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We review the properties of TiO2-based transparent 
conducting  oxide (TCO), which exhibit transparent 
conducting  properties comparable to those of In2-xSnxO3 
(ITO), the most widely used TCO. Epitaxial thin films of 
anatase Ti1-xNbxO2 (TNO) with 0.03 ≤ x ≤ 0.06 exhibited a 
resistivity (ρ) of 2-3×10-4 Ωcm and internal transmittance of 
~95% in the visible light region. Furthermore, polycrystalline 
films deposited on glass by the pulsed laser deposition and 
sputtering  methods showed a ρ of 4.6×10-4 and 6.4×10-4 
Ωcm, respectively, at room temperature. We also highlight 

those characteristics that are unique to TNO, which distinguish it from ITO, such as high 
refractive index, high transmittance in infrared, and high stability in reducing  atmospheres. 
Possible applications of TNO, as well as the mechanism of transparent conducting  properties 
found in this d-electron based TCO, are discussed.      (Feb. 9, 2008)
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TiO2-based Transparent Conducting Oxide

1. Introduction 
The development of trans-

parent conducting  oxides 
(TCOs) has led to the evolution 
of a variety of optoelectronic 
devices, such as flat panel dis-
plays (FPDs), touch panels, and 
Si-based solar cells (Fig. 1).1,2 In 
newly emerging  devices, in-
cluding  organic light-emitting 
diodes (LEDs), copper indium 
gallium diselenide (CIGS) solar 
cells, and blue GaN-based 
LEDs, TCOs have been key ma-
terials. Currently, In2-xSnxO3 
(ITO) is the most widely used 
TCO because of its excellent 
transparent conducting  proper-
ties3,4 and its ease of fabrica-
tion. 

However, there is still a 
strong  demand for new TCOs, 
for two main reasons. One is 
the industrial need for high-
efficiency optoelectronic de-

vices. The properties of TCO 
greatly improve device per-
formance. For example, the use 
of a TCO whose refractive in-
dex matches that of GaN would 
significantly increase the exter-
nal quantum efficiency of blue 
LEDs.5 Furthermore, the appro-

priate TCOs with a high trans-
mittance in the infrared region 
and a suitable work function 
would improve the efficiency of 
solar cells6 and organic LEDs, 
respectively.

The second reason con-
cerns a resource problem: the 

Figure 1  Widespread usage of transparent conducting ox-
ides (TCO).
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supply of indium (In), categorized 
as a rare metal, is unstable de-
spite its rapidly expanding  con-
sumption, triggered by commer-
cialization of wide-area FPDs. 
This has been stimulating  re-
search into new TCO materials 
composed of more abundant 
elements, as well as efforts to-
ward the reduction of In use and 
recycling  of In. Although ZnO, 
SnO2 and many kinds of multi-
component materials are promis-
ing  alternatives to ITO,7 it is still 
necessary to explore new TCO 
materials to widen the applica-
tion fields of TCOs.

In this article, we review the 
properties of a new TCO, anatase 
Ti1-xNbxO2 (TNO),8,9 which pos-
sesses electrical and optical 
properties comparable to those 
of ITO. Anatase TiO2 is suitable 
as a mother compound of TCO: 
it is characterized by a wide 
band gap (3.2 eV)10 and a rela-
tively low effective mass of ~1 
m0 (m0: free electron mass).11 In 
addition, TNO has properties that 
ITO does not possess, such as, 
high refractive index, high 
transmittance in the infrared re-
gion, and high chemical stability 
in reducing  atmosphere. We ex-
pect that these properties will 
allow the use of TNO in fabricat-
ing  new, high-efficiency optoe-
lectrical devices. Moreover, Ti, a 
major constituent of TNO, is 
much more abundant in the 
earth’s crust than indium, by a 
factor of roughly 105.12

This article is organized as 
follows. In the next section, we 
briefly introduce the basic elec-
tronic properties and film growth 
of TiO2. The semiconductor-to-
metal transition that occurs upon 
doping  TiO2 with Nb is described 
in Section 3. Section 4 presents 
an application-oriented topic: 
deposition of polycrystalline 

TiO2-based transparent conduc-
tors on glass substrate. In Section 
5, we discuss the carrier transport 
in TNO, explaining  the difference 
between TNO and conventional 
TCOs with regard to the mecha-
nism giving  rise to transparent 
conductivity. In Section 6, we 
discuss the future prospects of 
this material.

