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ABSTRACT: A niobium-doped titanium dioxide (Nb:TiO2,
NTO) film is a promising candidate material for indium-free
transparent conductive oxide (TCO) films. It is challenging
and interesting to control (004)-oriented growth to decrease
resistivity. In this work, NTO films with different fractions of
preferential (004) orientation (η(004)) were controllably
prepared by direct current sputtering. Notably, the direction
of local-ordering of ions-packing could be adjusted by slightly
changing the angle between the sputtering source and the glass
substrate, which is identified as a key factor to determine the
growth direction of a columnar crystal as well as the η(004) of
films. Hall effect measurements indicate that NTO films with the highest η(004) present the lowest resistivity (6.4 × 10−4 Ω cm),
which originates from super-high carrier concentration (2.9 × 1021 cm−3) and mobility (3.4 cm2 V−1 s−1). The corresponding low
sheet resistance (10.3 Ω sq−1) makes it a potential material for commercial TCO films. We also observe that films with higher
η(004) show lower transmittance in the near-infrared region.
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■ INTRODUCTION

With the development of optoelectronic and photovoltaic
devices, wide-bandgap transparent conductive oxide (TCO)
thin films have attracted increasing attention due to their salient
advantages of optical transparency and electrical conductivity.1−4

The tin-doped indium oxide (ITO) is the most frequently used
material in practical TCO thin films. However, the rare indium
makes it difficult to meet the increasing demand for TCO
films.5−7 Niobium-doped anatase TiO2 (NTO) is of rich
abundance, environmentally friendly, and chemically stable at
high temperatures, as well as in acids and alkalis.8−13 In addition,
NTO shows high transmittance in the visible region and exhibits
a low resistivity of 2−3 × 10−4 Ω cm in the epitaxial thin-film
form.14 Therefore, NTO could be a promising candidate material
for indium-free TCO thin films.
NTO thin films have been successfully fabricated by various

techniques, including pulsed laser deposition (PLD),14−16

magnetron sputtering (MS),9,11,17−24 atomic layer deposition,25

aerosol-assisted chemical vapor deposition,10 and sol−gel
method.26,27 Table S1 shows the reported high conductivity of
NTO thin films on the basis of different deposition techniques.
Among these techniques, thin films from PLD and reactive
sputtering show lower resistivity than those from others.
However, PLD has not yet been widely applied because of its
high cost and the small area of NTO films. The sputtering

technique is inexpensive and has feasibility in large-area
fabrication, but reactive sputtering often has a problem of target
poisoning because of chemical reactions.28−30 Therefore, direct
current (DC) sputtering with a conductive oxide target becomes
a good choice.
The high conductivity of NTO films is critically related to the

crystal phase and crystalline orientation. For example, the rutile
phase can suppress the percolative conduction of anatase films
and hence the formation of a mixed crystal phase must be
avoided.20 In addition, Hirose et al. showed that NTO films of
(001)-oriented growth show lower resistivity than that of (100)-
oriented growth due to high electron mobility.11,31 Therefore,
preparation of anatase NTO thin films with (001)-oriented
growth is an effective way for increasing conductivity. However,
according to the thermodynamics, (001) orientation is unstable
because of its higher surface free energy than that of (101)
orientation.32 Therefore, achieving preferential (004) growth is
difficult, and methods based on growth kinetics should be used.
The epitaxial technique and the method of predepositing a seed
layer are usually used but are not suitable for large-area
fabrication.11,14,33 To our knowledge, there is no other method
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reported to control (001)-oriented growth on an amorphous
substrate for conductive NTO thin films in present researches. So
it is still a great challenge to implement the controllable
crystalline orientation on an amorphous substrate for NTO thin
films.
For TiO2 thin films, some efforts have made by reactive

sputtering. Stefanov et al. found that a relatively high partial
pressure of O2 is important to control preferred (004)
orientation.34 They achieved a maximum fraction of preferential
(004) orientation (η(004)) of 39% for TiO2 thin films. However,
this method is unsuitable for DC sputtering with a conductive
oxide target. Zheng et al. prepared TiO2 thin films with a
dominated (004) peak in the X-ray diffraction (XRD) pattern
using high sputtering power and a sputtering angle of 37°.35

