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Formation of titanium oxynitride at relative low sputtering pressure (< 9.98 E-3 Torr) in
reactive nitrogen and residual oxygen atmosphere has been observed from previous
experiments. In the present study, TiNx-Oy thin film samples with varied thickness,
composition and morphology were grown at a fixed low sputtering pressure (8.03E-3 Torr)
on glass substrates from 99.99 % purity titanium target, nitrogen gas and vacuum residual
oxygen at 200 W. The stoichiometry and thickness variations were studied by Rutherford
backscattering (RBS) spectrometry, while X-ray diffractometry (XRD), scanning electron
microscopy and UV-Visible spectrophotometry were used to study the structural and
optical characteristics of the films. Stoichiometric changes with increase N/Ti and N/O
ratios in the films were observed with sputtering time and thickness. Increase in
crystallinity with film thickness was seen with preferred orientation at (111) attributed to
a-Ti. The films transmission onset red-shift towards visible region with thickness with %
Tmax of 14.273 at 574 nm wavelength. The bandgap values varied from 3.72 eV to 2.81
eV with increase in the film thickness.
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1. Introduction

Transition-metal oxynitrides are special class of materials that may exhibit properties of
both oxides and nitrides. For instance, it is possible to vary the bandgap, structure, and the
optoelectronic properties of TiNxOy by altering the nitride/oxide (N/O) ratio [1-3], which is a
significant reason for their wide applications. Now, advances are being made in titanium
oxynitride research in optoelectronics, photonics, surface protection and in some other fields i.e.
photocatalysis, and water splitting processes for hydrogen release. If the bandgap in TiNxOy is
narrowed, it could lead to enhanced activity in the visible light range [4-6]. With the possibility of
bandgap tuning via N/O or N/Ti ratio variation, titanium oxynitride could also be used as a wide
band gap (WBG) materials. WBG materials are semiconductors with a relatively large band gap
compared to a typical semiconductor (1-1.5 eV). Their bandgap fails in the range of 2 - 4 eV [7, 8].
WBG property is particularly important for allowing devices to operate at much higher
temperatures, on the order of 300 °C. Accordingly, this makes them highly promising for military
applications and in new electrical grid and alternative energy devices. TiNxOy possess good
structural and optical characteristics, which could make them useful for narrow and wide bandgap
applications. Metal oxynitrides have been observed to be more stable in air and moisture than pure
nitrides due to already oxygen presence [9-11], and this could lead to useful surface oxidation and
corrosion resistance qualities.
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Titanium oxynitrides are synthesized in different forms such as thin films and
nanoparticles depending on the anticipated application. Most metal oxynitrides are prepared as thin
films on suitable substrates and they often exhibit unique dual oxide-nitride properties, and
titanium oxynitride has been one of the most intensively studied systems. Findings have shown
that these compounds exhibit a complex structure with intermediate characteristics between
metallic TiN and insulating TiO, thereby simultaneously exhibiting high hardness and wear
resistance with good optical and electrical properties [12-14]. Optoelectronic application of
TiNxQy thin films is particularly dependent on N/O ratio [1, 4, 6]. For instance, oxygen-rich
TiNxQy films are used as insulating layers in metal-insulator-metal (MIM) capacity structures,
while diffusion barriers utilizes nitrogen-rich TiNxOy [14, 15]. The stoichiometric ratio of TiNxOy
films should be carefully controlled and properly assessed in order to be effective for utilization.
Difficulties in achieving targeted N/O ratio in titanium oxynitride thin films have been reported in
several studies [14-18]. Techniques such as water and reactive gas pulsing have been used in
studies to vary N/O ratio in TiNxOy films [12, 19, 20]. Braic et al., [14] utilized different levels of
chamber residual oxygen to synthesize TiNxOy films of varied optical properties. In sputtering,
titanium oxynitrides are usually fabricated by mixture of inert argon, and reactive nitrogen and
oxygen gases in an evacuated chamber containing pure Ti target. More understanding on
structural, stoichiometry and optical properties of TiNO thin films in relation to both N/Ti and N/O
ratios is important for appropriate design. TioN with metallic nature is considered promising for
new areas of interest and application [21-23].

