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Abstract

Samples of Nb,Os were prepared by laser floating zone (LFZ) technique and by solid-state reaction in order to study some of their physical
properties as a function of synthesis conditions. Single crystals fibres were obtained by LFZ, while a structural orthorhombic to monoclinic
phase transition was observed in samples sintered at temperature higher than 800 °C. Transmission optical spectroscopy and photoconductivity
measurements allowed identifying a ~3.2 eV bandgap energy for the H-Nb,Os monoclinic crystalline phase. Band gap shrinkage of ~100 meV
was observed from 14 K to RT. For the orthorhombic phase (T-Nb,Os), the photoconductivity measurements evidence a higher energy bandgap.
The sintered samples have shown a broad recombination luminescence band at the orange/red spectral region while no luminescence was detected
from the LFZ grown fibres. A dielectric constant of ~40 was found for the 800 °C and 1200 °C sintered pellets while that of 1000 °C reached four

times that value.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Niobium oxide based materials are very attractive for elec-
tronic applications, particularly the niobium pentoxide, Nb,Os,
the most stable of the niobium oxides. Nb,O5 evidences a set
of physical properties which are very important for its use in
electronic passive components such as dielectric constant (') of
41" and a reported band gap of ~3.4-5.3eV.! Recently, this
material has also been appointed as a substitute of tantalum
pentoxide (¢'=27) for application in solid state capacitors.>>
Envisaging technological applications of Nb,Os, a deep knowl-
edge of the conditions for each phase formation as well as their
properties is absolutely necessary, since niobium pentoxide is a
polymorphic material exhibiting different crystalline phases.*>
The main phases reported in literature for Nb,Os are T-Nb,Os,
and H-Nb,Os.° The T-Nb,Os is the lowest temperature phase
with orthorhombic crystalline structure (a=6.17 A;b=29.324A;
c=3.94 A), the H-Nb,Os being the most stable phase ocurring
at high temperatures, with a monoclinic structure (¢ =21.20 A,
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b=3.82A, ¢=19.39 A and B=120°10").” The formation condi-
tions of each one of the Nb,Oj5 structures are strongly dependent
on the heat treatment conditions, processing methods, starting
materials, etc.®

The different crystalline structures of Nb,Os can be described
as NbOg octahedra shared in different ways. The T-Nb,O5 phase
consists in 4 x 4 blocks of corner-shared NbOg octahedra, each
connected block sharing the edges of the octahedron. The most
stable structure, H-Nb;Os, has a shear structure consisting in
3 x5 and 3 x 4 blocks of NbOg octahedra sharing the corners
in their own block, and edges with octahedra in other blocks.
Edge-shared octahedra exhibit large distortions that result in
significant variations in Nb—O lengths, in opposition to corner-
shared octahedra which are not significantly distorted.®”

In this work, Nb, O5 materials were prepared by two different
routes: (i) solid state reaction at different sintering temper-
atures (600-1200°C) and (ii) Laser Floating Zone (LFZ) at
different pulling rates (20 and 150 mm/h), a powerful tech-
nique to grow high melting temperature oxide crystals like
Nb, 05 (1500 °C melting temperature)'© at high pulling rates.!!
A detailed structural, morphological, optical, electrical and
electro-optical comparative characterization of Nb,Os5 samples
was made taking into account the two distinct processing routes.
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2. Experimental details

Commercial NbyO5 powder (Merck, 99.9%) was used as a
starting material for both techniques. In the samples prepared by
solid-state reaction, the Nb,Os5 powder was pressed into pellets
form (@ 5mm; i~ 1.2mm) using a uniaxial hydraulic press.
The ceramic pellets were sintered in air at different temperatures:
600°C, 800°C, 900°C, 1000 °C, 1100°C and 1200 °C for 4h
with a rate temperature of 5 °C/min.

The feed and seed rods used in LFZ growth were prepared by
a cold extrusion process. A small amount of polyvinyl alcohol
(PVA) aqueous solution (0.1 kg/l) was mixed with NboO5 pow-
der as a bonding agent to further extrusion into cylindrical bars
with ~1.5mm in diameter. A CO; laser (200 W, A =10.6 pm)
was used in this work to grow the Nb,Os fibres. Two pulling
rates were studied (20 and 150 mm/h), the feeding to pulling
rate ratio being kept at 2. The growth was directed downwards
while rotating at 5 rpm both seed and feed rods. The laser power
was maintained at 23 W.

The sintered pellets and as-grown fibres were structurally
characterized by high resolution X-ray diffraction and Raman
spectroscopy. The fibres were milled into powders so it was
possible to analyze them by powder XRD. The XRD patterns
of the pellets and milled fibres were obtained by an X’Pert
MPD Philips difractometer (Cu Ka radiation, A =1.54056 A).
UV micro-Raman spectroscopy measurements were performed
at room temperature in backscattering geometry, with a 325 nm
He—Cd laser line using a HR-800 Jobin Yvon (Horiba) spectrom-
eter. The microstructure of the pellets and polished longitudinal
sections of the fibres were analysed by SEM on a Hitachi S4100-
1, in secondary electron mode.

