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ARTICLE INFO ABSTRACT

Article history: Niobium-doped titania (TNO) films of various Nb content were deposited on glass and silicon substrates by
Received 9 February 2011 reactive co-sputtering of Ti and Nb metal targets. Nb content in the TNO films was varied from 0 to ~13 at.%
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0 to 150 W (Watts). The influence of ion bombardment on the TNO films was investigated by applying
an RF substrate bias from 0 to 25 W. The as-deposited TNO films were all amorphous and insulating, but
after annealing at 600°C for 1h in hydrogen, they became crystalline and conductive. The annealed
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ﬁet);vl\]/gds: films crystallized into either pure anatase or mixed anatase and rutile structures. The as-deposited
Nb doped TiO, and the annealed films were transparent, with an average transmittance above 70%. Anatase TNO film
Anatase (Ti1_039Nbg 390, ) with Nb 9.7 at.% exhibited a dramatically reduced resistivity of 9.2 x 10~ Q cm, a car-

Rutile rier density of 6.6 x 102! cm~3 and a carrier mobility around 1.0cm? V-! s, In contrast, the mixed-phase
Transparent conducting oxide Tiq_039Nbg 390, showed a higher resistivity of 1.2 x 10~1  cm. This work demonstrates that the anatase
phase, oxygen vacancies, and Nb dopants are all important factors in achieving high conductivities in

TNO films.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducting oxide (TCO) films have found a wide
range of industrial applications in recent years. Flat-panel dis-
plays, light-emitting devices, and photovoltaic cells all use TCO
[1]. Indium tin oxide (ITO) is the most commonly used TCO due to
its low resistivity of approximately 2 x 10~*  cm and high visible
transmittance of 90% [2]. However, ITO cannot preserve high con-
ductivity when it operates at high temperature (>400°C) [3]. Also,
indium element has limited availability. These drawbacks restrict
ITO applications subsequently.

As an abundant, innocuous and chemically stable materials,
titania (TiO,) films have many practical functions, including pho-
tocatalysis, ferromagnetism, and solar cells [3-7]. TiO, exists
primarily in three polymorphs: anatase, rutile, and brookite, each
having different crystal structures and physical properties. It has
recently been reported that doped anatase TiO, film is an attrac-
tive candidate for TCOs. The dopants in TiO,-based TCOs include Nb
[8-10],Ta[11],and W [12]. Nb-doped TiO, (denoted as Ti;_xNbxO,
or TNO) films reveal as excellent transparent conducting behaviors
as ITO [8]. Based on its excellent chemical stability and enhanced
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conductivity, TNO films have been operated as either conductive
electrodes [3,13] or photoanodes [14,15] for dye-sensitized solar
cells successfully.

Numerous relevant papers describe both epitaxial [16-18] and
polycrystalline [9,19] TNO films as TCOs using either PLD or sput-
tering methods. TNO films with x ~0.05 are now widely held to
be the most prominent TiO,-based TCO films, and TNO films with
Nb content below ~5% as TCO have been reported in many pub-
lications [8,9,17-19]. However, the study of TNO films of high Nb
content (x>0.05) as TCO is rare. TNO films made of rutile or mixed
anatase and rutile phase are paid less attention as well. Effect of Nb
dopant on TiO, crystal structures is an essential factor [20,21]. For
example, Nb dopants can generate electron carriers and profit con-
ductivity of TNO films, while excess dopants could induce lattice
deformation or additional phases such as Nb,O5 and TiNb,O7. The
aim of the present paper is to investigate the influence of compo-
sition and structure of TNO films (x >0.05) on their electro-optical
properties. By reactive sputtering technique, chemical stoichiom-
etry and crystal structures of films can be effectively controlled
through modulating substrate bias to improve the kinetic energy
of plasma species. Here, we report the electrical, optical, and struc-
tural properties of TNO (x =0-0.52) polycrystalline films formed by
co-sputtering method. Relationship between electric-optical prop-
erties and TNO structures, including pure anatase or mixed anatase
and rutile structures, is discussed.
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2. Experimental