2. Titanium Dioxide (TiO2)
Titanium dioxide (TiO2) has 

been studied intensively over the 
last decade because of its useful-
ness in a wide variety of applica-
tions, including  catalysis,13 pig-
ments, and sensors.14 More re-
cently, TiO2 has attracted much 

attention as an electronic mate-
rial, and attempts at employing  it 
as a high-k material15 and in re-
sistive random access memory 
(RRAM)16 devices have been 
made. Diluted magnetic semi-
conductors based on TiO2 have 
the potential to enable room-
temperature spintronics.17 Re-
views on properties of TiO2 in 
relation to its applications can be 
found elsewhere.18,19

Among  the many polytypes 
of TiO2, the technologically im-
portant crystal structures are ru-
tile and anatase (Fig. 2 and Table 
1). The rutile phase has been 
studied extensively as a typical 
transition metal oxide. Its elec-
tronic structure, transport and 

Figure 2 Crystal structures of (a) anatase and (b) rutile, and 
a schematic of the TiO6 networks in (c) anatase and (b) ru-
tile. Red and blue spheres denote Ti and O atoms, respec-
tively. 
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optical properties, and surface 
structure have been thoroughly 
reported. Both rutile and anatase, 
with their tetragonal symmetry, 
can be described as a network of 
TiO6 octahedra. The two structures 
differ in the distortion and linkage 
of the octahedra. In the anatase 
structure, each octahedron is in 
contact with eight neighbors (four 
sharing  edges and four sharing 
corners), as shown in Fig. 2(c), 
while the coordination number of 
rutile is 10 (two sharing  edges and 
eight sharing corners) (Fig. 2(d)). 

Anatase TiO2 tends to be 
oxygen-deficient, which can be 
expressed as TiO2-δ. The degree of 
oxygen deficiency δ can be con-

trolled by adjusting  the conditions 
of film growth and/or post-
deposition annealing. The oxygen 
vacancies generate n-type carriers 
in the Ti-3d conduction band. 
Thus, the resistivity (ρ) of TiO2 can 
be controlled by δ. Oxygen-
deficient TiO2-δ films, however, 
lose transparency, so that they 
cannot be used as a TCO. In addi-
tion to the introduction of oxygen 
deficiencies, the substitution of 
Nb for Ti could provide carriers. 
Indeed, it is known that Nb-
doping  of rutile TiO2 decreases ρ 
by a factor of more than 5500,20 
although the minimum ρ value 
(~10-2 Ωcm at room tempera-
ture)21,22 is not sufficient for TCO 

applications because of low elec-
tron mass (< 1 m0) in rutile.23

It is believed that anatase, 
which has a higher mobility than 
rutile, is more suited to TCO. 
However, transport properties of 
anatase have not been well stud-
ied, since bulk anatase is difficult 
to grow because it is thermody-
namically not a stable structure. 
Lévy et al. were the first to report 
single-crystal growth of anatase 
using  chemical vapor transport.24 
They measured the optical and 
transport properties, and obtained 
a ρ of ~10-1 Ωcm with an electron 
mobility exceeding  600 cm2/Vs at 
50 K.25 Nb-doping  of bulk anatase 
has been investigated by Mulmi et 
al., who reported ρ values of 
~5×10-2 Ωcm.26 Their ρ  vs. tem-
perature (ρ-T) curve showed a 
semiconducting  behavior, possibly 
due to the rather low dopant (Nb) 
concentration.

