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bstract

amples of Nb2O5 were prepared by laser floating zone (LFZ) technique and by solid-state reaction in order to study some of their physical
roperties as a function of synthesis conditions. Single crystals fibres were obtained by LFZ, while a structural orthorhombic to monoclinic
hase transition was observed in samples sintered at temperature higher than 800 ◦C. Transmission optical spectroscopy and photoconductivity
easurements allowed identifying a ∼3.2 eV bandgap energy for the H-Nb2O5 monoclinic crystalline phase. Band gap shrinkage of ∼100 meV

as observed from 14 K to RT. For the orthorhombic phase (T-Nb2O5), the photoconductivity measurements evidence a higher energy bandgap.
he sintered samples have shown a broad recombination luminescence band at the orange/red spectral region while no luminescence was detected

rom 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
imes that value.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Niobium oxide based materials are very attractive for elec-
ronic applications, particularly the niobium pentoxide, Nb2O5,
he most stable of the niobium oxides. Nb2O5 evidences a set
f physical properties which are very important for its use in
lectronic passive components such as dielectric constant (ε′) of
11 and a reported band gap of ∼3.4–5.3 eV.1 Recently, this
aterial has also been appointed as a substitute of tantalum

entoxide (ε′ = 27) for application in solid state capacitors.2,3

nvisaging technological applications of Nb2O5, a deep knowl-
dge of the conditions for each phase formation as well as their
roperties is absolutely necessary, since niobium pentoxide is a
olymorphic material exhibiting different crystalline phases.4,5

he main phases reported in literature for Nb2O5 are T-Nb2O5,
nd H-Nb2O5.6 The T-Nb2O5 is the lowest temperature phase

ith orthorhombic crystalline structure (a = 6.17 Å; b = 29.32 Å;
= 3.94 Å), the H-Nb2O5 being the most stable phase ocurring
t high temperatures, with a monoclinic structure (a = 21.20 Å,
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= 3.82 Å, c = 19.39 Å and β = 120◦10′).7 The formation condi-
ions of each one of the Nb2O5 structures are strongly dependent
n the heat treatment conditions, processing methods, starting
aterials, etc.6

The different crystalline structures of Nb2O5 can be described
s NbO6 octahedra shared in different ways. The T-Nb2O5 phase
onsists in 4 × 4 blocks of corner-shared NbO6 octahedra, each
onnected block sharing the edges of the octahedron. The most
table structure, H-Nb2O5, has a shear structure consisting in
× 5 and 3 × 4 blocks of NbO6 octahedra sharing the corners

n their own block, and edges with octahedra in other blocks.
dge-shared octahedra exhibit large distortions that result in
ignificant variations in Nb–O lengths, in opposition to corner-
hared octahedra which are not significantly distorted.8,9

In this work, Nb2O5 materials were prepared by two different
outes: (i) solid state reaction at different sintering temper-
tures (600–1200 ◦C) and (ii) Laser Floating Zone (LFZ) at
ifferent pulling rates (20 and 150 mm/h), a powerful tech-
ique to grow high melting temperature oxide crystals like

b2O5 (1500 ◦C melting temperature)10 at high pulling rates.11

detailed structural, morphological, optical, electrical and
lectro-optical comparative characterization of Nb2O5 samples
as made taking into account the two distinct processing routes.

dx.doi.org/10.1016/j.jeurceramsoc.2010.10.024
mailto:flor@ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2010.10.024
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. Experimental details

