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Our study focuses on the comparative insights gained from near-edge X-ray absorption fine structure (NEXAFS)
and soft X-ray emission spectroscopy (SXES) techniques in the comprehensive characterization of diamond-like
carbon (DLC) films. Understanding the quantitative determination of carbon hybridization is essential for
unraveling the relationships between structure and properties in carbon-based materials, including DLC films.
Although several technologies exist for characterizing the sp® and sp? carbon content in these materials, our study
reveals that direct comparisons of analytical results are limited, highlighting the need for further research and
development in this area. This study compares NEXAFS spectra with SXES data for a range of amorphous carbon
coatings, including both hydrogen-free and hydrogenated DLC films with varying hydrogen content levels. Our
findings highlight the crucial role of hydrogen in modifying the local electronic structure and the sp>/sp? ratios,
which have a significant impact on the properties of the films. Films with low hydrogen content demonstrated
strong agreement between NEXAFS and SXES results, while hydrogen-rich films exhibited discrepancies due to
the influence of hydrogen on the electronic structure. These results highlight the importance of precise char-

acterization and deposition control in the creation of DLC films for advanced applications.

1. Introduction

Diamond-like carbon (DLC) films are amorphous carbon materials
characterized by varying ratios of sp> (diamond-like) and sp? (graphite-
like) hybridization, which determines their diverse physical, chemical,
and mechanical properties [1,2]. The proportion of sp> and sp? bonds
governs critical attributes such as hardness, wear resistance, low friction
coefficient, thermal and electronic conductivity, optical performance,
chemical inertness, gas barrier capabilities, and biocompatibility [2-9].
DLC films, with their diverse physical, chemical, and mechanical prop-
erties, also exhibit remarkable versatility due to their ability to make
these properties through deposition techniques and process parameters.
This adaptability has led to widespread applications, including protec-
tive coatings for mechanical and automotive parts, cutting and
machining tools, electrical and optical devices, gas barrier films,

* Corresponding authors.

biomedical materials, anti-corrosion coatings, and insulating films
[1,2,10]. Additionally, their environmental stability and compatibility
with various substrates further enhance their appeal in modern appli-
cations [11]. The potential of DLC films in various industries is a
promising aspect of our research that inspires optimism and hope for the
future of materials science and engineering.

Accurate measurement of the sp>/sp? ratio is essential for under-
standing the properties and applications of DLC films. DLC films exhibit
a wide range of sp>/sp? ratios, ranging from 10 % to 90 % [1,2]. Films
with a high sp® content are characterized by their tetrahedral carbon
structure, which reveals mechanical hardness and high density.
Conversely, films with a high sp? content, associated with a trigonal
carbon structure, are mechanically softer and exhibit lower density
[4,11]. In addition to amorphous carbon, DLC films can include a hy-
drogenated alloy component, with hydrogen (H) content ranging from
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0 to 50 %, as illustrated in the ternary phase diagram for bonding in
amorphous carbon-hydrogen alloys [1,2,12,13]. C—H bonds in these
films terminate dangling bonds, stabilizing the sp>-hybridized carbon
network and enhancing both mechanical and chemical properties [14].

The sp3/sp? ratio also strongly affects the electrical and optical
characteristics of DLC films. High sp® content films typically exhibit
increased electrical resistivity and wider optical band gaps, making
them suitable for insulation and transparency applications. In contrast,
films with a high sp? content demonstrate enhanced electrical conduc-
tivity and narrower band gaps, aligning with requirements for conduc-
tive and absorptive materials [15,16]. Additionally, the chemical
inertness of DLC films is strongly influenced by their sp®/sp? bonding
ratio. Films with higher sp® content exhibit superior resistance to
chemical attack and oxidative degradation, owing to their strong
diamond-like network [1,17]. By comparison, films with a higher sp?
content, characterized by graphite-like structures, are more reactive and
weaker to oxidative and acidic conditions [18].

DLC films also excel in gas barrier properties due to their dense,
amorphous structure and high sp® hybridization ratio. This structure
minimizes free volume and gas diffusion pathways, making DLC films
effective in protecting the substrate from permeation by oxygen, mois-
ture, and other reactive gases [19,20]. Hydrogenation further enhances
their barrier performance by reducing voids and dangling bonds that
could serve as channels for gas diffusion. These properties make DLC
coatings invaluable for improving the durability and performance of
materials in electronics, packaging, and other industries [9,21].