TiO2 films have been fabri-
cated by various techniques.27,28 
These include sputtering, pulsed 
laser deposition, molecular beam 
epitaxy, chemical vapor deposi-
tion, sol-gel, and spray pyrolysis. 
Also, epitaxial thin films with dif-
ferent orientations have been de-

rutile anatase

lattice parameter  a 0.4584 0.3733

b - -

c 0.2953 0.937

density (Kg/m3) 4240 3830

Table 1 Structural and electrical parameters of rutile 
and anatase. Lattice parameter and density are 
adopted from ref. 14. 

Crystal structure Out of plane 
orientation

Substrate

anatase (001) SrTiO3(100), LaAlO3(100), LaSrAlO4(100), 
LSAT((LaAlO3)0.3(Sr2AlTaO6)0.7) (100), NdGaO3(110)(001)

anatase (102) SrTiO3(110)  LaAlO3(110), NdGaO3(100)

anatase (112) Al2O3(0001)

rutile (100) Al2O3(0001), GaN(0001), ZnO(0001)

rutile (101) Al2O3(10-12) r-surface

rutile (001) Al2O3(10-10) m surface

Table 2 Substrates for epitaxial growth
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posited by choosing  appropriate 
substrates, as summarized in Table 
2.

3. Nonmetal – metal transi-
tion & Transparent conduct-
ing properties

A dramatic nonmetal-metal 
transition takes place on doping 
anatase with Nb. Figure 3(a) plots 
the ρ values of Ti1-xNbxO2 epitax-
ial thin films against x. These epi-
taxial thin films were grown by 
using  the pulsed laser deposition 
(PLD) technique on SrTiO3(100) or 
LaAlO3(100) substrates.8,9 X-ray 
diffraction (XRD) measurements 
confirmed that the anatase was 
single-phase and free of any im-
purities. Undoped anatase TiO2 
exhibited a ρ on the order of 10-1 
Ωcm. Nb doping  caused a 
marked decrease in ρ, by a factor 
of 103. The minimum ρ value 
(2×10-4 Ωcm at 300 K) was ob-
tained at x = 0.06, where a metal-
lic temperature dependence (dρ/
dT > 0) was observed.

Figure 3(a) also shows the 
internal optical transmittance at 
600 nm, as evaluated from the 
extinction coefficient. The trans-

mittance gradually decreases with 
Nb doping, mainly due to the 
light absorption of charge carriers. 
As seen from Fig. 3, both high 
electrical conductivity and high 
optical transmittance can be 
achieved for 0.03 ≤ x ≤ 0.06. It 
should be emphasized that the ρ 
values in this optimal range are as 
low as 2-3×10-4 Ωcm, which is 
comparable to those of conven-
tional ITO films.3 Fig. 3(b) shows 
pictures of a SrTiO3 substrate and 
Nb-doped TiO2 (TNO) film grown 
on SrTiO3, demonstrating  the high 
optical transparency of TNO.

These highly conductive 
TNO films are in the degenerate 
semiconductor regime: The Nb 
dopant atoms occur as Nb5+ ions 
and release conduction electrons 
with high efficiency. Figure 4(a) 
plots carrier density, ne, against x. 
There is a fairly linear relation 
between ne and x up to an x 
value of ~0.06, which can be 
expressed as ne ≈ 0.9nNb, where 
nNb is the density of Nb. This 
implies that Nb ions release con-
duction electrons with an effi-
ciency of ~90%, up to x = 0.06. 
At higher doping  levels (x > 
0.06), the ionization efficiency is 
slightly suppressed. The Hall mo-
bility, μH, increases as tempera-
ture (T) is lowered (Fig. 4(b)), 

which indicates that the room-
temperature ρ  values of TNO are 
dominated by phonon scattering. 
The films within the optimal x 
region (0.03 ≤ x ≤ 0.06) show μH 

(300 K) values of around 20 cm2V-

1s-1, which is approximately half 
that of ITO with the same ρ.29

After the first report on PLD 
growth of Ti0.94Nb0.06O2 films by 
Furubayashi et al., several groups 
have studied the deposition of 
TNO epitaxial thin films using 
PLD30,31 and sputtering,32,33 and 
obtained highly transparent con-

Figure 3 (a) Resistivity and internal transmittance (@ 600 nm) 
of Ti1-xNbxO2. (b) Photograph of SrTiO3 substrate and 
Ti0.94Nb0.04O2 epitaxial thin film on SrTiO3(100).