In this study, TiNx-Oy thin films with range of stoichiometry, optical and structural
properties were prepared at different sputtering time in an optimized sputtering pressure condition
using nitrogen residual oxygen reactive gas mixture. Hence, the background residual oxygen was
solely used as the oxygen ions source. We report herein, the evolution in the stoichiometry, N/Ti
and N/O ratios, with thickness using Rutherford backscattering spectrometry (RBS). Optical and
structural analysis results are also presented with respect to the thickness and compositions.

2. Experimental procedure

TiNx-Oy thin films on soda lime glass substrates were prepared by reactive magnetron
sputtering. A stainless-steel chamber was evacuated with turbo-molecular pump backed by a
mechanical pump down to a base vacuum close of 9.98 E-6 Torr, before the release of the argon
and nitrogen. The substrates were prepared by rinsing sequentially with methanol, acetone, de-
ionized water and 20% HNO; to remove dust and oily layer on the surface and then dried using
nitrogen gas. For plasma generation, high purity argon was used and the sputtering target was a
99.99% pure Ti disc (5 mm thick and of 50.8 mm diameter) fixed at an angle of about 45° relative
to the static substrate platform. Pre-sputtering cleaning for Ti target was carried out in a pure argon
atmosphere, with the shutter positioned shield the substrates from plasma flow the target.
Thereafter high purity nitrogen gas was released into the chamber via the control valve to initiate
reactive sputtering. The parameters used for the preparation of TiNx-Oy films are given in Table 1.
The deposition chamber was left to cool to the room temperature before the films were removed.
lon beam analysis (IBA) of the samples was done using NEC 5SDH 1.7 MeV Pelletron Tandem
Accelerator, equipped with an RF charge exchange ion source to provide proton and helium ions.

The measurement using the Rutherford backscattering spectrometry was performed using
the “He" ion beam and the incident energy was 2.2 MeV with the detector energy resolution of
12.0 KeV. The RBS spectra were recorded and the data obtained were fitted to determine the
stoichiometry, thickness and compositional depth profile of the films. The crystallographic
analysis was done with MD-10 Precision X-Ray Diffractometer with 2 theta angles between 16°
and 72° using CuKa radiation. X Pert High Score and Profex, x-ray diffraction analysis softwares
were used to study and determine the crystallographic parameters [24]. Scanning electron
microscope (Carl Zeiss MA-10 SEM) and optical microscope were used to analyze the
morphology and the microstructure of the films. Optical characteristics of the films were
determined from transmission measurements using a UV-Visible spectrophotometer (Thermo
Scientific Helios Omega) with the wavelength (X) ranging from 200 to 1100 nm. The acquired data
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was used to generate the normalized transmittance in order to have a better picture of the relative
absorption edge as it changes with film thickness.

Table 1. Sputtering parameters for TiNx-Oy thin films on glass substrates

Item Values

Substrate Sodalime glass (75 x 26 x 1 mm)
Reactive gases Nitrogen, Oxygen (Residual)
Sputtering gas Argon