Finally, DLC films are widely recognized for their biocompatibility,
attributed to their chemical inertness, smooth surface morphology, and
resistance to protein adsorption and bacterial adhesion. These attributes
make them ideal for biomedical applications, including coatings for
implants and medical devices, where they enhance wear resistance,
minimize inflammation, and promote favorable cell interactions
[22-26].

X-ray spectroscopy, encompassing both X-ray emission and absorp-
tion techniques, is crucial for determining the sp®/sp? hybridization ratio
within DLC films. By providing detailed insights into electronic config-
urations, these techniques offer a critical understanding of the bonding
states that influence DLC properties [27,28]. Near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy, focusing on the C 1s absorption
edge within the photon energy range of approximately 280 to 330 eV,
effectively probes the unoccupied electronic states [29]. The NEXAFS
spectra are divided into a pre-edge region, dominated by transitions
from the C 1s — unoccupied n* orbitals linked to sp2 sites, and a main
edge region, characterized by overlapping C 1s — ¢* transitions from
sp!, sp?, and sp® bonding states [30-34].

Complementing this, soft X-ray emission spectroscopy (SXES) in-
vestigates the occupied electronic states, offering localized structure
information [35,36]. The C—K emission spectra are segmented into
energy regions that correspond to different bonding features: E < 277
eV, reflecting the s-state and C—H bonds; 277 < E < 280 eV, repre-
senting sp>-c and sp>-6 contributions; and E > 280 eV, indicative of sp>t
features within the spz-c band [28,35-38]. This segmentation enables an
understanding of bonding characteristics in hydrogenated and
hydrogen-free DLC films.

Compared to traditional methods, such as Raman spectroscopy or
electron energy loss spectroscopy (EELS), X-ray techniques provide a
unique combination of sensitivity to specific bonding configurations and
spatial resolution. Moreover, their capability to probe both occupied and
unoccupied electronic states allows for a more comprehensive evalua-
tion of the DLC structure. This facilitates advancements in materials
design for diverse applications, ranging from protective coating to
electronic and optical components [1,20,39]. In addition to Raman and
EELS, X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) have long served as standard techniques for deter-
mining the sp3/sp? ratio in carbon-containing materials. These surface-
sensitive methods have been extensively applied for over 5 decades,

Diamond & Related Materials 159 (2025) 112762

offering valuable insights into the chemical and bonding states at the
surface [40]. Recent comparative studies highlight the strengths and
limitations of XPS, AES, Raman, and XANES (including NEXAFS) for
characterizing DLC films. While XPS and AES remain essential for sur-
face analysis, NEXAFS and SXES techniques employed in this study
provide complementary depth-resolved information. They are more
sensitive to local electronic structure, which is particularly advanta-
geous in evaluating amorphous carbon films [41].

NEXAFS, which probes transitions from core electrons (e.g., C 1s —
n*/6*), typically samples depths of 5-10 nm and is highly sensitive to
surface contamination, including aliphatic hydrocarbons or oxidation
layers [42]. In contrast, SXES, which analyzes photon emissions from
occupied states, can detect signals from deeper within the sample
(~50-100 nm), thereby reducing the impact of surface-bound species
and providing a more representative view of the film’s bulk bonding
environment [28,38,41]. This difference in probing depth explains the
observed discrepancies in sp° content between NEXAFS and SXES,
particularly in hydrogen-rich films, as discussed in Section 3.2 and
illustrated in Fig. 9. By combining these complementary methods, this
study establishes a stronger framework for understanding the evolution
of bonding in DLC films across varying hydrogenation levels.

This study makes a significant contribution to the field by directly
comparing NEXAFS and SXES spectroscopic measurements. Our findings
not only provide valuable guidance for accurately interpreting quanti-
tative estimates of the sp>/sp? ratio from NEXAFS and SXES analyses, but
also significantly advance the understanding and application of DLC film
characterization.

2. Experimental
2.1. Materials

Various types of diamond-like carbon (DLC) films were deposited
onto single-crystal silicon (Si) wafers with a (100) orientation using
established deposition techniques developed through collaborative ef-
forts involving academic, industrial, and public sector institutions. The
classification of DLC films follows established categories: ta-C, a-C, ta-C:
H, and a-C:H, as referenced in [43-45]. The Si substrates were prepared
using chemical vapor deposition (CVD) and physical vapor deposition
(PVD), along with variations in deposition parameters.

