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Structural, optical and electrical investigations on Nb doped TiO,
radio-frequency sputtered thin films from a powder target

I. Ben Jemaa'? - F. Chaabouni' - L. Presmanes® - Y. Thimont? -

M. Abaab! - A. Barnabe? - P. Tailhades®

Abstract Pure and Nb doped TiO, (TNO) thin films were
deposited onto glass substrates by RF magnetron sputtering
technique using a Nb and TiO, mixture powder target at
room temperature to explore the possibility of producing
sputtered TNO films by a low cost process. The effect of
Nb doping on the structure, morphology, optical and
electrical properties of the prepared films was studied by
systematically varying the Nb content from 2 to 6 wt%.
GXRD results show that the deposited films mainly possess
rutile phase with the (110) orientation. Raman spectra
confirm that the deposited films are predominantly rutile
phase. Surface roughness increases with the increase of Nb
doping concentration , which may be attributed to the
structural changes in the film due to the incorporation of
Nb into the TiO; lattice. Optical transmittance in the vis-
ible range reaches 85 % for the undoped films then it
decreases as the doping content increases. Doping by nio-
bium resulted in a slight increase in the optical band gap
energy of the films due to the Burstein—-Moss effect. The
resistivity measurement of TNO films reveals that the Nb
doping improves the electrical conductivity of the depos-
ited films compared to the undoped one. The best value
was observed for films deposited at 4 wt% Nb.
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1 Introduction

Titanium dioxide is a material that has always been the
subject of much researches and has attracted much interest
because of its unique combination of chemical and physical
outstanding properties which make it a promising candi-
date for future technology of thin films and optoelectronic
applications. The crystal form of TiO, is commonly com-
posed of three crystalline polymorphs: anatase, brookite
and rutile. Among them, rutile exhibits many interesting
optical characteristics and it is thermodynamically the most
stable phase [1]. Moreover, rutile TiO, film has high
refractive index, excellent optical transmittance and high
chemical stability allowing its use in optical coating such
as dielectric interference filters and antireflective coating.
Rutile TiO; has also attracted a great deal of interest for use
in fabricating capacitors in microelectronics devices owing
to its high dielectric constant and high resistivity [2]. Great
efforts have been devoted to improve properties of TiO,
through doping with transition metal ions (such as Nb, Fe,
Mo, etc.), which contributes to the increase in application
areas [3-5]. Nb doped TiO, could also be an interesting
substitute material for the high-cost indium-tin-oxide as
transparent electrodes [6]. Several techniques can be used
to obtain Nb-doped TiO, thin films, such as sol-gel method
[7], pulsed laser deposition (PLD) [8, 9], reactive DC
sputtering [10], and radio-frequency (RF) magnetron
sputtering [4], etc. Among them, the sputtering technique
can perform high deposition rates at room temperature,
with no toxic gas emissions; Furthermore, it is an attractive
method for the preparation of thin films with high quality
and high uniformity on large scale which makes it suit-
able for industrial application [11]. The ceramic targets are
very sensitive to the high resistance, which causes many
problems with cracking during deposition [12]. So, it is



important to explore a new method to fabricate the sput-
tering targets by a low cost process.

In this work, TiO, thin films with rutile phase have been
deposited on glass substrates by RF magnetron sputtering
using a powder target at room temperature. The structural,
morphological, optical and electrical properties influenced
by Nb incorporated at different content have been sys-
tematically investigated.

2 Experimental details
2.1 Deposition process

Undoped and Nb-doped TiO, (TNO) thin films were
deposited onto glass substrates at room temperature by RF
magnetron sputtering technique using a powder target. Nb
(neyco, 99.9 %) powder was added to a TiO, (neyco,
99.99 %) powder as a dopant then blended in a crusher for
several minutes to get uniform compositions. The mixture
was distributed across the surface of a copper backing plate
on the magnetron, lightly tamped down to produce a 2 mm
uniform thickness. No further processes were involved in
target production. The Nb doping content was adjusted at
2, 4 and 6 wt% (the relative mole ratios of the Nb to the
TiO, were given in Table 1). Before deposition, the vac-
uum chamber was evacuated to a base pressure below
10~* Pa by the combined action of rotary and diffusion
pumps. Sputtering was performed in pure Ar (sputter gas)
at a constant power density of 3.1 W/cm?. Glass substrates
were previously cleaned with washing agents (detergent,
ethanol and de-ionized water) followed by degreasing with
acetone in an ultrasonic bath, before being introduced into
the vacuum system. Argon gas was introduced into the
chamber through a mass flow controller operated at 5 sccm
to get a deposition pressure of 0.3 Pa. The typical depo-
sition time was 5 h. The substrates were rotated (15 rd/
min) and placed parallel to the target surface at a distance
of 65 mm. The target surface was pre-sputtered for 15 min
in order to remove surface contamination.

