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Abstract

Terahertz (THz) transmissivity and infrared (IR) reflectivity spectra of orthorhombic microwave (MW) ceramics Bi(Nb;_,V,)O, (0.002 < x < 0.032)
were measured between 4 and 3000 cm~! (0.09-90 THz) at room temperature. A well underdamped mode, presumably the ferroelectric soft mode,
was observed at 25 cm™!. Complex permittivity spectra obtained from the fits to our data were extrapolated down to the MW range and compared
with the dielectric data near 5 GHz. The linear extrapolation of dielectric losses from THz down to the MW range is in agreement with the
experimental MW losses. Addition of 3.2% of vanadium reduces the sintering temperature to 850 °C and the dielectric properties (¢’ =42.2,
0-f=14,000 GHz, ty=+10 ppm/°C) remain at a level satisfactory for MW applications. Somewhat lower MW losses were observed in a sample

sintered in the N, atmosphere.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern wireless communication systems moved to the
microwave (MW) frequency region in the last decade. This tech-
nique uses ceramic dielectric resonators and filters with a high
relative permittivity &', high quality factor Q=¢'/e” (i.e, low
dielectric loss ¢”) and a small or zero temperature coefficient
7t of the resonant frequency. However, most of the commer-
cial MW dielectric materials require high sintering tempera-
tures, therefore they are not compatible with silver or copper
electrodes. With a view to applying the multilayer technology,
development of new low-temperature-cofired ceramics (LTCC)
with a sintering temperature lower than 1000 °C has become a
major issue.

Orthorhombic BiNbOyj is a good candidate for LTCC ceram-
ics, because it can be prepared at temperatures between 900 and
970°C! and, at the same time, it shows reasonable dielectric
properties (¢' =43, Q-f= 17,000 GHz, and ¢ can be tuned to
zero using various dopants).?> An irreversible structural transi-
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tion to a triclinic structure occurs if the ceramic is heated above
1020°C.3 Orthorhombic BiNbOQy is antiferroelectric at room
temperature, but becomes ferroelectric at 360 °C and paraelec-
tric at 570 °C.*> BiNbOy has the same structure as the mineral
stibiotantalite (Sbo9Big.1)(Tag.gaNbg.16)O4 and crystallizes in
the orthorhombic space group Pnma (Dég) with 4 formula units
per unit cell.® The structure can be viewed as a pseudo-layered
structure in which layers of corner sharing NbOg octahedra are
separated along the b-axis by Bi atoms.® The sintering temper-
ature can be further reduced by various additives like V205,7’8
Cu0 210 Ce0,,!! B203,12 ZnO'3 or Sb205.14 In the last case
a sintering temperature as low as 820 °C was reached. Valant
and Suvorov!® have shown that unfortunately BiNbO4 reacts
with silver electrodes but much cheaper copper electrodes can
be used.

Lattice dynamics of BiNbOy4 ceramics was investigated using
Raman and infrared (IR) spectroscopy by Ayyub et al.>!¢ IR
transmission spectra were taken from the BiNbO4 powder dis-
persed in KBr (above 400 cm™!) and in polyethylene (between
20 and 180cm™!) pellets. Factor-group analysis of the optic
phonons in the orthorhombic phase yieldsIoy = 8Ag(x2) +
8Au(—) + 9B1g(xy) + 8B1u(z) + 10B2g(xz) + 9B2u(y) + 9B3g
(yz) 4+ 8B3y(x)which means that 36 modes can be expected in
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Raman spectra, 25 modes should be IR active and 8 modes are
silent (Raman and IR inactive). Ayyub et al. observed 19 modes
in Raman and 21 modes in IR spectra. Raman spectra did not
show any difference between 150 and 300 K. It means that
the crystal structure probably does not change between these
temperatures.

