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Abstract: The electronic structure of titanium-based decorative films such as titanium oxides, nitrides,
carbides, and their mixtures was measured by soft X-ray photoemission and absorption spectroscopies. The
titanium-based decorative films were deposited on a silicon wafer by the cathodic arc method with various
gases at different flow rates resulting in diverse colors for decorative coatings to be applied to metal surfaces.
However, it is difficult to control and characterize the coloration of titanium-based decorative films under
various methods and conditions. In this study, the colorful titanium-based decorative films are analyzed in
terms of elemental and chemical compositions to provide a fundamental principle of coloration for decorative
coatings.
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1. Introduction

Titanium (Ti) based decorative film such as titanium nitride (TiN) is a typical hard coating that needs wear and
corrosion resistance on metal and plastic surfaces. Ti-N bonds based on a combination of covalent, metallic, and ionic
bonds result in ceramic-like hardness and chemical inertness as well as electrical and thermal conductivities [1]. TiN is
also gold-like and biocompatible, so the coating is decorative and functional in medical tools and implants [2,3]. The
gold color in TiN films is attractive, especially for watchmakers to decorate specific parts with high functionality, such
as wear and corrosion resistance, without using the gold coating. These excellent properties of TiN coatings are like
the diamond-like carbon (DLC) coating [4,5]. A type of DLC called tetrahedral amorphous carbon (Za-C) for hard
coating provides a higher hardness and lower friction than TiN [6]. However, due to its hardness, fa-C has high internal
stress that causes discontinuity at the interface resulting in poor adhesion to the substrate [7,8]. In addition, the color
of 7a-C ranges from anthracite to black. The color of DLC varies on the hydrogen contents, drastically changing
the hardness of DLC [9,10]. The color of TiN films varies from gold to black upon the elemental and chemical
compositions that provide various applications with and without degrading tribology [7]. A drawback of TiN coating is
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the temperature range limited to below 600 °C due to the surface oxidation, which modifies the color and wear
resistance [11].

The coloration in films is primarily attributed to the electronic structure in a way that visible light is absorbed
and emitted between the valence and conduction bands resulting in a specific color for human eyes [7,11]. Second, an
interference between substrate and film enhances and suppresses a particular wavelength from its color spectrum
[12,13]. Third, the morphology and porosity of films play an additional role in the coloration of films via scattering and
diffusion. A major challenge of coating is to produce a designed color with high wear and corrosion resistance.
However, the color of Ti-based films from the point of view of the electronic structure has not been investigated yet
because its application is highly valuable to decorations such as shiny jewelry.

From the point of the electronic structure, TiN is a promising candidate for p-type metal gate electrodes for
high-k metal-oxide-semiconductors (MOS) to replace poly-Si/SiO, MOS because of a tunable and effective work
function of TiN interface with HfO, and LaLuOs to reduce the energy of consumption and thickness of devices [14-17].
TiN also shows plasmonic properties upon its crystallographic, microscopic structures, and surface oxidation [18-20].

This work analyzes the electronic structures on the Ti-based decorative films fabricated by cathodic arc
deposition (CAD), widely used for large-scale and complex 3D coating in the industry without filters. CAD produces
evaporation and ionization simultaneously so that the target compositions directly transfer to the substrate at a high
deposition rate. The color, texture, and stress of films depend on various conditions in a deposition process. In
particular, the reactive gases and their flow rates play a vital role in the coloration of films based on the elemental and
chemical compositions [11,21]. It should also be noted that the TiN films are prone to oxide on the surface immediately
after air exposure and thermal treatment [22,23]. The scope of this work not only discloses the surface chemistry of
decorative and practical Ti-based coatings but also analyzes the relation of chemical compositions between the surface
and bulk of films in combination with soft X-ray photoemission spectroscopy (XPS) and soft X-ray absorption
spectroscopy (XAS).

2. Experimental

The color of the Ti-based decorative films was evaluated by ColorQuest XE spectrophotometer (HunterlLab) in
the Commission Internationale de I'éclairage (1931) CIELAB (1976) standard colorimetric space based on the brightness
(L*), and chromaticity (&* and £*) under CIE standard illuminant D65 [24].

