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Owing to its singular and (to some extend) adaptable characteristics, titanium oxynitride
(TixOyN,) represents an exceptional choice in the realm of new materials aiming at the
development of practical devices. However, the effective use of Ti,OyN, in photovoltaic and
(photo)catalysis applications, for example, relies on a refined production—properties bal-
ance. Accordingly, this paper reports on the physico-chemical properties of Ti,OyN, films
as investigated by means of the Raman scattering and X-ray photoelectron spectroscopy
(XPS) techniques — the former shedding light on the structural characteristics of the films,
and the latter providing the state of oxidation of the film's constituents. The films were
prepared by sputtering TiO, and Ti targets in a plasma comprising different mixtures of Ar
and N,. Because of the deposition method and conditions, the films exhibit Raman spectra
that are consistent with a combination of TiO, and TiN or, more properly, Ti,OyN, under
the amorphous and (nano/micro-)crystalline structures. In fact, the experimental data
indicate the presence of four TiO,- and two TiN-related phonon modes, whose relative
scattering features scale with the oxygen and nitrogen contents of the films. A similar
concentration dependence was verified with the percentage of Ti*", Ti®*", and Ti*" chemical
states of oxidation. This mutual concentration dependence was explored thoroughly and
the results clearly indicate the suitability of the Raman data to estimate the typical atom
composition and distribution of the Ti-related chemical states of Ti,OyN,.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

several efforts have been focused on the development of oxy-
nitrides with specific new-superior properties. Within this
scenario, the titanium oxynitride Ti,OyN, occupies a privileged

For a long time, the optical-electronic characteristics of oxy-
nitrides have attracted widespread attention from the scienti-
fic community [1]. Whereas part of this interest involved the
study of their basic aspects (production, chemistry, etc.),
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position and it is anticipated to produce considerable techno-
logical advances in the near future. Roughly, Ti,OyN, is a multi-
component material that, depending on its composition and
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structure, exhibits properties midway between those of TiO,
and TiN. As a result, under suitable atomic arrangements, the
properties of Ti,OyN, could expand the range — or even
improve the performance — of applications typically performed
by TiO, (such as in photovoltaics [2] and catalysis [3—5], for
example), and TiN (hard coatings [6], plasmonics [7], and
transparent conducting layers [8]).

With this in mind, Ti;OyN, has been prepared either by
modifyingits precursors —i.e., nitrogen (oxygen) implantation of
TiO, (TiN) or nitridation (oxidation) of TiO, (TiN) — or by con-
structing its structure “atom-by-atom” (as provided by physical-
and/or chemical-based routes) [9]. Whatever the chosen prepa-
ration method (and conditions), understanding the basics
behind the Ti,OyN, formation and, above all, controlling the
TixOyN, characteristics are crucial for any practical application
[4]. In fact, these have been the purposes of many works inves-
tigating the role played by different atomic compositions-
structures [10,11], in close association with the presence of de-
fects [12], onto the final properties of Ti,OyN,. Therefore, allied to
the successful preparation of Ti,OyN, itisimportant to assess its
main properties to establish every possible cause-and-effect
relationship. The Raman scattering and X-ray photoelectron
spectroscopic techniques (in the middle of many others)
perfectly meet this requirement by providing key physico-
chemical information. Besides, they are well-established tech-
niques that are available in most laboratories carrying out
research in the field of materials science [13,14].

This forms the basis of this paper that reports on the
structural and chemical characteristics of Ti,OyN, films as
presented, respectively, by Raman and X-ray photoelectron
spectroscopy measurements. The films were produced by
sputtering TiO, and Ti targets with plasma atmospheres con-
sisting of Ar + N, mixtures. The analysis of the Raman spectra
indicates an amorphous + crystalline structure corresponding
to TiO,- and TiN-related phonon contributions that change
with the oxygen and nitrogen concentrations of the Ti,OyN,
films. A similar composition dependence was observed with
the development of the Ti*" (TiO,-related), Ti** (TixOyN,), and
Ti*" (TiN) chemical states of titanium. Altogether, the experi-
mental results clearly indicate the importance of Raman
scattering spectroscopy in evaluating the average atom
composition and the Ti-related chemical states of Ti,OyN..