Our IR reflectivity and time-domain THz transmission stud-
ies of bulk BiNbOy4 ceramics allow us to determine the complex
dielectric response between 4 and 3000cm™! and correlate it
with the MW dielectric response. It is well-established that the
MW permittivity in materials with ¢ < 100 is determined mainly
by contributions of polar optic phonons and that the intrin-
sic dielectric loss should be in most cases proportional to the
frequency between MW and THz range.!” This allows us to
determine if there is some extrinsic contribution to MW losses
in our ceramics, i.e., if one could improve the sample processing
to obtain lower MW losses.

2. Experimental

A set of Bi(Nb{_,V,)O4 ceramics with various amount of
vanadium was prepared (see Table 1). The sample processing
was described in detail in ref. 8 The sintering was performed
under ambient atmosphere. All the samples had densities higher
than 95% of the theoretical value (7.35 g/cm3). The ¢’ and Q-
values are not significantly influenced by vanadium addition.
The x=0.004 sample has somewhat lower value of &’ due to its
lower density. It is seen that the addition of 3.2% of vanadium
reduces the sintering temperature to 850 °C and the MW prop-
erties and density remain almost the same. The XRD pattern
confirmed the orthorhombic structure of all the samples (see
Fig. 1).

The MW dielectric properties at room temperature were mea-
sured using an 8720ES Network Analyzer at approximately
5 GHz using Hakki—Colemann method for measuring the TE5
modes. The ¢ values were measured by putting the cylindrical
samples in a TEg5 cylindrical resonant cavity into a Delta 9023
temperature chamber.

Time-domain THz spectroscopy measurements were per-
formed in the transmission mode using an amplified fem-
tosecond laser system; two identical 1 mm thick [1 10] ZnTe
single crystals were used to generate (by optic rectifica-
tion) and detect (by electro-optic sampling) the THz pulses.
Other details of the setup are described elsewhere.'® Our THz
technique allows the determination of the complex dielectric
response, € (w) = '(w) — ie” (w), in the range from 3 to 80 cm ™!

Table 1

Microwave dielectric properties of Bi(Nb;_,V,)O4 ceramics

X g Q f(GHz) Sintering 7t (ppm/°C) Density
temperature (g/em?)
O

0.002 41.8 2964 4.892 990 +14 7.17

0.004 39.3 3233 5.39%4 910 +10 7.05

0.008 42.6 2456 40918 890 +5 7.09

0.032 422 2777 4923 850 +10 7.10
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Fig. 1. X-ray diffraction patterns of Bi(Nb;_,V,)O4 ceramics confirming the
orthorhombic structure.

(0.1-2.4 THz); the useful spectral range depends on the trans-
missivity of the samples investigated.

Near-normal incidence IR reflectivity spectra at room temper-
ature were obtained using a Fourier transform infrared (FTIR)
spectrometer, Bruker IFS 113v, in the frequency range of
30-3000cm™~! (0.9-90 THz). The spectra were fitted together
with the complex permittivity " (w) spectra in the THz range
using a sum of damped harmonic oscillators

Z o

where ¢"(w) is related to reflectivity, R(w), by

V@) — 1
Jer @) + 1

wj, yj and Ag; are the frequency, damping and dielectric strength
of the j-th mode, respectively. The high-frequency permittivity
€00 results from electronic absorption processes much above the
phonon frequencies (typically in the UV—vis range).
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3. Results and discussion

Fig. 2 shows the FTIR reflectivity spectra of two
Bi(Nb1_,V,)O4 samples with the lowest and highest amount
of vanadium. Most of the phonons display a low damping, indi-
cating a highly ordered structure. The spectra are only slightly
influenced by the vanadium, mainly in the range near 400 cm™';
some of the modes are more damped in the more doped sample.
THz transmission spectra are shown in Fig. 3. A well pronounced
transmission minimum is seen between 20 and 30 cm™! due to
resonant phonon absorption. The same mode is seen also in the
IR reflectivity (Fig. 2) as a sharp reflection band. Note that the
phonon frequency at 25 cm ™! is unusually low so that it could be
the ferroelectric soft mode responsible for the ferroelectric phase
transition at 570 °C. High temperature FTIR and THz experi-
ments are needed to confirm this assumption. The time-domain
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Fig. 2. Room temperature IR reflectivity spectra of Bi(Nb;_,V,)O4 ceramics.