Before DLC film deposition, the Si wafers underwent a comprehen-
sive cleaning process to remove surface contamination. First, the wafers
were sequentially sonicated in distilled water, ethanol, and acetone for
15 min each. This ultrasonic cleaning eliminates mechanical impurities.
The substrates were transferred to a synthesis chamber where they were
subjected to argon (Ar) ion bombardment for 30 min. This plasma
treatment effectively removed native oxide layers and surface-adsorbed
hydrocarbons, ensuring a cleaner substrate for subsequent film growth
[46]. Subsequently, DLC films were synthesized on the cleaned Si wafers
using different techniques. Hydrogen-free DLC films (ta-C/a-C) were
deposited using the PVD technique, yielding low H content (<5 at.%) as
confirmed by elastic recoil detection analysis (ERDA). The film density,
measured by X-ray reflectivity (XRR), ranged from 2.69 to 2.89 g/cm°.
These include samples labeled N1-1, N1-2, N1-3, K1, and W1.

Hydrogenated DLC films, ta-C:H/a-C:H, were produced using various
CVD methods, resulting in films with medium to high hydrogen content
and a wide range of densities. The T1 and T2 series exhibit moderate H
incorporation, while the T3 series includes films with higher hydrogen
concentrations. These differences reflect the influence of deposition
parameters on both hydrogen uptake and film compactness. Similarly,
the K2 to K10 series exhibits a broad range of H content and density,
consistent with the characteristics of hydrogenated DLC.

In contrast, the C1 series films were deposited using a carbon sput-
tering system (JEOL, VC-100) onto Si wafers to enhance electrical con-
ductivity for microscopy. These films contain moderate H levels and
maintain relatively high density, although no Ar ion pre-cleaning was
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applied during their preparation. Corresponding film density values are
summarized in Fig. 4.

The methods used to determine the H content and film density are
described in the following section. Table 1 summarizes the H content,
film density, sp°/sp? ratio, and classification of these amorphous carbon
films based on SXES and NEXAFS analyses.

A highly oriented pyrolytic graphite (HOPG) reference was used to
analyze NEXAFS spectroscopic measurements due to its well-
characterized sp®/sp? bonding structure, which ensured accurate
normalization of the NEXAFS technique [5,34,47]. In the case of SXES,
the sp®/sp? bonding structure is characterized without the use of stan-
dard reference materials. This method has been previously reported and
validated in the literature [9,48].

Note: Portions of the data for samples N1-3, T1-1, T2-2, and T3-7,
specifically film density, H and Ar content, and sp® ratio (SXES and
NEXAFS), have been previously reported in [48]. These data are revis-
ited here in the context of a broader comparative analysis involving
additional techniques and sample sets.

2.2. Film characterizations

The composition of the DLC films, specifically their H content, was
analyzed using Rutherford backscattering spectrometry (RBS) and
elastic recoiled detection analysis (ERDA) techniques. These techniques
were conducted with an electrostatic accelerator (HVEE, 1.7 MV Tan-
detron Accelerator System 4117 MC+) at the Extreme Energy-Density
Research Institute, Nagaoka University of Technology.

The RBS measurements involved irradiating the sample with a 2.0
MeV He' beam directed perpendicularly to the surface. The scattered
He™ particles were detected by a solid-state detector (SSD) positioned at
an angle of 80° relative to the surface normal. For the ERDA measure-
ments, the same electrostatic accelerator irradiated the sample with a
2.7 MeV He" beam. During this process, a separate SSD detected H ions
that were ejected from the sample. The resulting ERDA spectra were
analyzed using the SIMNRA software, a simulation tool for ion beam
analysis developed by M. Mayer. H content was calculated using the
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atomic fraction method, which determines the ratio of H to the total
number of atoms detected. This approach accounts for elemental areal
densities derived from SIMNRA-fitted ERDA spectra and is cross-
referenced with RBS results for improved accuracy [49].

The densities of the DLC films were determined using XRR on a
Rigaku Smart Lab 9 kW horizontal X-ray diffractometer. X-rays were
applied to the sample at grazing incidence, with total reflection occur-
ring at the critical angle. A copper target (Cu K,) operating at 45 kV and
200 mA provided X-rays with a wavelength of 1.541 A. The incident
optic included a Ge (220) x 2 monochromator to produce a parallel
beam with a divergence angle of 0.02°. The total reflection was recorded
over a scan range of 0-6° with a step size of 0.004°. The film density was
determined by fitting the experimental and simulated reflectivity curves
using the GlobalFit software [50].

Note: Professor Kazuhiro Kanda provided the film density and H
content for the K series at the Laboratory of Advanced Science and
Technology for Industry, University of Hyogo, Japan.

