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ABSTRACT

Ab initio calculations were employed to investigate the effect of oxygen concentration dependent Ti va-
cancies formation on the core electron binding energy shifts in cubic titanium oxynitride (Ti;_sO,N;_y).
It was shown, that the presence of a Ti vacancy reduces the 1s core electron binding energy of the first
N neighbors by ~ 0.6 eV and that this effect is additive with respect to the number of vacancies. Hence
it is predicted that the Ti vacancy concentration can be revealed from the intensity of the shifted com-
ponents in the N 1s core spectra region. This notion was critically appraised by fitting the N 1s region
obtained via X-ray photoelectron spectroscopy (XPS) measurements of Ti;_sO,N;_, thin films deposited
by high power pulsed magnetron sputtering. A model to quantify the Ti vacancy concentration based on
the intensity ratio between the N 1s signal components, corresponding to N atoms with locally different
Ti vacancy concentration, was developed. Herein a random vacancy distribution was assumed and the
influence of surface oxidation from atmospheric exposure after deposition was considered. The so esti-
mated vacancy concentrations are consistent with a model calculating the vacancy concentration based
on the O concentrations determined by elastic recoil detection analysis and text book oxidation states
and hence electroneutrality. Thus, we have unequivocally established that the formation and population
of Ti vacancies in cubic Ti;_sO,N;_, thin films can be quantified by XPS measurements from N 1s core
electron binding energy shifts.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

It is generally accepted that point defects affect stability and
mechanical properties of nitrides and oxynitrides [1-3]. Nitro-
gen vacancies were used previously to increase hardness in TiNy
films [4,5] and toughness in Vy5MogsNx [6]. Another example of
point defect engineering are efforts to improve temperature stabil-
ity in TiAIN [7]. Furthermore, it was shown that nitrogen vacancies
can be used to stabilize the mechanically unstable cubic MoN [8],
TaN [8] and WN [9]. Theoretically, point defects are readily de-
scribed, however, precise point defect quantification is a challeng-
ing experimental task and is usually done via indirect estimates
such as composition and/or lattice parameter measurements [1,7].
While positron annihilation spectroscopy can quantify defects like
vacancies or dislocations, a knowledge of lifetime for positrons an-
nihilated in the bulk (defect free) material is required [10].
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However, since it was established that the coordination number
of an atom influences the core electron binding energies (BE) [11],
it is possible to detect and quantify the point defect concentra-
tion by using X-ray photoelectron spectroscopy (XPS), provided
that the population of point defects and the corresponding en-
ergy shift can be resolved spectroscopically. One material class
with inherently high point defect concentrations are rocksalt struc-
ture oxynitrides. It was shown that the presence of oxygen induces
metal vacancies in significant concentrations in VAION [12] and
TiAION [1,13,14] and more specifically, that the vacancy concen-
tration depends directly on the oxygen content based on a simple
textbook oxidation state electroneutrality model (1 Ti vacancy per
3 0 atoms) [1,12]. Therefore, the oxynitrides are selected for a criti-
cal appraisal of the XPS-based vacancy detection and quantification
notion.

In recent years, the importance of ab initio calculations in anal-
ysis and understanding of the X-ray photoelectron spectroscopy
measurements has been growing. Some recent examples include
studies of poly-epoxy polymer surface bonding [15-17] determi-
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nation of N-doping positions in TiO, [18], determination of the
structure of epitaxially grown silicene [19], efforts to distinguish
the amount of O in TiO,, mixed TiSi and SiO,-like environment,
allowing quantification of Ti and Si mixing in the Ti,Si;_,O, thin
films [20] and others [21-23].

In this work, we combine ab initio density functional theory
(DFT) calculations and XPS measurements to critically appraise if
the presence and population of Ti vacancies can be resolved by XPS
in Ti;_sOxN;_, thin films with varying O content.