Polycrystalline TNO films were fabricated on Corning 1737 glass and silicon
substrates by reactive co-sputtering of three pure titanium and one niobium metal
targets in argon and oxygen plasma using a pent-cathode magnetron sputtering
system (AJA Inc. Mass, USA). The substrates were sputter-etched with argon ions
(Ar*) for 10 min prior to film deposition to remove any residual pollutants on the
surface. Three sputtering guns, set at 200 W DC (direct-current), were used for the
Ti target. A single gun was used for the Nb target, and its power was variably set
at 0, 90, 105, 120, 135, and 150 W RF (radio frequency) for respective samples. The
distance between the target surface and substrate holder was 100 mm. Working
pressure was fixed at 0.4Pa and the substrates were held at 350°C with a 5rpm
rotation. The film deposition time was 30 min. A series of TNO films with varying
Nb content were prepared by modulating the Nb target RF-power in a range from
90 to 150 W, while the oxygen gas flow was fixed at 9 sccm. Another series of TNO
films were sputtered at various substrate bias power levels in the range from 0 to
25W RF, while the Nb target power was fixed at 120 W RF.

The as-deposited films were post-annealed in natural air at 101 kPa and in
hydrogen at 111 kPa at 600°C for 1 h, respectively. The heating rate was 10 °C/min.
The optical and electrical properties were obtained from the films deposited on glass
substrates, while the other characterizations were done on the films on silicon. Film
structure was characterized using a Rigaku D/Max-2500 18 kW X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) using Cu Ko radiation at 40 kV and 150 mA, and
a 3° incident angle. Film composition was estimated by a Thermo K-Alpha X-ray
photoelectron spectrometer (Thermo Fisher Scientific Inc., MA, USA). UV-visible
spectra of the films were obtained using a Hitachi 3300H spectroscope (Hitachi,
Ltd., Tokyo, Japan), with a scanning wavelength of 200-1000 nm. The film elec-
trical transport properties, including resistivity, carrier density, and Hall mobility,
were determined by a Hall measurement system (Accent HL5500PC, Nanometrics,
Inc., Ontario, Canada) at room temperature, as well as under a temperature range
between 20K and 300 K.

3. Results and discussion

Fig. 1 shows film deposition rate versus Nb target power of a
series of TNO films prepared by modulating the Nb target RF power
from 0 and 90 to 150 W. The deposition rate for pure titania film
was 1.1 nm/min. The increase of Nb target power from 90 to 150 W
caused a steep increase in the deposition rate, to 2.2 nm/min. One
reason for this observation is that Nb has a sputtering yield (0.7)
higher than that of Ti (0.5). Another factor may be due to poisoning
of the metal targets when oxygen flow exceeded a critical value. The
Nb target, sputtered by RF power, experienced less target poisoning
than the Ti targets, sputtered by DC power under a reactive oxygen-
argon atmosphere. Film thickness increased from 33 nm to 64 nm
with the increase of the Nb target power from 0 to 150 W.

The as-deposited pure titania film was of poor crystallinity con-
taining anatase, and the doped TNO films were all amorphous, since
the films were deposited at a low substrate temperature. The dif-
ference in valence electrons and ionic size of Ti and Nb as well
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Fig. 1. Deposition rate of the TNO films as a function of Nb target power.

A(o§4)

A('1‘01 )

Nb=150wW

Intensity (arbit. unit)

i T et T ¥ T

20 25 30 35 ' 40
2theta (deg.)

Fig. 2. X-ray diffraction patterns of the Hy-annealed TNO films.

as the relative metal-oxygen bond lengths of Ti and Nb oxides
could also contribute to the dopant-induced amorphization. The
pure titania and the as-grown TNO films crystallize into the anatase
structure after Hy-heat treatment at 600 °C for 1 has shown in Fig. 2.
Strong anatase-preferred orientation (101) was observed in the
post-annealed films and the (101) peak position shifted to lower
angular side with increasing Nb sputtering power, indicating lat-
tice expansion due to the incorporation of Nb in the films. As Nb
sputtering power exceeded 120 W, the crystallinity of TNO film was
diminished. The (10 1) peak was weakened, and the film structure
was converted to anatase (004) with poor crystallinity. The varia-
tions of crystallinity reflected on films conductivity are elaborated
accordingly in the films conductivity results.

