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Characterization of doped TiO, thin films obtained by
pulsed laser deposition
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N-doped TiO; thin films were synthesized by pulsed laser deposition using a TiO» target in nitrogen atmosphere and glass
slides substrates heated at 250°C. The samples were characterized by atomic force microscopy, X-ray photoelectron
spectroscopy, Raman spectroscopy, ellipsometry and contact angle measurements. The root mean square roughness is
increasing with the increase of pulses number. Even if increased surface roughness is known to intensify the hydrophilic
behavior of TiO,, the samples do not present the photoinduced superhydrophilic conversion process. The optical constants

values are suggesting that the PLD technique is suitable to obtain thin films for optical coatings.
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1. Introduction

Pristine titanium dioxide materials have been under
intensive research during the last decades. The exceptional
combination of mechanical, chemical, electrical and
optical properties led to the development of various
environmental, optical coatings and energy - related
applications [1]. Under UV illumination, the TiO, surface
becomes self-cleaning, self-sterilizing, photocatalytic,
superhydrophilic, to mention only a few features in a long
list [1]. Unfortunately, the amount of the UV energy
within the solar light spectrum is less than 5%, therefore
the efficiency of the photocatalytic activity of the titania
surface is pretty limited. It is now well documented that
one of the possibilities for increasing the activation
efficiency of the TiO,-based photocatalysts is to find
opportunities to extend their photoactivation in the visible
range. This can be achieved, among others, by enhancing
the oxygen vacancy concentration in the surface region [2]
or by doping the materials with rare earths, transition
metals or non-metals [1-3]. In this latter case, nitrogen
doping proved to be one of the most efficient ways to shift
the materials’ absorption edge of the incident light from
approx. 390 nm towards 400-500 nm wavelength range [1-
3].

Various growth techniques have been used to prepare
titania films, such as plasma vapor deposition, laser
ablation, ion implantation, chemical vapor deposition, sol-
gel etc. [4-8]. Among them the PLD offers the advantage
of thin films preparation with good adherence on the
substrate and allows the control of the crystalline phase of
the synthesized materials [9, 10].

The aim of this paper is to synthesize by pulsed laser
deposition method and characterize N-doped TiO, thin
films. The chemical surface analyses prove the formation

of the Ti-O-N and N-Ti-N bonds at the sample’s surface.
The dopant concentration of the samples varies between
2.2 and 3.8 at%. The anatase crystalline phase formation
was confirmed by Raman spectroscopy and by the high
refractive index values determined from ellipsometric
measurements. Thus the PLD technique can be suitable for
obtaining thin films with applications as optical coatings.
Even if the root mean square roughness is increasing with
laser pulse number the samples do not present the
photoinduced hydrophilic conversion.

2. Experimental details

The nitrogen doped TiO, thin films were deposited by
laser ablation method in the Excel Instruments Mumbai 93
device using as excitation source the radiation provided
from an KrF excimer laser (A = 248 nm), Coherent
COMPex Prov TM 250F. Thin films were deposited on
glass substrates located at a distance of 3 cm from the
stoichiometric TiO, material used as target (Furuuchi
Chemicals, 99.99% purity). The target was mounted on a
special holder, which is rotated during deposition at a
constant speed. During deposition time the glass substrates
were heated at 250° C. Before deposition, the substrates
were successively sonicated in acetone and ethyl alcohol
and dried in air. By using a quartz lens the laser beam is
focused onto the target at an incidence angle of 45°. The
laser spot area on the target surface was about 6 mm? and
the laser pulse energy 177 mJ. According to these values
the laser fluence onto the target surface was 2.95 J/cm?.
For the deposition of three thin films sets we applied
10000, 3000 and 1500 subsequent laser pulses with a 10
Hz repetition rate (see Table 1).
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Table 1. The deposition parameters of the samples.
samples Lualssgs Repetition Fluence
P P rate (Hz) (Jlem?) i
number
S1 10000 10 2.95 60
S2 3000 10 2.95
S3 1500 10 2.95

The deposition chamber was evacuated by a vacuum
line up to a base pressure of 2 x 10 ° mbar. The mass flow
rate of the nitrogen (5 sccm) was adjusted using a MKS -
PR4000B-F2V2 mass flow rate controller. The total
pressure during all deposition runs was kept constant at a
value of 6 x 10~ mbar.

Film surface morphology was investigated using an
NT-MDT Solver Pro-M atomic force microscope and
images were obtained when the cantilever was operated in
constant force mode so that its deflection remains
constant. X-ray Photoelectron Spectroscopy (XPS)
measurements have been done to determine the surface
elemental composition of the samples and the chemical
state of O, Ti and N. XPS measurements have been
performed on a Physical Electronics PHI 5000 VersaProbe
instrument, equipped with a mono-chromated AIK, X-ray
source (hv=1486.6 eV). The take-off angle of the
photoelectrons was 45°. The refractive index, n, and the
extinction coefficient, k, were determined using the
ellipsometric method. The dependence of the ellipsometric
parameters (4, ¥) on the incidence angle was measured
using the EL X-01R (DRE-Dr. Riss Ellipsometerbau,
GmbH) ellipsometer (A = 632.8 nm) controlled by the
ELX1 02 software. The measurements have been done by
ranging the incidence angle of the optical radiation from
50° to 85° with a step of 5°. Contact angle measurements
have been done by means of a Data Physics OCA 15EC
goniometer, at room temperature and 50% relative
humidity, in a sessile drop arrangement.

4. Results and discussion

Fig. 1 presents the AFM 3D images for the nitrogen
doped TiO, thin films S1 (Fig. 1a), S2 (Fig. 1b) and S3
(Fig. 1c), respectively.