2.2 Characterization techniques
Structural characterizations of the films were performed by
grazing angle X-ray diffraction (GXRD) (grazing angle

o = 1°) on a Siemens D 5000 diffractometer using the
copper Ka radiation and equipped with a Bruker Sol-X

Table 1 Relative mole ratios of the Nb to the TiO,

wt% of Nb in the target 0 2 4 6
Nb/TiO, molar ratio 0 0.017 0.035 0.054

detector. Raman scatterings were measured using a Jobin
Yvon T64000 spectrometer with a laser excitation wave-
length of 488 nm. To study the microstructure of the films,
Atomic Force Microscopy (AFM) Nanoscope III Dimen-
sion 3000 was used. Optical measurements of the total
transmittance (Tt) and the total reflectance (Rt) spectra at
near normal incidence were performed in the wavelength
range from 300 to 1100 nm using a UV/Visible/IR inte-
grated spectrophotometer (Bentham PVE 300), and then
the spectra were modeled using the SCOUT software [13].
Film thickness was deduced both from optical simulations
and from Swanepoel procedure [14] which is based on the
use of the extremes of the interference fringes.

Films resistivity was determined at room temperature by
a four point measuring device composed of a source
measure unit KEITHLEY 237, a high temperature four
point probe QUAD PRO Resistivity System and a tem-
perature controller SIGNATONE model S-1060R.

3 Results and discussion
3.1 Structural properties

The GXRD patterns of the TiO, and TNO films deposited
on glass substrates with different Nb content are shown in
Fig. 1. It is quite clear from this figure that irrespective of
the doping level of Nb, all the films are polycrystalline and
belong to the rutile structure with its (110), (101), (200),
(211) and (220) characteristic Bragg’s reflexions. It is also
clear from Fig. 1 at 20 ~ 27.4° that the films exhibit a
(110) preferred orientation. Diffraction peaks correspond-
ing to niobium metal or oxides such as NbO, Nb,Os or any
mixed oxides were not observed in the XRD patterns, while

N 0 2 4 6
B4 %,Nb
~ ~ . 2% Nb
- et 0%,Nb
m . R R T e . R T v
20 25 30 35 40 45 50 55 60 65 70 75 80

20 (deg)

Fig. 1 X-ray diffraction patterns of the TiO, and TNO films
deposited at different Nb content. Inset variation of the d(110) values
versus. Nb content



the (110) peak position is linearly shifted to the lower 26
values with the increase of Nb content. This can be
attributed to the fact that the Nb ions were inserted into the
TiO, lattice sites. The d(110) values are plotted as a
function of the Nb content in the inset of Fig. 1. An
increase of the lattice spacing d(110) was observed with the
increase of the Nb content verifying the Vegard’s law [15]
and indicating the substitution of Ti** by Nb* in the TiO,
lattice due to the relative sizes of the cations (r
(Nb>*) = 0.64 A and r (Ti**) = 0.605 A according to
Shannon [16]). The intensity of the diffraction peaks was
found to increase with the increase of the Nb doping
content up to 4 wt%. It is partially due to thickness
increase (the thickness was calculated by Swanepoel
method as will be discussed in optical section, see Table 2)
but it can also be on account of crystallinity improvement.
However, at higher doping content 6 wt%, even if the film
is slightly thicker, the reflected intensity at (110) plane
appears to decrease. The drop in the peak intensity may be
due to the high doping content which can lead to the for-
mation of stress, to the excessive replacement of Ti** ions
with Nb>* ions in the lattice of the TiO, films that decrease
the crystallinity, or to the co-precipitation of nanocrys-
talline or quasi-amorphous Nb oxides at the grain bound-
aries not observable by diffraction study.

The crystallite size can be estimated from the reflected
intensity at (110) plane by the GXRD data using the
Debye—-Scherrer formula [17]:

0.94
- pcos 6 (1)

where D is the average crystallite size, 4 is the X-ray
wavelength, 6 is the diffraction angle of the peak and f is
the sample size contribution to the overall Full Width at
Half Maximum. The average crystallite size was found to
be of about 20 nm for the studied films showing that the
films were nanostructured.