2. Methodology

Ti;_sO4N;_, thin films were deposited using reactive high
power pulsed magnetron sputtering (HPPMS) utilizing a combina-
torial setup [24]. Si (100) substrates were positioned at a distance
of 10 cm with respect to the cathode. Oxygen was introduced at
the top of the 0.5 m long cathode to achieve a gradient in the
partial oxygen pressure over the cathode length. Consequently, a
chemical composition spread was realized on the substrates as a
function of the distance from the oxygen inlet. The base pressure
was always < 9 x 107> Pa and increased to < 2.5 x 10~ Pa after
heating the substrates to ~ 380 °C. The Ar (purity > 99.999%) flow
was set to 200 square cubic centimeter per minute (sccm) and N,
(purity > 99.999%) flow was 30 sccm, leading to total pressure of
approximately 0.43 Pa for all depositions. The Ti target (purity >
99 wt.%) was sputtered at a duty cycle of 2.5% and at a frequency
of 500 Hz (20 ps on time, 1950 ps off time), with a time-average
power of 1485 W. The depositions were done in four batches, using
0, 0.45, 0.9 and 1.35 sccm of O, flow (purity > 99.999%) respec-
tively, leading to peak currents of 229, 229, 219 and 208 A and
peak power densities of 361, 367, 348 and 333 Wcm~2 for the re-
spective batches. The Si substrates were kept at a floating potential.
After 90 min depositions, the samples were cooled in vacuum for
at least 4 h and only vented when the sample holder temperature
was below 60 °C in order to minimize the surface oxidation after
deposition [25].

XPS measurements were carried out in a KRATOS AXIS SUPRA
spectrometer, using an Al K, monochromatic source at 1486.6 eV,
hemispherical analyzer and 128-channel delay-line detector. High
resolution spectra of the N 1s region were taken using the pass en-
ergy of 10 eV, energy step of 0.04 eV, integration time of 1 s and
12 sweeps. The measurements were done in hybrid mode with the
measurement spot size of 700 x 300 pm. All of the samples were
sufficiently conductive and no charging was observed. The BE scale
of the spectrometer was calibrated using the sputter-cleaned poly-
crystalline Ag foil, leading to Ag 3ds,, peak position at 368.2 eV.
Chemical composition depth profiling was done by time-of-flight
elastic recoil detection analysis (ERDA) at the Tandem Laboratory
of Uppsala University and details can be found in Azina et al. [26].
Nitrogen concentrations were corrected based on a stoichiomet-
ric TiN reference thin film [27]. Average chemical compositions
were obtained from the depth profiles by excluding the surface-
near region. The statistical uncertainty in all measured depth pro-
files was < 0.4 at.%. In this manuscript all samples are referred to
by their O concentration as measured by ERDA. X-ray diffraction
(XRD) measurements were done with a Bruker D8 Discovery gen-
eral area detector diffraction system (GADDS) using Cu(Ke) radia-
tion. More detailed information pertaining to experimental proce-
dures employed can be found in the Supplementary material (SM).

Density functional theory [28,29] was employed for the cal-
culations of BE shifts. Ti;_sO,N;_y, 2 x 2 x 2 supercells based
on the NaCl-type TiN conventional cubic cell were generated us-
ing the special quasi-random structure (SQS) method [30] for the
electroneutral configurations, specifically with 1 Ti vacancy per 3
O atoms. Six different compositions with 0, 3, 6, 9, 12 and 15 O
atoms per cell were considered. Additionally, configurations with
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1, 2 and 4 extra Ti vacancies (no longer maintaining the elec-
troneutrality) were generated containing the same number of oxy-
gen atoms as the electroneutral configurations. Three SQS struc-
tures were constructed for every composition and the quantities
reported here are the average from the three different cells. Vi-
enna ab initio package was used for the full structural relaxation
of all cells [31,32]. A core-hole approach was used for the calcu-
lation of the binding energies of the core level [11]. The binding
energy was calculated as an energy difference between final state,
where electron from the specific core level was placed into the va-
lence band, and the initial ground state. This method, although not
yielding accurate absolute BE values, is able to provide precise BE
differences. BEs were calculated for N 1s states of all atoms in the
electroneutral structures using the Wien2k full-potential all elec-
tron code [33]. Specific implementation and numerical details of
the calculations are described in the SM Section S1 and all calcu-
lated data are available under the Creative Commons license in the
NOMAD archive [34].

