J Mater Sci (2023) 58:10975-10985

Ceramics

o')

Check for
updates

Effect of O/N content on the phase, morphology,
and optical properties of titanium oxynitride thin films

Sharafat Ali', Roger Magnusson', Oleksandr Pshyk®2, Jens Birch?, Per Eklund?, and

Arnaud le Febvrier®*

"School of Engineering, Department of Built Environment and Energy Technology, Linnaeus University, 351 95 Vixjé, Sweden
2Department of Physics, Chemistry and Biology (IFM), Linképing University, 58183 Linképing, Sweden
3 Present address: Empa—Swiss Federal Laboratories for Materials Science and Technology, 8600 Diibendorf, Switzerland

Received: 22 February 2023
Accepted: 22 June 2023
Published online:

6 July 2023

© The Author(s) 2023

Handling Editor: N. Ravishankar.

ABSTRACT

Phase formation, morphology, and optical properties of Ti(O,N) thin films with
varied oxygen-to- nitrogen ration content were investigated. The films were
deposited by magnetron sputtering at 500 °C on Si(100) and c-plane sapphire
substrate. A competition between a NaCl B1 structure TiN;_,Oy, a rhombohe-
dral structure Ti>(O;_yNy)3, and an anatase structure Ti(O;_,N,), phase was
observed. While the N-rich films were composed of a NaCl B1 TiN;_,O phase,
an increase of oxygen in the films yields the growth of rhombohedral Tiy(O;.
yNy)3 phase and the oxygen-rich films are comprised of a mixture of the
rhombohedral Ti>(O;_yNy); phase and anatase Ti(O;_,N,), phase. The optical
properties of the films were correlated to the phase composition and the
observation of abrupt changes in terms of refractive index and absorption
coefficient. The oxide film became relatively transparent in the visible range
while the addition of nitrogen into films increases the absorption. The oxygen
rich-samples have bandgap values below 3.75 eV, which is higher than the
value for pure TiO,, and lower than the optical bandgap of pure TiN. The
optical properties characterizations revealed the possibility of adjusting the
band gap and the absorption coefficient depending on the N-content, because of
the phases constituting the films combined with anionic substitution.
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Introduction

Transition-metal oxynitrides, such as Ti(O,N), are
known for their optical and electronic properties,
mechanical behavior, and chemical stability [1-5]. A
large number of studies have been reported on the
formation and properties of titanium oxynitride,
Ti(O,N), where the properties of these materials
strongly depend on their compositions, notably the
O/N ratio. Ti(O,N) has been used in thin film resis-
tors, solar selective collectors, biomaterials, hard
coating, and decorative coatings [6-9].

Ti(O,N) thin films have been fabricated by various
techniques including DC magnetron sputtering, RF
magnetron sputtering, pulsed laser deposition, elec-
tron beam evaporation, ion-assisted deposition, and
chemical vapor deposition [3, 10-14]. Magnetron
sputtering is a common technique, thanks to its ver-
satility and reliability to control the microstructure
and composition of the Ti(O,N) films which allows to
tune mechanical, electrical and optical properties of
the films [8, 11, 15].

The Ti(O,N) materials system has a complex
behavior between conductive TiN and insulating
TiO, compounds [2]. Several stable phases can be
found in the phase diagram Ti-O-N such as TiN,
Ti;N, Ti,O5, TizOs, TiO, (rutile or anatase) and TiO,
where nitrogen and oxygen can substitute for each
other [15, 16]. During the magnetron sputtering pro-
cess, phase formation in the films depends on process
parameters such as the energy of sputtered species,
the amount of reactive gases, and substrate temper-
ature. Martin et al. reported that the crystal structure
of Ti(O,,N;,) films depends on oxygen/nitrogen
content (0 <n < 2.0 and 0 < m < 1.0) and changed
from NaCl B1 TiN to anatase TiO, through interme-
diate phase (NaCl B1 TiN, anatase and rutile TiO,,
and the monoclinic TizOs) [17]. Others reported a
change from crystalline NaCl B1 structure of Ti(O,N)
to amorphous films when the oxygen content is
increased during the deposition process [18].