3.2 Raman measurements

To confirm the purity of our films, we report the charac-
terization by Raman spectroscopy. The rutile and anatase
phases have very distinct Raman active modes. Rutile TiO,
has four Raman active modes, A, (612 cm™Y), B,
(143 cm™), By, (826 cm™") and E, (447 cm™"), and

anatase TiO, has six Raman active modes, A, (515 cm™Y),
2 By, (399, 519 cm™") and 3 E, (144, 197, 639 cm™")
[18-21]. Figure 2 shows Raman spectra of the TiO, and
TNO films prepared by RF magnetron sputtering at various
Nb content. Two main peaks were observed at 449 and
613 cm™" which can be attributed to the rutile phase (E,
and A,g). Raman results provide evidence that all the films
are of rutile phase. This observation is consistent with the
GXRD results. A slight shift in the position of Eg Raman
bands is observed when both the amount of Nb and the film
thickness increase, which can be due to the presence of
stress in the samples [22].

3.3 Surface morphology

The morphological characteristic of TiO, and TNO thin
films has been studied using atomic force microscopy
(AFM). The surface topographical images recorded for the
TiO, and TNO films at various Nb content are shown in
Fig. 3. These images reveal that all the samples present a
granular morphology. It can be seen that the increase in Nb
doping affects the surface morphology of the samples.
Surface roughness increases with the increase of the Nb
doping content, which may be attributed to the structural
changes in the film due to the incorporation of Nb into the
TiO, lattice. The root mean square (RMS) roughness

100 200 300 400 500 600 700 800 900

Raman shift (cm-1)

Fig. 2 Raman spectra of the TiO, and TNO thin films at various Nb
content

Table 2 Estimated thicknesses
(d) and optical parameters of the

TiO, and TNO films

Sample d (nm) swanepoel d (nm) simulation E, (eV) n (at A = 600 nm) Ey (meV)
Nb 0 wt% 260 275 3.44 2.40 250
Nb 2 wt% 277 297 345 243 260
Nb 4 wt% 312 325 349 2.54 270
Nb 6 wt% 363 362 347 2.58 330
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Fig. 3 AFM surface morphology images of the TiO, and TNO thin films at various Nb content

values were found to be equal to 2.18, 2.37, 2.61 and
2.87 nm for undoped and Nb-doped TiO; thin films at 2, 4
and 6 wt%, respectively. We note also that the average
grain size increases from 25 to 45 nm with the increase of
the Nb content from 0 to 6 wt%, respectively.

3.4 Optical study

Figure 4a shows the total optical transmittance spectra in the
wavelength range of 300~1100 nm for TiO, and TNO films
at different Nb content. It is clear from Fig. 4a that the total
transmittance spectra for all the films exhibit interference
fringes confirming the optical homogeneity and the unifor-
mity of the surface. The deposited films are transparent in
the visible region, with a transmittance ranging from 60 to
85 %, depending on the dopant content. The UV region is
characterized by a strong absorption edge due to the inter-
band electronic transition. Figure 4a also shows that the
average transmittance decreases with the increase in the Nb
doping content. This decrease may be due to the increased
scattering of photons by crystal defects created by doping.

3.4.1 Optical band gap

The optical band gap (E,) is correlated to the optical
absorption coefficient («) by the following formula [23]:

2

where, hv is the photon energy, A is a constant character-
istic of the semiconductor which does not depend on hv, E,
is the optical band gap and » is related to the nature of the
fundamental optical transition. # is theoretically equal to 1/
2, 2, 312 or 3 for direct allowed, indirect allowed, direct
forbidden and indirect forbidden transitions, respectively.
In the present study, the value of ‘n’ is taken as 1/2 due to
the direct band gap of the TiO, rutile phase. In order to
calculate the optical band gap energy (Eg) of the thin films,
the fundamental absorption o can be estimated using the
relation [24]:
1 [1—Ry)?|

o= Eln T cm (3)

where T is the total transmittance, Ry is the total reflec-
tance and d is the film thickness. The film thickness d was
estimated from Swanepoel procedure [14] and determined
by optical simulation. The values of d are given in Table 2.
Figure 4b shows (athv)” plotted as a functions of photon
energy for the TiO, and TNO thin films grown at various
contents of Nb. The optical band gap can be obtained by
extrapolating the corresponding straight line portion. The
obtained values of the optical energy gap of the undoped
and TNO films are listed in Table 2. The optical band gap
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Fig. 4 a Optical transmittance spectra of the TiO, and TNO thin
films deposited at different Nb Content. b («Av)* versus hv plots for
the TiO, and TNO thin films at different Nb content

shifted towards higher energies with the incorporation of
the Nb. Similar results are also observed in the bibliogra-
phy for sputter-deposited TiO,:Nb films [25-27]. The
widening of E, can be primarily explained by the well-
known Burstein-Moss (BM) effect [28], in which the
lowest states in the conduction band are blocked, and
transitions can take place only at higher energies level in
conducting band. This effect is often observed in degen-
erated semiconductors. Therefore, it is believed that the
blue shift of the optical band gap imply an increase in the
carrier density with the increase in the Nb content [25].