2. Experimental details

The TiyOyN, films were deposited in a high-vacuum chamber
(base pressure ~ 2 x 10~ Torr) by sputtering TiO, and Ti solid

targets onto fused silica and crystalline silicon substrates kept
at 375 + 25 °C. Each deposition run was 3 h long and it was
assisted by a radio frequency (13.56 MHz) generated plasma
obtained from a mixture of high-purity Ar and N, gases
(constant total pressure of 10~* Torr — as imposed by a vac-
uum throttle valve). As a result, a series of seven different
TixOyN,, films were produced (see Table 1).

After preparation, the atomic structure and chemical
composition of the TixOyN, films were investigated by means
of Raman scattering and X-ray photoelectron spectroscopy
(XPS), respectively. All measurements were carried out at
room-temperature and, in order to minimize either spurious
signals or charging effects, they considered films deposited
onto fused silica (Raman) and crystalline silicon (XPS) sub-
strates. The Raman spectra were achieved with 632.8 nm
photon excitation, backscattering geometry and no preferen-
tial polarization, rendering ~2 cm™' resolution. The XPS
measurements took place under ultra-high-vacuum condi-
tions (~10~° Torr) by using a monochromatic Al X-ray source
(1486.6 eV and 50 meV linewidth) and no sample cleaning was
performed. The XPS spectra were energy-corrected by the C 1s
level (at 284.8 eV) and their analysis followed the standard
procedure (i.e., subtraction of electron inelastic scattering [15]
and correction by sensitive factors [16]). Further study
included the deconvolution of the Ti 2p (and N 1s and O 1s)
core levels — according to their different chemical states and
(where applicable) spin—orbit components — with Gaussian
functions. In all cases, the CasaXPS processing software [17]
was considered, providing the atom concentrations (Table 1)
and the Ti-related chemical information.

3. Results

Fig. 1(a) shows the Raman spectra of some representative Ti.
OyN, films. As can be seen, the scattering signals are rather
broad indicating that the atomic structure of the films is
amorphous or constituted by a mixture of amorphous + (nano/
micro-)crystalline contributions [13]. Also, it is clear the influ-
ence of the deposition conditions (or chemical composition of
the films) on the overall shape of the Raman spectra, in which
the scattering signals at ~ 180 and 550 cm~* develop with the
nitrogen content of the films. A similar phenomenon can be
observed in Fig. 1(b) that displays the XPS spectra of the Ti 2p
core levels of the same Ti OyN, films. In this case, however, the
most prominent changes (as induced by the composition of the
films) refer to the Ti* states, for example.

Table 1 — Main characteristics of the Ti,OyN, films: identification, deposition conditions (sputtering target and plasma

atmosphere), and atom concentration (as determined from XPS measurements). sccm corresponds to standard cubic

centimeter.
Sputtering target Film A Film B Film C Film D Film E Film F Film G
Ti TiO, TiO, TiO, TiO, TiO, Ti
Plasma atmosp (sccm) Ar 2.0 2.0 1.5 1.0 0.5 0.0 0.0
N, 0.0 0.0 0.5 1.0 1.5 2.0 2.0
Atom concentration (+2 at.%) Ti 46 34 32 33 34 34 36
O 54 65 49 45 39 37 24
N (0.6) (1.0) 19 22 27 29 41
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Fig. 1 — (a) Raman scattering spectra of some Ti,OyN, films produced by sputtering according to different deposition
conditions (see Table 1). (b) Same as in (a) but concerning the XPS of the Ti 2p core levels. The spectra in (a) and in (b) were

normalized and vertically shifted for comparison reasons.