The partial substitution of nitrogen for oxygen or
vice versa (O/N ratio) in a disordered manner in the
same structure impacts the bonding environment
between the cations and anions, which affects the
physical properties of the films. Another example of
the effect of anionic substitution is the mechanical
properties, e.g., hardness and Young’'s modulus, of
Ti(ON) thin films was increased with increasing the
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O/N ratio in the thin films [19-21]. The bulk moduli
of NaCl-type structure TiN;_,Oy has been reported
with decreasing of the mechanical performance when
oxygen is inserted in the structure [19, 20]. The sub-
stitution of oxygen by nitrogen was the key for
decreasing the bandgap energy of TiO, [22, 23].
Abhishek et al. have reported that of Ti based
oxynitrides (Ti,N2O,,_3) created by N substitution in
Ti>" oxides, had band gaps below 2.5 eV and band
edge positions suitable for high efficiency photocat-
alytic or photovoltaic activity [22]. Nevertheless,
there is still a need for further studies of refractive
index and dielectric properties of Ti(O,N) films and
compositions-structure-properties relations.

The present study is an investigation of the growth
of Ti(O,N) films by RF magnetron reactive sputtering
of Ti target at varied N/O gas flow ratio. The objec-
tive was to investigate the phase constitution, mor-
phology, and optical properties of Ti(O,N) thin films
as a function of N/O content in the films. Mueller
Matrix Spectroscopic ellipsometry (MMSE) was
employed to determine the optical properties, e.g.,
refractive index, extinction coefficient, band gap, and
UV-vis absorption.

Material and methods

Ti(O,N) films were synthesized by RF magnetron
reactive sputtering of Ti target in an ultrahigh vac-
uum (UHV; base pressure < 3 Pa x 107 Pa) depo-
sition system described elsewhere [24]. Ti(O,N) thin
films were deposited simultaneously on silicon (001)
and sapphire (0001) (c-plane) substrates. Prior to
introducing the substrates in the reaction chamber
the substrates were cleaned ultrasonically in acetone
and ethanol successively for 10 min each. A mixture
of oxygen (O,), nitrogen (N), and argon (Ar) gases
was used. The total gas flow was kept constant at 40
sccm for a constant pressure of 0.38 Pa (2.8 mTorr),
with Ar flow fixed at 27 sccm and reactive gas flow
fixed at 20 sccm while %N in the reactive gas varied
between 98 and 84% (Table 1). The Ar flow was kept
at 27 sccm for all samples. All the samples were
prepared with constant Ti target power of 100 W and
a substrate temperature of 500 °C. Prior to each
deposition, the Ti target was sputter-cleaned in Ar (27
sccm Ar / 0.26 Pa) for 5 min. The deposition time
was 1 h.
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Table 1 Deposition

parameters used for the growth Sample # Ti target Power (W) Argon flow (sccm) Reactive gas flow (sccm)
of TI(O,N) films 02 N2 Nz/(Nz + 02)
1 100 27 0.4 19.6 98%
2 100 27 1.2 18.8 94%
3 100 27 2.0 18.0 90%
4 100 27 24 17.6 88%
5 100 27 2.8 17.2 86%
6 100 27 32 16.8 84%

The structure and phase identification of the films
were performed by X-ray diffraction (XRD) using a
Panalytical X'pert PRO MPD diffractometer equip-
ped with a X’celerator detector and CuKa radiation
operated at 45 kV and 40 mA. The XRD patterns
were recorded with identical settings. The surface
morphology of the films on sapphire and silicon
substrates were investigated by scanning electron
microscope (ZEISS Gemini SEM 650) operated with
an acceleration voltage of 2.00 kV and in-lens detec-
tor was used to observe the surface morphology.