3.4.2 Urbach energy

The incorporation of impurity into the semiconductor often
reveals the formation of band tailing in the band gap. In
order to evaluate the disorder caused by defects and doping
in thin films, we estimated the Urbach energy tailing of the
optical absorption edge in the layers follows the empirical
Urbach law [29]:

4)

where o is a constant, the following relation was used to
calculate the Ey values for the TiO, and TNO thin films:

Ey = [d(Ino)/d(h9)] " (5)

The experimental value of the Urbach energy was esti-
mated from the slope of (Ln o) versus energy Ad plots of
the films. The Ey values are summarized in Table 2. It is
remarkable that Urbach energy increases with the Nb
content in TiO,. In addition, doping may promote defects
states that can trap charge carriers. These localized charge
carriers can jump between these defect states [30, 31].

3.4.3 Refractive index

The Swanepoel’s method [14] was used to calculate the
refractive index n. This method suggests creating an upper
and lower envelope of the transmittance spectrum beyond
the absorption edge. The refractive index can then be cal-
culated from the relation [14]:

n=14/N+4/N? —n} (6)

where
(7)

Here ng is the refractive index of the glass substrate. Tr,
and Tr,, are the values of the envelope at maximum and
minimum positions defined at the same wavelength of the
total transmittance spectra, respectively. From Fig. 5, an
increase in the refractive index is observed with the
increase in the Nb content (see Table 2), which means that
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Fig. 5 Refractive index n plotted as a function of wavelength for the
TiO, and TNO thin films at various Nb content



the films turn out to be more opaque as the Nb doping
increases.

4 Electrical properties

The resistivity values as a function of Nb content are
shown in Fig. 6. As we can see, the undoped TiO, films are
resistive with a resistivity value of 7.1 x 10' Q cm. It is
also clear that by increasing the Nb doping content, the
resistivity decreases sharply to a value of 3.4 x 10° Q cm
for 2 wt% Nb and a value of 6.40 x 10~! Q cm for 4 wt%
Nb, which means an improvement of the electrical con-
ductivity by two orders of magnitude. The best value is
obtained for films doped with 4 wt% Nb. With more
increasing Nb doping content typically at 6 wt%, the
resistivity increases (to 2.55 x 10° Q cm) compared to
that of 4 wt% Nb. The increase in the films resistivity may
be related to the presence of atomic disorders and high
scattering in the lattice structure. Also, based on the GXRD
patterns, the increase in the resistivity may be due to the
increase in disorders because the intensity of the (110)
diffraction peak for the 6 wt% Nb doping decreases.

5 Figure of merit

The figure of merit (FOM) defined by Haacke provides a
useful tool to comparing the performance of TCO films. It
is defined as [32]:
TIO
FOM = — 8
= ®)
where T is the average visible transmittance and Ry is the
sheet resistance.
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Fig. 6 Resistivity as a function of Nb content for the TiO, and TNO
films
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Fig. 7 Figure of merit of the TNO thin films at different Nb content

The Fig. 7 shows the FOM of the TNO thin films pre-
pared as a function of Nb content. The FOM value
increased with the increase in the Nb content up to 4 wt%
reaching the highest value of 2.43 x 107° Q™' then
decreased with further Nb doping content. The decrease of
FOM above 4 wt% is due to the increase of electrical
resistivity and the lower transmittance compared to the
other films. These results prove that the 4 wt% Nb content
is the optimal doping concentration of the deposited TNO
thin films.

6 Conclusion

Both pure and TNO films deposited at different Nb content
by RF magnetron sputtering technique using a powder
target at room temperature have been investigated. GXRD
patterns revealed that the deposited films exhibit a rutile
phase with the preferred (110) orientation. Raman spectra
confirmed the presence of the rutile phase in all the sam-
ples. No characteristic peaks of niobium oxide were
observed in the Nb doped TiO, thin films which may result
from the incorporation of Nb in the TiO, lattice. The films
are transparent in the visible region. Moreover, transmit-
tance was found to decrease with the increase in the Nb
doping content. Doping by niobium resulted in a slight
increase in the optical band gap energy of the films due to
the Burstein—Moss effect. The decrease in the resistivity of
the Nb doped films compared to that of undoped one was
observed, showing an improvement of the conductivity
with Nb doping and confirming the donor action of Nb on
Ti lattice sites. The best values of conductivity and FOM
were observed for films deposited with 4 wt% Nb. RF
sputtering from a powder target was found to be a simple
technique for the synthesis of nano-structures TNO thin
films with rutile phase at room temperature without extra
energy input. In order to meet the required specifications of



TCOs for application in electrodes, the electrical properties
of TNO still need further improvement.
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