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Abstract

Microwave dielectric properties of fluorite-like (1− x)Bi2O3–xNb2O5 solid solutions with variousx between 0.1 and 0.26 are compared with
complex dielectric response in THz and infrared frequency range between 0.1 and 100 THz, which allows the estimation of intrinsic and
extrinsic dielectric losses. The best quality sample with the most attractive properties was found forx= 0.26 composition with the permittivity
of 86,Qf= 1000 GHz andτ f = 120 ppm/K. Our ceramic system exhibits two different crystal structures depending on Nb2O5 concentration
a nd
T
©

K

1

�
t
o
t
t
s
d
e
B
b
o
a

f
g
t
t

ral

ture
tural

rate

ils
ly
d as

lore

than
a
een

ius

ittiv-

0
d

nd it is shown how the infrared reflectivity spectra can help to distinguish the structures.τ f can be reduced to zero by mixing of Type II a
ype III structures.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Bismuth oxide is strongly polymorphic,�-, �-, �- and
-forms are known. The oxygen-deficient fluorite modifica-
ion of Bi2O3, the so-called�-Bi2O3, is recognized as one
f the best high-temperature solid-state oxygen ion conduc-

or. Although the pure phase is stable only in a rather narrow
emperature range above 1000 K, the stability range can be
ignificantly broadened even down to room temperature by
oping with transition metal oxides such as Nb2O5, Ta2O5,
tc. or with rare-earth oxides.1,2 Early investigations of the�-
i2O3 were motivated by that anionic conduction properties,
ut recently the system has been found as a perspective class
f low-temperature cofired ceramics for microwave (MW)
pplications.3

The crystal structure of Bi2O3–Nb2O5 system is deduced
rom fluorite structure of�-Bi2O3 (space groupFm3m, oxy-
en sites are 75% occupied) and varies with Nb2O5 concen-

ration, which gives rise to four different phases.4–7Substitu-
ion of Nb5+ for Bi3+ leads to a reduction of the 25% oxygen

∗

vacancies found in�-Bi2O3. At the same time, the octahed
coordination environment strongly preferred by Nb5+ leads
to distortion of the cubic fluorite oxygen lattice. The struc
can be viewed as incorporation of pyrochlore-type struc
motifs (e.g., strings of Nb atoms along [1 1 0]F directions) into
the underlying fluorite-type metal atom array.5 For x< 0.06
the�-Bi2O3 structure is cubic (Type I) and for 0.06 <x< 0.23
the structure is pseudocubic (Type II) with incommensu
modulation in all three dimensions (δi ∼ 0.37).5 Type II solid-
solution represented with Bi8Nb2O17was described in deta
in Ref. 6. Type III structure (forx near 0.25) was recent
analysed in detail and it was shown that it can be refine
Bi94Nb32O221 with the space groupI4m2 (#119,Z= 1) and
it can be described as a hybrid of fluorite and pyroch
types.7 Type IV structure can be represented by Bi5Nb3O17
and it has been shown to be more akin to perovskite-type
to fluoride-type�-Bi2O3. Gopalakrishnan et al.8 proposed
model of Type IV structure based on an intergrowth betw
n= 1 andn= 2 members of the perovskite-related Aurivill
family of phases.

Study of the MW dielectric properties of Bi2O3–Nb2O5
solid solution showed a continuous increase in perm
Corresponding author. Tel.: +420 2 6605 29 57; fax: +420 2 86890527.
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Nb2O5.3 Temperature coefficient of the resonant frequency
was negative throughout the entire range belowx= 0.24,
however, forx= 0.25 two structural modifications (Type II
and Type III), in dependence of temperature of synthesis,
were discovered. Dielectric properties of both phases remark-
ably differ: pseudocubic Type II has permittivityε′ = 100,
quality times frequency factorQf= 300 GHz and tempera-
ture coefficient of the resonant frequencyτf =−200 ppm/K
while tetragonal Type III hasε′ = 90, Qf= 750 GHz and
τf = +100 ppm/K.