The chemical compositions of the annealed TNO films deter-
mined by XPS analysis are shown in Fig. 3. An additional y-axis on
right side of Fig. 3 is added for Nb ratio or Nb/(Ti+Nb)%. As Nb tar-
get power is increased from 90 to 150 W, the Nb metal content in
the films increases almost linearly from 6.9 to 13 at.%, while the
Ti content decreases from 20 to 12 at.%. The oxygen contents fluc-
tuated slightly above 70 at.%. In fact, Nb content in TNO could be
greater than 40 at.% of the metal component, and the TNO still main-
tained an anatase phase [21]. Sheppard et al. concluded that charge
compensation occurs by the formation of cation vacancies, and by

¥ F—— & 80
80 {70
80 -]

- o— o——0 o—— 9 Jeo _

3 70 =x

= ——=a 50 —

o 60 _m- § =

— =

§ 5  l B Nbrato] 1% %

- [ -

< 40 T =

-O-0at% g Kl
304 L A Tiat% -
20 1 D A :
—a o
10 - g oM 10
7 v A
0 T T T T T o
90 105 120 135 150
Nb Target Power (Watt)

Fig. 3. Chemical composition (left y-axis) and the Nb ratio (right y-axis) of the H,-
annealed TNO films versus Nb target power.
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Fig. 4. Electrical resistivity of the TNO films versus Nb ratio.

reduction of Ti** to Ti3* ions and/or Nb>* to Nb** ion, depending
on the Nb concentration in the film [21]. When high concentra-
tion of dopant is incorporated, the TiO, matrix could accompany
the formation of fully oxidized niobium pent oxide which contains
up to 71% oxygen. Accordingly, the ratio between O and metallic
(Nb+Ti) in TNO films could be greater than 2. The annealed TNO
films in this study preserve anatase structure, the chemical formula
of Ti; _xNbxO, is assumed. Thus, the series of films prepared can be
depicted as Ti;_xNbxO, with x=0.25-0.52 in this study.

Fig. 4 illustrates how annealing the TNO films in air and in
hydrogen, dramatically alters electrical conductivities of these
films. The as-deposited TNO films presented the insulating behav-
ior with resistivity of above 1x 10%Qcm, since they were all
amorphous. Annealed in an air environment, the amorphous TNO
films (for Nb ratio <39%, i.e. Nb target <120 W) crystallized into
anatase and had a decreased resistivity about 3 x 102 Qcm. For
the TNO films of high Nb ratio over 49%, the air-annealed films
became amorphous with high resistivity of above 2 x 10° Qcm.
The crystallization from amorphous to anatase under the air atmo-
sphere improved the conductivity for TNO films with Nb ratio
<39%. In contrast to the air-annealed TNO films, the conductivity
of TNO films improved markedly through H, annealing. On the
right side of Fig. 4, an additional y-axis in different scale is pre-
sented to the doping effect on resistivity for the Hy-annealed films.
For the Hy-annealed un-doped films, the resistivity reduced from
3.0 x 10 Q cm decreasing to 4.7 x 10! Q cm, about five orders of
magnitude smaller than that of as-grown films. Indeed, conduc-
tivity of Hy-annealed films was further enhanced by incorporating
the Nb dopant. The values of resistivity for the H,-annealed doped
films varied between 10~2 and 10~4 © cm, with a high carrier den-
sity of about 2-7 x 1021 cm~3 and mobility in the range from 0.4
to 1cm?V-1s~1. While the Nb ratio increased from 26% to 39%,
the resistivity of TNO film was decreased from 7.2 x 10~3 Qcm
to a minimum value of 9.2 x 10~  cm. The minimum resistivity
increased to about 4 x 10~3 © cm, while the Nb ratio of the TNO
films is over 39%. The attenuated conductivity could be caused by
the poor crystalline anatase (10 1) of excess Nb doped TNO films, as
demonstrated in Fig. 2. As Nb ratio equals to 39%, the H,-annealed
TNO film, a crystalline anatase phase, exhibits the minimum resis-
tivity 0of 9.2 x 1074 Q cm.

In addition to the crystalline phase of anatase, Nb dopants and
oxygen vacancies are also important factors in achieving high con-
ductivity in TNO films. First, the ionized impurity, Nb>*, acts as a
shallow donor and generates carrier electrons with an ionization
efficiency of up to 80% due to the Nb>* ion’s small ionic radius
of 0.78 A, which is similar to that of the Ti** ion at 0.75A in an
octahedral coordination [19,22]. As such, the Nb ions are highly
soluble in Ti sites and release free electrons with a high effi-
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Fig. 5. Temperature dependence of (a) resistivity, (b) carrier density, and (c) Hall
mobility for the H,-annealed Ti;_g39Nbg 390> film.