Commercial Nb2O5 powder (Merck, 99.9%) was used as a
tarting material for both techniques. In the samples prepared by
olid-state reaction, the Nb2O5 powder was pressed into pellets
orm (Ø 5 mm; h ∼ 1.2 mm) using a uniaxial hydraulic press.
he ceramic pellets were sintered in air at different temperatures:
00 ◦C, 800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C and 1200 ◦C for 4 h
ith a rate temperature of 5 ◦C/min.
The feed and seed rods used in LFZ growth were prepared by

cold extrusion process. A small amount of polyvinyl alcohol
PVA) aqueous solution (0.1 kg/l) was mixed with Nb2O5 pow-
er as a bonding agent to further extrusion into cylindrical bars
ith ∼1.5 mm in diameter. A CO2 laser (200 W, λ = 10.6 �m)
as used in this work to grow the Nb2O5 fibres. Two pulling

ates were studied (20 and 150 mm/h), the feeding to pulling
ate ratio being kept at 2. The growth was directed downwards
hile rotating at 5 rpm both seed and feed rods. The laser power
as maintained at 23 W.
The sintered pellets and as-grown fibres were structurally

haracterized by high resolution X-ray diffraction and Raman
pectroscopy. The fibres were milled into powders so it was
ossible to analyze them by powder XRD. The XRD patterns
f the pellets and milled fibres were obtained by an X’Pert
PD Philips difractometer (Cu K� radiation, λ = 1.54056 Å).
V micro-Raman spectroscopy measurements were performed

t room temperature in backscattering geometry, with a 325 nm
e–Cd laser line using a HR-800 Jobin Yvon (Horiba) spectrom-

ter. The microstructure of the pellets and polished longitudinal
ections of the fibres were analysed by SEM on a Hitachi S4100-
, in secondary electron mode.

Steady state photoluminescence (PL) between 14 K and RT
as measured using the same He–Cd laser as excitation source.
he emitted light was dispersed by a Spex 1704 monochro-
ator (1 m, 1200 mm−1) fitted with a cooled Hamamatsu R928

hotomultiplier. Unpolarized temperature dependent absorption
easurements were performed using a tungsten lamp, the trans-
itted light being analysed using the same experimental set up

escribed for the PL measurements. In addition, RT absorption
pectra using a Jasco V-560 instrument were collected from sin-
ered pellets. RT photoconductivity (PC) measurements were
ccomplished in contacted samples using a Xe lamp. The light
eam was dispersed by a monochromator before reaching the
ample. The bias voltage was applied using a Keithley 617 unit
or the conductivity measurements.

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

. Results and discussion
Fig. 1 shows the XRD and Raman data taken from the Nb2O5
amples prepared by distinct routes under different processing
onditions. The commercial powder used as starting material
resents the orthorhombic T-Nb2O5, the same crystalline phase
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t
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dentified for the samples sintered at 600 ◦C and 800 ◦C. This
tructure crystallized in Pbam space group (D2h point group)
ith the lattice parameters described in Table 1. For tempera-

ures higher than 800 ◦C the diffraction patterns are assigned
o the monoclinic phase, H-Nb2O5 which crystallizes in the P2
pace group (C2 point group). These indexations and crystallo-
raphic parameters were based on the JCPDS database. For the
ighest sintering temperatures (1000 ◦C, 1100 ◦C and 1200 ◦C)
he H-phase remains the only crystalline phase, and an improve-

ent of its crystalline quality is observed.The XRD analysis of
bres pulled at distinct rates shows the same monoclinic high

emperature crystalline phase, H-Nb2O5, as the samples sintered
t high temperatures. However, despite a single phase nature was
bserved for the slowest fibre, a minority NbO2 phase on the
bre grown at the fastest rate was observed in the XRD anal-
sis, though with very low intensity. Nevertheless, no effect of
ulling rate was observed in the lattice parameters of H-Nb2O5
rystals in both fibres, Table 1.