However, these thin films consisted of the anatase−rutile mixed
phase. We deduce that adjusting the sputtering angle will be an
optimal choice, if the mixed phase can be avoided. In previous
studies, preferred orientations are often observed in a glancing-
angle deposition technique (the sputtering angle is usually
large).36−41 The preferred orientation originates from orientated
growth of the columnar crystal toward the direction of the vapor
or plasma beam, which competes with thermodynamics.
However, not crystal but amorphous thin films are formed
when a low sputtering power is used to avoid the anatase−rutile
mixed phase.42 Now what matters is whether the ions-packing is
following the direction of the plasma beam in amorphous thin
films.
In this work, we report for the first time the formation of

anatase NTO films with controllable η(004) by adjusting the DC
sputtering angle slightly. The formation of preferential (004)
orientation is closely related to local-ordering of ions-packing in
amorphous as-grown films. The scanning electron microscope
(SEM) analysis shows direct evidence of local-ordering of ions-
packing having a specific direction during sputtering, when there
is an angle between the sputtering source and the glass substrate.
After annealing, NTO films with the maximum η(004) (38.7%)
show the lowest resistivity (6.4 × 10−4 Ω cm), which originates
from super-high carrier concentration (2.9 × 1021 cm−3) and
mobility (3.4 cm2 V−1 s−1). The conductivity of NTO thin films

becomes better as the η(004) increases. In addition, NTO thin
films show optical anisotropy as η(004) is adjusted from 10.5 to
38.7%. The films with higher η(004) show lower transmittance in
the near-infrared region. This work demonstrates a new way to
control the film transmittance, which is important to glass for the
optical application in the near-infrared region.43

■ EXPERIMENTAL SECTION
General Film Preparation.NTO thin films were sputtered onto a 3

× 3 cm2 soda-lime glass substrate (GULUO GLASS) using a Φ 6 cm
oxide target. This target consists of 5 mol % Nb2O5 in TiO2
(Ti0.95Nb0.05O2, 99.9%, Hzamtarget). The substrate was secured with
a high-temperature polyamide tape (2 mm wide) to a 6 × 6 cm2 piece of
stainless steel substrate holder. The distance was 8 cm between the
center of the target and substrate. The base pressure before each
deposition was 8 × 10−4 Pa. Films were deposited in pure argon (grade
5.0) at a flow rate of 20 sccm (cubic centimeter per minute at STP) and a
system pressure of 0.3 Pa. The substrate temperature during deposition
was 40−60 °C measured with a thermocouple. A DC sputtering power
(SKY Technology Development DC power system) of 40−45 W was
required to prepare films with a thickness of ∼640 nm on the soda-lime
glass substrate after 1.5 h of deposition. Before each deposition, the
target surface was sputter-cleaned by pure Ar for 10 min and then
presputtered for 5 min under the film deposition conditions. The as-
deposited films were annealed and crystallized in an Ar/H2 (95:5, v/v)
atmosphere at a flow rate of 30 sccm in a horizontal furnace at 450 °C for
30 min. The temperature was increased at a rate of 10 °C min−1. Then,
the films were cooled down naturally to room temperature.

In a normal DC sputtering, for example, NTO thin film 1#, the
direction of the plasma beam incidence to the substrate was vertical, and
the sputtering angle was considered as 0° (Figure 1a). When adjusting
the sputtering angle, the plasma beam incidence to the substrate was
considered as an oblique jet-flow, for example, NTO thin films 2#−6#,
which had a gradient angle compared with that in the normal DC
sputtering (Figure 1b). This gradient angle could be calculated from the
horizontal shift of the substrate and the vertical distance (8 cm) between
the target and the substrate.