3. Results and discussion

All as deposited Ti;_sOyN;_, films with varying O concentra-
tions ranging from 0.4 at.% to 28.6 at.% (SM Table S6), as deter-
mined by ERDA measurements, exhibit a single cubic phase based
on XRD (SM Figure S3). The film morphology changes from dense
columnar grains for samples with low O content to a fine-grained
nanocrystalline microstructure as more O is incorporated (SM Fig-
ure S7). Further details and discussion about the film composition
and structure can be found in SM Sections S3, S4 and S5.

N 1s core level XPS measurements of selected samples are pre-
sented in Fig. 1. As the O content increases, significant shifts of
the spectral weights to lower BEs are clearly visible. Qualitatively,
this is consistent with previous reports on TiN surface oxidation,
where the surface oxynitride component was reported at lower
binding energies with respect to the main TiN component [25,35].
The decreasing intensity of the N 1s signal is caused by the over-
all decrease of the N content as a consequence of the substitution
by O.

For fitting of the N 1s XPS data we modified the approach from
Greczynski and Hultman [35]. Here, minor differences include a
Tougaard-like background [36] and the separation of single TiOxNy
component into two components TiON! and TiON? was imple-
mented, as reasonable fits using four peaks only from [35] in the
case of TiN-oxidation, namely TiN, TiN-sat, TiOxN, and N, could
not be obtained. However, a fitting procedure using an additional
TiON peak (TiN, TiON!, TiON2, TiN-sat and N,), resulted in high
quality fits for all studied compositions. An example fit for one
selected composition is presented in Fig. 2(a) and shows that all
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Fig. 1. Selected measured N 1s XPS spectra.
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Fig. 3. Evolution of (a) fitted positions of the TiN, TION! and TiON? components,
(b) calculated mean binding energies of NVt NV, N?¥n and N*V" components, as
a function of O content.

DFT calculations were employed to critically appraise the work-
ing hypothesis of this paper, namely that the presence of Ti vacan-
cies causes significant and hence measurable changes in the N 1s
core level binding energies and that subsequently the population
of defects can be quantified by XPS. For evaluation of the N 1s core
levels, the calculated binding energies of all N atoms in the struc-
ture were hence divided into groups based on the number of Ti
vacancies in the first coordination shell. Nitrogen with 6 Ti neigh-
bors and O Ti vacancies is being labeled as N°VTi, while N'VTi has
5 Ti neighbors and 1 Ti vacancy, etc., see Fig. 5. Fig. 2(b) shows
a broadened calculated binding energies of the N 1s core levels
for the electroneutral Ti;_sO,N;_, with 14.8 at.% of O. The bind-
ing energies for N'VTi and N?V7i atoms are shifted to smaller bind-
ing energies by 0.56 eV and 1.1 eV with respect to the main N°Vri
component, respectively. The evolution of mean N°Vri, N'Vri, N2V
and N3V1i N 1s binding energies as a function of O content for all
calculated compositions is shown in Fig. 3(b). The peak positions
of the individual N"VTi components shift to a slightly higher BEs
as the oxygen content increases, however the overall shift is be-
low 0.2 eV over the whole oxygen concentration range. The shifts
between the different NVt components corresponding to the dif-
ferent numbers of vacancies are, however, very similar for all com-
positions. This suggests that the relative BE shifts do not depend
on the overall composition of the films, but are sensitive to the
specific local chemical environment. Furthermore, it is evident that
the effect of the Ti vacancies on the N 1s core level is additive
and amounts to 0.5-0.6 eV BE decrease per Ti vacancy in the first
coordination shell. Therefore, the calculated binding energies pre-
dict a significant shift of the N 1s core level, due to the presence
of Ti vacancies in the first coordination shell which is consistent
with our working hypothesis that the presence and population of
Ti vacancies in Ti;_sO,N;_, thin films can be quantified by the XPS
measurements.
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Fig. 5. Example of (a) N, (b) N'V» and (c) N®Y© atoms (crossed atom at the
center). N atoms are gray, Ti are blue and O atoms are marked red. Visualized by
VESTA [37]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The relative intensity ratios of the five fitted components for
all films are shown in the Fig. 4(a) and Table 1. The relative in-
tensity ratio of the TiN component is the dominating one up to
~22 at.% O content and is decreasing with increasing O content
over the whole composition range. The relative intensity ratio of
the TiON' component increases up to ~30% at 18.5 at.% O and sat-
urates at this level for higher oxygen concentrations. Similarly, the
relative intensity ratio of the TiON2 component is also increasing
with the O content over the investigated composition range. How-
ever, contrary to the TiON! the increase of the TiON2 component
is moderate at low O contents and then increases monotonically
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above 15 at.% O. The intensity ratio of the satellite peak is ~20%,
similar for all here probed samples. The N, component is negli-
gible in films with low O content and only becomes apparent in
films with more than 15 at% O, however its relative intensity is
only around 5% even in the O-rich films. The intensities of the TiN,
TiON! and TiON2 components are renormalized to sum to 1 and
shown in Fig. 4(b).