ciency in the crystalline anatase TiO, structure [8,19]. The other
factor for improving conductivity of TNO films could be oxygen
vacancies. Annealing TNO films in air triggered the anatase phase
(for Nb ratio<39%), but it only reduced the film resistivity from
1 x 106 Q cm to 4 x 102 Q cm (Ti;_g39Nbg 3907 ). The magnitude of
reduction was much less than that of the H,-treated films. In fact,
post-annealing under a strongly reducing environment may induce
oxygen deficiency or oxygen vacancies in TiO,, and generates more
carrier electrons to improve conductivity. Thus, the resistivity of
H,-annealed TNO films was lower than that of the air-annealed
TNO films although they are all crystalline anatase.

The Hy-annealed Ti;_g39Nbg 390 films exhibited the minimum
resistivity (9.2 x 10~4  cm) among all the studied samples (Fig. 4).
Therefore, it was chosen for the study of the temperature depen-
dence of resistivity, carrier density, and Hall mobility, depicted
in Fig. 5. The film resistivity versus temperature curve in Fig. 5a
shows a positive slope, indicating metallic behavior. The resistivity
increases from 5.6 x 1074 Qcm at 20K t0 9.2 x 10~4 Q cm at 300 K.
Fig. 5b exhibits an n-type carrier density at around 6.6 x 102! cm~3,
which is essentially independent of the temperature. The temper-
ature dependent carrier mobility is shown in Fig. 5c. The mobility
falls gradually with increasing temperature, from 1.6cm2V-1s-1
at 20K to 1.0cm?V-1s~1 at 300K.

Fig. 6 displays the optical transmittance spectra of the H,-
annealed TNO films. All transmittance spectra show an average
transmittance above 70% in the visible region. Approximately 20%
of light is lost due to reflection, since titania possesses a high
refraction index. The band-gap (Eg) of TNO films increases with
Nb content. This could originated from the Burstein-Moss effect
and/or the formation of Nb,O5 with larger Eg ~ 3.4 eV than anatase
TiO, [23]. Assuming indirect optical transition for anatase TiO,, the
UV-absorption edge of un-doped TiO, is near 3.2 eV [24], as shown
in Fig. 7. For example, the absorption-edge for the post-annealed
Ti1_0.39Nbg 390, film, deposited at the Nb target power of 120 W,
blue-shifted from 3.2 eV to 3.5eV with increasing Nb concentra-
tion, up to 9.7 at.%. The blue-shift could be primarily caused by
the well-known Burstein-Moss shift [16], which is often observed
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Fig. 6. Optical transmittance spectra of the Hy-annealed TNO films.

in degenerated semiconductors, that is, the transition occurs at
energies above the Fermi level, and the lowest energy conduc-
tion band is filled. Hence, photon energy increases with increasing
carrier density.

The influence of ion bombardment on the structure of the TNO
(Nb=9.7 at.%) films was studied by applying substrate bias during
film growth. The as-grown films in biased condition (5-25 W) were
all amorphous and insulating. However, the bias effect had a sig-
nificant effect on the structure of the Hy-annealed films. As shown
in Fig. 8, the annealed films crystallized into either pure anatase or
mixed anatase and rutile structures. The biased-TNO films showed
a(110) rutile peak in the XRD spectrum, while the anatase (101)
peak became weak and broad. The inset in Fig. 8 shows the calcu-
lated ratio of anatase-to-rutile phase versus substrate bias, based
on the integrated peak intensities of anatase (10 1)and rutile(110)
[25]. Consequently, the rutile content in the films is estimated to
be 34% at bias=5W, 92% at bias=15W and 71% at bias=25W. The
observed differences in crystal structure could be attributed to the
potential of ionic particles such as Ti* and 02" in plasma, which
determine the crystal formation of anatase or rutile [26]. Increasing
substrate bias enhances the effect of an ionized bombardment gas
onthe growing film surface; hence, the crystal structure and density
of films could be altered by manipulating the collisions and momen-
tum of the sputtered particles[27,28]. The as-deposited biased-TNO
films, though amorphous according to XRD spectra, might contain
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Fig. 7. Absorption coefficient as a function of photon energy for the H,-annealed
TNO films.
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Fig. 8. X-ray diffraction patterns of the H,-annealed TNO films deposited at vari-
ous substrate bias settings. The inset shows the calculated ratio of anatase-to-rutile
phase versus substrate bias.

anatase and rutile nano-grains, which upon annealing grow into
large grains.