Figure 4 (a) Carrier density at 300 K as a function of Nb con-
centration and x. (b) Hall mobility as a function of tempera-
ture.
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ducting  properties. Anatase films 
doped with Ta show similar elec-
tric properties.34 In contrast, W-
doped anatase, in which each 
dopant ion (W6+) is expected to 
release two electrons, is less con-
ductive than Nb- and Ta-doped 
anatase.35

4. Polycrystalline films on 

glass substrate

From a practical viewpoint, 
TCO films need to be coated on 
glass and plastics. Considerable 
efforts have been devoted to the 
deposition of TCO films on glass 
in particular because of the in-
creasing  technological demands 
for flat panel displays and solar 
cells. Very recently, we have at-
tempted to grow TNO films on 
glass by PLD, and obtained ρ = 
4.6×10-3 Ωcm,36 which satisfies 
the practical requirement for 
TCOs: ρ < 10-4 Ωcm.

These films were prepared 
on glass by crystallizing  from an 
amorphous phase (Fig. 5(a)). The 
crystallization process is accom-
panied by a 106-fold drop in ρ 
(Fig. 5(b)). Furthermore, we have 
applied this technique to TNO 
films that were sputter-deposited 
on glass substrates, and obtained 
a ρ of 6.4×10-4 Ωcm at room 
temperature, with an absorption 
of less than 10% in the visible 
region.10 Shigesato et al. recently 
reproduced this film preparation 
process by using  the DC sputter-
ing method.11

The recipe for fabricating 
TNO films using  sputtering  is as 
f o l l o w s . 1 ) A m o r p h o u s 
Ti0.94Nb0.06O2 films are deposited 
using  a commercial sputtering 
apparatus on unheated non-alkali 
glass (Corning  1737) substrates 
(Fig. 6(a)). A sintered pellet with a 

n o m i n a l c o m p o s i t i o n o f 
Ti0.94Nb0.06O2-δ or Ti metal is used 
as a sputtering  target, and the 
deposition time is adjusted so as 
to obtain films with thicknesses of 

~200 nm. 2) The as-grown films 
are then annealed in vacuum us-
ing  a rapid thermal annealing  fur-
nace, in which the annealing 
temperature is raised to 500°C 

Figure 5 (a) X-ray diffraction patterns of the Ti0.94Nb0.06O2 film 
before (as-grown, amorphous) and after H2 annealing at 
500oC. Amorphous film crystallizes upon annealing. (b) Re-
sistivity of as-grown amorphous film and annealed film. The 
annealed film shows a positive temperature coefficient in-
dicative of metallic behavior.

Anneal in vacuum (300 - 400oC)!

(a)!

Deposit amorphous TiO2 film 

 at room temperature 

(b)!

(c)! (d)!

Transparent films!
Highly conductive films 

8x10-4 !cm!

Figure 6 Preparation process of TiO2-based TCO on glass sub-
strate. (a) Deposition of an amorphous TiO2 film at room tem-
perature by the sputtering technique. (b) Annealing of the 
amorphous film in vacuum at 300 – 400oC. Annealing for 5 
minutes is enough to obtain highly conductive films. (c) Pho-
tographs of films on glass. The films appear colored due to the 
interference effect. (d) Demonstration of excellent conductiv-
ity of TiO2-based TCO films.
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within 5 min (Fig. 6(b)). Annealing 
for 5 min is enough to obtain 
highly conducting  films. The an-
nealing  furnace is evacuated to 
10-4 Torr, in order to remove re-
sidual oxygen from the furnace. 
Images of typical films are shown 
in Figs. 6(c) and (d). Note that the 
films are colored due to optical 
interference.