The Ti-based decorative films (1 TiO, and 5 TiN-based samples) were prepared by an industrial cathodic arc
deposition system (HCCA-2228, Guangdong Huicheng Vacuum Technology Co., Ltd., China) installed at Thapanin Co.,
Ltd (Thailand) as illustrated in Figure 1. The cathode material is Ti at 99.99% purity. The high purity gases (99.99%) of
argon (Ar), oxygen (O,), nitrogen (N,), and acetylene (C;H,) were used to control the color of films so that Ti-based
films can be titanium carbide (TiC), nitride, oxide, and their combinations including titanium carbonitride (TiCN) and
oxynitride (TiON). However, detailed parameters and conditions are not disclosed because the color of the films
deposited is not reproducible or stable in each coating process. The deposition chamber was evacuated to a base and
operating pressure below 10> and 107" Pa, respectively. A mirror-polished silicon wafer was used as a substrate. The
substrates were ultrasonically cleaned in acetone and ethanol prior to the deposition. A mass-flow controller controls
the flow rate. The arc potential applied to the cathode is 300 volts. The substrate is biased at 100 volts, and its
temperature is 100-150 °C. The sample stage in the carousel was rotated at a speed of 20 rpm to make a film
homogeneous. The film thickness is varied in the range of 50-470 nm measured in field emission scanning electron
microscopy (FE-SEM).

Ultraviolet photoemission spectroscopy (UPS), XPS, and near-edge X-ray absorption spectroscopy (NEXAFS)
measurements were performed at BL3.2Ua in Synchrotron Light Research Institute (SLRI, Thailand) [25,26]. UPS and
XPS spectra were measured by the CLAM2 electron energy analyzer (Thermo VG Scientific) at the emission angle of
20°, and the incident angle of light is 70°. The light polarization is parallel to the sample surface. Light intensity was
monitored at the gold mesh in front of the sample to normalize the spectra. The sample surface is grounded by carbon
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tapes and kept at room temperature. Synchrotron radiation from the planar undulator (U60) is used to excite the
photoelectron from the sample surface. The U60 gap is fixed at 26.5 mm. No etching was performed prior to the
measurements to prevent the artifacts from sputtering damage [27,28]. The information depth of UPS and XPS is about
3 nm from the surface [29,30].

Figure1 A schematic drawing of the cathodic arc deposition setup from the top (left) and side (right) views.

The UPS spectra were measured at the photon energy of 39.5 eV, and samples were negatively biased to
extract the low kinetic energy electrons (secondary electrons). The binding energy of UPS spectra is referenced from
the Fermi edge of gold. The work function is calculated from the cutoff energy, and the total energy resolution of UPS
is 0.15 eV at the pass energy of 10 eV in the energy analyzer.

The XPS spectra were measured at the photon energy of 600 eV. The total energy resolution is about 2 eV at
the pass energy of the energy analyzer is 50 eV. The binding energy of XPS spectra is referenced from the work
function method described elsewhere [28,31-33].

The NEXAFS spectra were measured at the C, O, N K and Ti /3, edges in the total electron yield (TEY) and
fluorescence yield (TFY) modes at the same sample position as XPS. TEY is measured from the sample drain current,
and TFY is measured at the multichannel plate photocurrent. All the NEXAFS spectra were normalized by the photon
flux monitored from a drain current of a gold mesh in front of the sample. However, because the gold mesh is also
contaminated by carbon, the photon flux decreases at the C K'edge. To remove the effect of carbon contamination at
the gold mesh, all the C K edge spectra were further normalized by the C K edge spectrum of clean gold which is
supposed to be the incoming flux at the sample [34,35]. The photon energy of NEXAFS spectra is referenced from the
Cls to Tt* transition at 285.38 eV on highly oriented pyrolytic graphite [36].

All the spectra were analyzed in the XPS analysis macro suite (EX3ms, version 8.47) on Windows Microsoft 365
Excel (version 2204) from the calibration to peak fitting procedures [37].

3. Results and discussion

Figure 2 shows the color of samples characterized in this report. The color of samples is evaluated in the CIE
1976 color space as listed in Table 1. The horizontal and vertical axes represent the chromatic parameters &* and &,
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and the radius of markers the lightness (£*). The CIE parameters of the Brass color are quite like those of white gold.
However, the colors are well characterized by the CIE parameters such as &%, &*, and [*. The picture of samples is

presented in the inset of Figure 2. It is found that /* decreases as 6* decreases, which is against the previously reported
results [11].

Figure 2 Color plot based on CIE standard reference. Brightness (/*) is represented by the radius of circle markers.
The inset of the figure shows the sample colors and names used in the characterization.