THz spectra of the complex transmission (transmitted amplitude
and phase shift) were evaluated and the complex permittivity
spectra were calculated; see Fig. 4. However, due to the ambigu-
ous determination of the phase shift above 30 cm ™!, the THz per-
mittivity ¢’ spectra in Fig. 4 are presented only below 20 cm ™.

The reflectivity spectra were fitted together with the THz
spectra using Eqs. (1) and (2) and the resulting mode parameters
are listed in Table 2. We detected the same number of IR active
phonons as predicted by the factor-group analysis. Our reflec-
tivity spectra are more sensitive than the transmission spectra
of powder published in ref. '©, therefore, we observed higher
number of modes. The modes which were not observed in ref. !0
are marked in Table 2 by bold numbers. The complex dielec-
tric spectra obtained from the oscillator fit (Eq. (1)) are shown
together with experimental THz and MW data in Fig. 4. A very
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Fig. 3. Transmission spectrum of Bi(Nbj_,V,)O4 ceramics obtained by time-
domain THz spectroscopy. Thickness of the samples was 352 pm.

good agreement between the calculated &’ spectra and the THz
data was obtained; the correspondence is worse in the case of
dielectric loss &¢” spectra, mainly due to an inaccuracy in the
phase-shift determination.

Extrapolation of ¢’ and &” from THz down to the MW range
shows an agreement between the theoretical curves and experi-
mental data within the accuracy of measurements. Because the
IR and THz dielectric response is caused mostly by intrinsic
processes (phonon absorption), the extrapolation of £* down to
the MW range determines mostly intrinsic MW ¢". Therefore,
the MW complex permittivity is predominantly due to intrinsic
processes, i.e., by difference two-phonon absorption, and the
extrinsic contributions to dielectric losses are low. However, it
was shown in ref. 8 that the sintering of Bi(Nb;_,V,)O4 ceram-
ics under N; atmosphere can improve the quality Q almost by a
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Fig. 4. Complex dielectric spectra of Bi(Nb;_,V,)O4 ceramics with (a) x=0.002 and (b) x=0.032. Full symbols are experimental MW and THz data, solid lines

are the results of the fits of IR and THz spectra.
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Table 2
Phonon parameters obtained from the fit of IR and THz spectra
x=0.002 x=0.032
Mod no. w; Agj vj Mod no. wj Agj Vi
1 244 8.0 42 1 24.6 7.5 4.4
2 83.6 1.4 3.7 2 83.8 1.3 3.7
3 92.6 0.4 49 3 92.1 0.5 5.9
4 107.1 1.1 14.6 4 109.9 44 229
5 110.0 4.0 222 5 110.8 2.4 13.7
6 118.6 14 4.8 6 118.3 1.5 44
7 126.7 42 19.0 7 129.2 5.2 18.8
8 153.7 0.5 6.4 8 152.5 1.3 10.5
9 157.0 6.1 454 9 163.0 43 51.6
10 193.0 0.7 25.3 10 195.7 0.6 17.5
11 204.2 0.4 11.3 11 204.7 0.4 15.0
12 2272 0.4 9.3 12 228.9 0.4 10.1
13 270.9 0.4 9.1 13 270.8 0.5 9.6
14 291.7 2.0 21.6 14 289.8 1.5 16.8
15 316.7 1.5 29.4 15 314.1 1.7 23.3
16 3334 0.8 16.6 16 332.0 0.8 16.0
17 343.9 0.8 9.2 17 343.6 0.9 10.6
18 377.0 0.0 79 18 376.6 0.0 5.7
19 391.2 0.1 18.9
19 4325 1.3 78.2 20 429.0 1.1 73.1
20 505.9 1.1 43.1 21 509.1 1.2 472
21 563.7 0.9 52.0 23 557.4 0.5 45.6
23 595.2 0.5 35.1 23 593.1 0.8 45.7
23 625.2 0.1 16.3 24 624.0 0.1 18.9
24 699.3 0.2 26.6 25 697.5 0.2 29.7