Steady state photoluminescence (PL) between 14 K and RT
was measured using the same He—Cd laser as excitation source.
The emitted light was dispersed by a Spex 1704 monochro-
mator (1 m, 1200 mm™") fitted with a cooled Hamamatsu R928
photomultiplier. Unpolarized temperature dependent absorption
measurements were performed using a tungsten lamp, the trans-
mitted light being analysed using the same experimental set up
described for the PL. measurements. In addition, RT absorption
spectra using a Jasco V-560 instrument were collected from sin-
tered pellets. RT photoconductivity (PC) measurements were
accomplished in contacted samples using a Xe lamp. The light
beam was dispersed by a monochromator before reaching the
sample. The bias voltage was applied using a Keithley 617 unit
for the conductivity measurements.

The electrical characterization was made from 80 K to 360 K
by impedance spectroscopy (40Hz to 110 MHz) using an
Agilent 4294A Precision Impedance Analyser in Cp-Rp con-
figuration, while DC conductivity (o4.) measurements using an
Electrometer Keithley 617 were also performed.

3. Results and discussion

Fig. 1 shows the XRD and Raman data taken from the Nb,O5
samples prepared by distinct routes under different processing
conditions. The commercial powder used as starting material
presents the orthorhombic T-Nb,Os, the same crystalline phase

identified for the samples sintered at 600 °C and 800 °C. This
structure crystallized in Pbam space group (Dpp point group)
with the lattice parameters described in Table 1. For tempera-
tures higher than 800 °C the diffraction patterns are assigned
to the monoclinic phase, H-Nb,Os which crystallizes in the P2
space group (C, point group). These indexations and crystallo-
graphic parameters were based on the JCPDS database. For the
highest sintering temperatures (1000 °C, 1100 °C and 1200 °C)
the H-phase remains the only crystalline phase, and an improve-
ment of its crystalline quality is observed.The XRD analysis of
fibres pulled at distinct rates shows the same monoclinic high
temperature crystalline phase, H-Nb,Os, as the samples sintered
athigh temperatures. However, despite a single phase nature was
observed for the slowest fibre, a minority NbO, phase on the
fibre grown at the fastest rate was observed in the XRD anal-
ysis, though with very low intensity. Nevertheless, no effect of
pulling rate was observed in the lattice parameters of H-NbyOs
crystals in both fibres, Table 1.

The evolution of the crystalline phases formation with the
sintering temperature was corroborated by the Raman spec-
tra shown in Fig. 1(b). The bands between 200cm™' and
300 cm™! are characteristic of the bending modes of Nb—O-Nb
bonds in the orthorhombic phase.!! For temperatures below
800 °C, the main vibrational mode appear at 685cm~! which
has been assigned to the vibrations of niobium polyhedrons in
the orthorhombic phase.!? For samples sintered above 900 °C,
which exhibit the monoclinic phase H-Nb,Os, anew set of vibra-
tional modes are observed. The most prominent bands in the
monoclinic phase occur at higher frequencies, 991 cm~! and
903 cm~! and have been assigned to the edge-shared octahedra
and corner shared NbOg octahedra vibrations.* At lower fre-
quencies, Balachandran et al.* have reported vibrational modes
in the same frequency range to the ones detected in the present
work for the H-Nb,Os structures. As expected, the vibrational
spectra of the LFZ grown fibres and pellets sintered at high
temperatures are identical, Fig. 1(b).

The SEM analysis of the samples prepared in this study show
different morphological characteristics according to the pro-
cessing route and sintering temperature as indicated in Fig. 2.
The major difference is observed between the samples pre-
pared by solid-state reaction, which are polycrystalline, and the
fibres grown by LFZ, where no grain boundaries were observed,
as expected in single crystals. However, the fibre pulled at
higher growth rate presented the H-Nb,Os5 and NbO, phases
(as observed in the XRD analysis), disclosing crystalline imper-
fections possibly linked to inclusions. Moreover, the samples
sintered up to 800 °C, with an orthorhombic T-Nb; O5 crystalline
phase, exhibit nearly spherical grains, whose size increases with
the sintering temperature due to coalescence. A noteworthy
change in grain morphology is clearly seen for samples sin-
tered at 900 °C and above. Here, when the H-Nb,Os crystalline
phase is present, elongated grains with a parallelepiped geom-
etry developed. The size of these polyhedral grains increases
with the sintering temperature.Despite the fibres grown at 20
and 150 mm/h exhibit the same crystalline phase, according to
the XRD and Raman data, the slower one is transparent and
colourless, while the fastest is transparent and blue. The blue
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Fig. 1. (a) XRD diffraction patterns of the sintered Nb,Os pellets and LFZ grown fibres (T — orthorhombic phase of Nb,Os; H — monoclinic phase of NbyOs; x —
NbO; phase). (b) Raman spectra of the same set of samples obtained at RT in backscattering configuration with the 325 nm laser line.