Power 200

Sputtering Time 5 — 25 minutes

Base Pressure 9.98 E-6 Torr

Sputtering Pressure 8.03 E-3 Torr

3. Results and discussions

3.1. Thickness and stoichiometry analysis

The RBS data for the sputtered TiNx-Oy samples were obtained using 2.2 MeV *He" ions,
and they were analyzed using the SIMNRA 6.06 code [25]. The selected spectra of the films are
shown in Figs. 1(a) — (d). Rutherford backscattering method simultaneously provided information
about the areal density (RBS thickness) and stoichiometry of the films, while depth profile data of
the layers was also extracted. SIMNRA software was used to correctly fit the simulation over
experimental data and gave the required information regarding the samples. Both the heavy
element Ti, and the light elements (N and O) were detected via the backscattering process.
Remarkable amount of oxygen was detected in samples sputtered at low deposition time TON-05
(5 minutes) and TON-10 (10 minutes) (detail in Table 2), and this was also confirmed visually
from the characteristic dark blue colour of titanium oxynitrides. The changes in films thickness can
be seen from the width of corresponding Ti peaks. The film thickness was obtained in RBS unit
(10" atoms/cm?), and the effective compositions of the sputtered films at different time are given
in Table 1. The variations in colour of the films were noticed depending on the thickness, and it
also signified variations in film compositions. The colour observed agrees with recent studies [14,
26-27]. Braic et al. [14] showed the effect of residual oxygen level on the optical properties of
sputtered titanium oxynitride thin films. In the study [14], TiNxOy samples sputtered under high
residual oxygen level exhibited non-metallic (TiO,) behaviour, while the films sputtered at low
level of residual oxygen showed a metallic (TiN) behaviour. However, in this study, the
experiments are based on earlier optimized sputtering pressure conditions [27-28]. The same
residual oxygen level is assumed for each experiment, since a constant base pressure conditions
was attained before each sputtering. Hence, the fixed residual oxygen level in the evacuated
chamber was systematically reduced by increasing the sputtering time from 5 to 25 minutes for
each subsequent experiment. Meanwhile, since there would be an initial interplay between the
oxygen and nitrogen content, the sputtering time would also affect the nitrogen content and the
sputtering mode [29]. This is conspicuous from the stoichiometric analysis, the films sputtered at
lowest deposition time contained highest amount of oxygen, which indicated relatively higher
background residual oxygen, while the TiNx-Oy film samples prepared at 25 minutes contain
negligible amount of oxygen. The sputtering conditions adopted allowed simultaneous, but
controlled variation in the thickness and compositional profile of the films. The RBS thickness and
the effective stoichiometry of the sputtered TiNx-Oy films on glass substrates are shown in Table
2. Studies have shown that the most active material at very low sputtering pressure is the ionized
target atoms, which is when the atomic emission of titanium is strong, and increasing the
sputtering pressure, will result in the increase of fractional flow of nitrogen [27, 29-31]. In this
work, nitrogen ion is observed to dominate with increase in sputtering time, due to the damping
residual oxygen and the effect of its constant fractional flow on the sputtering mode, changing
from oxide to nitride mode. From the relationship shown in Fig. 2, nitrogen ions emission intensity
was increasing against both titanium and oxygen. A steady increase in the N/O and N/Ti ratios was
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seen in the films, which indicated a sustained change in the compositions with thickness. Also, the
degree of filling of the non-metallic sub-lattice in nitrides has been shown to increase linearly as

the nitrogen content rises [32-33]. Herein, it is shown that change in sputtering time induced an

overall change in composition of the films from oxynitride phase (TiNxQy) to sub-stoichiometric

nitride phase (Ti,N). From the trend of N/Ti plot (Fig. 2) an indication is shown of a steady move
towards stoichiometric TiN (N/Ti = 1) as sputtering time increases, with resultant increase in film

thickness.

Table 2. Elemental composition and RBS thickness values of the film on glass substrates

Deposition time 2 Elemental Compositions (100%0)
Sample (minute) RBS (1015 atoms/cm®) i N 0
TON-05 5 655.085 0.735 0.143 0.122
TON-10 10 930.729 0.723 0.204 0.073
TON-15 15 1547.253 0.693 0.255 0.052
TON-20 20 2607.366 0.660 0.328 0.012
TON-25 25 3103.178 0.652 0.337 0.011
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Fig. 1. RBS Spectra for the TiNx-Oy on soda lime glass substrates (a) Glass, (b) TON-05,

(c) TONGL10, and (d) TON-GL15.
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Fig. 2. Plots of N/O and N/Ti ratios as a function of TiNx-Oy thickness.

3.2. Optical properties

The thickness of the sputtered films was obtained in RBS unit (10" Atoms/cm?) using
SIMNRA code, and the values were from 655.085 to 3103.178 (10*° Atoms/cm?). The mass
density of the sputtered films is not known and the area density might not be converted directly.
However, with low oxygen content, the effective compositions of the thin films are observed to be
closer to the stoichiometry of Ti,N or NTi, [23, 27]. Therefore using the known mass density of
TiN or TiO, could give a bad model for the atomic density (Atoms/cm3) determination of the
sputtered films. Hence, assuming deliberately, the density of Ti,N (4.91 g/cm®) for the deposited
films, a factor of 0.3711 was obtained for the conversion of sputtered TiNx-Oy films area densities
(10 Atoms/cm?) into nanometer (nm) units, using the relation (Eq.1) given by Chu et al. [34].
Converting from areal density to (linear) thickness, the estimated values are given in Table 3, from
243.10 to 1151.59 nm. The linear thickness was obtained specifically for the estimation of the
optical properties of the films. Percent and normalized transmittance spectra of the sputtered films
are shown in Fig. 3. Expectedly, the transmittance (%T) of the TiNx-Oy films decreases with
increasing sputtering time and nitrogen content, and this agrees with recent studies [31, 35]. It is
observed from Fig. 3(b) that the absorption edges shift towards higher wavelength with increase in
film thickness and N/Ti ratio. Therefore, it is evident from the transmission onset shift that the
optical properties of the sputtered films do not only depend on thickness, but also on the nitrogen
concentrations. The optical bandgap was determined from the absorption coefficient (a) using the
Tauc relation (Eq. 2) [36].

