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Microwave Dielectric Properties of the Binary System
BiNbO4–FeNbO4

S. Devesa,1,2,z M. P. Graça,2 and L. C. Costa2

1CFisUC, Physics Department, University of Coimbra, Rua Larga, 3004-516 Coimbra, Portugal
2I3N and Physics Department, University of Aveiro, 3810-193 Aveiro, Portugal

The microwave dielectric properties of BiNbO4–FeNbO4 ceramics prepared by the conventional solid-state reaction method, and
co-fired at low temperature, had been investigated. The structure, phase composition and surface morphology were studied by X-
ray diffraction and scanning electron microscopy techniques, respectively. The dielectric properties of the prepared samples were
determined at ≈2.8 GHz, using the modified resonant cavity perturbation method, which accuracy was previously studied using
typical cylindrical samples of polytetrafluorethylene. The experimental dielectric constant values of the samples were then fitted to
the theoretical curves of different mixture laws.
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In the last decades, the microwave dielectric ceramics have been
extensively used in resonators, filters, radars and integrated passive
modules for wireless communication applications.1,2

More recently, with the development of commercial wireless
technologies, particularly the fifth generation of wireless commu-
nications (5 G), the Internet of Things (IoTs) and the military radar
systems, the operating frequencies are being continuously expanded
from microwave to millimeter-wave.

To meet the specifications of current and future systems, there is
an increasing demand for microwave dielectric materials with low
dielectric constant (ε′ < 10) for fast signal transmission and
minimizing the cross coupling between the substrates and the
conductors. Other properties, such as high quality factors, for
increasing frequency selectivity, and near-zero temperature coeffi-
cient of resonant frequency, for stability, are also essential.3–6

Moreover, since it is required that the related microwave
electronic components become highly integrative, with enhanced
performance and low cost, efforts have been made to develop low-
temperature co-fired ceramics (LTCC), which require sintering
temperatures under 960 °C.4,7

The materials characterization at microwave frequencies is a
prerequisite to select suitable materials for a specific application.8

The dielectric properties of a material quantify how the electro-
magnetic energy interacts with it and are expressed in the form of a
complex number, consisting of a real part (ε′, dielectric constant)
and an imaginary part (ε″, dielectric losses)9:

j 1[ ]e e e= ¢ - ¢¢*

At microwave frequencies (300 MHz–300 GHz), the dielectric
constant expresses the ability of a dielectric material to be polarised
(or store microwave energy within its structure through polarisation),
while the dielectric losses refers to the ability of a material to dissipate
and transform the stored electromagnetic energy into heat.10

Since the microwave dielectric oxide ceramics have a funda-
mental role in the development of lightweight circuit components
for microwave and millimeter-wave frequencies,8 in this work the
novel BiNbO4–FeNbO4 ceramic binary, with compositions of
(1−x)BiNbO4–xFeNbO4 (x = 0.25; 0.50; 0.75) was investigated.

The dielectric properties of bismuth-based lead-free compounds,
including bismuth zinc niobate, bismuth zinc tantalate, bismuth
copper niobate, bismuth magnesium niobate and bismuth iron
niobate have been studied, with promising results.11–16 In particular,

the substitution of bismuth by iron, lead to a significant increase of
the dielectric constant.15 Given these previous results and since the
main advantage of composites is the ability to tailor materials
physical properties for special purposes, the BiNbO4–FeNbO4

binary was developed.17

The microwave dielectric properties of the prepared samples were
determined at ≈2.8 GHz, using the modified resonant cavity perturba-
tion method, proposed by A. Jha,18 an approach that enhances the
accuracy of the conventional cavity perturbation technique. The experi-
mental dielectric constant values of the mixtures were then compared to
the theoretical curves of different mixing rules.

The structural and morphological characterization was performed
by X-ray diffraction and scanning electron microscopy, respectively.