The aim of this contribution is to study the same ceramic
samples as in Ref.3 (i.e. (1− x)Bi2O3–xNb2O5 ceramics with
0.1 <x< 0.26) in the THz and infrared (IR) frequency range
for the estimation of intrinsic and extrinsic losses. Namely,
THz spectra are mainly sensitive on intrinsic contributions
to the complex permittivity and THz dielectric losses can
be linearly extrapolated down to MW range to estimate the
intrinsic MW losses.9,10

2. Experimental

The synthesis of the (1− x)Bi2O3–xNb2O5 solid solutions
in the range of 0.10 <x< 0.26 were conducted using solid
state reaction techniques. Details were published in Ref.3
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range 3–30 cm−1. Thin plane-parallel platelets of 8 mm di-
ameter and 130�m thickness were used for this purpose.
The obtained IR reflectivity spectra were normalized to corre-
sponding THz reflectivity values calculated from the complex
permittivity determined from the time-domain THz spec-
troscopy.

3. Result and discussion

FIR reflectivity spectra of five (1− x)Bi2O3–xNb2O5 sam-
ples are shown inFig. 1. It can be seen that on increasing
concentration damping of the most phonons decreases, which
results in sharpening of reflection bands. An abrupt change
in the spectra appears betweenx= 0.23 and 0.25. For the
samples withx≥ 0.25 new modes appear in the spectra giv-
ing the evidence of different crystal structure. Ceramics with
x≤ 0.23 crystallize in the Type II pseudocubic structure rep-
resented by the formula Bi8Nb2O17. Neglecting the incom-
mensurate modulation in this structure, 78 optic modes can be
expected in the centre of Brillouin zone. Detailed factor group
analysis of the vibrational modes was not possible to perform
due to the lack of structural data with the site symmetries
of all atoms in the unit cell. Incommensurate modulation of
Type II structure should activate further phonon modes from
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ogether with the radio- and MW-dielectric properties
tructural investigation by X-ray powder diffraction. Fifte
ifferent ceramic samples differing in the composition or

ering temperature were investigated.
Disc-shaped samples with diameters of 8 mm and th

ess 1–2 mm were used for the reflectivity measureme
he IR region. Spectra were obtained at room temperatu
ng a Fourier Transform spectrometer Bruker IFS 113v
yroelectric deuterated triglycine sulphate detectors in
requency range of 20–3300 cm−1 (0.6–100 THz) with th
esolution of 2 cm−1. Reflectivity spectra were fitted togeth
ith the complex permittivityε* (ω) spectra in the THz rang
sing a generalized-oscillator model with the factorized f
f the complex dielectric function

∗(ω) = ε′(ω) − iε′′(ω) = ε∞
n∏

j=1

ω2
LOj − ω2 + iωγLOj

ω2
TOj − ω2 + iωγTOj

,

(1)

hereε* (ω) is related to reflectivityR(ω) by

(ω) =
∣∣∣∣

√
ε∗(ω) − 1√
ε∗(ω) + 1

∣∣∣∣
2

. (2)

TOj andωLOj are the transverse and longitudinal frequ
ies of thej-th mode, respectively, andγTOj andγLOj are
he respective damping constants. The high-frequency
ittivity ε∞ results from electronic absorption processe
uch higher frequencies than phonon frequencies (typi

n UV–vis range).
The complex permittivity was directly measured by tra

ission time-domain THz spectroscopy in the freque
he entire Brillouin zone in IR spectra, but their streng
re expected to be much lower than those of modes

he Brillouin-zone centre11 and will not be considered in o
pectra. Our fit was achieved with only seven highly dam
odes, which is much less than expected. Most of the allo
odes are not resolved in the spectra due to their ove
ing and/or low intensity. In Type III (tetragonal) struct

he unit cell is represented with much larger formula
i94Nb32O221, therefore markedly larger number of mo
an be expected in the spectra. However, only two new m
ppear, which is again much less than expected. The
amping of the polar modes gives evidence of larger ord

he Type III lattice structure.

ig. 1. IR reflectivity spectra of (1−x )Bi2O3–xNb2O5 ceramics. All sam
les were sintered at 900◦C within 3 h.
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Fig. 2. Real (a) and imaginary (b) part of the complex dielectric function of (1− x)Bi2O3–xNb2O5 ceramics calculated from the fits of IR reflectivities and
experimental THz data (full symbols). Open symbols show the MW dielectric data from Ref.3. Note the change of scale in permittivity for samples with
x≤ 0.17 andx≥ 0.23.

The permittivity ε′(ω) and lossε′′(ω) spectra obtained
from our fits to IR reflectivity are compared with the THz
dielectric spectra and the MW data inFig. 2. One can see that
the experimental MW values ofε′ agree very well with the
fitted curves. However, higher MW losses were observed in
all samples than gives the linear extrapolation from the THz
range. The reason for this effect will be discussed below.