The evolution of the crystalline phases formation with the
intering temperature was corroborated by the Raman spec-
ra shown in Fig. 1(b). The bands between 200 cm−1 and
00 cm−1 are characteristic of the bending modes of Nb–O–Nb
onds in the orthorhombic phase.11 For temperatures below
00 ◦C, the main vibrational mode appear at 685 cm−1 which
as been assigned to the vibrations of niobium polyhedrons in
he orthorhombic phase.12 For samples sintered above 900 ◦C,
hich exhibit the monoclinic phase H-Nb2O5, a new set of vibra-

ional modes are observed. The most prominent bands in the
onoclinic phase occur at higher frequencies, 991 cm−1 and

03 cm−1 and have been assigned to the edge-shared octahedra
nd corner shared NbO6 octahedra vibrations.4 At lower fre-
uencies, Balachandran et al.4 have reported vibrational modes
n the same frequency range to the ones detected in the present
ork for the H-Nb2O5 structures. As expected, the vibrational

pectra of the LFZ grown fibres and pellets sintered at high
emperatures are identical, Fig. 1(b).

The SEM analysis of the samples prepared in this study show
ifferent morphological characteristics according to the pro-
essing route and sintering temperature as indicated in Fig. 2.
he major difference is observed between the samples pre-
ared by solid-state reaction, which are polycrystalline, and the
bres grown by LFZ, where no grain boundaries were observed,
s expected in single crystals. However, the fibre pulled at
igher growth rate presented the H-Nb2O5 and NbO2 phases
as observed in the XRD analysis), disclosing crystalline imper-
ections possibly linked to inclusions. Moreover, the samples
intered up to 800 ◦C, with an orthorhombic T-Nb2O5 crystalline
hase, exhibit nearly spherical grains, whose size increases with
he sintering temperature due to coalescence. A noteworthy
hange in grain morphology is clearly seen for samples sin-
ered at 900 ◦C and above. Here, when the H-Nb2O5 crystalline
hase is present, elongated grains with a parallelepiped geom-
try developed. The size of these polyhedral grains increases

ith the sintering temperature.Despite the fibres grown at 20

nd 150 mm/h exhibit the same crystalline phase, according to
he XRD and Raman data, the slower one is transparent and
olourless, while the fastest is transparent and blue. The blue
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ig. 1. (a) XRD diffraction patterns of the sintered Nb2O5 pellets and LFZ gro
bO2 phase). (b) Raman spectra of the same set of samples obtained at RT in b

olour of some oxide fibres grown by floating-zone processes,

.g. TiO2, has been associated to oxygen vacancies due to low
xygen partial pressure.12,13 As referred, the fibre grown at the
astest rate presents a minority NbO2 phase which could explain

s
t
i

able 1
tructural properties of pellets and fibres.

ample Structure Space group Point grou

ellets: 600 ◦C and 800 ◦C Orthorhombic Pbam D2h

ellets: 900 ◦C at 1200 ◦C Monoclinic P2 C2

ibre: 20 mm/h Monoclinic P2 C2

ibre: 150 mm/h Monoclinic P2 C2
Raman Shift (cm )

res (T – orthorhombic phase of Nb2O5; H – monoclinic phase of Nb2O5; x –
attering configuration with the 325 nm laser line.

he origin of the blue colour, once the oxygen pressure was the

ame in both cases (the only variable was the growth rate). On
he other hand, a pulling rate increase implies a concomitant
ncrease in cooling rate during the crystallization process and,

p Lattice parameters

a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦)

6.17 3.94 29.31 90.0 90.0 90.0
21.15 3.82 19.35 90.0 119.8 90.0
20.37 3.82 19.36 90.0 115.72 90.0
20.37 3.82 19.36 90.0 115.75 90.0
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ig. 2. SEM images, in secondary electron mode, of the sintered Nb2O5 pellets
rown fibres (d–f).