The elemental composition and chemical bonding
environment of the thin films deposited on sapphire
and Si substrates were studied by X-ray photoelec-
tron spectroscopy (XPS). The analyses were per-
formed by an Axis Ultra DLD instrument from
Kratos Analytical (UK) with a monochromatic Al Ka
radiation (hv = 1486.6 eV). All the samples were
sputter-etched to remove surface contamination,
which can interfere with the accuracy of the XPS
measurements. All films are sputter-etched with a
4.0 keV Ar™ ion beam incident at an angle of 70° with
respect to the surface normal. The Ar* ion energy is
then reduced to 0.5 keV for 600 s to minimize surface
damage at the last measurement step. A charge
neutralizer was used when necessary due to possible
poor electrical conductivity of the sample. The ana-
lyzed area has a size of 0.3 x 0.7 mm? and is centered
in the middle of the 3 x 3 mm? etched area. Ele-
mental concentrations were determined with
CasaXPS software employing Shirley-type back-
ground [25] and the manufacturer’s sensitivity fac-
tors. Preferential sputtering of the nitrogen and
oxygen species is also taken into consideration [26],
thus resulting a 3% error bar in the quantitative
measurements. The binding energy scale is calibrated
using the ISO-certified procedure [27]. Charge refer-
encing is done by setting the Fermi edge of the films

at 0 eV when the charge neutralized was not used
[28].

The optical properties of the Ti(O,N) thin films
were examined using Mueller matrix spectroscopic
ellipsometry (MMSE). Reflection measurements were
conducted using a dual rotating compensator ellip-
someter (RC2®) from J.A.Woollam Co., Inc. at three
different angles of incidence (45°, 55° and 65°). The
ellipsometry data were analyzed using the Com-
pleteEASE software (version 6.63), also from
J.A.-Woollam Co., Inc. The data were fitted to models
consisting of combinations of Cody-Lorentz oscilla-
tors [29] and Drude oscillators [30] in order to find
the complex refractive index of the Ti(O,N) films.
Five films (two on Si substrate e.g., TiO1 04N 60, and
TiO;67Np14, and three on sapphire substrate e.g.,
TiOp.8sNo.71, TiO127Npa9,and TiOqg3Nps) required
modeling with a gradient in the refractive index,
indicating a variation of density or grain size towards
the surface of the film. Details about modelling can be
found in Table S1 in supplementary information.
Database values from the software were used to
represent the optical properties of the sapphire and
silicon, including a native oxide, substrates.

Results and discussion

The elemental compositions of the Ti(O,N) thin films
determined by XPS are presented in Table 2. For the
reason of convenience, the composition was normal-
ized for Ti =1, and the thin films are categorized
progressively by decreasing N content in the thin
films. The N content in the thin films gradually
decreased from ~ 37 at.% to ~ 3 at.% while the O
content increased from =~ 25 at.% to ~ 62 at.%. The
thin films composition changed from N-rich TiOg 7.
Nosgs to O-rich TiOp4,Ng14 on Si substrate and
between TiOge3Npos and TiO;g3Npgs on c-plane
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Table 2 Composition of the

films analyzed by XPS Sample # Analysis elemental composition (at.%) = 1.5%

Composition normalized with Ti = 1

Ti N 0 TiO,N, Ti(O,N)

Si

1 389 32.6 28.5 TiOg.73No 84 Ti(O,N); 57
2 36.6 26.1 37.3 TiO ¢2No.71 Ti(O,N); 74
3 37.6 22.6 39.8 TiO1 06No.60 Ti(O,N); 66
4 36.3 15.5 48.3 TiO, 33Ng.43 Ti(O,N), 76
5 36.3 8.6 552 TiO, 55Ng.24 Ti(O,N), 76
6 35.6 4.9 59.5 TiO4 67No.14 Ti(O,N); g1
c-plane Al,O3

1 38.7 37.1 24.2 TiOg 63No.06 Ti(O,N), 55
2 38.4 27.4 343 TiOg goNo.71 Ti(O,N) 6,
3 36.3 17.7 46.0 TiO 57Ng.49 Ti(O,N), 75
4 36.0 11.3 52.7 TiO; 47No 31 Ti(O,N), 75
5 36.4 7.9 55.7 TiO; 53Ng.2» Ti(O,N); 75
6 343 2.8 62.9 TiO; g3Ng.08 Ti(O,N), 9>