A list of all 15 investigated samples is presented inTable 1,
where our data are compared with the earlier MW data on
the similar samples.3 MW and THzε′ are equal within ac-
curacy of the measurements, which gives evidence about no
strong dielectric dispersion below the THz region. However,

the comparison of the product of quality factorQ= ε′/ε′′ and
frequencyf obtained from the MW and THz data clearly
shows a systematic disagreement. MWQfvalues show lower
values thanQfobtained from the THz data. It indicates some
additional extrinsic MW losses in the samples. Density of
all samples was very high and our microstructural study did
not observe any defects, so we assume that the losses proba-
bly originate from charged point defects. In other words, one
could expect that the sample processing could be improved
to reach higherQvalues. The smallest difference betweenQf
values in THz and MW experiments (i.e. the smallest extrin-
sic loss) was observed for the sample withx= 0.26. Moreover,

Table 1
List of all investigated (1− x)Bi2O3–xNb2O5 ceramics with dielectric data in MW and THz range

x T/t QfMW (GHz) Qf THz (GHz) ε′ MW ε′ THz T (ppm/K)

0.1 900◦C/2 h 797 3300 49 45 −234
0.17 900◦C/2 h 559 2800 62 62 −372
0.2 850◦C/3 h 430 2600 79 71 −295
0.2 920◦C/3 h 421 2600 80 71 −306
0.2 950◦C/3 h 405 2550 77 72 −321
0.21 900◦C/2 h 382 2750 77 76 −303
0.22 900◦C/2 h 370 2400 84 79 −263
0.23 900◦C/3 h 346 2550 85 80 −215
0.25 850◦C/3 h 725 3300 92 86 96
0.25 890◦C/3 h 674 3050 91 87 75
0 ◦ 3100
0 3000
0 2550
0 2050
0 1850

S ng.
.25 900 C/3 h 630

.25 910◦C/3 h 526

.25 920◦C/3 h 334

.25 930◦C/3 h 309

.26 900◦C/2 h 996

econd column characterizes the temperature and duration of sinteri
90 86 60
93 86 15
95 87 −115
98 87 −154
86 84 119
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Fig. 3. FIR reflectivity spectra of 0.75Bi2O3–0.25 Nb2O5 ceramics sintered
at various temperatures.

this sample shows the best value among the studied samples
Qf∼= 1000 GHz. We cooled thex= 0.26 sample down to 20 K
and measured the THz dielectric response. Dielectric losses
decrease on cooling due to reducing the phonon damping
and no evidence of extrinsic contribution to THz losses was
observed.

Five x= 0.25 samples sintered at different temperatures
were studied (seeTable 1) and one can see that not onlyQf
but mainlyτf values strongly depend on the sintering con-
ditions. The samples prepared below 910◦C exhibit positive
τf while negativeτf are seen in samples with higher process-
ing temperature. It is caused by different crystal structure of
the samples. Ceramics processed below 910◦C have Type III
crystal structure, while the rest of the samples crystallizes
in Type II structure.3 This is manifested also in our IR re-
flectivity spectra—seeFig. 3. Lower number of phonons and
higher damping of the modes is seen in the spectrum of the
sample processed at 930◦C (Type II). It is seen inTable 1that
positiveτf of samples withx= 0.25 decreases with sintering
temperature. This means that the samples are not single phas
Type III but exhibit small amount of second phase with Type
II structure.3 Finally pure Type II structure with negativeτf
stabilizes in the sample sintered at 930 K. One can see that
most samples have too largeτf , only thex= 0.25 sample sin-
tered at 910◦C has the smallestτf = 15 ppm/K and could be
used for some MW applications.

4

IR
a ape

of spectra in crystal Type II (x≤ 0.23) and Type III (x≥ 0.25)
ceramics due to different selection rules for phonons in IR
spectra. All ceramics show both intrinsic and extrinsic dielec-
tric losses, the sample withx= 0.26 is optimised and shows
the smallest extrinsic losses. This sample exhibits also highest
Qfvalue of 1000 GHz and simultaneously rather high permit-
tivity (ε′ = 86). However, itsτf = 119 ppm/K is too high for
most MW applications. Nevertheless,τf can be reduced by
mixing of Type II and Type III structures.
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