2.3. Characterization techniques of electronic configurations

NEXAFS measurements were conducted at the BL3.2U beamline of
the Synchrotron Light Research Institute (SLRI), a public organization in
Nakhon Ratchasima, Thailand. The synchrotron radiation source used in
this study operated at a beam energy of 1.2 GeV from a storage ring,
allowing for the investigation of the density of conduction band states in
DLC films.

During the measurements, synchrotron radiation was scattered at a
17° angle relative to the sample surface, with the light polarization
aligned parallel to the surface at various incident angles. The C K-edge
spectra were recorded using the partial electron yield (PEY) detection
mode. A gold mesh placed in the front of the sample monitored the in-
tensity of the incident photon beam (Iy), facilitating normalization of the
PEY signal. The total energy resolution of the system was 0.1 eV, with an
estimated wavelength calibration uncertainty of 0.2 eV [34]. The C K-
edge spectra were analyzed across the 280-330 eV energy range.

Note: Researchers conducted the NEXAFS analysis of the K series

Table 1

Summarizes the element content, film density, sp®/sp? ratio, and classification of these amorphous carbon films based on SXES and NEXAFS analyses.
Name H (at.%) Ar (at.%) Density (g/cm®) sp° (%)

ERDA/RBS XRR SXES Classify NEXAFS Classify

N1-1 2 0.5 2.81 33.8£0.6 a-C 24.0 a-C
N1-2 2 0.3 2.71 30.2+4.3 30.3
N1-3 3 0.2 2.69 334+17 34.6
T1-1 26 4 1.91 45.5+ 0.3 a-C:H 30.4 a-C:H
T1-2 25 6 1.90 45.1 + 1.7 22.6
T1-3 24 4 1.83 46.0 + 1.5 18.9
T1-4 24 4 1.70 42.6 £ 5.1 27.5
T2-1 24 5 1.43 446 £ 1.1 a-C:H 29.0 a-C:H
T2-2 23 4 1.66 40.7 + 1.4 31.2
T3-1 48 4 1.91 509 £2.3 ta-C:H/a-C:H 18.9 a-C:H
T3-2 51 3 1.86 50.8 +£ 3.1 ta-C:H/a-C:H 18.3 a-C:H
T3-3 31 4 1.67 46.4 + 1.4 a-C:H 18.9 a-C:H
T3-4 41 4 1.30 44.6 =+ 1.0 a-C:H 22.0 a-C:H
T3-5 42 1 1.40 50.3 £2.3 ta-C:H/a-C:H 22.9 a-C:H
T3-6 43 4 1.92 48.8 + 0.3 a-C:H 17.6 a-C:H
T3-7 47 4 1.74 48.7 = 0.8 a-C:H 17.6 a-C:H
C1 20 - 2.01 20.9 £ 2.4 a-C:H 5.5 a-C:H
K1 5 - 2.81 64.4 + 0.7 ta-C 59.5 ta-C
K2 20 - 2.37 59.5+1.1 ta-C:H 40.9 a-C:H
K3 12 - 1.77 60.9 +£0.3 ta-C:H 48.0 a-C:H
K4 30 - 2.03 76.5 £ 1.7 ta-C:H 20.7 a-C:H
K5 23 - 2.23 66.3 + 0.8 ta-C:H 49.3 a-C:H
K6 20 - 2.09 55.7 £ 3.6 ta-C:H 45.9 a-C:H
K7 30 - 1.70 67.6 = 3.8 ta-C:H 50.6 ta-C:H
K8 21 - 2.03 62.2+7.0 ta-C:H 39.7 a-C:H
K9 30 - 1.85 72.1 £0.5 ta-C:H 59.0 ta-C:H
K10 20 - 2.04 64.5+ 2.0 ta-C:H 42.8 a-C:H
w1 - - 2.89 66.6 + 1.0 ta-C 75.9 ta-C
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samples at the UVSOR Synchrotron Facility (BL3U), Institute for Mo-
lecular Science, to obtain the C K-edge spectra.

SXES was employed to examine the fine structure of the valence band
density of states in DLC films. The measurements were performed using
a commercial SXES-extended range detector (JEOL, SS-94040SXES-ER)
equipped with a variable line-spacing (VLS) grating (JEOL, JS300N),
attached to a field-emission electron probe microanalyzer (FE-EPMA,
JEOL, JXA-iHP200F). The take-off angle was set to 40°. Primary electron
beam irradiation was conducted with an electron acceleration voltage of
5 kV and a probe current of 50 nA. Each measurement area was irra-
diated for 50 s, accumulating data over 10 cycles. Measurements were
performed on 3 areas per sample to ensure statistical reliability, and the
results were averaged to calculate standard deviation. The characteristic
X-rays measured by SXES are emitted in the 95 to 800 eV range [51].