The obtained relative intensity versus O concentration trends
are in a very good agreement with the theoretical expectations
depicted in Fig. 4(c) for the relative intensities of the N7 com-
ponents as a function of the amount of vacancies on the metal
sublattice &, where, assuming a random vacancy distribution, the
probability of the N atom to have n Ti vacancies in the first coor-
dination shell is

PN (8) = @5"(1 —5)5. (1)

The good agreement between the theoretical prediction and ob-
served trends together with the very good agreement between the
experimental and theoretical BE shifts is a direct evidence that the
TiN, TiON! and TiON? components correspond to N atoms with 0,
1 and 2 close Ti vacancies respectively.

A discrepancy between prediction and experiment is visible at
small O contents. If TiN, TiON! and TiON? components indeed
directly correspond to NVt N'VTi and N?YTi components, their
relative intensity ratios should be 1, 0 and O for pure TiN re-
spectively, which is not the case. This disagreement is caused by
the surface oxidation from atmospheric exposure. Greczynski and
Hultman [35] report the surface oxynitride peak to be shifted by
1.05 eV to lower BEs from the main TiN peak, which causes an
overestimation of the N*V1i and potentially of the N'VTi component.
This is visible also in Fig. 2(a) and (b). At similar O contents the ex-
perimental TiON! and TiON? components are much stronger than
the N'V1i and N?7i calculated components, due to the additional
surface oxidation in the experiment. In fact, it was previously re-
ported that Ti vacancies are formed at the surface during oxidation
of TiN [38] which is consistent with the findings presented herein.

There is no direct evidence for the presence of a N3Vt com-
ponent in the experimental data which is likely caused by its rela-
tively small population: assuming the random vacancy distribution,
the N3V7i ratio is less than 10% at 20% metal vacancies on the metal
sublattice. Furthermore, an energy penalty of 0.68 eV and 0.31 eV
was reported for close Ti vacancies on (110) and (100) chains [39].
This energetic penalty further reduces the ratio of the N3Vt com-
ponent at low Ti vacancy concentrations.

Before any quantification is possible, the influence of the sur-
face oxidation from the atmospheric exposure has to be corrected
for. Greczynski et al. [25] showed, that for pure TiN, four regions at
the surface are present: the carbon contamination on top, pure ox-
ide layer and a transition oxynitride layer which evolve due to at-
mosphere exposure and a bulk-like nitride (oxynitride in our case)
region at the bottom. Since the N 1s peak is used to estimate the
vacancy concentrations, it is possible to ignore the surface oxide
layer as there is no nitrogen present, however the influence of the
oxynitride transition layer needs to be taken into account, other-
wise the amount of vacancies will be grossly overestimated.

The here applied correction procedure rests on the assumption
that the oxidation of all samples is similar as the venting proce-
dure and sample transport to the XPS were similar for all samples.
Hence, it is reasonable to assume that the ratio of the nitrogen
in the transitional oxynitride region to the nitrogen in the bulk-
like region is constant for all of the samples. Therefore, we fit the
component curves as shown in the Fig. 4(b) with functions similar
to Eq. (1). However, a constant offset was applied to account for
signal contributions due to surface oxidation by atmospheric expo-
sure.
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Since the experimental NOVti, N'V1i and N2V are normalized,
the fitting functions are normalized as well

o PN (8)
torm (8) = —G -G, 2
fnorm( ) pND"Ti (5) N PN1VT| ((S) T PszTi (3) 1 2 ( )
vy pN'T %)
NV ey 4G, 3
fnorm( ) PNOVTi (8) N PNWTi (5) T Psz-rl (8) 1 ( )
v, PNZVTi S
frll\lorm( )= ©) +G, (4)