Experimental

(1−x)BiNbO4–xFeNbO4 (x = 0.25, 0.50, 0.75) ceramics were
prepared using the conventional solid-state method from the
β-BiNbO4 and FeNbO4 oxides, previously prepared by the sol-gel
method and reported in Refs. 19 and 20 respectively. The powders
were weighted according to the stoichiometric composition of
(1−x)BiNbO4–xFeNbO4, and mixed, in a minor amount of ethanol,
in a planetary ball mill (Fritsch-Pulverisette 7.0), at 500 rpm. The
mixture was milled for 5 h, with 4 agate balls (10 mm in diameter) as
milling media. After drying the obtained mixture at 300 °C for 5 h,
in a muffle furnace, the powders were pressed into cylinders (using a
steel mould and a uniaxial press) and heat-treated at 700 °C, using a
dwell time of 4 h and a heating rate of 5 °C min−1. The cooling
process was proportional to the furnace inertia.

The crystal structure and phase(s) of the samples were analyzed
using X-ray diffraction Empyrean diffractometer, CuK α,
1.54060 Å. The diffraction patterns were obtained at room tempera-
ture in the range of 10°−60° by step counting method (0.02° s−1).

In order to confirm the crystal structure and hence retrieve
structural information on these compounds, Rietveld refinement was
carried out, using the Rietveld structural refinement software
PROFEX.21

The bulk density was measured using the Archimedes method in
reference to water and the theoretical density was obtained using the
following equation3:
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where ω1, ω2, and ρ1, ρ2 are the mass fractions and the theoretical
density of β-BiNbO4 and FeNbO4, respectively.zE-mail: susana_devesa@hotmail.com
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The surface morphology of the sintered samples was observed
using a scanning electron microscope TESCAN-Vega III.

The microwave characterization was performed using a rectan-
gular resonant cavity, operating in the TE105 mode. The measure-
ments of the shift in the resonant frequency and the change in the
quality factor, caused by the insertion of the samples, were made at
room temperature, using a network analyzer HP 8753D.

The dielectric constant, ε′ and the dielectric losses, ε″, of the samples
were determined by the modified cavity perturbation (MCP) technique18:
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where kx = (mπ/a) and kz = (pπ/c) represent the wave numbers along
the x- and z-direction, respectively, with m and p representing the
number of half wave variations of the electric field along x and
z-direction, considering a resonant cavity operating in the TEm0p mode.

VS and VC are the volumes of the sample and the cavity,
respectively, f is the resonance frequency of the cavity and Q its
quality factor, where the indexes 0 and S refer to the empty cavity
and loaded with the sample.

Figure 1 shows a cylindrical sample of radius r positioned inside the
resonant cavity with the TE10p mode configuration, where a and b are
the inner cross-sectional dimensions and c is the length of the cavity.

Results and Discussion

Figure 2 shows the X-ray diffraction patterns and the SEM
micrographs (inset) of the precursors used to prepare the samples of
the binary system BiNbO4–FeNbO4. In Fig. 1a, the diffraction
pattern of the pure phase β-BiNbO4 is consistent with the standard
ICDD code 04-013-6357,22 as well as in Fig. 1b, where, according to
the ICDD code 04-009-5798,23 all the peaks can be assigned to the
FeNbO4 phase. Table I shows the distance between adjacent planes
in the Miller indexes, dhkl, for the peaks assigned to each phase,
estimated by the Rietveld structural refinement software PROFEX.

The SEM micrographs of the precursors show very distinctive
morphologies. In the case of the bismuth niobate, the occurrence of
coalescence is evident, as the existence of pores. The iron niobate
presents particles with different sizes and geometries and the grain
boundaries are well defined.

The XRD patterns of the (1−x)BiNbO4–xFeNbO4 (x = 0.25,
0.50, 0.75) samples, hereinafter referred to as S1, S2 and S3,

respectively, are shown in Fig. 3a. As one can see, only bismuth
niobate and iron niobate were identified, which means that the
precursors did not react and a binary system was formed.

The Rietveld refinements simulations, made for the studied
samples, allowed the estimation of the mass fractions, ω, and the
theoretical density of each phase, which are assembled in Table II, as
well as the Rietveld fitting parameters.