The most important factor for 
obtaining  high-conductivity TNO 
films is to control the oxygen stoi-
chiometry in the films. We start 
w i t h a n o x y g e n - d e fi c i e n t 
Ti0.94Nb0.06O2-δ  target with shiny 
black color. It is also possible to 
use Nb-doped TiO or Ti2O3 as a 
sputtering  target.39 The oxygen 
partial pressure during  deposition 
should be maintained at around 
1×10-3 Pa in order to have precise 
control over the oxygen content of 
the films. Annealing  conditions 
have a great influence on the elec-
trical properties of TNO. Anneal-
ing  in air at 600oC yields insulat-
ing films with ρ > 106 Ωcm. 

The minimum ρ achieved by 
this annealing  process using 
sputtering-based-approach is 
8×10-4 Ωcm, which is very low for 
a transition metal oxide in poly-
crystalline form.40 By introducing 
a seed layer, we could obtain 
films having  a ρ of 6.4×10-4 Ωcm. 
The seed layer acts as a template 
for anatase growth, and also 
serves as a crystal growth center, 
resulting  in a decrease in crystalli-
zation temperature. Table 3 sum-
marizes the growth conditions 
and the ρ values obtained. De-
tailed deposition parameters have 
been reported elsewhere.41,42 Very 
recently, we have succeeded in 
preparing  conductive films by an-
nealing  amorphous films in air at 
300-400oC.43

Polycrystalline TNO films with 
ρ values on the order of 10-4 Ωcm 

exhibit a metallic ρ  - T behavior. 
This suggests that the carrier 
transport is less affected by grain 
boundaries. Furthermore, the ne 
value is as high as ~1.6×1021 cm-

3, from which the ionization effi-
ciency is estimated to be ~90%. 
These results lead us to conclude 
that the dopant Nb is substituted 
for the Ti site in anatase without 
segregation even in polycrystal-
line films. Uniquely, TNO has a 
higher activation efficiency in 

both epitaxial and polycrystalline 
films compared with other con-
ventional TCOs (typically < 50% 
in the case of ITO).44,45,46

Transmittance (Tr) and reflec-
tance (R) spectra of a TNO film 
after annealing  (thickness ≈ 200 
nm) are shown in Fig. 7(a). The Tr 
value throughout the wavelength 
range of 400-1500 nm is 60-80%, 
which is lower than those of typi-
cal ITO films. This is due to the 
relatively high refractive index of 
anatase TNO (~2.4 at 500 nm), 
which tends to enhance R and 
thus suppress Tr. The absorbance 
(A) in the visible region, calcu-
lated from the equation A = 1-
(Tr+R), is below 10% (Fig. 7(b)). 

5. Mechanism of transparent 

conductivity

In order to understand the 
mechanism of transparent con-
ductivity in TNO, we performed a 
first-principles band calculation 
with generalized gradient ap-
proximation (GGA)47 and reso-
n a n t p h o t o e m i s s i o n 
measurements.48 

Figure 8(a) shows density of 
states (DOS) as a function of elec-
tron energy calculated for un-
doped anatase TiO2. The figure 
exhibits a band gap of about 2.24 

Table 3. Growth and annealing conditions and resistivity val-
ues obtained for polycrystalline Nb-doped anatase TiO2 thin 
films.

Figure 7 (a) Transmittance, 
reflectance, and (b) absor-
bance spectra of a typical 
anatase Ti0.94Nb0.06O2 film on 
glass substrate.



