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We characterized transport and optical properties of atomic layer deposited Nb:TiO2 thin films on
glass substrates. These promising transparent conducting oxide (TCO) materials show minimum
resistivity of 1.0  103 X cm at 300 K and high transmittance in the visible range. Lowtemperature (2–300 K) Hall measurements and the Drude fitting of the Vis-NIR optical spectra
indicate a transition in the scattering mechanism from grain boundary scattering to intra-grain scattering with increasing Nb content, thus underlining enhancement of the grain size in the low doping
C 2015 AIP Publishing LLC.
regime as the key for further improved TCO properties. V
[http://dx.doi.org/10.1063/1.4906865]

Niobium-doped anatase TiO2 is a wide-gap n-type semiconductor, which allows for high transmittance in the visible
range of light with its fundamental absorption edge lying
above 3.2 eV.1 As pentavalent niobium is well soluble in the
anatase lattice, carrier electron densities even higher than
1021 cm3 can be doped into the conduction band of
Nb:TiO2, and consequently, resistivity values as low as
2–4  104 X cm can be reached for epitaxial films.2,3
Such a combination of high transmittance and high electrical
conductivity makes Nb:TiO2 a promising candidate for a
transparent conducting oxide (TCO) material to challenge
the more common TCO materials, Sn:In2O3 and Al:ZnO.
Potential applications for Nb:TiO2 include, e.g., solar cells
and blue LEDs where the unique characteristics of Nb:TiO2,
that is, the high refractive index and the high IRtransmittance could be exploited.4
For practical applications, a technique is required, which
would enable the deposition of low-resistivity Nb:TiO2 thin
films even on large-area glass substrates. Atomic layer deposition (ALD) is an industrially feasible thin-film fabrication
technique, and the technique of choice when homogeneous
pinhole-free oxide or sulphide thin films on large-area substrates are demanded.5 What comes to TCO materials, for
instance, high-quality thin films of Sn:In2O3 and Al:ZnO
with room-temperature (RT) resistivity values of the order of
104 X cm have been fabricated with ALD.6–8 Moreover,
uniquely to ALD, the self-limiting nature of the film growth
enables fabrication of conformal thin films even on complex
nanostructures, a capability that is of increasing interest for
future applications.9 Another exciting aspect is that—potentially—the properties of ALD-fabricated thin films may be
further tailored by introducing additional organic layers
within the inorganic thin-film matrix by combining ALD
cycles with molecular layer deposition (MLD) cycles based
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on organic precursors10 to fabricate, e.g., hybrid oxideorganic superlattices.11,12
An appreciably low RT resistivity value of
1  103 X cm was recently achieved for ALD-fabricated
Ti1xNbxO2 films.13,14 The best conductivity values were
realized for the heavily doped films with x > 0.2, while for
films fabricated by PLD or sputtering techniques electrical
conductivity is typically maximized at x  0.05. In this
paper, we will show that this is due to a transition in the scattering mechanism with increasing Nb content in the ALDgrown films.
A series of Ti1xNbxO2 thin films were deposited from
TiCl4, Nb(OEt)5 and H2O precursors in a Picosun R-100 reactor on borosilicate glass substrates at 210  C as briefly
described below, and in more detail in our previous work.13
Atomic composition was measured with energy-dispersive
X-ray spectroscopy (EDX; JEOL JED-2300) equipped with
a scanning electron microscope (JEOL JSM7000F) as Nb/
(Ti þ Nb) ¼ 0.04, 0.09, 0.13, 0.18, 0.20, 0.23, and 0.25. The
EDX values compare well with the corresponding ALD
cycle ratios, 0.05, 0.10, 0.15, 0.20, 0.22, 0.24, and 0.25;
hence, in the following, with x we refer to the ALD cycle ratio rather than the Nb content values determined with EDX
to be consistent with our previous work.13 Based on X-ray
reflectivity (XRR; PANanalytical X’Pert Pro MPD diffractometer) data, 2000 ALD cycles resulted in 64.5–70.5 nm
thick films. The as-deposited films were amorphous, with the
exception of undoped TiO2 and x ¼ 0.05 samples, for both of
which the crystal structure was identified as anatase TiO2. A
post-deposition anneal at 600  C for 60 min in H2 gas
(ULVAC-RIKO, MILA-3000-UHV) was performed to crystallize the films for all the compositions and to remove any
excess oxygen from the materials.
X-ray diffraction (XRD; Cu Ka, Bruker AXS d8 discover with GADDS) patterns for our annealed Ti1xNbxO2
films, recorded in symmetric h/2h mode using a twodimensional detector, are shown in Fig. S1.15 The films are
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of the pure anatase phase for x  0.24, while for the x ¼ 0.25
film an inclusion of a rutile impurity phase is seen. From the
inset of Fig. S1, we can see that the unit cell volume
increases linearly up to x ¼ 0.25 and Nb indeed substitutes Ti
in the anatase lattice. Finally, considering the texture of the
films, we may conclude that the degree of c-axis orientation
increases with Nb-doping for x  0.20 and maximizes at
x ¼ 0.24, a beneficial fact that enables increased electron
transport via high-mobility (a,b) plane in the anatase
lattice.16
Optical properties of the Ti1xNbxO2 films were investigated by measuring normal transmittance (T) and reflectance
(R) spectra in the wavelength range of 250–2300 nm (Jasco
V670 with ARN-731, incident angle 5 ). In Fig. 1, we show
the transmittance and absorbance (A ¼ 1  T  R) spectra as
well as the (ah)1/2 vs. h plots (where a is the absorption
coefficient and h is the photon energy) for the determination of the fundamental absorption energies (Eg) and the
obtained Eg values as a function of x. The films show rather
high transmittance in the visible range of approximately
70% on average. In the UV range, below 400 nm, transmittance steeply drops to zero for all the films, whereas in the
Vis-NIR range transmission of light becomes progressively
reduced with increasing Nb content x in the films (Fig. 1(a)).
The reduced Vis-NIR transmittance can be ascribed to
increased free carrier absorption with increasing x that
causes a particularly negative effect in the higher doping
regime of x > 0.15, affecting the transparency of the films
even in the visible range (Fig. 1(b)). The small peak in
absorbance around 400 nm indicates the presence of some
unexpected impurities for undoped TiO2 (x ¼ 0.00), whereas
the slightly reduced IR absorption for the x ¼ 0.25 film
could be ascribed to the rutile impurity. Note that we do not
see any sign of free carrier absorption for the as-deposited
films, which indicates that the electrons from Nb are released