AlL,Oj substrate, A similar trend was also observed by
Banakh et al.[31]. This observation is consistent with
the deposition conditions where the N,/O, gas flow
ratio was varied. Furthermore, a few percent of O,
(2% of flow ratio) were enough for the formation of
film containing 24—29% of oxygen (TiOg73Nos4),
which is expected because the affinity of oxygen for
titanium is much higher than that of nitrogen. This
behavior is typical for both metal containing oxyni-
tride thin films [32-34], and bulk oxynitride glasses
[35-37]. The relative anion/cation ratio in Ti(O,N),
increased from = 1.6 to & 1.9 with increasing the O,
flow which is close to the relative anion/cation ratio
of Ti,O3 (1.5) and in between the relative anion/ca-
tion ratio of TiN (1.0) and TiO, (2.0).

Figure 1 shows XRD patterns of Ti(O,N) films with
varied O/N composition on Si substrate and c-plane
sapphire substrates for. On Si substrate, except the
substrate peaks situated at 32.9° and 69.1°, few weak
diffractions peaks can be observed throughout the
series. The XRD peak situated around 25° was iden-
tified as a a-TiO, structure (anatase (ICDD 00-021-
1272)) for high oxygen containing film. The peak
situated around 44° can be identified as a NaCl Bl
structure, similar to TiN (ICDD 00-038-1420), or
rhombohedral r-Ti,O5 structure ICDD 00-008-0117)
for middle-high nitrogen containing films, respec-
tively. The series can be divided into two subgroups:
(i) two films with the highest nitrogen content and (ii)
the four additional films in the series with the highest
oxygen content for which a XRD peak from a-TiO,
structure emerged from the background.

@ Springer

On c-plane sapphire, the features are more pro-
nounced. The substrate peaks are situated at 20.5°,
40.6° and 64.5°. With a higher N content, the XRD
pattern presents one diffraction peak at 20 = 36.6°
and can be identified as the 111 peak of a NaCl
structure or as the 0006 reflection from a rhombohe-
dral Ti,Oj5 structure. The anionic substitution is pos-
sible for both material yielding to B1-TiN;.,Ox and
r-Tiz(0;.yNy)3 oxynitride phases yielding a variation
of cell parameter [5, 23, 38]. The (0001) preferential
film orientation of r-Tiy(O;.yNy)3 could be resulting
from similarities of crystallographic structure
between the substrate (space group: R-3c, a = 4.85 A,
¢ =13.27 A, ICDD 01-071-1684) and the film (space
group: R-3c, a =5.13 A, ¢ = 13.66 A, ICDD 00-008-
0117), while the (111) preferential film orientation of
NaCl B1 TiN,O4 is often observed for a NaCl
structure material grown on c-plane sapphire [39, 40].

The abrupt change of the intensity and broadening
of the peaks at ~ 81° was observed between the
TiOg 5oNp 71 and TiO; 27Ng .49 films which was assign
to changes in phase constituting the film from the
NaCl-B1 TiN structure to the r-Ti,Oj3 structure. The
diffraction peak at ~ 38° shifts toward higher angles
when the oxygen content increasing, hence a general
trend of decrease of the cell parameter along the
growth direction is observed. The variation of cell
parameter the NaCl-B1 TiN structure between the
film TiOg 63Ng96 and TiOggoN( 71 was estimated from
a = 4.205(5) A to a = 4.193(5) A. The variation of out
of plane cell parameter of the rhombohedral Ti,O3
structure between the film TiO;,7Np4 and
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Figure 1 X-ray diffraction patterns of Ti(O,N) thin films
deposited on a silicon wafer and b c-plane sapphire substrates
at different O/N flow rates.