Both characterization techniques were performed on flat samples,
ensuring a non-destructive analysis method.

2.4. Quantitative sp°/sp® ratio by NEXAFS and SXES spectra

This section outlines the methodology used to extract the sp>/sp?
ratio from the NEXAFS and SXES spectra.

The NEXAFS analysis determined the sp>/sp? ratio by quantitatively
interpreting C K-edge spectra. Absolute photon energy calibration was
achieved by aligning the isolated n* (C=C) peak of HOPG with the
reference value of 285.4 eV, as reported in the literature [34]. The
experimental spectra were fitted using a nonlinear least-squares fitting
method, with an error step function applied at the C 1s ionization energy
of 290 eV to represent the spectral features accurately. A Pre-edge
resonance corresponding to the C 1s — n* (C=C) transition was
observed at 285.4 eV, with potential contributions from n* (C=C) if
present. The high-energy edge transitions included ¢* (C—H), 6* (C—C),
6* (C=QC), and ¢* (C=C) at 287.6, 289.6, 293.7, and 300.2 eV, respec-
tively. Contamination effects due to the local electronic structure, such
as C and H in amorphous carbon films and oxygen from the environ-
ment, contributed to features observed at 286.3 eV (n*, C—OH), 288.5
eV (n*, C=0 or C=C), and 297.5 eV (¢*, C—0) [30-34].

The sp®/sp? ratio was calculated by integrating the intensity of the ©*
(C=C) peak relative to the broad ¢* peak, using the following Eq. (1):

I“sa e IaE re
spg/spzratio: {17 < « sampl Lfﬂ x 100 €}

Ing sample I 7 ref

Here, I« sample; and I« rerare the areas of the n* (C=C) peak at 285.4
eV for the films and the HOPG reference, respectively. Ixg, sample, and In,
ref denote the areas under the broad c* peak within the 287-330 eV
range [29]. A detailed comparison of the C K-edge NEXAFS spectra
between HOPG and amorphous carbon films has been previously re-
ported [48].

The SXES analysis determined the sp®/sp? ratio by examining the
normalized C K-emission spectra of DLC films in the energy range of
250-300 eV, with intensities scaled between 0 and 100. Gaussian peak
fitting was employed to decompose the spectra and identify contribu-
tions from sp>- and sp>-configured carbon atoms. The sp>-6 bonds were
assigned to an energy level of 279 eV, while the sp?>-c and sp?>r bonds
were observed at 277 eV and 282 eV, respectively. Carbon-hydrogen
bonds, including —CH and =CH, were detected at 275 eV. The —CH
bonds associated with sp>-configured carbon appeared at higher emis-
sion energy (>275 eV) due to longer bond lengths of 0.110 nm. In
contrast, the = CH bonds of spz—conﬁgured carbon were detected at
lower emission energies (<275 eV) due to shorter bond lengths of 0.109
nm. Additional spectral features included two split peaks from the s-state
of carbon orbital, along with contamination signals attributed to oxygen
and nitrogen at energies of 270, 274, 264, and 265 eV, respectively
[28,35-38].

The sp®/sp? ratio was calculated using the following standardless Eq.

(2):
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sp3/sp2ratio = Ly x 100 @)
Ly

I?F and Iszp represent the integrated areas corresponding to the sp® and
sp2 fractions. Our organization’s NEXAFS and NMR achieved and vali-
dated this method, which is used as a reference [48].

It is important to note that surface contamination, particularly from
aliphatic hydrocarbons, can significantly influence the NEXAFS-derived
sp>/sp? ratio. This effect arises due to the surface sensitivity of NEXAFS,
which probes a shallow information depth, making it susceptible to
artifacts introduced by adsorbed contaminations. F. Mangolini et al.
demonstrated that such aliphatic contamination leads to an over-
estimation of the o* features, thus skewing sp® quantification in carbon-
based materials [42,52]. In contrast, SXES, which has a greater infor-
mation depth, is much less sensitive to these surface adsorbates. This
supports the argument that SXES may provide a more representative
measure of the bulk film bonding environment, especially in hydroge-
nated DLC films. Nonetheless, while surface contamination may affect
absolute sp® quantification in NEXAFS, it is expected to have a relatively
uniform impact across similar H-doped DLC samples. It thus does not
fully explain the observed divergence in sp® content with varying H
concentrations.