The features present in Fig. 1 can be analyzed in detail by
separating the experimental spectra according to their main
constituents, i.e.: scattered light due to Ti—O and Ti—N bonds
(Raman), and photoelectrons associated with the different Ti-
related chemical states (XPS). In the first case, the Raman O-
and N-related contributions were defined in view of their TiO,
and TiN (either amorphous or crystalline) counterparts. Ac-
cording to literature, crystalline TiO, exists mainly in the
Anatase and Rutile phases and presents Raman signals at
approx. [18]: 144 cm™" (corresponding to the Anatase-E; and
Rutile-B;, vibration modes), 196 cm™" (Anatase-Eg), 235 cm ™"
(combination of Rutile modes), 395 cm™" (Anatase-Byg),
448 cm " (Rutile-Eg), 518 cm ™' (Anatase-A;g + Big), 609 cm
(Rutile-A4p), and 639 cm ™ * (Anatase-Eg). These figures contrast
with those of amorphous TiO, in which the scattering signals
are red-shifted and considerably broader [19]. Regarding the
Ti—N bonds, their phonon vibration modes could be either of
acoustic (A), optical (O), longitudinal (L) or transversal (T) na-
ture and, usually, take place at [20,21]: ~235 (TA), 320 (LA), 440
(2A), and 570 (TO). Besides, considering its small polarizability
change (due to a face-centered cubic structure allied to the
presence of nitrogen vacancies [20]), TiN is known to always
present broad Raman signals — no matter its structure is
amorphous or (nano/micro-)crystalline.

Based on these facts, and taking into account the amor-
phous character (resulting from the deposition method and
conditions) of the samples and possible coupling of the TiO,-
and TiN-related phonons, the Raman spectra of the Ti,OyN,
films were investigated thoroughly. In view of that, six major
contributions — in the form of Gaussian functions — were
achieved for TiyOyN,: four ascribed to TiO, (at ~ 110 + 20,
300 + 20, 430 + 20, and 630 + 20 cm ™) and two related to TiN

(at ~ 180 + 15, and 550 + 25 cm ™). The main results of these
TiO,- and TiN-related phonon bands in some selected TiOyN,
films are shown in Fig. 2(a)—(c)—(e). As can be seen, the pro-
posed bands assignment is very descriptive and reproduces
most of the Raman spectra with remarkable precision.

The analysis of the XPS spectra was performed essentially
interms of the Ti2p corelevels. In this case, the XPS spectra were
deconvoluted according to the Ti*", Ti**, and Ti** chemical
states and respective spin—orbit components (again in the form
of Gaussian contributions), and the final results are presented in
Fig. 2(b)—(d)—(f). Therefore, it was possible to obtain information
regarding the chemical states of Ti that are typically attributed
to [22,23]: (a) TiO, (Ti*" with Ti 2pay, at ~ 458.7 eV); (b) Ti,05 or
TixOyN, (Ti** with Ti 2ps, at ~457.3 eV); and (c) TiO or TiN (Ti*"
with Ti 2ps, at ~455.5 eV). A similar procedure was carried
out with the N 1s and O 1s core levels (not shown) but, except for
the presence of N—Ti bonds (scaling with the nitrogen concen-
tration of the films) and O=C bonds (due to unwanted surface
contamination), their investigation provided no relevant
information.

4, Discussion

In view of the adopted deposition conditions, most of the
TixOyN, films present thicknesses in the 100—200 nm range
and an optical transmittance at 632.8 nm (corresponding to
the Raman laser excitation) below ~ 0.05. These figures sug-
gest an optical (Raman) penetration depth of approx. 20 nm
[24,25], that is larger than the layer thickness typically probed
with the XPS measurements [26,27]. The only exception ap-
plies for film A, in which case (because of the deposition
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Fig. 2 — Raman scattering spectra and respective TiO,- and TiN-related contributions present in Ti,OyN: (a) film G, (c) ilm D,
and (e) film A (see Table 1). Ti 2p core levels (2ps/, and 2p,;, components) according to the Ti**, Ti**, and Ti** chemical

states of Ti,OyN,: (b) film G, (d) film D, and (f) film A.

conditions) the film thickness was ~700 nm and no light
transmittance at 632.8 nm was verified at all. Nevertheless,
and apart from some adventitious surface contamination,
the XPS data are very representative of the Ti,OyN, films and,
as it will be shown, they are closely related to the Raman
results.

The combined Raman-XPS data analysis starts with Fig. 3,
that shows the areas of the TiO,- and TiN-related phonon
bands (see Fig. 2(a)—(c)—(e), for instance) as a function of
the nitrogen and oxygen contents of the Ti,OyN, films
(Table 1).