FIG. 1. UV-Vis-NIR (a) transmittance and (b) absorbance for selected
Ti1xNbxO2 films annealed at 600  C in H2, together with (c) illustrative
(ah)1/2 vs. h plots, where a is the absorption coefficient and h the photon
energy, and (d) fundamental absorption energies Eg. In addition to the spectra for the annealed films, image (b) shows the absorbance spectrum for the
as-deposited x ¼ 0.24 film.
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to the conduction band of TiO2 upon the post-deposition
annealing step.
The steep drop seen in transmittance below 400 nm is
caused by the band-gap absorption. As determined from the
(ah)1/2 vs. h plots, the fundamental absorption energy
values shift towards higher energies with Nb doping from
around 3.3 eV for the undoped film to around 3.5 eV for films
with 0.05  x  0.24 (Figs. 1(c) and 1(d)). Such a shift can
most probably be ascribed to a Fermi-level rise inside the
conduction band with increasing x, often seen for degenerate
semiconductors. The slight drop in the Eg values for
0.20  x  0.24 can be due to band-gap narrowing ascribed
to electron-electron and electron-ion scattering for such
heavily doped materials and anisotropy in the optical gap
starting to affect with increasing c-axis orientation.17,18 The
further drop seen for the x ¼ 0.25 film is an effect originating
from the appearance of the rutile phase with a smaller band
gap (3.0 eV) than that of anatase TiO2 (3.2 eV).1 To sum
up, by doping our anatase TiO2 films with Nb, their transparency window is extended slightly in the UV region, whereas
a drawback of reduced transparency is seen in the Vis-NIR
region, particularly in the high doping regime of x > 0.15.
Electronic transport properties of the films were studied
by measuring the Hall effect in Van der Pauw configuration
in the temperature range of 2–300 K (Quantum Design
Physical Property Measurement System; 69 T magnetic flux
density). Four copper wires attached with indium to silver
contacts evaporated on the sample corners were used to form
the electrical contacts with the film surface. Conductivity is
notably enhanced with increasing Nb content, the RT resistivity value decreasing from 4.5  101 X cm at x ¼ 0 to
1.0  103 X cm at x ¼ 0.22 (Fig. 2(a)). Further increase in
the Nb content beyond x ¼ 0.24 results in a sudden increase
in resistivity for the x ¼ 0.25 film, most probably due to
inclusions of the high-resistivity rutile phase.1 The resistivity
values depend moderately on temperature such that for
x  0.15 and x ¼ 0.25 resistivity decreases with increasing