TiO;83Ngos is estimated from c = 14.415(5) A to
¢ = 13.790(5) A. Note that the presence of the r-Ti,Os
phase was not entirely excluded for the film TiOg g5-
No.oe and TiOg goNg 71 due to possible overlapping.
TiO;153Np22 and TiO; g3sNpes films present more
complex XRD patterns with the presence of several
peaks ~ 39° and ~ 84°. The detected peaks were
identified as (i) a-TiO, (anatase) with a = 3.896 A and
c =936 A cell parameters (ii) a r-Ti,O; with peaks at
higher 20 angle. This variation of phases was con-
sistent with the elemental composition and ratio Ti/
(O + N) closer to r-Ti;O3 at high nitrogen content
while closer to a-TiO, for high oxygen content film
(Table 2). Similar investigation on TiONy thin films

10979

have shown that the films deposited at 500 °C or
above were composed of a mixture of NaCl type
TiN;_xOx and anatase TiO, while being amorphous
when grown at lower temperature [3, 31]. As shown
in Fig. 2, at high oxygen content, e.g., TiO; 535N 22 and
TiO; g3Ng s films were comprised of a mixture of
r-Ti;O3, in which the nitrogen could be inserted in
anion lattice sites (r-Ti»(O1yNy)3), and an a-TiO,
phases.

Figure 2 presents Ti 2p, O1s,N1s,and C1 s core
levels XPS spectra of Ti(O,N) thin films deposited on
silicon wafer and sapphire substrates at room tem-
perature. Although the composition of the same film
on different substrates varied to some extent within
measurement uncertainty the XPS showed similar
trend versus the O/N content in the film. The
intensity of the N 1 s decreased while the one from O
1s intensity increased. The latter was in good
agreement with variation of reactive gas flow ratio
presented Table 1. For the N 1 s spectra in Fig. 2 c)
and f), the position of the N 1 s peak of NaCl TiN and
NaCl TiON,, were used as reference [41]. For the O
1s spectra (Fig. 2 b) and e)), three peak positions
were used as reference: a-TiO, (530.0 eV), r-Ti,O3
(531.1 eV) and in NaCl B1 TiONy, (631.9 eV) [41]. An
increase of oxygen content yielded a variation of the
peak shape where contribution of several peaks could
be expected (a-TiO,, r-Ti,O3 and NaCl B1 TiONy). At
higher oxygen content, components at lower binding
energy were becoming predominant.

The progressive introduction of oxygen into the
film modified the Ti 2p spectra indicating changes in
the chemical bonding of the film. Reference peaks for
Ti 2p;3,» were used in Fig. 1a): 455.2 eV for TiN and
its satellite; 456.2 eV for TiO,Ny; 458.1 eV for Tiy O3,
and 459.2 eV for TiO, [31, 41-43]. The intensity of
each component in the Ti 2p peak gradually varied
with the oxygen content. For the film having the least
amount of oxygen, the XPS spectra of Ti 2p seemed to
be composed of a single contribution with a peak
position close to TiN (4552 eV) and its satellite
(457.5 eV). When the oxygen increased in the films,
the intensity of the nitride component reduced with
the emergence of other components at higher binding
energy such as oxide (Ti;O; or TiO,) component.
These observations revealed a possible multiphase
character of the films where several phases with
different crystal structures could be expected when
the oxygen content was higher in the series. On both
substrates, the XPS spectra peak revealed the change

@ Springer
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Figure 2 XPS spectra of Ti 2p, N 1 s and O 1 s core-level signals from Ti(O,N) thin films deposited on a, b, c silicon substrate and on d,

e and f c-plane sapphire substrate.

of Ti environment with the more pronounced con-
tribution from oxynitride/oxide than from a nitride
component when oxygen content increased in the
films.

The XRD results and interpretation were in con-
sistency with the XPS results revealing the possible
presence of several phases for which possible partial
substitution in the anionic network: (i) a NaCl
structure TiN;_,Oy for the nitrogen-rich containing
films, (ii) r-Tix(O;_yNy); for the intermediate N/O
ratios, and a mixture of a-Ti(O;_,N,), and r-Tiy(-
0O;_yNy)3 structures for films with the highest oxygen
content.