onsequently, a decrease of the oxygen diffusion rate along the
bre diameter is plausible. The cross section picture presented

n Fig. 2 shows this colour variation along the fibre radius,
hich is virtually colourless at the borders getting bluer near

he centre. The fact that the slower fibre is completely colour-
ess and free from the NbO2 phase, unveils a possible relation
etween the blue colour, the NbO2 phase and the growing rate.
oth fibres present good morphological homogeneity without
ny visible bubbles, cracks or grain boundaries, as shown by
he SEM images in Fig. 2.The LFZ grown fibres were anal-
sed by optical absorption spectroscopy and PL measurements.
n a similar way, the sintered pellets were studied by diffuse
eflectance and photoluminescence. Fig. 3(a) shows the 14 K
nd RT optical absorption results performed along the growth
xis direction for fibres grown at 20 mm/h and 150 mm/h. A lin-
ar relationship between (αd)2 and the photon energy occurs in
greement with the expected behaviour of a direct semiconduc-
or bandgap (α stands for the absorption coefficient and d for
he sample thickness). At low temperature the H-Nb2O5 fibres
tart to transmit light for energies below ∼3.2 eV and a bandgap
hrinkage of ∼100 meV can be observed up to the RT. By excit-
ng the fibres with photon energy above the measured bandgap
3.8 eV, He–Cd laser line excitation), no detectable lumines-
ence was observed in the energy range between 1.45 eV and
.0 eV. Conversely, with the same excitation energy, the sin-
ered pellets show an unstructured broad-band luminescence in
he orange-red spectral region as shown in Fig. 3(b). The defect
rom which the luminescence originates depends on the sinter-
ng temperature, as can be seen by the low energy shift of the
L peak position. The analysis of the PL recombination in a

emperature range between 14 K and RT allows us to establish
he luminescence thermal quenching. Assuming that the broad

mission band is only due to an optical active centre, the com-
etitive nonradiative relaxation mechanisms are well accounted
y single activation energies of 12 meV and 40 meV for the
amples sintered at 800 ◦C (T-Nb2O5) and 1200 ◦C (H-Nb2O5),

Photon energy (eV)

Fig. 3. (a) 14 K and RT absorption spectra of the LFZ grown fibres. (b) Nor-
malized 14 K PL spectra of the sintered Nb2O5 pellets obtained with 3.8 eV
excitation.
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pectra of the fibre and 800 ◦C pellet (dashed lines). Temperature dependence o
intered pellets. (For interpretation of the references to color in this figure legen

espectively. However, for the sample sintered at 1000 ◦C (H-
b2O5), the nonradiative deexcitation processes are described
y two activation energies of 3 meV and 40 meV.

Photoconductivity spectra at RT display different maxima
1, P2 and P3, at approximately 3.1, 3.5 and 4.7 eV which are
ependent on the crystalline phase nature, as shown in Fig. 4(a).
omparing the PC spectra of the samples with the H-Nb2O5
rystalline phase (sintered pellet at 1000 ◦C and the fibre grown
0 mm/h) with the RT fibre transmission spectrum it can be
bserved that the peak P1 is located in the range of the fun-
amental band edge absorption. The decrease of the PC above
he band edge seen, for instance, in the 1000 ◦C sintered pel-
et, comes from the decreasing of the penetration depth, due to
he creation of more carriers near the surface where recombi-
ation could assume an important role. For the orthorhombic
amples (T-Nb2O5) the P1 peak is absent and P2 and P3 peaks
re detected. The P2 peak at 3.5 eV coincides with the reported
andgap energy in films produced by sol–gel with similar crys-
alline phase.14 However, it is clear that in our samples sintered
t 800 ◦C, an additional PC peak at 4.7 eV occurs which was also
onfirmed by the RT absorption measurements (dashed line in
ig. 4(a)). Assuming that the 3.5 eV corresponds to the fun-

amental absorption edge, the 4.7 eV band should also be of
ntrinsic origin. In this case, as happens in several semiconduc-
or and insulator hosts,15,16 the high energy intrinsic absorption
ould be related with transitions from different critical points in

n
w
l
t

c conductivity, (c) dielectric constant at 100 kHz and (d) dielectric loss for the
reader is referred to the web version of the article.)

he conduction band for the orthorhombic Nb2O5 band struc-
ure. This was also observed for the orthorhombic V2O5 which
as a band gap of 2.38 eV measured by optical absorption and
eflectance.17 Theoretical calculations18 indicate the top of the
alence band along the R-T direction and the bottom of the
plit-off conduction band at the Γ point. The direct band gap
s expected to be localized at 1 eV above the indirect one.18 On
he other hand, variations in the reflectance as observed in other
xide hosts19 are unlikely, since the PC and absorption spectra
vidence the same peaks.