 Page 7

eV, which is somewhat smaller 
than the empirical value of 3.2 eV. 
This underestimation of the band 
gap is a well-known limitation of 
GGA calculations. The Fermi en-
ergy (EF) lies in the middle of the 
band gap, reflecting  the insulating 
behavior of pure anatase TiO2.

Figure 8(b) is a total DOS 
profile calculated for Ti1-xNbxO2. 
In the calculation, the central Ti 
atom in a supercell is substituted 
for Nb, corresponding  to a doping 
content x of ~0.0625. Notably, the 
Fermi energy (EF) is located inside 
the conduction band, implying 
that Ti1-xNbxO2 can be described 
as a normal metal. This is consis-
tent with experimentally observed 
positive dρ/dT and temperature-
independent ne.8 Another inter-
esting  feature seen in Fig. 8(b) is 
that no impurity state exists in the 
in-gap region, which explains the 
high optical transparency in the 
visible region.

Partial DOS profiles of Ti 3d 
and Nb 4d states above EF have 
essentially identical shapes (not 
shown in figure). That is, the Nb 
4d orbital spreads over the entire 
region of the conduction band, 
suggesting  that Nb is strongly hy-

bridized with Ti. As a result of the 
strong  Ti-Nb hybridization, each 
Nb atom releases one electron to 
the conduction band, leading  to a 
high ne (>1021 cm-3). Interestingly, 
hybridization is a unique feature 
of the anatase structure. Nb-
doped rutile TiO2 shows semicon-
ducting  carrier transport with dρ/
dT < 0 as a result of the formation 
of shallow Nb impurity states.49

A finite DOS at EF was 
clearly observed by Ti 2p-3d reso-
nant photoemission spectroscopy, 

which intensifies the states con-
tributed by the Ti orbital. Figure 9 
shows off-resonant (hν = 600 eV) 
and Ti 2p-3d resonant (hν = 461.2 
eV) spectra of Ti0.94Nb0.06O2 near 
the band gap. The on-resonant 
spectrum exhibits a clear peak at 
EF, corresponding  to the bottom of 
the Ti 3d conduction band, 
whereas the spectral weight ob-
served in the off-resonant spectra 
near EF is negligible small. This 
proves that conduction electrons 
indeed have a d-electron nature, 
as predicted by the band calcula-
tions. Moreover, we could not 
detect any impurity states inside 
the band gap, which is consistent 
with the GGA calculation de-
scribed above.

So far, we have discussed the 
carrier introduction mechanisms 
of TNO in terms of high ionization 
efficiency. From the viewpoint of 
optical transmittance, however, a 
large ne due to high ionization 
efficiency is not favorable because 
carriers absorb light and thus de-
grade optical transparency. The 
compromise between conductiv-
ity and transparency is always a 
crucial issue for TCOs.

The most important optical 
parameter of TCO is transparency 
at 400-800 nm (visible region). At 
wavelengths shorter than 400 nm, 
a strong  absorption occurs due to 
the fundamental band gap. At 
longer wavelengths in the infrared 
region, absorption also occurs due 
to the interaction between free 
electrons and electromagnetic 
waves. In the infrared region, 
transmission characteristics of 
light is determined by the plasma 
wavelength, λp,50

where ε0, ε∞, c, m*, ne, and e 
denote the dielectric constant of 

Figure 8 Density of states calculated for (a) undoped and (b) 
Nb-doped anatase. The origin of energy (E = 0) corresponds 
to the top of the valence band (VB). Note that the Fermi en-
ergy (EF) shifted into the conduction band (CB) upon Nb dop-
ing.

Figure 9 Off-resonant (hν = 
600 eV) and Ti 2p-3d reso-
nant (hν = 461.2 eV) X-ray 
photoemission spectra of 
anatase Ti0.94Nb0.06O2.