Figure 3b shows the measured and the calculated spectrum for
the sample S1.

The bulk density, ρexp, values of BiNbO4–FeNbO4 ceramics vs x
are shown in Fig. 4. The bulk density decrease with the FeNbO4

content increase is clearly visible. In the inset, the relation between
the relative density and the mass fraction of FeNbO4 is shown.

The theoretical density of the binary, determined using the Eq. 2,
the porosity, P, estimated by the Eq. 5,24 and the volume fraction of
each phase, obtained with the Eq. 625 are also presented in Table II,
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where V1 and V2 are the volume fractions of β-BiNbO4 and FeNbO4,
respectively.

Figure 1. Resonant cavity loaded with a cylindrical sample.
Figure 2. X-ray diffraction patterns and SEM micrographs (inset) of the
precursors: (a) β-BiNbO4 and (b) FeNbO4, prepared by the sol-gel method.
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The SEM micrographs of the studied samples, presented in Figure 5,
were performed with a magnification of 20.0 kx and 40.0 kx (inset).

The images show a morphology completely different from the
precursors, with particles with a wide range of geometries and sizes.

Nonetheless, it is possible to verify that the number of smaller
particles with approximately spherical geometry increases with the
increase of the iron niobate content.

Figure 6 shows the transmission of the empty cavity, where a peak
can be observed. f0 is the resonance frequency andΔfh/2 is the full width
at half maximum, FWHM, of the frequency-response curve.

The fundamental concept of the perturbation technique is that the
insertion of a dielectric sample in the resonant cavity will cause a
shift of the resonant frequency, Δf, for a lower frequency, and a
decrease of the quality factor of the cavity, Q, expressed by an
increase of the FWHM, as shown in the inset of Fig. 6.

The quality factor can be obtained by the equation26

Q
f

f
7

h 2
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D

To evaluate the accuracy of the modified cavity perturbation
technique, the dielectric constant of typical cylindrical specimens of
polytetrafluorethylene, PTFE, was measured and compared with the
known dielectric constant, reported as 2.1.18,27 PTFE was used in
this procedure, since its dielectric properties are not temperature and
frequency dependent.28

Figure 7 shows the dielectric constant of PTFE as a function of
the samples radius and, in the inset, as a function of the samples
volume. Even for specimens with higher radius and higher volume,
this method guarantees the accuracy, with a maximum error of 3.1%.

Figure 8 shows the dielectric constant and the dielectric losses of
the studied samples as a function of x. To assure accuracy, all the
samples presented radius and volume inferior to 6 mm and 900 mm3,
respectively.

As one can see, with the increase of the iron niobate content, the
dielectric constant decreases, with the losses presenting the opposite
trend. The increase of the dielectric losses was expected since as the
grain size decreases, the increase of the number of grain boundaries
per unit volume would result in higher losses.29

The theoretical permittivity of (1−x)BiNbO4–xFeNbO4 cera-
mics, ε′mix, can be estimated by different mixing formulas. The
general empirical equations for predicting the dielectric constant of a
binary compound are as following3,4,7,29:

Parallel mixing model:

V V 8mix 1 1 2 2 [ ]¢ ¢ ¢e e e= +

Series mixing model:

V V1
9

mix

1

1

2

2

[ ]
¢ ¢ ¢e e e

= +

Table I. Miller indexes and Bragg positions of the β-BiNbO4 and FeNbO4 peaks.