Table 1 The valence band maximum (VBM), cutoff energy, work function (WF), Cls C-C peak reference energy,

thickness, and CIE parameters are listed for each sample. The atomic concentrations of each element evaluated in XPS
are also listed.

Name TiO, Brass White gold Rose gold Bronze Black
Cutoff, eV 35.38 35.03 34.84 35.02 35.04 34.81
WF, eV 412 4.47 4.66 4.48 4.46 4.69
Cl1s (C-C), eV 285.46 285.11 284.92 285.10 285.12 284.89
VBM, eV 3.68 3.00 2.90 318 3.18 3.22
Thickness, nm n/a 43 68 49 237 469
L* 60.14 79.40 62.18 57.18 46.65 38.75
ar -30.30 0.63 0.28 9.62 473 -6.29
b 5.90 19.39 16.90 15.25 1.22 0.73
C at. % 36.1 329 27.5 40.7 46.3 51.2
O, at. % 46.3 391 414 38.9 36.1 36.5
N, at. % 1.6 1.6 1.5 7.4 7.8 34
Ti, at. % 16.0 16.4 19.6 13.0 9.8 8.9
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Figure 3 shows the UPS spectra on the sample surface. UPS spectra in Figure 3 are normalized at the intensity
and subtracted by the constant background. Figure 3(a) plots the secondary electron cutoff to evaluate the work
function (WF) as shown in Table 1. The work function of TiN-based coatings varies between 4.46 and 4.69 eV, which
agrees with the literature [14]. WF depends on the morphology at the surface and chemical potential in bulk [38,39].
The sharp slope of the cutoff represents the homogeneous surface in morphology, which suggests that WF varies
upon the chemical potential rather than the electrostatic potential cut [40]. Figure 3(b) shows the valence band
maximum (VBM). The Fermi edge of gold is clearly identified at the zero of binding energy. VBM is deep on TiO; (3.68
eV), and VBM of TiN-based films shifts toward low binding energy on Brass (3.0 eV) and White gold (2.9 eV), and then
the other samples (3.18-3.22 eV). The morphology and optical properties measured by X-ray diffraction, electron
microscopy, Raman spectroscopy, and ellipsometry will be reported elsewhere.

Figure 3 UPS spectra on (a) secondary electron cutoff and (b) valence band maximum measured at the photon
energy of 60 eV.

Figure 4 shows the XPS spectra for the survey scan and the elemental compositions of each sample evaluated
from the spectral fitting presented in Figure 5. Cls, O1s, N1s, and Ti2p3/2 peaks are used to evaluate the atomic
concentration based on the peak fitting procedures [41]. In Figure 4(a), each peak is discerned from the Auger peaks
and secondary electron background, which increases at the low kinetic energy. The atomic concentrations of the
elements on the surface of the TiO, and TiN-based films in Figure 4(b) and Table 1 were evaluated from each peak
area normalized with the relative sensitivity factor corrected by the photoionization cross-section at 600 eV [42,43].
Carbon contamination and surface oxidation cannot be avoided during the deposition and sample transfer to the
analysis system, so carbon and oxygen are dominated in the compositions. However, nitrogen and titanium are still
visible to identify the surface chemical compositions to be discussed in Figure 5. The non-stoichiometric content in Ti
and O in TiO; is based on surface oxidation and termination. A trace of nitrogen in TiO; is also found at 1.6%, which
might be due to the low vacuum operation or leakage in the gas flow system. The nitrogen content is high in Brass
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and White gold, medium in Rose gold and Bronze, and low in Black samples. The carbon content is high in Rose gold,
Bronze, and Black samples upon the hydrocarbon gas flow rate.

Figure 4  XPS survey and elemental compositions. (a) XPS survey scan spectrum measured at the photon energy of
600 eV, and (b) elemental compositions evaluated from the spectral fitting to be presented in Figure 5.

Figure 5 represents the fitting results of XPS spectra for elemental and chemical compositions. All peaks are
fitted with a Gaussian shape at the full-width half maximum (FWHM) of 2 eV, except for Ti2p. Ti2p spectra were fitted
with a pseudo-Voigt function described by a weighted sum of a Gaussian and Lorentzian function. Their FWHMSs are
in the range between 1and 3 eV. FWHM of Ti2p1/2 is typically broader than that of Ti2p3/2 because Ti2p1/2 has the
Coster-Kronig process. The relative weight of the Gaussian is 80%, and the rest is from the Lorentzian contribution.

