0.21
O4 4e 0.9487(31) 0.1700(34) 0.0034(27) 1 2.11
O5 4e 0.1880(30) 0.2239(39) 0.1846(24) 1 1.53
O6 4e 0.6834(30) 0.2385(38) 0.3514(22) 1 1.14
O7 4e 0.1032(30) 0.2432(41) 0.3429(23) 1 1.97
O8 4e 0.3242(29) 0.2309(40) 0.2945(24) 1 2.30
O9 4e 0.6956(21) 0.2945(27) 0.1873(16) 1 −3.1(4)
B1 4e 0.691(4) 0.310(5) 0.2771(30) 1 −2.7(8)
B2 4e 0.215(6) 0.499(7) 0.1894(40) 1 −0.36
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temperature of 585 °C, the bulk and relative density extended to the
maximum values of 7.98 g/cm3 and 97.54%, respectively. The SEM
results (Fig. 4(a), (b), and (c)) indicated that the decrease in porosity

and densification process completely caused the bulk and relative
density of the ceramic to reach the peaks at 585 °C.
While the dielectric properties primarily depend on intrinsic factors

such as ionic polarizability and lattice vibration, they also depend on
extrinsic factors including density, phase composition, etc. [19,20]. The
change trend in the relative permittivity of the Bi4B2+xO9+3x/2
(x = 2.5) ceramics was the same as that in the relative density, as
shown in Fig. 6. At the sintering temperature of 585 °C, the relative
permittivity of ceramic attained the maximum value of 42.5 due to the
most compact crystal structure. Bosman and Havinga's correction
equation was applied to remove the influence of the porosity on the
relative permittivity of the ceramics [21]:

εco = εm (1 + 1.5p) (4)

where εco, εm, and p are the corrected and measured values of relative
permittivity and porosity percentage, respectively. After the influence
of pores was eliminated, the εco values of the Bi4B2+xO9+3x/2 (x= 2.5)
ceramic retained a relatively steady change along with the sintering
temperature and were slightly higher than the measured values, as
shown in Fig. 6(b). This result indicated that the change in porosity
should be the most critical factor for the variation in the relative per-
mittivity of ceramics. The theoretical relative permittivity (εth) can also
be calculated using the Clausius-Mossotti equation [22]:

= +V
V

3 8
3 4th (5)

where V is the molecular volume and is the polarizability of the
Bi4B2O9 molecule. The total of ionic polarizability of Bi4B2O9 can be
predicted as follows:

= + ++ +(Bi B O ) 4 (Bi ) 2 (B ) 9 (O )4 2 5
3 3 2 (6)

where (Bi3+), (B3+), and (O2−) are the polarizability of

Fig. 4. SEM images of the Bi4B2+xO9+3x/2 (x= 1.5, 2, 2.5, 3) ceramics sintered
at different temperatures. [x= 2.5 sintered at 565 (a), 585 (b), and 595 °C (c);
x = 2 sintered at 585 °C (d); x = 3 sintered at 610 °C (e)].

Fig. 5. EDS spectra of Bi4B2+xO9+3x/2 (x = 2, 2.5, 3) ceramics at the optimum sintering temperature.
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Bi3+(6.12 Å3), B3+(0.05 Å3), and O2− (2.01 Å3). However, the εth of
Bi4B2O9 was approximately 22.56, which was much lower than the
measured value (42.5). The inconsistency between εth and εr may have
been caused by the participation of other polarization mechanisms in
addition to ion polarization. A similar phenomenon also occurred in
other systems [23,24].
Fig. 7 shows the trends of the Q × f and temperature coefficient of

resonance frequency values for the Bi4B2+xO9+3x/2 (x = 2.5) ceramic

sintered at different temperatures. Similar to the change in relative
permittivity, external and internal factors also affect the value of the
microwave ceramic. Often, intrinsic losses depend on the lattice vi-
brations and phonon energy in crystals, and extrinsic losses to receive
the secondary phases, morphology, porosity and so on many types of
factors the influence [25,26]. At the best densification temperature of
585 °C, the Bi4B2+xO9+3x/2 (x = 2.5) ceramic exhibited a maximum
Q × f value of 3318 GHz at a low frequency of 5.39 GHz.