colour of some oxide fibres grown by floating-zone processes,
e.g. TiO,, has been associated to oxygen vacancies due to low
oxygen partial pressure.'>!3 As referred, the fibre grown at the
fastest rate presents a minority NbO, phase which could explain

Table 1
Structural properties of pellets and fibres.

the origin of the blue colour, once the oxygen pressure was the
same in both cases (the only variable was the growth rate). On
the other hand, a pulling rate increase implies a concomitant
increase in cooling rate during the crystallization process and,

Sample Structure Space group Point group Lattice parameters

a(d) b(A) c(A) o () BC) y )
Pellets: 600 °C and 800 °C Orthorhombic Pbam Doy 6.17 3.94 29.31 90.0 90.0 90.0
Pellets: 900 °C at 1200°C Monoclinic P2 C 21.15 3.82 19.35 90.0 119.8 90.0
Fibre: 20 mm/h Monoclinic P2 C 20.37 3.82 19.36 90.0 115.72 90.0
Fibre: 150 mm/h Monoclinic P2 C 20.37 3.82 19.36 90.0 115.75 90.0
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(% 1000 °C

Fig. 2. SEM images, in secondary electron mode, of the sintered Nb,Os pellets (a—c). SEM images, in secondary electron mode and photographs images of the LFZ

grown fibres (d—f).

consequently, a decrease of the oxygen diffusion rate along the
fibre diameter is plausible. The cross section picture presented
in Fig. 2 shows this colour variation along the fibre radius,
which is virtually colourless at the borders getting bluer near
the centre. The fact that the slower fibre is completely colour-
less and free from the NbO, phase, unveils a possible relation
between the blue colour, the NbO, phase and the growing rate.
Both fibres present good morphological homogeneity without
any visible bubbles, cracks or grain boundaries, as shown by
the SEM images in Fig. 2.The LFZ grown fibres were anal-
ysed by optical absorption spectroscopy and PL measurements.
In a similar way, the sintered pellets were studied by diffuse
reflectance and photoluminescence. Fig. 3(a) shows the 14 K
and RT optical absorption results performed along the growth
axis direction for fibres grown at 20 mm/h and 150 mm/h. A lin-
ear relationship between (ad)? and the photon energy occurs in
agreement with the expected behaviour of a direct semiconduc-
tor bandgap (o stands for the absorption coefficient and d for
the sample thickness). At low temperature the H-Nb,Os fibres
start to transmit light for energies below ~3.2 eV and a bandgap
shrinkage of ~100 meV can be observed up to the RT. By excit-
ing the fibres with photon energy above the measured bandgap
(3.8eV, He—Cd laser line excitation), no detectable lumines-
cence was observed in the energy range between 1.45eV and
3.0eV. Conversely, with the same excitation energy, the sin-
tered pellets show an unstructured broad-band luminescence in
the orange-red spectral region as shown in Fig. 3(b). The defect
from which the luminescence originates depends on the sinter-
ing temperature, as can be seen by the low energy shift of the
PL peak position. The analysis of the PL recombination in a
temperature range between 14 K and RT allows us to establish
the luminescence thermal quenching. Assuming that the broad
emission band is only due to an optical active centre, the com-
petitive nonradiative relaxation mechanisms are well accounted
by single activation energies of 12meV and 40 meV for the
samples sintered at 800 °C (T-Nb,Os) and 1200 °C (H-Nb,Os),
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Fig. 3. (a) 14K and RT absorption spectra of the LFZ grown fibres. (b) Nor-
malized 14 K PL spectra of the sintered Nb,Os pellets obtained with 3.8 eV
excitation.
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Fig. 4. (a) RT photoconductivity spectra of the fibre grown at 20 mm/h (red) and sintered pellets at 1000 °C (black) and 800 °C (blue). RT transmission and absorption
spectra of the fibre and 800 °C pellet (dashed lines). Temperature dependence of (b) dc conductivity, (c) dielectric constant at 100 kHz and (d) dielectric loss for the
sintered pellets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