As can be seen, in spite of some data dispersion, the results
make evident the linear relationship between the Raman
spectra features (TiN- and TiO,-related scattering signal areas)
and the chemical composition of the Ti,OyN, films — as
deposited according to different plasma atmospheres and
TiO, and Ti targets. Moreover, the error bars were over-
estimated in order to comply with both experimental (distinct
scattering efficiencies) and data analysis (overlapping of
nearby Raman signals) issues. Overall, the results of Fig. 3
corroborate not only the Raman-XPS data connection but,
specially, the adopted Raman fitting procedure — as defined by
the above-mentioned Gaussian-like (four TiO,-related and

two TiN-related) Raman bands, and respective phonon fre-
quency values and tolerances.

To further explore the characteristics of the TiyOyN, films,
the effect of the atom composition onto the Ti-related
chemical states was investigated as well. Hence, the frac-
tions of Ti**, Ti*", and Ti*' states present in the films are
indicated in Fig. 4, as a function of the nitrogen and oxygen
concentrations of the Ti,OyN, films. According to the figure,
the most significant deviations apply to films deposited with
the Ti target and, most probably, are due to the very high
reactivity of Ti and characteristic surface sensitivity of XPS.
On the other hand, considering the usual association of the
Ti**, Ti**, and Ti*" chemical states, respectively, to TiO,, Tiy.
OyN;, and TiN, the results of Fig. 4 are in perfect agreement
with the nitrogen and oxygen measured concentrations.

An alternative representation of the data of Fig. 4 involves
the sum of the fractions of Ti*" and Ti*" states (in a clear
indication to the merging of TiN and TiyOyN,) and, as ex-
pected, produces the very same Ti*'+Ti*" slope of that
exhibited by the Ti** states. In this case, however, the
ensemble of results suggests the generation of TiN and/or
Ti OyN, at the expense of TiO,. Anyway, and mainly because
the XPS measurements were carried out with no sample


https://doi.org/10.1016/j.jmrt.2021.06.090
https://doi.org/10.1016/j.jmrt.2021.06.090

868 JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;14:864—-870

Oxygen concentration (at.%)
0 10 20 30 40 50 60 70

400} TiO, target J 400

—M—TiN-related bands
—@—TiO,related bands

300 / <300

200f 4200
/

ol /
'l 'l 'l 'l 'l 'l

0
0 10 20 30 40 50 60 70
Nitrogen concentration (at.%)

Ti target 100
O TiN-related bands

O TiO,related bands

Raman integrated area (arb. units)
Raman integrated area (arb. units)

o
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TiO, (filled symbols) and Ti (open symbols) targets and
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the TiOyN, films. Error bars indicate typical data
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guides to the eye. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

Oxygen concentration (at.%)
0 10 20 30 40 50 60 70

100 L L L L ) T L} T 100
TiO, target

80 TP § 480
= -m-T"
E,,: —o—Ti" I <
=2 60 [ i TEHT 460 >~
I #4+Ti T T §’§ é e
7] T o B
—~ |1 T } # £

orr T /H li' Titarget | 40 &
2 %i T =
S o0} / = I A )
= l} o T

- T
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 0

o
—_
o

20 30 40 50 60 70
Nitrogen concentration (at.%)

Fig. 4 — Ti*t, Ti®", and Ti** chemical states (as provided by
XPS data analysis) of rf sputtered TiOyN, films. The data
correspond to films deposited with TiO, (filled symbols)
and Ti (open and partially open symbols) targets and show
how the Ti-related chemical states change with the
nitrogen (in black and gray) and oxygen (in red)
concentrations of the Ti,OyN, films. Error bars stand for
average data uncertainty. The solid lines joining the data
points are just guides to the eye. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)

cleaning, in its present form, the information contained in
Fig. 4 clearly illustrates the systematic increasing (decreasing)
percentage of Ti*" and Ti** (Ti*") states with the insertion of
nitrogen into the TiyOyN, films.