FIG. 2. Results of Hall effect measurements for the Ti1xNbxO2 films in the
temperature range of 2–300 K: (a) resistivity q, (b) carrier density nHall, and
(c) mobility lHall. In the inset of image (b) shown are the carrier electron
density nHall (1021 cm3) as a function of Nb atomic density nNb
(1021 cm3) and a line that represents 100% ionization efficiency.
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temperature, whereas for 0.20  x  0.24 an opposite trend
of increasing resistivity is observed.
In line with the notably reduced RT resistivity values,
and the absorbance spectra shown in Fig. 2(b), Nb-for-Ti
substitution yields an increase in the carrier density value
nHall from 4.2  1019 cm3 for TiO2 to a maximum of
6.7  1021 cm3 for x ¼ 0.25 at 300 K (Fig. 2(b)). It is of note
that the nHall values for all the doped samples are high resulting in high ionization efficiency values for Nb close to
100%, as is shown in the inset of Fig. 2(b). For undoped
TiO2 an indication of slight temperature activation of conduction electrons is observed as nHall increases moderately
over the measured temperature range, whereas all the doped
samples show essentially flat temperature profiles, that is, the
Nb-substituted films behave as degenerate semiconductors.
The RT Hall mobility lHall value for undoped TiO2, i.e.,
0.33 cm2/Vs, at first decreases by doping to a value of
0.20 cm2/Vs for x ¼ 0.05, and then increases for the higher
substitution levels of x  10 reaching a maximum value of
1.1 cm2/Vs for x ¼ 0.22, finally lowering again for the
x ¼ 0.25 film with rutile inclusions (Fig. 2(c)). The temperature dependencies of the lHall values reflect the corresponding dependencies on the resistivity values, as expected
from the essentially flat carrier density profiles. For
0.20  x  0.24, the increasing trend with decreasing temperature indicates phonon-limited electron transport, whereas
for x  0.15 the sign of the slope of the curves changes from
negative to positive implying that in this regime of lower
doping charge transport is predominately limited by a mechanism other than intra-grain phonon scattering.19 Another
possible intra-grain scattering source could be neutral and
ionized impurities, that is, mainly Nb ions in the highlydoped Nb:TiO2 samples. Scattering from such point defects
should have a reducing effect on mobility with increasing
amount of impurities; however, the finding that lHall
increases with increasing x for 0.05  x  0.24 rules out this
possibility and rather implies that the dominating scattering
source for x  0.15 would be grain boundaries, hence of
inter-grain nature. The low mobility in the x ¼ 0.25 film can
be ascribed to the presence of rutile phase with a high effective mass of 20 me for conduction electrons.20
In the Hall effect measurement, the conduction electrons
are transported over macroscopic distances, and thus, for
polycrystalline materials, the electrons are subject to grain
boundary scattering, which is reflected in the lHall values at
sufficiently high grain boundary densities. On the other
hand, if the electron mobility is determined by optical
means, the average electron paths under rapidly oscillating
electric fields of the incident light are typically smaller than
the average grain size, and the obtained mobility values are
mainly sensitive to intra-grain scattering. Hence, a comparison of the optical and Hall mobility values can reveal
whether charge transport is predominately limited by scattering in the bulk of the grains or at the boundaries between the
grains.21,22
The optical mobility lopt values can be determined by
fitting measured reflectance and transmittance spectra in the
Vis-NIR wavelength range where free carrier absorption
takes place. Transmittance and reflectance of a thin film are
essentially determined by the complex dielectric function e
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of the film material, described in a simple way for a material
with free carrier absorption by the Drude model as21
eðxÞ ¼ e1 ½1  x2p =ðx2  ix=sÞ ;

(1)

where x is the angular frequency, e1 is the high frequency
dielectric constant, and i is the imaginary unit. The plasma
frequency xp depends essentially on carrier electron density
n and electron effective mass m* as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(2)
xp ¼ ðne2 Þ=ðe1 e0 m Þ;
where e is the electron charge and e0 is the permittivity of
vacuum. Finally, the information on optical mobility lopt is
contained in the following equation for the scattering time s:
s ¼ lopt m =e:

(3)

We estimate the lopt values by fitting the model described
above, including the effect of the multiple reflections within
the air/film/substrate stack, to the measured Vis-NIR reflectance and transmittance spectra using m* and s as fitting parameters. Carrier densities are obtained from the Hall
measurement data and for e1 a literature value of 5.923 is
used for 0.05  x  0.15. Lowering e1 to 5.7 for x ¼ 0.20
and 0.22, and to 5.5 for x ¼ 0.24 and 0.25 slightly improves
the fit. Altogether, an excellent fit between the theory and
the experiment is obtained, as is seen in Fig. 3(a) for
x ¼ 0.05 and 0.24 as selected examples. The fitting parameters show reasonable trends as m* first increases with
increasing x up to x ¼ 0.20 reflecting non-parabolicity of the
conduction band,19 and then decreases for 0.20  x  0.24
where movement of the electrons along the low-effectivemass (a,b) plane becomes significant as a result of increased
c-axis orientation of the crystallites (see Figs. S1 and 3(b)).
For the x ¼ 0.25 film, m* increases as a consequence of the
rutile inclusions. In addition, the scattering time is found to
decrease monotonously with increasing x, which is expected