      
(1),
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vacuum, the high-frequency per-
mittivity, the speed of light, the 
conductivity effective mass, and 
the electronic charge, respec-
tively. At λp, free electrons reso-
nate with the alternating  electric 
field and the absorbance shows a 
maximum, and electromagnetic 
waves with wavelengths shorter 
than λp can pass through a film. 
Consequently, λp needs to be 
much larger than 800 nm in order 
to ensure sufficient transparency 
in the visible region, as shown in 
Fig. 10(a).

As ne is increased, λp de-
creases, and, thus, the absorption 
of visible light becomes signifi-
cant. In conventional TCOs, ne is 
adjusted to be less than 1×1021 
cm-3, and this relatively low ne is 
compensated by high electron 
mobility (Fig. 10(b)). By contrast, 
in the case of TNO films, ne could 
easily exceed 1021 cm-3, retaining 
excellent transparency. This can 
be explained by the relatively 
large dielectric constant of TiO2. 
That is, as can be seen from Eq. 
(1), larger dielectric constants in-
crease the λp, and thus, recover 
transparency in the visible light 
region.

It should be stressed that the 
transmittance of TNO in the infra-
red region is higher than that of 
ITO with the same ne. This is of 
great advantage in certain applica-
tions, such as solar cells, in which 
high transmittance in the infrared 
is highly desired.51

A large dielectric constant is 
thought to have a strong  effect on 
the transport properties of TNO: 
Owing  to the large ε, electronic 
charges associated with impurities 
are effectively screened (Thomas-
Fermi screening), resulting  in a 

substantial suppression of carrier 
scattering  by impurities. This ex-
plains how TNO maintains a high 
mobility even when it is heavily 
doped with Nb.

6. Prospects for applications

It is of crucial importance to 
find applications for TiO2-based 
TCOs, exploiting  their unique 
characteristics. As mentioned ear-
lier, TNO has remarkable proper-
ties that ITO does not have, such 
as high refractive index (~2.4 at a 
wavelength of 500 nm), high 
transmittance in the infrared re-
gion, and high stability in reduc-
ing  atmosphere. Development of 
optoelectronic devices on the ba-
sis of such properties would ex-
pand the use of TCOs and gener-
ate a new market. Electrodes of 
blue LEDs and solar cells are 
among  the promising  potential 
applications of TNO. Furthermore, 
TNO is a d-electron based TCO 
system (Fig. 11), in sharp contrast 
to conventional TCOs, which are 
based on s electrons. Combining 
TCO properties with a d-electron 
nature might lead to new spin-
tronic devices.

A lower ρ  and higher trans-
mittance are still required for 

Figure 10 (a) Transmittance and absorption spectra of a 
transparent conductor. The plasma wavelength must be 
greater than 800 nm in order to ensure transparency in the 
visible range. (b) Comparison of material parameters be-
tween conventional TCOs (ITO, ZnO, SnO2, etc.) and the TiO2-
based TCO.

Figure 11 Anatase Ti1-xNbxO2 as a d-electron-based TCO.
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TNO. A deeper understanding  of 
carrier transport in TNO polycrys-
talline films and the exploration 
of dopants other than Nb, with 
the aid of theoretical predictions, 
remain challenging  issues, which 
would pave the way towards 
post-ITO materials.

CONCLUSIONS

We reported the develop-
ment of anatase TiO2-based 
transparent conducting  oxides 
(TCOs). Epitaxial films of Nb-
doped TiO2 (TNO) exhibit a low 
ρ of ~2×10-4 Ωcm and high opti-
cal transmittance in the visible 
region. We also succeeded in 
preparing  highly conductive TNO 
polycrystalline films on glass sub-
strates by the sputtering  tech-
nique. The polycrystalline films 
showed excellent transparency 
with an absorption of less than 
10%. These encouraging  results 
suggest that it might soon be pos-
sible to use wide-area polycrys-
talline TNO films as transparent 
electrodes. We have also demon-
strated that TNO is a promising 
alternative to ITO. Given that 
TNO is a d-electron-based TCO, 
it is expected that the present re-
sults will stimulate material ex-
ploration into new d-electron-
based TCOs.
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