Film Analysis. The crystal structure, preferred orientation growth,
and residual stress of NTO films were analyzed using a Bruker D8
Advance powder X-ray diffractometer equipped with Cu Kα radiation
with a two-dimensional detector. The scan range of 2θ was from 10 to
120°, and the scan step of 2θwas 0.02°. The scan time was 1 and 2 s/step

Figure 1. (a) Schematic of NTO thin film preparation via a normal DC sputtering. (b) Diagram of adjusting the sputtering angle for preparation. (c)
Comparison of the direction of the plasma beam before and after adjusting the sputtering angle. (d) Photographs of as-grown and annealed NTO thin
films on a glass substrate.
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for normal analysis and Rietveld refinement, respectively. The 1/4 Euler
ring (azimuthal angle φ = −90°) was used to collect the data of 2θ
((004) peak) for the residual stress analysis. The collimator was 0.5 mm
in diameter. A series of specific sample-tilting angles (Ψ values: 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50°) were used for each NTO thin film.
The Le Bail analysis was used to fit the collected XRD data with total

pattern solution (TOPAS) to obtain unit cell parameters, unit volume,
and March−Dollase (MD) parameter for the (004) direction.
Microstructures were observed by using a JEOL JEM2010-FEF high-

resolution transmission electron microscope (HRTEM). The inter-
planar spacing was calculated from the corresponding diffraction spots
in the fast Fourier transform (FFT) algorithm images.
Electrical properties of films were measured at room temperature on

an Ecopia HMS-3000 Hall effect measurement system set up in the Van
der Pauw configuration. Measurements were carried out on 1 × 1 cm2

squares, and a standard ITO sample was tested before any NTO thin
film measurements.
The thickness of the films was measured using a Bruker DektakXT

profilometer with a proper measurement range of 6.5 μm.
Optical transmission was analyzed over the wavelength range of 200−

3300 nm using a PerkinElmer Lambda 950 ultraviolet/visible/near-
infrared spectrometer. Thin films were characterized by Raman
spectroscopy with a laser excitation energy of 532 nm in a Horiba
iHR320 Raman spectrometer with a cooled CCD detector.
The morphology of thin films was measured using a Zeiss SUPRA-55

scanning electron microscope (SEM). The content of Nb was
investigated via an Oxford-Max 20 energy dispersive spectrometer
(EDS).
Photographs were taken using a camera in a Hua Wei Mate 8 mobile

phone.
Degree of Preferential (004) Orientation (η(004)). The degree of

preferential (004) orientation could be quantified as follows

η =
−
−

×
(1 MD )

1 MD
100%(004)

(004)
3

(004)
3

(1)

where MD(004) is the March−Dollase parameter for the (004) direction
and could be obtained from the Rietveld refinement.34

■ RESULTS AND DISCUSSION

Origin of Controllable Crystalline Orientation. Our
thermodynamics simulation shows that the (004) orientation has
higher surface free energy than the (101) orientation (Table S2).
This result indicates that it is difficult to form (004) preferential
growth in a normal condition. Therefore, adjusting the sputtering
angle is chosen as a method to achieve this aim.
To clearly show different orientations among different

sputtering angles, a special thin film was sputtered for a specified
time by controlling the sputtering angle at 17, 12, and 0°,
respectively. It is important to note that sputtering is continuous.
In other words, sputtering is not interrupted when the sputtering
angle changes. The SEM images of the as-grown NTO thin film
clearly show a discernible boundary between two layers with
different sputtering angles (Figure 2a). This boundary occurs due
to a mismatch of ions-packing during sputtering. To our
knowledge, this is the first report of a mismatch observed in a
homogeneous amorphous thin film. After annealing, columnar
crystal growth is observed in three layers toward different
directions (Figure 2b). This result indicates that the mismatch
originates from different packing directions of ions in the as-
grown film during sputtering. Furthermore, the result also

Figure 2. Side-on SEM images of (a) as-grown thin film and (b) annealed thin film. Layers 1, 2, and 3 are prepared with sputtering angles of 17, 12, and
0°, respectively. The red quadrangles indicate the columnar crystal in three layers. (c) Diagram of the formation of the NTO thin films with different
η(004) values. A list of blue spheres represents ions-packing following the direction of the plasma beam.
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indicates that the direction of local-ordering of ions-packing can
determine the growth direction of the columnar crystal.
Therefore, adjusting the sputtering angle is a feasible method
to form a columnar crystal following almost the same direction
after annealing (Figure 2c).