β-BiNbO4 hkl 0 0 1 1 0 −1 1 1 0 0 0 2 0 1 −2 0 2 0 1 0 −2 1 0 2 0 2 1
d (nm) 7.7446 4.5325 4.3357 3.8723 3.7874 3.7154 3.1932 3.1533 3.0979
hkl 1 2 −1 1 −2 −1 1 −2 2 2 0 −1 2 −1 1 0 3 0 0 2 2 1 1 −3 1 0 3
d (nm) 3.0023 2.7598 2.6926 2.6176 2.5474 2.4769 2.4303 2.3653 2.3277
hkl 1 −2 −2 2 −1 2 1 3 0 2 2 −1 2 −2 −1 2 −2 2 2 1 2 2 2 −2 0 1 −4
d (nm) 2.2601 2.2483 2.2195 2.1662 2.1146 2.0754 2.0506 2.0129 1.9815
hkl 0 2 3 2 1 −3 0 2 −4 0 4 0 1 −3 −2 2 −3 2 2 −1 −3 1 −4 2 2 3 −2
d (nm) 1.9325 1.8993 1.8937 1.8577 1.8289 1.8176 1.7884 1.7673 1.7483
hkl 1 4 0 0 3 −4 3 1 1 1 1 4 2 −4 −1 2 −3 3 3 1 −2 1 3 −4 3 −1 −2
d (nm) 1.7350 1.7169 1.7019 1.6840 1.6695 1.6559 1.6507 1.6292 1.6170
hkl 2 0 −4 2 −2 4
d (nm) 1.5966 1.5722

FeNbO4 hkl 1 0 0 0 1 1 1 1 0 1 1 1 0 2 0 0 0 2 0 2 1 2 0 0 1 0 2
d (nm) 4.6525 3.7314 3.5830 2.9090 2.8084 2.4962 2.4477 2.3262 2.198
hkl 1 2 1 1 1 2 2 1 1 0 2 2 2 2 0 1 3 0 2 0 −2 2 2 −1
d (nm) 2.1654 2.0468 1.9729 1.8657 1.7915 1.7369 1.7033 1.6869

Figure 3. (a) X-ray diffraction patterns of the precursors and studied
samples; (b) Measured and calculated spectrum of the sample S1.

ECS Journal of Solid State Science and Technology, 2020 9 093010



Maxwell model:
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Lichtenecker empirical logarithmic model:

V Vln ln ln 11mix 1 1 2 2 [ ]¢ ¢ ¢e e e= +

Jayasundere-Smith model:
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where ε1 and ε2 are the respective dielectric constants of β-BiNbO4

and FeNbO4 phases, and V1 and V2 (V1 + V2 = 1) are the volume
fractions of the corresponding phase.

These models were derived from different assumptions. For a
two phase’s material, the simplest description is to consider the
dielectric as parallel layers of two dielectrics. If the electric field is
perpendicular to the plane of the layers, the Eq. 8 applies.
Alternatively, if the electric field is parallel to the plane of the
layers, the dielectric constant is given by Eq. 9.29

A more realistic model, proposed by Maxwell, is presented in
Eq. 10. The spherical particle model assumed that the second
material consists of spherical particles and these particles are
randomly dispersed in the matrix. When the doping concentration
is very high, to eliminate the deviation between the experimental
results and the Maxwell spherical particle model or the Lichtenecker
logarithmic model, Eq. 11, the Jayasundere-Smith model, Eq. 12,
considers the impact from surrounding spheres.1,29

Figure 9 shows the values of the dielectric constant of
(1−x)BiNbO4–xFeNbO4 samples as a function of volume fraction of
FeNbO4, estimated by different mixing laws, as well as the
experimental data, for comparison. The dielectric properties of
β-BiNbO4 and FeNbO4 phases were also determined by the modified
cavity perturbation technique, and are presented in Table III.

As one can see, the measured dielectric constants do not agree
with the values predicted from the mixing rules. This deviation can
be due to the porosity of the samples, and the estimated values can
be corrected by applying different approximations.

Considering the parallel mixing model and assuming that phase 1
is the dielectric and phase 2 is the porosity (ε′ = 1), Eq. 8 reduces
to29:

P 1 13corr mix mix( ) [ ]¢ ¢ ¢e e e= - -

The dependence of porosity when 0.08 < P < 0.4 can also be
studied by the Maxwell–Garnett formula4,30:
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Heidinger et al. proposed a equation for spherical pores in a
dielectric for cases where ε′mix − ε′corr = ε′mix29:
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The dielectric constant values predicted by the parallel mixing
model and corrected by the presented formulas, are presented in
Fig. 10. Since the porosity of the studied samples is very similar, for
the correction models was considered an average value. As one can
see, Eq. 13 provided the best fitting to the measured values.