Fig. 6. The relative and bulk density (a), the relative permittivity and the corrected permittivity values (b) of the Bi4B2+xO9+3x/2 (x= 2.5) ceramic as a function of
sintering temperature.

Fig. 7. The variation in the quality factor (a) and temperature coefficient of resonant frequency (b) of Bi4B2+xO9+3x/2 (x = 2.5) ceramic as a function of sintering
temperature.
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τƒ is well known to be closely related to the bond energy and bond
length of a crystal, which is influenced by the preferred orientation of
grains and phase transformation. However, the contribution of the
porous rate to the τƒ of a ceramic is minimal. Hence, τƒ values of the
Bi4B2+xO9+3x/2 (x = 2.5) ceramic maintained a stable value between
−56.8 and −59.4 ppm/°C as the sintering temperature changed be-
cause of the invariant phase composition. Note that this value was
much higher than that of the pure Bi4B2O9 ceramic reported by Chen
[15].
The densification temperature, phase compositions, bulk density,

and microwave dielectric properties of Bi4B2+xO9+3x/2 (x = 1.5–3)
ceramics are listed in Table 2. Pure Bi2O3 could be densified at ap-
proximately 680 °C with microwave dielectric properties of εr = 33,
Q × f= 18,700 GHz, and τƒ =−235 ppm/°C. When the value of x was

at a low level, due to the influence of the Bi2O3 second phase, the τƒ
value of Bi4B2+xO9+3x/2 ceramic maintained a large negative value of
−132 ppm/°C. When x= 4, the ceramic exhibited high εr and small τƒ
values of 42.5 and −59 °C, respectively, due to the Bi4B2O9 single
phase.
This can be explained by the mixing rule in the following equation

[27]:

= v
i

n

i if
(7)

where vi and τƒi are the volume fraction and temperature coefficient of
the resonant frequency of the ith phase, respectively. When x = 4, the
ceramic exhibited a high εr value (42.5) and a τƒ of −59 ppm/°C due to
the Bi4B2O9 single phase. As x increased to 3, the Q × f increased to
4960 GHz. However, the relative permittivity of ceramic significantly
decreased to 31. This was attributed to a higher Q× f but lower ε value
of the Bi3B5O12 ceramic [15].
The chemical compatibility of the Bi4B2+xO9+3x/2 (x = 2.5)

ceramic to Al and Ag was tested. Al and Ag powders were placed inside
the samples and subsequently sintered at 585 °C to prevent Al powders
from being exposed to air to form Al2O3. After being polished, the cross
section of the ceramic sample was analysed using SEM and EDS. The
SEM image shown in Fig. 8(a) indicates that no mutual diffusion phe-
nomenon occurred and Ag, Al, and Bi4B2O9 were spread in irrelevant
areas. The Al and Ag phases were identified and no other phase was
observed from the XRD patterns, as shown in Fig. 8(b). These results
suggested that Bi4B2+xO9+3x/2 (x= 2.5) ceramic did not react with Al
or Ag at 585 °C, which means that the ceramic can be successfully
applied in the ULTCC field.

4. Conclusion

Bi4B2+xO9+3x/2 (x = 1.5, 2, 2.5, 3) microwave ceramics with high
relative permittivity and ultra-low sintering temperature were in-
vestigated. When x = 2.5, the Bi4B2+xO9+3x/2 ceramic displayed a
single monoclinic Bi4B2O9 phase, and the best microwave dielectric
properties of εr = 42.5, Q × f = 3240 GHz, and τƒ = −59 ppm/°C
appeared at 585 °C. Subsequently, decreasing or increasing the value of
x caused the second phase to appear. As x decreased from 2.5 to 1.5, the
emergence of Bi2O3 phase caused the εr and τƒ to decrease to 36.5 and
–132 ppm/°C, respectively. When the value of x increased to 3, the εr
value significantly decreased from 42.5 to 31.0 because of orthor-
hombic Bi3B5O12. The Bi4B2+xO9+3x/2 (x = 1.5, 2, 2.5, 3) ceramics
could also be cofired with Al and Ag, implying that they can be new
candidate materials for multilayer ULTCC or LTCC applications.
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