Since the experimental results of Fig. 3 (Raman areas) and
Fig. 4 (Ti-related chemical states) exhibit a mutual association
with the nitrogen and oxygen concentrations of the TiOyN,
films, it seems natural to examine how the phonon bands
information correlates with the distribution of the Ti-related
states. In order to proceed, the Raman data were considered
in terms of their TiO,- and TiN-related Raman area ratio ra-
tios, ie: TiOJ*t
TiN"™%) — (Areariy)/(Areario, +Areary). These Raman ratios
are shown in Fig. 5 as a function of their corresponding
amounts of Ti*" and Ti*'+Ti** chemical states.

The least square fittings of these experimental Raman-XPS
data (with a goodness-of-fitting R-square ~ 0.62) are presented
in Fig. 5 too. Based on them, it is possible to estimate the
percentage of Ti-related states such that:

[Ti*'] ~ 145 x (TiOJ*" —0.25)% and [T +Ti’'] ~ 145

(TiN™%°) _ 0.06)%. The calculations are valid in the 0.15-0.85
Raman ratio range and involve a ~5% error.

The linear regression analysis was applied to the results of
Fig. 3 as well. In this case, however, the absolute Raman-
related areas were replaced by their corresponding TiO,- and
TiN-related Raman area ratios. The obtained expressions (R-
square ~ 0.75) yield the oxygen and nitrogen contents of the

Ti,O,N, films according to: [O] ~ 123 x (TiO[*" —0.27)at.%
and [N] ~ 135 x (TiN"™%) _ 0.21)at.%.

From the practical point of view, the importance of these
Raman-XPS combined expressions is evident, especially when

= (Arearjo,)/(Areario, +Arearyy) and

4
Ti*" states (%)
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Fig. 5 — TiN- and TiO,-related Raman ratios of TiOyN,
films as a function of their corresponding Ti*" and
Ti?*4-Ti** chemical states. Error bars denote typical
uncertainties involving the Raman (+0.05) and the XPS (not
shown, ~5%) data analysis. The dashed gray and red lines
indicate the linear regression of the experimental data. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this
article.)
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considering the speed and convenience in achieving high-
quality Raman spectra at room environment — in contrast
with the time and strict vacuum conditions required by the
XPS measurements. Unfortunately, the use of the Raman
bands (in its present form) allows to estimate the chemical
aspects of the TiyOyN, films only in a limited range and in-
volves some uncertainty. On the other hand, additional films
(involving more statistics and other compositions) certainly
will contribute to improve the usefulness and precision of the
method. Besides, as long as a typical 5% (absolute) error is
satisfactory, the use of Raman analysis represents a very
convenient approach to evaluate the chemical aspects of Ti,.
OyN, films. A similar procedure has been applied after
thermal-induced crystallization of the considered Ti,OyN,
films. In this case, however, the results indicate the complete
transformation of Ti,OyN, into crystalline TiO, with its
equivalent (expected) Ti*"-related chemical states [28].

5. Concluding remarks

This paper reports on the properties of TiyOyN,, films, as pro-
vided by Raman scattering and X-ray photoelectron spec-
troscopy (XPS) measurements. In particular, it presents an
original approach relating the Raman and XPS results with the
purpose of establishing a connection between the atomic
structure and the chemical states of TiyOyN,. The films were
prepared by radio frequency sputtering TiO, and Ti solid tar-
gets according to different Ar + N, plasma atmospheres.
Because of the deposition method the films present an
amorphous + (nano/micro-)crystalline structure, and atom
concentrations that scale with the deposition conditions. The
detailed analysis of the Raman spectra indicates the presence
of TiO,-(at ~110, 300, 430 and 630 cmfl) and TiN-related
(at ~ 180 and 550 cm™?) light scattering signals, that are
perfectly consistent with the oxygen and nitrogen concen-
trations of the Ti,OyN, films. Likewise, the percentage of Ti*t,
Ti**, and Ti*" chemical states (as determined from XPS) pre-
sents a clear relationship with the composition of the films as
well as with their corresponding Raman TiO,- and TiN-related
bands. Altogether, this work shows the suitability of using the
information provided by Raman spectroscopy to estimate the
typical atom composition and Ti-related chemical states of
TixOyN,,.
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