We suppose a fit ions-packing could provide motivation of
preferential orientation for crystal growth in kinetics. To support
our hypothesis, three types of thin films are prepared with
sputtering angles of 0, 12, and 17°, respectively. As-grown NTO
thin films from a normal sputtering (sputtering angle of 0°) show

Figure 3. Side-on SEM images of as-grownNTO thin films with sputtering angles of (a) 0°, (b) 12°, and (c) 17°. Side-on SEM images of annealed NTO
thin films with sputtering angles of (d) 0°, (e) 12°, and (f) 17°. The red quadrangles indicate the columnar crystal in three films. X-ray diffraction
patterns of NTO thin films with sputtering angles of (g) 0°, (h) 12°, and (i) 17°with different annealing temperatures. The green arrowsmark the (101)
and (004) peaks, the only peaks that could be detected.

Figure 4. TEM image of as-grown NTO thin films (a) and selected area electron diffraction pattern with diffuse rings from the yellow circle region (b).
HRTEM images of as-grown NTO thin films with a sputtering angle of 0° (c) and 17° (e). FFT images (d) and (f) from HRTEM images (c) and (e).
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uniform and compact primary particle packing (Figure 3a). As-
grownNTO thin films from sputtering angles of 12 and 17° show
compact secondary particle packing (Figure 3b,c). We believe
these differences between as-grown NTO thin films are
important for the formation of the preferential orientation. As
expected, annealed NTO thin films show typical columnar crystal
growth following almost the same direction of the plasma beam
(Figure 3d−f). This result is in good agreement with the
columnar crystal in that special thin film. To analyze the influence
of the stress, the residual stress of all the NTO thin films were
measured via the traditional XRD method (the sin2 Ψ
method).44 The stress constant was estimated from Poisson
ratio υ = 0.27 and Young modulus E = 150 GPa.45 The residual
stresses are −412.1 ± 36.7, −402.9 ± 56.4, and −481.3 ± 21.4
MPa for NTO thin films prepared with sputtering angles of 0, 12,
and 17°, respectively (Figurer S1 and Table S3). The trend of
residual stresses is not consistent with that of the XRD results.
The differences of residual stresses could be caused by the small
fluctuation of the sputtering pressure and discharge current.46,47

The XRD data show that these NTO thin films have different
η(004) values (Figure 3g−i). A typical (101) peak could be
observed for NTO thin films with a sputtering angle of 0° (Figure
3g). Figure 3h,i shows that the (004) peak becomes stronger as
the sputtering angle increases. This result indicates that the
sputtering angle is important for crystal growth in kinetics.
The as-grown thin films are amorphous as verified by the broad

diffuse rings in the electron diffraction patterns (Figure 4a,b).
This result is in good agreement with our XRD analysis. Notably,
some small crystalline clusters (several nanometers in size) with
the anatase structure can be found in some regions of these thin
films (Figure 4c,e). This phenomenon was found in the previous
work.46 These small crystalline clusters have (101) and (004)
crystal planes in thin films with a sputtering angle of 0 and 17°,
respectively, as shown in Figure 4d,f. The (101) and (004) crystal
planes are determined from the interplanar spacing of 0.3514 and
0.2366 nm. After annealing, the preferential orientation is formed
in thin films. As shown in Figure 5a,b, the (101) crystal planes are

parallel to the substrate in thin films with a sputtering angle of 0°.
Figure 5c−f shows the formation of preferential (004)
orientation in thin films with a sputtering angle of 17°. FFT
images II and III (Figure 5f) show glowing bright spots arranged
in a line, indicating that the crystal region is a single crystal
composed of parallel (004) planes. However, FFT image IV
shows some other bright spots. The crystal planes are determined
to be (101) and (204) planes from the interplanar spacing of
0.3511 and 0.1490 nm. We noticed that the angle between (004)
and (101) planes was not around 68°, but the angle between
(101) and (204) planes was close to 16° (calculation value:
16.8°). This result indicates that crystal region IV is part of a twin
crystal. We deduce that (101) planes can be formed even though
there are single crystals composed of parallel (004) planes
nearby, but the (004) planes are not completely disappeared.
With the analysis above, we consider the direction of local-

ordering of ions-packing as a key factor to determine the growth
direction of the columnar crystal as well as the η(004) of films. In
addition, (101) and (004) peaks appear at the same time in one
thin film (Figure 3g−i), when different annealing temperatures
are used. This result suggests that the crystalline orientation is
not controlled by thermodynamics in our system.