FIG. 3. Drude fitting of the transmittance T and reflectance R spectra of the
Ti1xNbxO2 films in the wavelength range of 400–2300 nm: (a) spectra for
the selected x ¼ 0.05 and 0.24 films (symbols) and the respective fits (lines),
(b) values of the fitting parameters, the effective electron mass m* and the
scattering time s, for 0.05  x  0.25, and (c) comparison of the obtained
lopt and lHall values for 0.05  x  0.25.
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from the increasing density of the scattering centers formed
by the Nb ions, and particularly, from the reducing effect of
phonon contribution to the total mobility with increasing x
(Fig. 3(b)).19 The lopt values calculated from Eq. (3) can be
explained in terms of the trends seen for the fitting parameters m* and s (Fig. 3(c)). As x increases from 0.05 to 0.20,
the reduction for s out weights the impact of increasing m*
and lopt reduces, whereas for 0.20  x  0.24, the notable
drop in m* due to enhanced c-axis orientation of the film
results in an increase in lopt. For x ¼ 0.25, the rutile inclusions yield reduced lopt values. Most importantly, the lopt
values are notably larger than the lHall values for x  0.15
and become similar for 0.20  x  0.24. This indicates that,
in agreement with the temperature dependencies of the Hall
measurement data, the electron mobility in our anatase
Ti1xNbxO2 thin films is predominately limited by grain
boundary scattering in the lower substitution regime x < 0.20
and by intra-grain scattering in the higher substitution regime
0.20  x  0.24. The reasoning is justified as the electron
mean free paths calculated from the lopt values remain
below nm, that is, notably below the typical grain size.
Moreover, the obtained lopt values are reasonable, though,
lower than the phonon limited (intra-grain scattering limited)
lHall values for epitaxial films, e.g., for x  0.05 lopt
¼ 4.0 cm2/Vs for our film with random orientation and
lHall  20 cm2/Vs for epitaxial c-axis oriented film.19 These
mobility values become comparable once the anisotropy in
the effective mass, 3 m*a,b  m*c  6 m*a,b, is considered.16
In order to support the results of the Hall and optical
mobility analysis, the present Ti1xNbxO2 films were imaged
by means of polarized light microscopy (PLM; Olympus
BX50) and scanning electron microscopy (SEM; JEOL
JSM7000F) (Fig. S2).15 The results of the PLM imaging
indicate a clear transition in crystallinity between the x
values 0.15 and 0.20: for x  0.15, the surface images are
featureless, whereas for x  0.20 grains with size of tens of
micrometers are clearly observed (Fig. S2, top). The images
with higher magnification obtained with SEM reveal that
the grain size is of the order of 1 lm or below for x  0.15
(Fig. S2, middle). In this substitution regime also some
cracks, which could have a lowering effect on the mobility
values, are observed. Pore et al. showed that highlysubstituted Ti1xNbxO2 films exhibit large and essentially
c-axis oriented grains spanned by cross-shaped features,
where the arms of the crosses were identified as domains of
single-crystalline c-axis-oriented anatase, and the wavy features as dislocations or very small cracks with the orientation
differing not more than 2 from the c-axis oriented arms.14
For the present films, we could indeed confirm presence of
such c-axis oriented cross shapes for the films with
x  0.20.15 Altogether, the change in crystallinity around
x  0.15–0.20 is in line with the observations from the Hall
and optical mobility analysis, that is, grain boundary scattering limits electronic conductivity for x  0.15, whereas
phonon scattering is the dominating mechanism for
0.20  x  0.24.
In conclusion, we find the anatase Ti1xNbxO2 thin films
fabricated by ALD as promising TCO materials, particularly
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for applications where large-area depositions and conformal
coatings on nanostructures are required. However, optical
transmittance and electrical conductivity are not simultaneously optimized: conductivity is high in the high doping regime, whereas in the low doping regime where transmittance
is high, the films suffer from low conductivity. Here, we
have shown that this contradiction stems from a transition in
the scattering mechanism from phonon scattering dominating
in the high doping regime to grain boundary scattering that is
found to substantially limit the electron transport in the low
doping regime. Enhancing the electron mobility by increasing the grain size in the low doping regime is hence the key
to improve the TCO properties of the ALD-fabricated
Ti1xNbxO2 films further.
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