3. Results and discussion
3.1. Film characterizations

Fig. 1 presents the RBS and ERDA spectra of amorphous carbon films
synthesized in the N1, T1, T2, T3, and C1 series. The RBS spectra display
the relative yield (counts) and backscattered signals (channels) corre-
sponding to carbon (C), argon (Ar), and silicon (Si) atoms, as identified
through interactions with scattered He™ particles. C signals appear in the
250-500 channel range, Ar signals in the 1100-1300 channel range, and
Si signals from 850 to 1000 channels. In contrast, the ERDA spectra show
the relative yield (counts) and recoiled signals for H atoms, observed
within the 350-750 channel range.

Elemental quantitative analysis, particularly the determination of H
content, was performed using the SIMNRA simulation applied to the
ERDA spectra and cross-referenced with the RBS data. Films in the N1
Series (N1-1, N1-2, and N1-3) and K1 series consistently exhibited low
H content (<5 at.%), while Ar content varied among the N1 series,
measured at 0.5, 0.3, and 0.2 at.%, respectively. The W1 film, deposited
using a filtered cathodic vacuum arc (FCVA) system, was assumed to be
hydrogen-free, as reported by Jing Wei [53].

For the T1 series, comprising films T1-1, T1-2, T1-3, and T1-4, a
medium H content was detected, with values of 26, 25, 24, and 24 at.%,
respectively. Ar content in these films measured 4, 6, 4, and 4 at.%,
respectively. Similarly, the T2 series (T2-1 and T2-2) demonstrated
medium H content, with values of 24 and 23 at.% and Ar content of 5
and 4 at.%, respectively. The T3 series films exhibited high H content,
which varied significantly among the samples. H levels were measured
as 48, 51, 31, 41, 42, 43, and 47 at.% for films T3-1, T3-2, T3-3, T3-4,
T3-5, T3-6, and T3-7, respectively. Ar content within these films ranged
from 1 to 4 at.%, with specific values of 4, 3, 4, 4, 1, 4, and 4 at.%,
respectively.

Film in the K2-K10 series demonstrated medium to high H content,
measured at 20, 12, 30, 23, 20, 30, 21, 30, and 20 at.%, respectively.

For the C1 series, the films exhibited a moderate H content of 20 at.
%. Notably, no detectable Ar signal was observed in this sample. Fig. 2
shows a comparative plot of H and Ar content across all film series.

The varying H content across the N1, T1, T2, T3, C1, K1-10, and W1
series reflects the influence of deposition techniques and process pa-
rameters on the film composition. N1, K1, and W1 series exhibit low H
content, approximately <5 at.%, characteristic of hydrogen-free PVD
techniques and Ar-assisted deposition, leading to dense films [1,53,54].
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Fig. 1. RBS and ERDA spectra of DLC films for the N1, T1-T3 Series, and C1. Carbon signals are observed within the channel range 250-500, argon signals between
1100 and 1300, and silicon signals from 850 to 1000 channels. In contrast, the ERDA spectra show the relative yield (counts) and recoiled signals for hydrogen atoms,

which appear within the channel range of 350-750.

T1, T2, T3, and K2-9 series films show medium to high H content (23 to
51 at.%), likely resulting from a controlled balance of hydrocarbon
precursors and Ar by CVD techniques. T3, K4, K7, and K9 series films
with the highest H content can have sp® content of up to 70 %. However,
most sp° bonding is C—H bonds terminated, producing soft and low
density. Nevertheless, the T1, T2, K2, K3, K5, K6, K8, and K10 series
films with intermediate H content may have a lower overall sp® ratio,
and these films contain more C—C bonds than the T3 series films. Thus,
these films have better mechanical properties [1,11,20].

The case of a C1 series film is characterized by a moderate H content
of 20 at.%. This finding suggests that the C1 film likely originated from

multiple sources, as mentioned in the sample preparation, including
residual hydrogen-containing gases in the sputtering chamber, surface
adsorption on the target or Si wafer, trace impurities within the graphite
target itself, or plasma interactions during deposition. Post-deposition
exposure to air or moisture may also contribute [55,56]. Further anal-
ysis would be required to pinpoint these contributing factors.

