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Abstract. Amorphous Nb-doped TiO, thin films were deposited on (100) Si and glass substrates at
room temperature by RF magnetron sputtering and a mosaic-type Nb,Os-TiO, sputtering target. To
adjust the amount of the niobium dopant in the film samples, appropriate numbers of Nb,Os pellets
were placed on the circular area of the magnetron target with intensive sputtering. By adjusting the
discharge conditions and the number of niobium oxide pellets, films with dopant content varying
between 0 and 16.2 at.% were prepared, as demonstrated by X-ray photoelectron spectroscopy data.
The X-ray diffraction patterns of the as-deposited samples showed the lack of crystalline ordering in
the samples. Surfaces roughness and energy band gap values increase with dopant concentration, as
showed by atomic force microscopy and UV-Vis spectroscopy measurements.

Introduction

Titanium dioxide (TiO;) is a material with attractive properties, such as high oxidative power,
large band gap, and high dielectric constant [1]. The electrical conductivity of TiO, can be highly
improved, not altering the optical transparency by doping it with niobium (denoted later on as
Nb:TiO; or TNO), mainly when conditions are adjusted so as the anatase ordering to prevail. The
TNO materials belong to the class of transparent conductive oxides (TCO), being denoted as
"transparent metals" by Furubayashi and co-workers [2]. It has been demonstrated that doping
titanium dioxide with Nb keeps the optical transparency almost unaffected (7' > 90%), thus making
this class of material as similar to Sn:In,O3 (ITO), but lacking the drawbacks of the later one. Nb-
doped anatase TiO, materials are nowadays one of the most studied transparent conductive oxides
(TCO), with reported resistivity values in the range of 10* Q cm, provided that they are either
epitaxially grown on single crystal surfaces with low mismatch with the films [3], or on buffer
layers with anatase ordering between the films and (amorphous) substrates [4]. Both approaches
involve substrate temperature in excess of 250 °C, therefore they remain out of question for
depositing TNO films on polymer substrates. Further investigations are necessary to lower the
deposition temperature of the films, while keeping the film resistivity in the 10~ — 10 Q cm range.

The aim of this paper was to synthesize and characterize Nb-doped TiO, thin films prepared by
RF magnetron sputtering. For characterization, the surface elemental composition and valence band
measurements were performed using X-ray photoelectron spectroscopy (XPS) and Valence Band
X-ray photoelectron spectroscopy (VB-XPS). An atomic force microscope (AFM) was used to
observe surface morphology. The film structure was derived from X-ray diffraction (XRD) data,
while the optical properties and energy band gap values of the thin films were determined by UV-
Vis spectro-photometry. The results showed that the optical band gap of the TNO films increased
upon doping.
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Experimental details

The film samples were prepared in a home-made RF magnetron (13.56 MHz, 150 W) deposition
facility, where a base pressure of 2.5 x 10> Pa could be routinely achieved. It was done using a
7.62 mm diameter Ti cathode target in a discharge running in Ar + O, gas mixture, on soda lime
glass and (100)Si wafers substrates. For the results presented here, four pellets of Nb,Os (5 mm in
diameter) were uniformly distributed within the target race-track. The substrate-to-cathode distance
was 6 cm. Further details of the deposition configuration are given in ref. [5]. Prior deposition, the
substrates were successively sonicated for 6 min in ethanol and in acetone, then dried out in air.

For all the deposition runs, a constant oxygen content (2%) in the discharge gas was maintained
by using mass flow rate (MFR) controllers (Ar MFR: 25 sccm and O, MFR: 0.5 sccm). The
substrate temperature during deposition was not exceeding 70 °C, with non intentional heating
(except for the effect of target IR radiation). The deposition time was 240 minutes. Samples with
different thickness and Nb content were obtained by varying the total discharge pressure (by
throttling the vacuum line) between 5.5 x 10™" and 2.5 Pa.

The thickness of the deposited layers was measured using an interferential device AvaSpec 2048
(within the 250-1000 nm wavelength range). Optical transmittance spectra were recorded using an
Evolution 300 UV-Vis Thermo Scientific spectro-photometer (within the 190-1100 nm wavelength
range). XPS and valence band measurements have been done to determine the surface elemental
composition of the samples on a Physical Electronics PHI - 5000 Versa Probe instrument, equipped
with a monochromated AIK, X-ray source (hv = 1486.6 eV). The take-off angle of the
photoelectrons was 45°. The structure of thin films was derived from XRD patterns (Shimadzu
LabX XRD-6000 diffractometer) using the CuKo radiation, A = 1.54182 A in a Bragg-Brentano
arrangement. The surface root mean square was measured using an atomic force microscope NT-
MDT SolverPro7.