Controllable Preparation and Identification for NTO
Thin Films. NTO thin films 1#−6# were prepared with different
sputtering angles (Figure 1a,b). As-grown NTO thin films of 2#,
3#, 4#, 5#, and 6# are achieved with sputtering angles of 11, 12, 14,
15, and 17°, respectively (Figure 1c). The as-grown NTO thin
films show a transparent blue-green color, and the transmittance
of thin films increases after annealing (Figure 1d). The
transmittance of as-grown NTO thin films decreases with
increasing η(004), as shown in Figures S2 and S3.
After annealing at 450 °C for 30 min, NTO thin films 1#−6#

have different η(004) values, as listed in Table 1. The XRD data
show that these NTO thin films have an anatase crystal phase
(Figure 6a). It is worth noting that there is no diffraction peak of
rutile or brookite phases. The XRD diffraction patterns are
slightly broad and diffuse around 25° due to amorphous

Figure 5.TEM images of annealing NTO thin films with sputtering angles of 0° (a) and 17° (c). FFT images (b) from the yellow square region in TEM
image (a). HRTEM images (d) and (e) from regions II and III in the TEM image (c). FFT images I−IV (f) from regions I−IV in TEM image (c).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b06792
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b06792/suppl_file/am7b06792_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b06792/suppl_file/am7b06792_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b06792
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b06792&iName=master.img-005.jpg&w=359&h=239


scattering of X-rays by the glass substrate. Compared with the
anatase phase of pure TiO2 (space group: I41/amd (141), JCPDS
No. 21-1272), the XRD peak position of NTO thin films presents
a little shift toward a low angle. This is attributed to the doping of
Nb, because the ionic radius of Nb5+ (ca. 0.70 Å) is a little larger
than that of Ti4+ (ca. 0.68 Å).
Amazingly, (101)- and (004)-oriented growth of those thin

films are detected clearly by XRD. A comparison of (101) and
(004) peaks is shown in Figure 6b and is given in Table 1. By a
normal DC sputtering, NTO thin film 1# shows a dominant
(101) diffraction peak (D(101)). On adjusting the sputtering
angle to 11 and 12°, the (101) peak area becomes approximately
equal to the (004) peak area for NTO thin films 2# and 3#

(AE(101)−(004)). When the sputtering angle exceeds 14°, the
intensity and the peak area of (004) surpass those of (101) for
NTO thin films 4#−6# (D(004)). This result suggests a
preferential growth along the c axis of the anatase lattice.

Compared to that of the (101) peak, the intensity of the (004)
peak is enhanced gradually as the sputtering angle increases, in
good agreement with the above result. In addition, a slight shift
toward a small angle is observed (Figure 6b). This is because unit
cell parameters fluctuate slightly as the η(004) increases.
The Le Bail analysis was used to fit the XRD pattern with

TOPAS to obtain unit cell parameters, unit volume, andMarch−
Dollase parameter for the (004) direction (Figure S4). For pure
TiO2 (space group: I41/amd (141), JCPDS No. 21-1272), the
unit cell parameters are a = 3.785 Å and c = 9.514 Å. After Nb
doping, both a and c increase to around 3.800 and 9.540 Å,
respectively. This result is consistent with that in the paper by
Furubayashi et al.14 Unit cell parameters fluctuate slightly with
the content of Nb and the proportion of the (004)-oriented
growth (Table S4). The EDS data of NTO thin films reveal the
content of Nb, Ti, and O, as listed in Table S4 (details are shown
in Figure S5). The results show that the doping content of Nb
fluctuates from 8.1 to 8.7 atom %. In addition, the content of Ti
and O is nonstoichiometric. In other words, these thin films
contain oxygen vacancies, which is common in TiO2.

48−51

The well-defined Raman spectra between 80 and 700 cm−1 are
characteristic of the anatase phase for NTO thin films, as shown
in Figure 7. All films show similar peaks appearing around 144,

197, 399, 513, and 639 cm−1, which correspond to three Raman
modes of anatase TiO2.