The presence of Ar content in the N1, T1, T2, and T3 series reflects its
role as a residual process gas from the deposition process. Ar atoms and
ions play a crucial role in the deposition process, facilitating the disso-
ciation of precursor molecules within the plasma sheath to generate
activated species essential for the growth of DLC films. Without the
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Fig. 2. Comparison of hydrogen content among the series. The N1 Series exhibits a hydrogen content of 2 to 5 at.%, while the T1-T3 series shows 24-26, 23-24, and
31-51 at.% hydrogen content, respectively. The C1 series exhibits a hydrogen content of 20 at.%. Films in the K2-K10 series demonstrated hydrogen content ranging

from low to high, measured at 5-30 at.%.

introduction of Ar, the probability of precursor recombination increases,
resulting in a reduced growth rate [57,58]. Furthermore, Ar ion
bombardment contributes to film densification and enhances sp°
bonding within the film structure [1,58]. The absence of detectable Ar in
the C1 series highlights the distinct nature of the sputtering process,
where Ar primarily functions to sputter carbon from a graphite electrode
rather than being directly incorporated into the film. Previous studies,
such as those by Z. Marinkovic and R. Roy, have reported that residual
Ar levels of up to 6 at.% can increase film density, aligning with the
trends observed in this study [22].

Fig. 3 illustrates the grazing incidence XRR profiles for the amor-
phous carbon film, highlighting the critical angles associated with the
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Fig. 3. XRR profiles for the DLC film, highlighting critical angles correlated
with the film densities (red arrows) and the silicon substrate (black arrows).
Most films in the T1, T2, T3, and C1 series exhibit densities lower than that of
silicon substrates (2.33 g/crn3 [59]), resulting in a double critical angle. In
contrast, the N1 and W1 series, with densities exceeding that of the substrates,
exhibit only a single critical angle.

0.3 1.0

film densities (red arrows) and the Si substrate (black arrows). Most
films, including the T1, T2, T3, and C1 series, exhibit densities lower
than the Si substrates (2.33 g/cm3 [59]), resulting in a double critical
angle. The first critical angle, marked by the red arrow, corresponds to
the film density. As the incidence angle exceeds this critical angle, X-rays
penetrate the film, leading to a sudden decrease in reflectivity due to
absorption, followed by reflection at the film-substrate interface. The
interference between X-rays reflected at the surface and the interface
generates oscillations known as Kiessig fringes [60]. In contrast, the N1
and W1 series, with densities exceeding that of the substrate, exhibit a
single [59].

Using a layer model in GlobalFit software, the experimental and
simulated data achieved R-values between 0.02 and 0.10. The calculated
densities are summarized in Fig. 4. The N1 Series (N1-1, N1-2, and
N1-3), representing hydrogen-free DLC, exhibited the highest film
density at 2.81 g/cm®, 2.71 g/cm®, and 2.69 g/cm?, respectively. The
W1 series, deposited via FCVA, also showed a relatively high film den-
sity at 2.89 g/cm®. The T1 series (T1-1 to T1-4) displayed densities of
1.91 g/em®, 1.90 g/cm?, 1.83 g/cm®, and 1.70 g/cm?®, respectively,
while the T2 series (T2-1, T2-2) showed densities of 1.43 g/cm3 and
1.66 g/cm>. The T3 series exhibited significant variation, with densities
ranging from 1.30 to 1.92 g/cm? (T3-1 to T3-7). Finally, the C1 series
films demonstrated a film density of 2.01 g/cm>. These results reflect the
structural variation across the hydrogenated DLC film.

The K series, K1, exhibits a 2.81 g/cm® density for the hydrogen-free
DLC sample. In contrast, the hydrogenated K2 to K10 films display lower
densities, ranging from 1.70 to 2.37 g/cmg.

Film density is a crucial indicator of the H content within the DLC
coatings, reflecting the microstructural characteristics influenced by
deposition conditions. The N1, K1, and W1 series exhibit the highest
densities (2.69 to 2.89 g/cm3) and the lowest H content (<5 at.%). These
characteristics suggest a deposition process favoring a low dangling
bond and a high sp® ratio [29] or a high sp? ratio with a smaller sp?
cluster size [54]. In contrast, the T-series displays intermediate to high H
content and lower densities. The T1 and T2 series (1.43 to 1.91 g/cm?’)
trend demonstrates a balanced H incorporation (~25 at.%), likely ach-
ieved through a CVD process. The trend of higher density in the T1 and
T2 series could be attributed to applying a higher bias voltage, favoring
an increased sp® ratio with fewer voids [5].