Figures 4(a-d) show each synthetic peak and background line indicated by the black dash and solid lines,
respectively. The sum of synthetic peaks and background lines is presented in the solid red line over the raw spectra
presented by the open circle markers. The backgrounds of Cls and Ti2p spectra are analyzed by Shirley's type, and
the other two spectra are based on the spline curves. O1s spectra appear on the high secondary electron background,
which is simulated by the spline shape. N1s spectral intensity is too small to apply Shirley's type background, so the
spline background was used because the secondary electron is dominant in its background. All the background
subtraction is simultaneously optimized with the peak fitting procedure, which is the so-called active approach [41].

Cls spectra in Figure 5(a) were fitted with 3 peaks as indicated by C-(1-3), Ofs spectra in Figure 5(b) with 3
peaks as indicated by O-(1-3), and N1s spectra in Figure 5(c) with 6 peaks as indicated by N-(1-5). Ti2p spectra have a
doublet structure in a way that Ti2p3/2 and 1/2 peaks appear in the energy difference defined by the spin-orbit splitting
at 5.9 eV and their amplitude ratio is 2:1 based on the multiplicity of the total angular momentum, j =3/2 and 1/2. As
shown in Figure 5(d), Ti2p3/2 can be fitted with 4 peaks as indicated by T-(1-4), and their analogous peaks appear in
Ti2p1/2 as well.
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Figure 5  XPS spectra fitted with background and multiple peaks on (a) Cs, (b) OTs, (c) N1s, and (d) Ti2p. Chemical
compositions are also plotted for (e) Cls, (f) Ols, (g) N1s, and (h) Ti2p.
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According to the previously reported paper [44], the chemical states are assigned in a way that Cls peak is
composed of C-C/C-H (C-1), C-O (C-2), and O=C-0O (C-3) [45]. The OTs peak has TiO-1), C-O/0=C-O, TiO,N, (O-2),
and H,O/N-O or weakly adsorbed oxygen (O-3) [46], and N1s has TiON, (N-1, N-2), TiN (N-3), TiN-sat/pyridinic-N
(N-4), and pyrrolic-N/N, (N-5) [44,47]. The pyridinic-N and pyrrolic-N originate from a nitrogen atom in the T-
conjugated carbon network, and N, is molecular nitrogen. Ti2p has TiN (T-1), TIO,N, (T-2), TiO-lll/TiN-sat (T-3), and
TiO-IV (T-4) [44,48,49]. TiO-Ill includes titanium oxides involved with C and N atoms. All the fitting parameters are
listed in Table 2.

The chemical compositions of Cls in Figure 5(e) are primarily based on C-C/C-H bonds even though the
hydrocarbon is fed into the deposition process. C-O and C=0 bonds are minor and slightly varied among the samples.
The chemical compositions of O1s in Figure 5(f) are moderately changed among the samples. However, the TiO, bond
is less contributed than the others, even in the TiO, sample. These results indicate that the sample surface is modified
by carbon contamination and oxidation. Therefore, it is difficult to distinguish the chemical compositions of films from
the surface chemical compositions of carbon and oxygen. It is also found that the TiO, fraction is high in Brass, white,
and rose gold samples, which might have more surface oxidation than the others.

The chemical compositions of N1s in Figure 5(g) suggest a relation between the color and nitrogen bond. A
noticeable trend is seen in Figure 5(c), which shows the N1s peaks are distributed toward the high binding energy from
the second bottom (Brass) to the top of spectra (Black), and the distribution of peaks is sparser and less intense. Brass
and White gold are firmly based on the TiN bond. Rose gold splits the TiN peak into TiO,N, and pyridinic-N/TiN-sat
without a distinct TiN peak. Bronze and Black highly depend on pyridinic-N/TiN-sat and pyrrolic-N/N, bonds [50].
Note that TiN-sat should follow the ratio of the TiN peak because TiN-sat is a by-product of the TiN bond. Therefore,
the fraction of pyridinic-N can be extracted from the TiN fraction resulting in a critical contribution against the TiN
fraction, as shown in Table 2. These results indicate that the transition from TiN to TiO,N, or TiIO,(CN), is characterized
by the TiN and pyridinic-N fraction.

Table 2 List of fitting parameters and fraction of chemical compositions for each element.