PN (§) + PNYT(§) 4 PNPT(§)

where C; and G, take the effect of surface oxidation due to at-
mosphere exposure into account. It is furthermore assumed dur-
ing the fitting of C; and C, the relationship between vacancy con-
centration and oxygen content can be described by a constant c,
6 = ([0], a free parameter in the fit. The resulting fitted values of
C; and G, are 5.3% and 8.3%.

With the component ratios corrected for the surface oxidation
due to atmospheric exposure, the vacancy population can be es-
timated. Using the three TiN, TiON! and TiON2 components, it is
possible to obtain not only the vacancy concentration, but also
their distribution, i.e., information about clustering or separation
of the vacancies. However, for simplicity an averaging scheme for
the values obtained from the separate components is used, while
still assuming the random distribution. This approach searches for
a §, for which squared weighted differences between the theoreti-
cal N%1i, N™V1i, N®V1i and experimental TiN, TiON!, TiON2 ratios is
minimized, i.e., to find the minimum of a following function

86) = (R )~ ™)' ( Jlm)z

(oY ()
(o) (k)

where fTiN, fTiONl‘ fTiONz and oTiN, aTiOle oTON? e the fitted
component ratios and their uncertainties for a specific O concen-
tration.

The vacancy concentration estimates using the previously de-
scribed method are summarized in Fig. 6. The results show a lin-
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Fig. 6. Vacancy concentrations as estimated using the here developed XPS method.
Simple estimate based on XRD lattice parameters is added for comparison, as well
as a theoretical line for perfectly electroneutral composition (assuming +3, —3 and
—2 oxidation number for Ti, N and O respectively). All of the models assume that
the vacancies are the only defects present in the films. This is not perfectly satisfied
below 13 at.% O. See SM Section S4 and S7 for more details.
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ear increase over the whole oxygen composition range, from 1.3%
of vacancies on the metal sublattice at 0.4 at.% of O to 15.2% of va-
cancies on the metal sublattice at 28.6%. of O and are in a perfect
agreement with the simple electroneutral model. The simpler esti-
mate of the composition dependent vacancy concentrations based
on XRD lattice parameter replicate the trend but exhibits local de-
viations to both the electroneutral model as well as the compo-
sition dependent vacancy model based on the XPS data. While
potential causes for the aforementioned local deviations are dis-
cussed in SM Section 7, the here presented results confirm that
the Ti vacancies are inherently present in and stabilize the cubic
titanium oxynitride and give further support to the previously pro-
posed simple electroneutrality model [1,12]. Furthermore it is evi-
dent that the population of Ti vacancies in Ti;_sO,N;_, for up to
28.6 at.% O can be quantified with the here proposed model utiliz-
ing binding energy data obtained from the N 1s core spectra region
via XPS.

4. Conclusions

Based on the ab initio and spectroscopy data, we have unequiv-
ocally established that the N 1s XPS signal of Ti;_sO,N;_, is sen-
sitive to the presence of Ti vacancies and that the corresponding
vacancy concentration can be quantified with the here proposed
model. Spectroscopic analysis of the N 1s region of Ti;_sO,N;_,
thin films with systematically varied oxygen concentration and
therefore systematically varied Ti vacancy concentration revealed
two components at approximately 0.6 eV and 1.1 eV lower bind-
ing energies with respect to the main TiN-like component. Using
ab initio DFT calculations we established that these binding energy
shifts are caused by the presence of 1 and 2 Ti vacancies in the
first coordination shell of N atoms respectively. A theoretical model
was proposed to quantify the vacancy concentration based on the
relative ratios of the three N 1s components. As surface oxidation
of the Ti;_sO,N;_, films also affect the N 1s binding energy, the
corresponding signal contribution from the oxidized surface was
taken into account. The so estimated XPS vacancy concentrations
are consistent with the theoretical electroneutral model based on
textbook oxidation states.
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