Figure 3 shows the surface morphology of the
Ti(O,N) thin films deposited on Si and c-plane sap-
phire substrates with different O/N ratios. The film
thickness decreased from 80 to 55 nm when the
oxygen content in the films increased. Poisoning of
the titanium target during the process when adding
oxygen in the plasma was responsible for the thick-
ness decrease. The films could be divided into sub-
groups depending on the used substrate. TiOg 73N g4
and TiO; N7 films with high N content on Si

@ Springer

substrate show homogeneous nanocrystalline grains.
When the oxygen content increased in the films, c.f.
TiO1 06Npeo and TiO; 33Np43, another type of grain
emerged with a larger grain size indicating the pos-
sible presence of two phases in the films. Finally,
TiO4 52Np 24 and TiO; 67N 14 films had homogeneous
morphology with elongated nanocrystalline grains
and locally bigger grains.

On c-plane sapphire, the four highest containing
nitrogen films have similar morphology with dense
smooth nanocrystalline morphology. The two highest
oxygen containing films have a different morphol-
ogy, similarly as the highest containing film on Si,
with elongated nanocrystalline grains. Note here, on
the films TiO; 47Np 31, locally some elongated nano-
grains were observed. The variation of morphology
observed by SEM was following the changes and
corresponds to variations of phases constituting the
film which have different structure and symmetry
(cubic, rhombohedral, tetragonal). When increasing
the oxygen in a TiON;_,, Grains sizes varies for
TiO; 27Np 40 film when the r-Ti,Oj3 structure appears;
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Figure 3 SEM surface micrographs of the Ti(O,N) thin films prepared in various O/N ratio. The thickness determined by ellipsometry is

mentioned for each film.

or for the TiO; 55N> film when the a-TiO, structure
phase emerged.

Figure 4 shows the refractive index, extinction
coefficient, and absorption coefficient of Ti(O,N) thin
films deposited on Si and c-plane sapphire substrates.
More details about the variation of optically graded
films can be found in Figure S1 in the supplementary
information. The graded refractive index detected on
some film was believed to be caused by a columnar
growth as commonly observed on columnar films
[44, 45]. The values of the refractive index reported in
Fig. 4 are the values extracted at the bottom of the
film. Those values are the most representative and
presented for all samples in the series.

The complex refractive index as a function of
wavelength, as well as the absorption coefficient as a
function of energy, and a clear trend can be seen
where higher absorption at longer wavelengths cor-
responds to films with a higher N-content. As a
general trend here, Similarities and subgrouping
were observed within the sample series in a similar
way as it was observed by XRD, SEM and XPS.

On Si substrate, TiOg 73N g4 and TiOq goNg7; films
(subgroup gl) exhibited a lower refractive index with
a pronounced feature around 405 nm. TiO;5:Np24
and TiO; 67Ny 14 films (subgroup g3) exhibited a sig-
nificantly sharper feature at around 320 nm, and

TiO1.06Noso and TiO;33Np43 films (subgroup g2)
exhibited a mix of both these features.

According to XRD patterns of the films on both
substrates, the films with higher oxygen content
contained a mixture a-TiO, and r-Ti,O; phases, the
samples with higher nitrogen content contained a
NaCl B1 TiN structure, while the intermediate com-
position were composed mainly of Ti;Os.

The absorption coefficient, being related to the
refractive index, (Fig. 4c) revealed an absorption in
the entire investigated spectrum for samples TiOg 73-
No.sa and TiO; 02Ny 71, whereas the rest of the samples
grown on Si substrates exhibited a section of the
spectrum with zero, or nearly zero absorption ().
The onset of absorption shifted towards higher
energy/shorter wavelengths with decreasing N-con-
tent. The two samples e.g., TiOg73Np g4, and TiOq -
No71 (subgroup gl), exhibited metallic properties,
which was why the optical model for those films
contained Drude-oscillator components [29].