Name Component BE FWHM TiO, Brass | White gold | Rose gold | Bronze Black
C-1 C-C¢/C-H 284.8-285.5 | 1.8-2.0 89.1 90.5 92.5 85.3 83.8 84.8
C-2 Cc-0 286.6-287.3 2.0 59 7.2 3.8 9.0 9.9 10.3
C-3 C=0 288.6-289.3 2.0 5.0 2.4 3.7 5.7 6.3 4.9
O-1 TiO, 530.1 2.0 7.3 19.6 21.8 19.7 8.9 74
0-2 C-0/0=C-0O 531.0 2.0 52.7 36.7 42.6 444 41.0 433
0-3 H,O 532.8-533.0 2.0 39.9 43.6 356 359 501 49.3
N-1 TiO,N, 396.0 2.0 2.2 0.0 0.4 1.6 0.9 0.9
N-2 TiION, 396.4 2.0 2.2 26.3 1.6 259 12.7 0.1
N-3 TiN 397.8 2.0 10.4 45.5 65.9 15.2 7.5 0.1
N-4a TiN-sat 399.5 2.0 3.7 59 10.8 5.6 3.5 0.0
N-4b pyridinic N 399.5 2.0 31.8 7.0 5.6 31.0 42.9 59.4
N-5 pyrrolic N/N» 401.0 2.0 49.8 15.2 15.7 20.8 326 39.6
T-1 TiN 456.0 2.2-3.0 43 18.6 13.8 10.5 13.7 10.5
T-2 TiION, 457.3 3.0 0.1 0.4 10.1 0.0 0.0 0.1
T-3a TiN-sat 458.3 1.5-2.5 0.4 7.4 5.6 55 6.6 5.7
T-3b TiO-l/Ti,O, 458.3 1.5-2.5 9.6 317 17.9 46.6 413 48.4
T-4 TiO-IV 459.5 1.4-1.8 85.7 419 52.6 373 383 353
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The chemical compositions of Ti2p shown in Figure 5(h) are consistent with those of N1s in a way that TiN and
TiON, fractions are high in Brass and White gold. As mentioned above, the TiO-lll fraction can also be evaluated from
the TiN-sat fraction that is proportional to the TiN fraction. As shown in Table 2, the TiO-IV fraction is high in Brass
and White gold, and the TiO-lll fraction is high in the other samples leading to the C and N contributions in the
oxidation state. However, the fractions of TiN and TiO\N, are quantitatively different from those analyzed in N1s
because the C and N contributions in the oxidation state complicate the quantitative chemical compositions based on
Ti2p peak analysis.

Figure 6 shows NEXAFS spectra on TiO, and TiN-based films. TEY is less surface sensitive than XPS because
the TEY signal is proportional to the secondary electron in the low kinetic energy range, which has a longer mean free
path than the photoelectron and Auger electron [29]. TFY is not sensitive to the surface due to the transmission of
light in films longer than that of electrons. Therefore, the TEY and TFY spectra reflect the subsurface and bulk electronic
structures, respectively. TFY spectra are prone to deform when the elemental contents are high in the film because of
the saturation and self-absorption effects [51-53].

TEY spectra of C Kedges show a similar trend among the samples, as shown in Figure 6(a). The first peak at
284 eV represents the transition from 1s to Ti3d-C2p* states, and the broad edge at 291 eV corresponds to the
transition from 1s to Tidsp-C2p* states. The features between 285 and 290 eV originate from the pre-edge that consists
of T*c.o-c,c-nH-c at 287 eV, and TT*c_o, c=c.nH2 and 0*c.y at 288 eV [54,55]. The peak at 288 eV appears on all samples,
while the peak at 287 eV is present on TiO,, Brass, and White gold. TFY spectra of C Kedges show a tail to low photon
energy side and broadening below 290 eV in Black, Bronze, and Rose gold films as carbon content increases in films
as observed in XPS, which suggests that the rock-salt TiC formation in TiN matrix [56].