Phonon frequencies w; and damping constants y; are incm™ ! dielectric strengths
Ag; are dimensionless. The modes which were not observed in ref. 16 are marked
by bold numbers.

factor of two (Q-f=28.5 THz) in comparison with our Q-values.
It means that the intrinsic losses are lower still. It should be stated
that the accuracy of our complex permittivity extrapolation from
IR and THz range is limited and is sensitive only to strong pro-
cesses in the IR-THz range. For example, uncorrelated charged
point defects activate the acoustic phonon branches which con-
tribute to dielectric losses with the same frequency dependence
as the intrinsic losses (i.e., A¢” xw),!” but can only just be
revealed in the THz and IR spectra. It was actually shown?® that
the oxygen vacancies play the main role in extrinsic contribu-
tions to the MW dielectric loss.

Temperature-dependent measurements of MW losses can
provide more information about the origin of dielectric losses.?”
Fig. 5 shows temperature dependences of ¢’ and Q measured
near 5 GHz for the sample with the lowest concentration of
vanadium. Theoretical predictions,lg’21 based on anharmonic
interaction of an ac electric field with the phonon system of the
crystal, lead to a quadratic (or even steeper) temperature depen-
dence of the dielectric losses. The permittivity is only slightly
temperature-dependent in MW ceramics (determined by temper-
ature coefficient of permittivity TCe), therefore one can expect a
fast increase of Q on cooling (Q ~1/T", n > 2). However, Fig. 5
shows a decrease of Q on cooling, reaching a minimum near
170K and only at lower T an increase in Q is seen. The min-
imum in Q(7) can be interpreted as due to slowing down of a
dielectric relaxation on cooling, which passes through the mea-
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Fig. 5. Temperature dependences of permittivity & and Q factor in
BiNb;_,V,04 (x=0.002) measured near 5 GHz.

suring frequency of 5 GHz near 170 K and further decreases on
cooling. When the dielectric relaxation slows down sufficiently,
it no longer contributes to MW loss at 5 GHz and Q begins to
increase dramatically, being determined predominantly by the
intrinsic losses. Fig. 5 shows also another interesting fact; as
soon as the dielectric relaxation slows down below 5 GHz, the
MW permittivity below 70 K levels off. This can mean that the
non-zero TCe (and also 7¢) above 100K is mostly due to the
relaxational contribution. This contribution could be of extrin-
sic origin so that there is a chance that with further improving the
processing not only Q but also ¢ could be improved. However,
there is also another possible explanation for the knee in permit-
tivity near 70 K. The shape of the dielectric anomaly could also
be caused by a new structural phase transition. This possibility
needs further investigation.

4. Conclusion

A set of Bi(Nbj_,V,)O4 ceramics was prepared and stud-
ied by means of FTIR and THz spectroscopy and in the MW
range. It was shown that while vanadium addition reduces the
sintering temperature from 990 to 850 °C, the MW dielectric
properties remain almost unchanged. The low sintering temper-
ature and good MW parameters (¢' =42.2, Q-f=14,000 GHz,
Tr=+10ppm/°C) makes the Bi(NbgogesV0.032)0s4 ceramics
promising as low-temperature cofired ceramics for MW appli-
cations. IR reflectivity spectra revealed all IR active phonons
predicted by the factor-group analysis. A low-frequency mode
was observed at 25cm™~! and tentatively assigned to the ferro-
electric soft mode. Extrapolation of the complex permittivity
spectra from IR-THz range down to MW region corresponds
to the measured MW data. The low-temperature MW study
revealed a weak dielectric relaxation, which slows down on cool-
ing and crosses the measuring frequency of 5 GHz near 170 K.
At lower temperatures intrinsic phonon losses dominate so that
the quality rapidly improves and the permittivity levels off. The
dielectric anomaly near 70 K is indicative of a structural phase
transition, but its confirmation needs further studies.
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