As can be seen from the AFM images, the number of
droplets which are characteristic for the pulsed laser
deposition is decreasing with the decrease of laser pulses
number. The root mean square (RMS) roughness of the
samples increases with increasing the number of pulses,
thus with decreasing of deposition time (see Fig. 2).
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Fig. 1. 3D AFM images of the deposited thin films.
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Fig. 2. The dependence of the RMS on the laser
pulses number.
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The atomic concentration of the nitrogen in the as-
deposited thin films decreases with the increase of the
laser pulses number (see Table 2). This effect can be
explained taking into account the target poisoning with
oxygen during deposition time.

Table 2. The atomic concentrations of the elements on
the surface’s samples.

Samples Ti (at. %) O (at. %) N (at. %)
S1 36.6 61.2 2.2
S2 32.9 64.2 2.9
S3 34.7 61.5 3.8

The deconvolution of the Ti 2p high resolution spectra
of the sample with intermediate N content showed a
binding energy (BE) of the Ti 2ps, peak of 458.7 eV,
specific to Ti** [11]. The Ti 2py, peak has a higher
binding energy 464.4 eV, i.e. with a separation of about
5.7 eV (Fig. 3). The peaks appearing at the binding
energies of 456.7 eV and 462.4 eV (Fig. 3) correspond to
Ti 2p3p and Ti 2pyy, of titanium oxy-nitride [12].
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Fig. 3. The deconvolution of the Ti 2p high resolution
spectrum of the sample S2.

The O 1s spectra of the as-deposited samples (Fig. 4)
were deconvoluted into a main component at 530 eV,
corresponding to Ti**-O bonds [11], and a secondary one
at 531.3 eV.
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Fig. 4. The deconvolution of the O 1s high resolution
spectrum of the sample S2.

The origin of this peak is still debated, some authors
ascribing it to adsorbed OH groups [4].

The N 1s XPS spectra feature two well-resolved
peaks, one at BE = 397 eV and a second one at BE = 400
eV (Fig. 5). The low-energy peak is currently associated
with the Ti-N bond (the so-called B-N state) and its area
increases with the increase of N concentration. The second
one is associated with terminally bonded nitrogen in the
so-called y-N state (N-N, N-C, N-O) [3, 13].
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Fig. 5. The deconvolution of the N 1s high resolution
spectrum of the sample S2.

The Raman spectrum taken for sample S2 is shown in
Fig. 6. This spectrum presents four visible peaks around
157, 208, 416 and 617 cm™. The bands detected at 157,
208 and 416 cm™ can be assigned to anatase phase, while
the presence of the bands located at 617 cm™ seems to
demonstrate the coexistence with a rutile phase [10, 14].
Both Raman characteristic features are blue shifted. This
slowly shift to higher frequencies can be caused by strain,
defects and non-stoichiometry in the film induced by the
growing process [15]. No other peaks characteristic to TiN
were detected. Future work will be performed in order to
establish how doping with nitrogen influence the phase
structure of TiO, thin films.
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Fig. 6. Raman spectrum of the S2 sample.

The ellipsometric measurements included the
determination of the 4 and ¥ parameters versus incidence
angle, a (see Fig. 7). From the measured ellipsometric
parameters, the values of n and k have been calculated
using the following equation [16]:
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. . 1-tane’
n+ jkf =sin*a|1+tan® o] ———— 1
(n+ jk)* =si 0{ + a[1+tan‘Pe’A H )
were 4 is the incidence light angle.
The determination of n and k was done using the
principal incidence angle method (A =7/2). According to

this method the equation (1) becomes [16]:
(n+ jk) =sin? ap[1+tan2 ap(cos4‘1‘p +jsind¥, )] 2

The refractive index of TiO, thin films, n, has been
reported previously to decrease, with the increase of the
wavelength, between 2.7 and 2.0 in the visible range, the
values depending on the elemental composition, film
crystalline structure and density, surface roughness etc.
[17, 18-20]. A similar behavior was found for the values of
the extinction coefficient, k. Results in agreement with the
ones reported in the literature have been found in our
experiments. For the used wavelength (A = 632.8 nm), the
values of n and k were determined to be 2.5 and 0.19,
respectively. The values of the refractive index of our
samples are characteristic for thin films presenting the
anatase crystalline phase.
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Fig. 7. The experimental results concerning the
dependence of 4 and ¥ versus o.

The hydrophilic behavior of the N-doped TiO, thin
films were investigated by means of contact angle
measurements between the distilled water and film’s
surface under UV irradiation condition [21]. In Fig. 8 is
presented the time evolution of the contact angle, 6, and of
cos 6.

As can be observed from the Fig. 8.a after 30 min
irradiation time the contact angle reaches a saturation
value around 20°. This suggests that the samples do not
present the superhydrophilic conversion process probably
due to non-stoichiometry nature of the obtained samples as
shown by the XPS measurements.
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Fig. 8. Contact angle (a) and cos 6 (b) dependence on
UV irradiation time.

5. Conclusions

N-doped TiO, thin films deposited on glass substrate
by pulsed laser deposition using as TiO, target were
investigated.

The XPS measurements revealed the presence of the
Ti-N bonds. The atomic concentration of the nitrogen in
the as-deposited thin films decreases due to target
poisoning with oxygen during deposition time.

The investigated films present a coexistence of the
anatase and rutile TiO, crystalline phases, as revealed by
the Raman spectroscopy measurements. Nitrogen
incorporation does not affect films crystallinity.

The optical constants of the nitrogen-doped TiO, thin
films have been derived from ellipsometry measurements.
They have been related to chemical and structural
characteristics of materials.
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