The electrical dc conductivity measurements show, for the
amples sintered at 800 ◦C and 1200 ◦C, the existence of two dif-
erent conducting mechanisms, one at temperatures lower than
00 K and the other for temperatures above it (Fig. 4(b)). In
pposition, the sample sintered at 1000 ◦C shows only one con-
ucting mechanism. Considering the high temperature range,
his sample presents the lowest activation energy (0.37 eV),
hich suggests that the highest value of σdc can be related

o a higher mobility of the charge carriers. The low value of
he activation energy can be associated to the parallelepipedic

orphology observed by SEM (Fig. 2), which presents a pref-
rential grain orientation. This morphological characteristic is

ot as pronounced in the H-Nb2O5 sample sintered at 1200 ◦C,
hich could explain its higher activation energy (0.52 eV) and

ower conductivity. The singular behaviour of the sample sin-
ered at 1000 ◦C was confirmed for all the three sample batches



5 ropea

p
d
a
t
t
o
D
a
o
s
o

4

1
t
n
d
m
h
m
s

r
s
f
b
F
h
p
s
w

c
u
r
t
w
fi
p
o
d

A

Q
e
M

T
B

R

06 M.R.N. Soares et al. / Journal of the Eu

roduced in this study.At RT and 100 kHz, the value of the
ielectric constant (ε′) is approximately 38 for samples sintered
t 800 ◦C and 1200 ◦C increasing to 165 for the sample sin-
ered at 1000 ◦C (Fig. 4(c)). The high value of ε′ observed for
his last sample is tentatively attributed to the preferential grain
rientation which is expected to increase the dipole moment.
espite the high dielectric constant, a large dielectric loss value

t RT (tan δ ∼ 0.58) was calculated as shown in Fig. 4(d). In
pposition, the sintered samples at 800 ◦C and 1200 ◦C exhibit a
maller dielectric loss (tan δ < 0.02) probably due to the absence
f preferential grain orientation.

. Conclusions

Nb2O5 sintered pellets were produced between 600 ◦C and
200 ◦C in order to analyze their physical properties for poten-
ial applications in passive components. The crystalline phase
ature of the as-produced samples has shown to be strongly
ependent on the sintering temperature, an orthorhombic to
onoclinic transformation being observed for temperatures

igher than 800 ◦C. This transition is accompanied by a grain
orphology change from nearly spherical to parallelepipedic

hape.
Nb2O5 LFZ grown fibres produced with different growth

ates have the same monoclinic crystal phase as that of the pellets
intered at high temperatures. A bandgap energy of ∼3.2 eV was
ound at 14 K, decreasing 100 meV up to the RT. In addition, the
andgap was confirmed by photoconductivity measurements.
or sintered samples with orthorhombic phase, the presence of
igh energy absorption and photoconductivity peaks opens the
ossibility to the observation of indirect and direct band gap tran-
itions as those observed for other transition metal ion oxides
ith similar crystalline structure.
Optically active centres on sintered samples with both

rystalline phases were identified with UV excitation. Broad
nstructured luminescence bands in the orange/red spectral
egion with different thermal quenching and with the peak posi-
ion dependent of the sintering temperature were observed,
hereas no luminescence was detected in the LFZ grown
bres.A dependence of the electrical properties with the mor-
hology was observed, the sintered samples with preferential
rientation of parallelepipedic grains exhibiting the highest
ielectric constant value (ε′ ∼ 165).
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