Thickness =

Atoms per unit area (cm'z)
Atomic Density cm™3 (1)

ahv = B(hv — E,) )

An extrapolation of the linear region of a plot of (a/v)? versus photon energy (hv) gives
the values of optical bandgap Eg. The bandgap energy spectra at different sputtering conditions are
shown in Fig. 4(a) and (b), while the values are stated in Table 2. The energy gap values for the
sputtered TiNx-Oy films ranged from 2.81 to 3.72 eV, which indicated, and as depicted in Fig. 5
(a) that films bandgap energy decrease steadily with thickness but increase with transmittance. The
shift of the absorption edge towards higher wavelength is due to narrowing or thinning of the
bandgap. As seen, the relationship between the optical bandgap and the N/O and N/Ti ratios (Fig.
5b) confirms evolution of the films from oxynitride (non-metallic) to nitrides (metallic) film, with
compositions tending towards stoichiometric TiNx (x=1). Changes in Eg values can be attributed
to the structural and compositional changes brought about by the formation of near-stoichiometric
Ti,N phases in the films at higher sputtering time and thickness. The formation of Ti,N with
metallic properties [14, 23] in the films may have localized some states in the deep energy levels,
and hence lower the bandgap energy [37]. The observed bandgap evolution with thickness is in
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strong agreement with recent studies [38-39]. The bandgap tuning is the re-ordering or refinement
of the crystal structure, with changes in the atomic distance, grain size and structural defects [40].
For instance, electron-electron and electron-impurity scattering phenomenon usually observed in

semiconductor as a bandgap shift, known as Moss-Burstein effect [30].
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Table 3. Optical property values of TiNx-Oy films at different thicknesses.

Sample Thickness (hm) Peak Transmittance (%) Peak Wavelength (nm) Bandgap (eV)
TON-05 243.10 14.861 574 3.72
TON-10 345.39 8.542 562 3.62
TON-15 574.19 1.932 554 3.26
TON-20 967.59 0.159 541 2.89
TON-25 1151.59 0.074 537 2.81
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3.3. X-Ray diffraction analysis

X-ray diffraction spectra of the TiNx-Oy thin film samples are shown in Fig. 6. It is seen
that film sample TON-05 with lowest thickness did not show any identifiable diffraction peak(s),
but the next sputtered sample TON-10 showed a small bump which could indicate an onset of
structural re-ordering of the detected crystalline phase with higher thickness. The absence of well-
defined peak(s) in TON-05 spectrum makes it more to be regarded as amorphous. The amorphous
properties exhibited by sample TON-05 is attributed to the substrate nature (soda lime glass). The
crystallinity of deposited films is usually determined by the complex interaction between the
substrate and the developing film [41-42]. At early stage of the film formation, the microstructure
is related to the nucleation and growth in random orientations influence by the substrate. It is noted
that, the thicker the TiNx-Oy films, the lower the influence of the amorphous glass substrate
surface on its structural formation. Meanwhile, the sputtered films with thickness of 574.19 nm
and above showed a sharp peak at about 40° (26°) with preferred reflection at (111) attributed to a-
Ti [43-45]. Stoichiometry variations in thin films often lead to changes in crystal structure,
chemical bonding and free electron concentration. Hence, the main sources of non-stoichiometry
in the sputtered TiNx-Oy films is the anion vacancies (x<1). The crystallographic behaviour
follows the composition and optical results which indicated transition from non-metal (oxynitride)
to metal-like (Ti;N) characteristics. The film crystallographic parameters are shown in Table 4.
The peak intensity is noted to change remarkably with thickness of the films. Based on the Debye-
Scherer equation [46], the average crystallite (D) from the XRD peak width (Bhkl) can be
calculated using the following equation (3):

_ K+ A
Bhii Cos (6)