52−54 Raman experiments further confirm
that NTO thin films do not exhibit any structural phase transition
from anatase to rutile, and no NbOx phases are observed either.
This is in good agreement with our XRD analysis.
Raman peaks of NTO thin film 1# appear at 144 cm−1 (Eg),

199 cm−1 (Eg), 390 cm−1 (B1g), 517 cm−1 (A1g), and 638 cm−1

(Eg). Comparatively, Raman peaks of NTO thin film 6# appear at
154 cm−1 (Eg), 210 cm

−1 (Eg), 387 cm
−1 (B1g), 514 cm

−1 (A1g),
and 637 cm−1 (Eg). Compared to that of pure TiO2, the B1g mode
(around 388 cm−1) exhibits a slight shift to lower wave-
numbers.53 This slight change is attributed to the incorporation
of substitutional niobium dopants.55 Furthermore, as the (004)-
oriented growth becomes stronger, the Eg mode (around 144
cm−1) is further blue-shifted (the inset of Figure 7). According to
previous research, the incorporation of substitutional niobium
dopants have no contribution to Raman blue shift.56 Therefore,
we deduce that Raman blue shift of NTO films is attributed to the
(004)-oriented growth. In addition, it is noted that the intensity
of all of Eg mode peaks reduces gradually. The enhanced intensity
of the Raman peak for 4#may be caused from good crystallinity.57

Table 1. Summary of Sputtering Angle, March−Dollase (MD)
Parameter, Fraction of (004) Orientation (η(004)), Peak Area
Ratio of (101) and (004) Peaks ((101):(004)), and
Classification of Sample of NTO Thin Films 1#−6# According
to the Peak Area Ratio

sample
sputtering
angle (deg) MD

η(004)
(%) (101):(004) classification

1# 0 0.833 10.5 69:31 D(101)
2# 11 0.728 18.0 54:46 E(101)−(004)
3# 12 0.697 20.2 53:47 E(101)−(004)
4# 14 0.611 27.5 40:60 D(004)
5# 15 0.557 32.4 34:66 D(004)
6# 17 0.487 38.7 21:79 D(004)

Figure 6. (a) X-ray diffraction patterns of anatase NTO thin films with
different η(004) values. 1

#, 2#, 3#, 4#, 5#, and 6# are prepared with sputtering
angles of 0, 11, 12, 14, 15, and 17°, respectively. (b) Comparison of
(101) and (004) peaks. Note the shift of (101) and (004) peaks. The
histogram inset depicts the peak area ratio of (101) and (004) peaks for
1#−6#.

Figure 7. Raman spectra of anatase NTO thin films with different η(004).
The inset depicts a high wave number shift of Eg peaks of NTO thin films
from 1# to 6#.
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Physical Properties. The electrical properties of NTO thin
films were characterized by the standard four-probe Hall effect
measurements. The Hall effect measurements indicate that NTO
films displayed n-type conductivity, with electrons being the
dominant charge carrier species. The resistivity of as-grown thin
films is too high for Hall effect measurements, so a rough analysis
indicates a resistance of about 0.7−5 MΩ using a two-point
probe of AgilentMillimeter. After annealing with Ar/H2 (95:5, v/
v), the resistance decreases drastically because of the reduction of
charge carrier grain boundary scattering due to good
crystallization of thin films. After annealing, the thickness of
these thin films is between 590 and 640 nm (Figure S6).
As listed in Table 2, the sheet resistance of NTO thin film 1# is

76.9Ω sq−1, with a resistivity of 4.8 × 10−3Ω cm, a Hall mobility

of 1.1 cm2 V−1 s−1, and a charge carrier concentration of 1.2 ×
1021 cm−3. When η(004) increases, a dramatic improvement in
electrical performance is observed due to the increase in Hall
mobility. The Hall mobility of 2.1 cm2 V−1 s−1 is confirmed as
expected. The improvement of Hall mobility is due to the fact
that the static effective mass, m*, along the a axis (m(100)*) is
lesser than that along the c axis (m(001)*).