The quality factor of the binary composite can be estimated by1,3

Q

V

Q

V

Q

1
161

1

2

2

[ ]= +

where Q represents the quality factor of the mixture system, and Q1

and Q2 are the quality factors of the two ceramics.
Table III shows the quality factors of the β-BiNbO4 and FeNbO4

phases, used to predict the binary quality factor (Eq. 16), Qcalc, as
well as the experimental quality factor (Eq. 7), Qexp.

Table II. Physical parameters of the BiNbO4–FeNbO4 ceramics and Rietveld fitting parameters. [Where ω1 and ω2 are the mass fractions, ρ1 and ρ2
the theoretical densities V1 and V2 the volume fractions, of β-BiNbO4 and FeNbO4, respectively; ρth and ρexp are the theoretical and the bulk density
of BiNbO4–FeNbO4 ceramics.].

Physical parameters

Samples ω1 (%) ω2 (%) ρ1 (g cm−3) ρ2 (g cm−3) ρth (g cm−3) ρexp (g cm−3) P V1 (%) V2 (%)

S1 80.19 19.81 7.436 5.416 6.924 5.2 0.25 74.67 25.33
S2 59.94 40.06 7.435 5.414 6.468 4.9 0.24 52.14 47.86
S3 33.33 66.67 7.436 5.415 5.954 4.4 0.26 26.69 73.31
Samples Rietveld fitting parameters

Rwp Rexp χ2

S1 5.27 3.99 1.74
S2 4.93 3.82 1.67
S3 4.88 4.02 1.47

Figure 4. Bulk density as a function of x and relative density as a function
of FeNbO4 mass fraction (inset) of the BiNbO4–FeNbO4 ceramics.
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The trend of the calculated results is roughly consistent with the
experimental data, however, the values predicted by the mixing law
are much higher than the experimental ones. This difference may be
due to the porosity, that is not considered by the mixing rules.
Besides that, the small grains present in the binary samples increased
the number of grain boundaries, which act as defects in crystals,
increasing the dielectric losses and decreasing the quality factor.5

The obtained results are in agreement with Ref. 1, that claims that
Eq. 14 is not a general model, and for that reason, unable to predict
the quality factor of all binary ceramic systems.

Figure 5. Scanning electron microscopy micrographs of the BiNbO4–
FeNbO4 ceramics.

Figure 6. Empty cavity spectrum, highlighting the resonant frequency and
the FWHM of the frequency-response curve. Inset: transmission of the
cavity, empty and with a sample.

Figure 7. PTFE dielectric constant as a function of the samples radius and
volume (inset).

Figure 8. Dielectric constant and dielectric losses of (1−x)BiNbO4–xFeNbO4

ceramics as a function of x.

ECS Journal of Solid State Science and Technology, 2020 9 093010



Conclusions

A novel series of (1−x)BiNbO4–xFeNbO4 microwave dielectric
ceramics was successfully prepared by the solid-state reaction
method. The XRD analysis demonstrated that β-BiNbO4 did not
react with FeNbO4 since no secondary phases were formed, proving
the chemical compatibility between β-BiNbO4 and FeNbO4.

The experimental density of the prepared samples was about 75%
of the theoretical density, even with low treatment temperature and
without sintering aids, not compromising the mechanical strength of
the binary system. The low treatment temperature allows the
samples to co-fired with low melting point electrodes, such as Ag
or Cu, which is an important requirement for some applications, and
the absence of sintering aids avoided the formation of undesirable
secondary phases.

The modified cavity perturbation technique was used to deter-
mine the dielectric properties of the studied materials, with the
sample S1 showing the most promising characteristics, with di-
electric losses lower than the ones presented by the precursors.

Different mixing laws were used to predict the dielectric constant
of this binary system, with the parallel mixing model, corrected due
to the porosity, presenting the best fitting to the measured values.
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