®)

where K = 0.94 is the shape factor approximately equal to unity. A is the wavelength (1.5406 A°
for CuKa radiation) and Bhkl is the full width at half maximum (FWHM). The deduced values of
crystallite size are presented in Table 4. It is assumed as the crystallite size of coherently
diffracting domain, and may not necessarily be the same as the particle size. It is observed the
crystallite size increased slightly with thickness. The crystallite size values conform to the optical
characteristics of the sputtered films, which showed reduction and red shift of transmittance onset
with film thickness. The larger the crystallites, the more the photon scattering and absorption at the
surface and within the material.
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Table 4. XRD data for the TiOxNy thin films on glass substrate at different thickness

Sample Intoerplanar spacing, | Lattice parameters, Orifntation angle FV\{)HM Crystallite
d(A) a, ¢ (A) (26°) (26°) size (nm)
gf’l\'o' 2.278 3.002 | 4725 | 40470 1.0412 | 8.49
-I(;Ell\IS 2.222 2920 | 4661 | 40.345 09011 |9.81
28’2\'0' 2.302 3061 |4.648 | 40.172 0.9830 | 8.99
28'2\'5 2.238 2934 | 4729 | 40.275 0.8413 | 10.50
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Fig. 6. XRD Spectra for the TiOxNy films on soda lime glass substrates at different thickness.

3.4. Surface microstructure

Scanning electron microscopy images of the film samples are shown in Figs. 7(a) and (b)
for low thickness samples TON-05 and TON-10 respectively, while Fig. 7(c) shows the image for
sample TON-20 with relative high thickness (967.59 nm). The images for the films deposited at
lower sputtering time did not show much detail about the microstructural features at higher
magnifications beyond present value, which might be the effect of the film surface properties and
the non-conducting nature of substrates. As shown in the micrographs, there is a prior formation
of smooth background layer, before accumulation of larger crystallites to form more layers. Highly
dispersed rounded pores are observed to be distributed within the thinner films prepared at low
sputtering time, meanwhile the representative image shown for high sputtering time (20 minutes)
indicated tightly packed granular and uniformly shape microstructures on the dense background.
The clear variation in the morphologies of the sputtered films can be attributed to the changes
thickness of the films. The morphologies observed for sputtered films based on their thickness are
in agreement with crystallographic results. At lower sputtering time (i.e. 5 mins), the impinging
sputtered ions could not densely agglomerate on the substrate [27, 47-48]. However, for TON-20
and TON-25 films with longer sputtering time, more grain agglomerations occurred on the
substrates to form a denser film layer. Representative photomicrographs for the films (TON-10
and TON-25) are shown in Figs. 8(a) and (d) respectively. The images for samples deposited at
lower deposition time are shown to be composed largely of dispersed particles. Meanwhile, for
high sputtering time, distinct changes are observed in the surface morphologies. Larger grains
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grew from coalescence of crystals and are densely populated on the substrates. Formation of
denser microstructure at higher sputtering time accounted for the increase in crystallographic
intensity.

e LURE L L B hstnt
I WO o 00 ]

Fig. 7. Representative SEM images of TiOxNy thin films sputtered on glass substrates at
(a) 5, (b) 10 and (c) 20 minutes.

Fig. 8. Optical micrograph of the films on glass substrates (a) TON-10 and (b) TON-25.

4. Conclusions

TiNx-Oy thin films with linear thickness ranging from 243.10 to 1151.59 nm were
deposited on glass substrates by direct current reactive magnetron sputtering. Using ion beam
analysis, information about the thickness, stoichiometry, compositional ratio of the films was
obtained. The increase in N/Ti and N/O ratios with thickness indicated transition of the sputtered
films from oxynitride (TiNx-Qy) to sub-stoichiometric nitride (Ti,N-O) characteristics. Structural
evolution of the thin films was observed, with increase in crystalline phase peak intensity and
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crystallite size with thickness. The preferred orientation of the crystalline phase at plane (111) is
attributed to a-Ti. The optical properties of the films were not only influenced by the thickness, but
also by the stoichiometry. The energy bandgap for the films decreased from 3.72 to 2.81 eV with
thickness. The bandgap variation agrees well with the observed stoichiometric and structural
properties of the films. At the sputtering pressure condition adopted, with increase in deposition
time, TiNx-Oy thin films with stoichiometry and optical features ranging from non-metallic
(oxynitride) to nitride with metallic features were obtained.
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