All of the biased-TNO films retained an average optical transmit-
tance of 70% in the visible region after H,-annealing. Nevertheless,
their electrical properties were influenced by the energetic ion
bombardment (Fig. 9). The subsequent heat treatment improved
films electrical conductivity. Indeed, the film conductivity corre-
lates with rutile fraction. The TNO films with the largest rutile
ratio of 92%, showed the highest resistivity of 2.9 x 10~1 Qcm; a
minimum resistivity of (1 x 10~2 € cm) occurred for the 34% rutile
phase mix. This minimum resistivity is still one order of magnitude
greater than that of the Hy-annealed films, fabricated without sub-
strate bias (9.2 x 10~4  cm) containing only anatase phase. This
implies that the fully anatase structure facilitates the carrier trans-
port in TNO films as opposed to both amorphous of as-grown films
and mixed anatase and rutile structures of annealed films.

In the mixed phase TNO films, the rutile formation sup-
pressed the percolative conduction of anatase TNO films [29]. TiOg
octahedra in anatase are predominantly edge-sharing, and form
spiral channels through the structure for easy electron transport.
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Fig. 9. Resistivity of the as-grown and the H,-annealed TNO films prepared at var-
ious substrate bias power settings.
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Additionally, the anatase structure has smaller electron effective
mass (m*=~1m,, where m, is the electron mass), which is con-
sistent with the observed high mobility [16]. By contrast, rutile
has a large effective mass, which results in a lower Hall mobility
(m*~20my), and its TiOg octahedra are mostly located at corner-
sharing sites [29]. Large effective mass and corner-shared TiOg of
rutile are unfavorable for charge carrier transport; therefore, the
rutile formation suppressed the carrier transport of TNO films. Nev-
ertheless, the TNO films of mixed anatase and rutile phases still
possess a lower resistivity than that of amorphous TNO films.

In comparison with the single crystal TNO film grown on SrTiO3
or LaAlOs single-crystal substrate by PLD method [8], the electrical
properties of the TNO films prepared in this study are inferior due
to low carrier mobility. The optimal resistivity of the single-crystal
anatase Ti;_yNbyxO,(x=0.07) is 2-3 x 10~* Q cm at room temper-
ature, with a carrier density of ~1 x 102! cm~—3 and a mobility of
~22cm2V-1s-1 [8]. In contrast, the TNO films prepared in this
study are Ti;_yNbxO, (with x=0.25-0.52) polycrystalline films of
much higher Nb content. We speculated a few reasons that may
suppress to achieve high carrier mobility of sputtered TNO. The
grain size (grain boundaries), dopant, and defects like implanted Ar
impurity or precipitates of second phase would affect the mobil-
ity of the TNO films. From the XRD results and SEM micrographs
(not shown), it is observed that the grain size of the TNO films
increase with Nb content to a certain point, approximately its sol-
ubility limit. In the annealed TNO films, some Nb content up to the
solubility limit is doped in anatase lattice and the excess Nb con-
tent could form precipitates like Nb,Os which could be the other
source of scattering and reduce the mobility of the film. For these
reasons, the defects are detrimental to high carrier mobility. Since
our TNO films possess high carrier density but low carrier mobility,
how to maintain high carrier density and to minimize the detri-
mental effects of too much dopant will be one of the keys for the
TNO films of high conductivity.

4. Conclusions

Transparent conducting Nb-doped titania films with varying
Nb concentrations were prepared by post-annealing reactively
sputtered amorphous films. Annealing TNO films in a hydrogen
reducing atmosphere caused the greatest gains in conductivity.
Crystallization under H, atmosphere produced resistivity values,
which were ten orders of magnitude lower than that of the as-
deposited films. The incorporation of Nb dopant ions, formation of
anatase crystalline structure, and the presence of oxygen vacan-
cies, all contributed to a substantial reduction in resistivity in TNO
films. The anatase structure has the most favorable charge-carrier
transport properties when compared to either amorphous phase,
or mixtures of anatase and rutile phases. The promising TNO films
produced by reactive co-sputtering of Ti and Nb targets, exhibit an
average transmittance of over 70% in the visible light region, a resis-
tivity of 9.2 x 104 Q cm, a carrier density of 6.6 x 102! cm~3 and a
mobility of 1.0cm2V-1s-1,
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