O Kedge of TiO; has a crystal field splitting between 530 and 533 eV leading to the t,q and e4 peaks as shown
in Figure 6(b) because of the transition from O1s to unoccupied states based on Ti3d-O2p m* and o* states in the
octahedral field, respectively [57]. The splitting is 2.7 eV in TiO», which agrees with the literature [58]. The peak splitting
of TiN-based films is 2.3 eV evaluated on Black and Bronze. Brass, White, and Rose golds show a spectral difference
at the first peak shape between TFY and TEY spectra resulting from the surface oxidation. The surface oxidation
replaces the Ti-N bond with the Ti-O bond at the surface, modifying a multiplicity of molecular orbitals in a deformed
octahedral field. Compared with TiO,, the O K'edges of TiN-based films are broad upon the increases in carbon and
nitrogen species by a weakened and distorted octahedral field from the multiple bonds in the films in a way that  C-
O, C=0, O-N, and O=N. The spectral features above 537 eV represent the transition from O1ls to O2p* mixed with
Ti4sp* bands [59,60]. From the molecular orbit theory, their features correspond to Ti4s-O2p o* (aig) and Ti4p-O2p
TT* (t,) in the TiO, spectrum, and their intensities indicate the rutile phase rather than the anatase phase [57,58,61].

N Kedges in Figure 6(c) show that the first two peaks from the transition from N1s to N2p t* and o* mixed
with Ti3d*, resulting in the t,q and e4 peaks from a crystal field splitting based on the molecular orbit theory of rock-
salt TiN in the octahedral field. The crystal field splitting is about 2.7 eV in Brass, White, and Rose golds. The first two
peaks are weakened upon both the decrease in nitrogen content and the increase in carbon content by a weakened
and distorted octahedral field from multiple bonds in the films such as triple-bonded N,, N-O, and N-C in the films
[59,62-64]. In Black, and TEY of Bronze and Rose gold, the e4 peak is more intense than the t,y peak because the
unbound nitrogen peak appears close to the eq peak position [23,60,65]. This suggests the unbound nitrogen increases
in the subsurface of Black, Bronze, and Rose gold, which is consistent with the increase in N, observed in XPS N1s
fitting results. N K'edges have a slight difference between TFY and TEY spectra. The board features above 403 eV
represent the transition from N1s to N2p* mixed with Tidsp* bands resulting in the a;q and t;, from the molecular orbit
theory of rock-salt TiN in the octahedral field. The central weights of these features shift lower energy from Brass to
Black.

In Figure 6(d), Ti £3,2 edges of TEY in TiO, show the crystal field splitting of unoccupied Ti3d states as well as
spin-orbit splitting of initial Ti2p states because the Ti /3,2 edge reflects the dipole transition from Ti2p to Ti3d*
hybridized with O2p*. It is also found that, in TEY, the Ti /3 e4 peak, which is sensitive to the local environment due to
the orbital orientation toward O2p, provides double peaks and asymmetry for the rutile phase of TiO, film at the
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subsurface region [66], and which is consistent with the result of O K edge feature on TiO, film. However, the
corresponding peak in TFY suggests double peaks in symmetry leading to an equivalent mixture between rutile and
anatase TiO; in bulk. TFY spectra in Rose gold, Bronze, and Black have a serious self-absorption resulting in the
saturation and deformation of spectra compared with the other TFY spectra. This result suggests that Ti contents are
not high in Black and Bronze at surface of films as observed in Figure 4(b), while Ti contents might be high in bulk of
films. Both TFY and TEY spectra present a leading-edge structure beside t,q peak at /3 in Brass and White gold.
However, it is difficult to distinguish the chemical bonding effect from the self-absorption effect in the spectra.

Figure 6  NEXAFS spectra measured on (a) C K (b) O K/ (c) N & and (d) Ti /3,2 edges.
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4., Conclusion

The electronic structures in Ti-based decorative films were measured at the surface, subsurface, and bulk regions
by UPS, XPS, and NEXAFS techniques, respectively. The colors of Ti-based decorative films were measured in the
CIELAB scheme. Surface contamination and oxidation effects were observed in the XPS and NEXAFS. The chemical
compositions on the surface of Ti-based decorative film analyzed by XPS revealed that the films could be characterized
by the Ti-N and pyridinic-N fractions in N1s spectra even under surface contamination and oxidation. NEXAFS spectra
disclosed the chemical compositions in the subsurface and bulk of films. The signatures observed in NEXAFS were
weaker than those in XPS because the NEXAFS spectra reflected the conjunct density of states of conduction bands.
The crystal field splitting and unbound nitrogen peak were discerned in the N K edges. Soft X-ray spectroscopy
provides a guide for the coloration of Ti-based decorative coatings and gives us a hint to improve functional electrodes
in semiconductor devices. However, further studies on the morphology, crystallinity, and optical properties measured
by X-ray diffraction, electron microscopy, Raman spectroscopy, and ellipsometry will be reported in the future.
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