31 In our work, a Hall
mobility of 3.4 cm2 V−1 s−1 is gained for NTO films with the
highest η(004), which is about 3.1 times that of NTO film 1#.
Furthermore, a charge carrier concentration of 2.9 × 1021 cm−3 is
measured for NTO film 6#, which is nearly 2.4 times as large as
that of NTO film 1#. Therefore, a low sheet resistance of 10.3 Ω
sq−1 with a resistivity of 6.4 × 10−4Ω cm is gained. These results
suggest that electrical transport in NTO thin films is so
anisotropic that it affects the conductivity of thin films with
different η(004) values. Among these thin films, NTO thin films
with the highest η(004) show better electrical performance than
others.
It is well known that high infrared radiation (IR) transmittance

makes NTO thin films distinguished from traditional TCO thin
films.58 As shown in Figure 8a, D(101) NTO films (e.g., 1#) show
high transmittance in the visible and near-infrared regions. As the
η(004) increases, the near-IR transmittance gradually reduces. The
light above the 1500 nm wavelength filters through a little for
NTO films 5# and 6#. It should be noted that the starting
wavelength for near-IR transmittance reduction shows a gradual
blue shift as the η(004) increases. Black crosses are marked for
reference (Figure 8a). According to the Drude model, IR
transparency depends on the plasma frequency

ω
ε

=
*

Ne
mp

2

0 (2)

where N is the charge carrier concentration, e is the charge, ε0 is
the free space permittivity, and m* is the effective free electron
mass.58−60 Therefore, increasing charge carrier density and
decreasing charge carrier effective mass are two approaches to
increase the plasma resonance frequency and make resonance

absorption effect blue shifted. In our work, anatase NTO thin
films with a higher η(004) have a larger charge carrier density and a
smaller charge carrier effective mass, which will result in further
blue shift of reduction of transmittance in the near-IR region.
These results suggest that anatase NTO thin films are optically
anisotropic. This tunable IR transmittance would make NTO
thin films applicable in optical glass and IR devices compared
with traditional TCO thin films.
As shown in Figure 8b, the indirect bandgaps are determined

by constructing Tauc plots using the (αhν)1/2 relation for NTO
thin films. The values of Tauc’s gap (Eg) are evaluated from the
extrapolation of high-energy points to intercept on the energy
axis with zero absorption. These bandgaps range slightly from
3.45 eV for NTO film 1# to 3.53 eV for NTO film 6#.

■ CONCLUSIONS
In conclusion, NTO thin films with different fractions of
preferential (004) orientation (η(004)) are successfully prepared
by adjusting direct current sputtering parameters. A fascinating
local-ordering of ions-packing phenomenon following the
direction of the plasma beam was observed by SEM character-
ization, which was identified as the origin for achieving NTO
films with different η(004) values. The electrical and optical
properties present significant η(004)-dependent anisotropy. The
resistivity and sheet resistance of D(004) NTO thin films are as
low as 6.4 × 10−4Ω cm and 10.3Ω sq−1, respectively, making it a
potential candidate for commercial TCO films. Gradual variation
of near-infrared transmittance of NTO thin films is observed,
which could be ascribed to the different charge carrier densities
and charge carrier effective masses due to their different η(004)

Table 2. Electrical Properties of NTO Thin Films

sample
sheet resistance

(Ω sq−1) ρ (Ω cm)
μ

(cm2 V−1 s−1) N (cm−3)

1# 76.9 4.8 × 10−3 1.1 1.2 × 1021

2# 36.0 2.3 × 10−3 2.1 1.4 × 1021

3# 24.8 1.5 × 10−3 2.4 1.7 × 1021

4# 19.9 1.2× 10−3 2.7 1.9 × 1021

5# 11.5 7.1 × 10−4 3.3 2.7 × 1021

6# 10.3 6.4 × 10−4 3.4 2.9 × 1021

Figure 8. (a) Optical transmittance (T) for anatase NTO thin films with
different η(004) values on a soda-lime glass. The light cyan line shows
transmittance of the soda-lime glass substrate. The black cross on the
curve of 2#−6# depicts the blue shift of the beginning of transmittance
reduction for the curve compared to that of the prior. (b) Tauc’s plots
between (αhν)1/2 vs hν for anatase NTO thin films with different η(004)
values.
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values. This property makes NTO thin films different from
conventional TCOs, and thus could introduce some special
functions in optical and optoelectronic applications. In summary,
NTO thin films with high conductivity and tunable near-infrared
transmittance would be appreciated as a multifunctional material
in electrical, optical, and optoelectronic applications.
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