Results and discussion

By adjusting the working pressure, samples with different thickness and Nb content were grown.
The main parameters of the films are summarized in Table 1: the total deposition pressure, dopant
concentration (% Nb), film thickness (d), surface root mean square roughness (Rrms), optical band
gap (E,) and valence band maxima (VBM) of the thin films.

Table 1: The main parameters of the investigated films

p [Pa] 85x10" | 55x10" | 85x10" 1 1.4 2.5
sample (% Nb) 0.0 6.7 8.8 10.7 14.2 16.2
d [nm] 255 335 255 225 150 108

E, [eV] 3.38 327 3.36 3.38 3.43 3.45
Rrus [nm] 6.77 8.74 7.76 7.92 9.66 8.89
VBM [eV] 1.95 2.18 2.44 2.33 2.42 2.42

The VB-XPS results indicate that Nb-doping induced a diferences in the VBM values, for doped
and undoped samples. The measured thickness of the samples decreases from 335 to 108 nm when
increasing the working pressure from 5.5 x 10™ to 2.5 Pa during deposition runs. The XRD patterns
of all synthesized samples in the as-deposited state revealed no crystalline peaks. It is expected to
improve the films crystallinity after annealing at 450 °C [6].

Fig. 1 shows the optical transmittance of films with various Nb concentrations. All the samples
exhibit nearly the same transmission behavior. The transmittance mean values in the UV - Vis -
near IR spectral range varies between 60% and 75%. Transmittance spectra showing the standard
min-max shapes have been used to calculate the optical band gaps of the studied thin films.

For wavelengths close to values where loss scattering are dominated by the fundamental
absorption of light, the absorption coefficient o can be calculated using the thickness of the film and
the optical transmittance [7]. According to ref. [7], in vicinity of fundamental absorption the



Advanced Materials Research Vol. 1117 141

indirect allowed transition dominates over the optical absorption, therefore optical band gap values,
E,, can be calculated from the Tauc plots (ahv)'”? = f(hv) (see Fig. 2), where hov is the incident
photon energy. The E, values increase from 3.27 to 3.45 eV with the increase in the Nb
concentration from 6.7 to 16.2 at. %. The widening of the £, can be explained by the Burstein-Moss
(BM) effect [8,9], in which the lowest states in the conduction band are blocked, and the transitions
can take place only to energies higher than the Fermi energy [10].

100 2500 T T T T T T
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Fig. 2 Tauc plots of the investigated samples
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Fig. 1: Transmittance from 190 to 1100 nm of
Nb-doped TiO, films with various Nb
concentrations

The XPS measurements data show that, in a depth of 10 nm, Ti, O, Nb, and small amounts of C
contaminant are present. The dopant atomic concentration varies here between 6.7 and 16.2 at%.
Fig. 3 depicts the XPS high-resolutions spectra of the Nb 3d (a) and Ti 2p (b) for Nb doped TiO,
thin films with various dopant concentrations. The intensity of Nb 3d peaks increases with Nb
concentration, while the intensity of Ti 2p peaks decreases. The binding energies of Nb 3d (208 eV)
and Ti 2p (459 eV) correspond to Nb>* (207.8 eV) and Ti*" (459.3 eV) states [11]. The oxidation
state of titanium in stoichiometrical TiO2 is +4, therefore, niobium (normally in +4 or +5 state)
provides one extra electron if it is in +5 state but no electron if it is in +4 state. On the other hand, if
titanium is somehow in +3 state, then one hole can be induced. Therefore, to further confirm that
the electrons in Nb: TiO2 are introduced by niobium, it is essential to study the valence state of
niobium and titanium by means of XPS. The XPS results of the films indicate that Nb exists mainly
as Nb’", whereas Ti exists mainly as Ti*". Therefore, niobium is indeed the main source of

conduction electrons in this system.
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Fig. 3. XPS spectra of (a) Nb 3d and (b) Ti 2p of the Nb-doped TiO; thin films with various Nb

concentrations.
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Conclusion

Pristine and Nb-doped TiO, with dopant concentration ranging between 6.7-16.2 at.% were
deposited on single crystal silicon and glass substrates by RF magnetron sputtering. The increase of
the roughness and band gap was observed upon doping. The deposition rate of the films decrease
with increase in the working pressure. Future work is in progress to establish how the annealing
influences the structural and electrical properties of the samples.
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