The samples grown on sapphire substrates could
be divided into three subgroups, where TiO; 53Ng 22
and TiO; g3Np s films (subgroup g6) exhibited one
relatively sharp feature in refractive index at around
320 nm whereas TiOO.63NO.96, TiOO.ggNgjl, TiOl‘27_
No.ao, and TiO;7Ng49 films (subgroup g4 and g5)
exhibited significantly broader features centered at
longer wavelengths/lower energies. Only the films
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Figure 4 Refractive index, extinction coefficient, absorption coefficient, respectively of the Ti(O,N) thin films prepared in various O/N

ratio on a, b, ¢ Si substrates and d, e, f on sapphire substrate.

belonging to subgroup (g6) exhibit spectral regions
with zero absorption. Moreover, a metallic behavior
was observed when the N-content increases, and in
this case three of the samples (TiOg73Npgs, TiO1 p2-
No71,and TiOp3Npoes) were modelled using Drude
oscillators. A fourth sample (TiOg g9Np 71) exhibited a
tendency towards metallic absorption, however too
small to be modelled with a Drude oscillator model.
Where applicable, bandgap values have been cal-
culated using a modified Cody plot [30], and the
values can be found in table S1 and Figure S2. All
bandgap values are decreasing with increased nitro-
gen from a maximum recorded of 3.75 eV, which is
somewhat higher than the value for pure a-TiO,
reported elsewhere[46] (3.2 eV). The difference in
band gap energies recorded on the films containing
the higher amount of oxygen could be attributed to
the non-single phase containing aspect of the film
and the partial substitution in the anionic network.
From the most oxidized coating, insertion of
nitrogen in the film yielded a decrease of the band
gap from 3.75 eV (TiO;Np14) to 3.00 eV(TiOq 6.
No.o) on Si (100) and from 3.75 eV (TiO; g3Npog) to
3.50 eV(TiO; 47Ng 3;. Substitution in As the substitu-
tional atom, the nitrogen in an oxygen site would act
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as a donor, resulting in an increase of the band gap
with hybridization of the N 2p and O 2p lowering the
valence band towards the conduction band (com-
posed mainly by the 3d orbitals of the metal)
[5, 38, 47]. When nitrogen atoms are incorporated in
the crystal lattice of either anatase TiO, or r-Ti,O3, the
valence band is lowered hence the bandgap is
reduced of the material. As a result, photons with
lower energies, including those in the visible light
range, can now be absorbed by the material, hence
reduces the transparency of the material to visible
light [48]. This study shows that the effect of nitrogen
substitution in anatase TiO, and the r-Ti,O; present
similitudes for which growth competition seemed to
occur at specific composition in the nitrogen/oxygen
composition spectrum of the materials system
Ti(O,N) grown in those deposition conditions.

Conclusions

TiONy films, with 0.63 <x <1.83 and
0.96 >y > 0.08, were deposited on Si and c-plane
Al,Oj substrates by reactive RF magnetron sputtering
in a UHV deposition system. Crystalline thin films
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were grown, and the phase composition of the films
varied depending on the O/N content. The N-rich
films (x < 0.9 and y > 0.7) were composed of a NaCl
B1 TiN;_,Oy phase, while the O-rich films (x > 1.5
and y < 0.2) were composed of the anatase Ti(O;_,.
N,), and rhombohedral phase. The films with inter-
mediate compositions were constituted of the
1r-Tiz(O;_yNy)3 phase. The variation of phases com-
bined with possible substitution in the anionic net-
work of the three phases NaClB1 TiN, r-Ti,O3, a-TiO,
influences the optical properties of the obtained films.
The optical properties measured by spectroscopic
ellipsometry revealed a shift in the absorption edge of
the film towards longer wavelengths for films with a
higher N-content. The band gap values increased
from 3.0 to 3.7 eV, making the material more trans-
parent upon increase of O-content. On the increase of
nitrogen, the film exhibited metallic properties, with
absorption in the entire UV-VIS-NIR spectral region.
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