respectively. However, for the sample sintered at 1000 °C (H-
Nb;,Os), the nonradiative deexcitation processes are described
by two activation energies of 3 meV and 40 meV.
Photoconductivity spectra at RT display different maxima
P1, P2 and P3, at approximately 3.1, 3.5 and 4.7 eV which are
dependent on the crystalline phase nature, as shown in Fig. 4(a).
Comparing the PC spectra of the samples with the H-Nb,Os
crystalline phase (sintered pellet at 1000 °C and the fibre grown
20 mm/h) with the RT fibre transmission spectrum it can be
observed that the peak P1 is located in the range of the fun-
damental band edge absorption. The decrease of the PC above
the band edge seen, for instance, in the 1000 °C sintered pel-
let, comes from the decreasing of the penetration depth, due to
the creation of more carriers near the surface where recombi-
nation could assume an important role. For the orthorhombic
samples (T-Nb;Os) the P1 peak is absent and P2 and P3 peaks
are detected. The P2 peak at 3.5 eV coincides with the reported
bandgap energy in films produced by sol-gel with similar crys-
talline phase.14 However, it is clear that in our samples sintered
at 800 °C, an additional PC peak at 4.7 eV occurs which was also
confirmed by the RT absorption measurements (dashed line in
Fig. 4(a)). Assuming that the 3.5eV corresponds to the fun-
damental absorption edge, the 4.7eV band should also be of
intrinsic origin. In this case, as happens in several semiconduc-
tor and insulator hosts,'>1¢ the high energy intrinsic absorption
could be related with transitions from different critical points in

the conduction band for the orthorhombic Nb,Os band struc-
ture. This was also observed for the orthorhombic V,05 which
has a band gap of 2.38 eV measured by optical absorption and
reflectance.!” Theoretical calculations'® indicate the top of the
valence band along the R-T direction and the bottom of the
split-off conduction band at the I" point. The direct band gap
is expected to be localized at 1 eV above the indirect one.'® On
the other hand, variations in the reflectance as observed in other
oxide hosts!® are unlikely, since the PC and absorption spectra
evidence the same peaks.

The electrical dc conductivity measurements show, for the
samples sintered at 800 °C and 1200 °C, the existence of two dif-
ferent conducting mechanisms, one at temperatures lower than
200K and the other for temperatures above it (Fig. 4(b)). In
opposition, the sample sintered at 1000 °C shows only one con-
ducting mechanism. Considering the high temperature range,
this sample presents the lowest activation energy (0.37eV),
which suggests that the highest value of o4 can be related
to a higher mobility of the charge carriers. The low value of
the activation energy can be associated to the parallelepipedic
morphology observed by SEM (Fig. 2), which presents a pref-
erential grain orientation. This morphological characteristic is
not as pronounced in the H-Nb,Os sample sintered at 1200 °C,
which could explain its higher activation energy (0.52eV) and
lower conductivity. The singular behaviour of the sample sin-
tered at 1000 °C was confirmed for all the three sample batches
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produced in this study.At RT and 100kHz, the value of the
dielectric constant (&) is approximately 38 for samples sintered
at 800 °C and 1200 °C increasing to 165 for the sample sin-
tered at 1000 °C (Fig. 4(c)). The high value of ¢’ observed for
this last sample is tentatively attributed to the preferential grain
orientation which is expected to increase the dipole moment.
Despite the high dielectric constant, a large dielectric loss value
at RT (tand ~ 0.58) was calculated as shown in Fig. 4(d). In
opposition, the sintered samples at 800 °C and 1200 °C exhibit a
smaller dielectric loss (tan § < 0.02) probably due to the absence
of preferential grain orientation.

4. Conclusions

Nb,Os sintered pellets were produced between 600 °C and
1200 °C in order to analyze their physical properties for poten-
tial applications in passive components. The crystalline phase
nature of the as-produced samples has shown to be strongly
dependent on the sintering temperature, an orthorhombic to
monoclinic transformation being observed for temperatures
higher than 800 °C. This transition is accompanied by a grain
morphology change from nearly spherical to parallelepipedic
shape.

NbyOs LFZ grown fibres produced with different growth
rates have the same monoclinic crystal phase as that of the pellets
sintered at high temperatures. A bandgap energy of ~3.2 eV was
found at 14 K, decreasing 100 meV up to the RT. In addition, the
bandgap was confirmed by photoconductivity measurements.
For sintered samples with orthorhombic phase, the presence of
high energy absorption and photoconductivity peaks opens the
possibility to the observation of indirect and direct band gap tran-
sitions as those observed for other transition metal ion oxides
with similar crystalline structure.

Optically active centres on sintered samples with both
crystalline phases were identified with UV excitation. Broad
unstructured luminescence bands in the orange/red spectral
region with different thermal quenching and with the peak posi-
tion dependent of the sintering temperature were observed,
whereas no luminescence was detected in the LFZ grown
fibres.A dependence of the electrical properties with the mor-
phology was observed, the sintered samples with preferential
orientation of parallelepipedic grains exhibiting the highest
dielectric constant value (¢’ ~ 165).
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