The T3 series, characterized by the highest H content (31 to 51 at.%)
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Fig. 4. Comparison of film densities for the N1, T1-T3, C1, K1-10, and W1 series. The densities range from 2.71 to 2.81 g/cm? for the N1 series, 1.70 to 1.91 g/cm®
for the T1 series, 1.43 to 1.66 g/cm3 for the T2 series, 1.30 to 1.92 g/cm3 for the T3 series, 2.01 g/cm3 for the C1 series, 1.70 to 2.81 g/cm3 for the K1-10 series, and

2.89 g/cm?® for the W1 series.

and correspondingly lower densities (1.30 to 1.92 g/cms), reflects a
structure dominated by the sp® ratio with significant H termination. This
H incorporation results in softer films due to a higher prevalence of
dangling bonds and reduced atomic packing density [20]. The structural
impact of H is further evident in the K2 to K10 films, which, although
part of the same series as the dense, hydrogen-free K1 sample, display
significantly lower densities (1.70 to 2.37 g/cm®) consistent with hy-
drogenated DLC. H termination disrupts the carbon network, increases
free volume, and reduces overall film compactness, consistent with the
findings of Neuville and Matthews (2007) [26]. These trends align with
those observed in the T series and K2-K10 series, reinforcing the rela-
tionship between H content and reduced film density. These findings
support the ERDA results and confirm structural variation across the film
series.

The C1 series, with a density of 2.01 g/cm?, differs notably from the
other series. This density and the sputtering deposition method suggest
insufficient ion energy and flux reaching the growing film. Without
applying a bias voltage in this method, it likely results in a lower sp®
ratio and a more open microstructure [11]. These observations are
consistent with existing literature, highlighting the significant role of ion
energy, precursor gas composition, and H incorporation in determining
the structural properties of amorphous carbon films. Films with low H
content and high density are usually linked to deposition techniques
promoting the sp® ratio. In contrast, hydrogen-rich films with lower
densities indicate processes favoring the sp® ratio or the inclusion of
voids [1,8].

3.2. Characteristics of electronic configurations by SXES and NEXAFS
techniques

An arrangement of the SXES and NEXAFS spectra provides insights
into the density of states (DOS) from the valence bands to the conduction
bands. Fig. 5 combines the C K-emission SXES spectrum (bottom panel)
and the C K-edge NEXAFS spectrum (top panel) for each sample, high-
lighting features associated with sp? and sp> bonding. These variations
reflect differences in bonding configurations and deposition methods
through differences in spectral shape.

The C K-emission spectra (photon energy range: 250 to 300 eV)
exhibit a broad, prominent peak around 279 eV, a high-energy shoulder
near 282 eV, and distinct features at photon energies below 277 eV.
These spectra components suggest similar structural and chemical

bonding characteristics across the amorphous carbon films, dis-
tinguishing them from graphite and diamond. A comparison of these
spectra has been previously reported [48]. Variations in peak intensities
and positions reflect differences in the relative ratios of bonding types
(sp? and sp®). This likely arises from variations in deposition techniques
and parameters, as noted in earlier studies [36]. The SXES spectra within
the series show minimal variation in intensity, indicating a consistent
valence band structure across the films.

In contrast, the C K-edge spectra (photon energy range: 280 to 330
eV) show a consistent overall shape, characterized by two main features:
a pre-edge resonance peak around 285.4 eV, attributed to transitions
from the C 1s orbital to unoccupied n* orbitals and broad ¢* resonances
bands spanning 287 to 330 eV, arising from multielectron excitations.
The pre-edge peak signified the presence of sp? bonding, while the ¢*
bands relate to the overall film structure, reflecting the contributions of
sp3 bonding and the surrounding carbon matrix [30]. Unlike the SXES
spectra, NEXAFS spectra reveal more significant variation in the pre-
edge resonance peak and o* resonance intensity within the series,
reflecting subtle differences in the film’s electronic and structural
properties.

The sp3 content of the amorphous carbon films was determined using
two techniques: NEXAFS and SXES. The NEXAFS method involves
normalizing the C 1s transition resonance areas of n* at 285.4 eV to the
broad o* resonance bands spanning 287 to 330 eV. This method com-
pares the results with a HOPG described in Eq. (1) (see Section 2.4).
Conversely, the SXES approach calculates the sp® content by extracting
the area fractions corresponding to sp>-, sp>-, —CH, and =CH bonds, as
per Eq. (2). Fig. 6 presents an example of the deconvoluted spectrum for
hydrogen-free and hydrogenated DLC films, displaying multiple peaks
associated with NEXAFS and SXES analyses. The calculated sp® values
for all samples are summarized in Fig. 7. The results show that NEXAFS
and SXES yield comparable sp® values for hydrogen-free films (e.g., N1,
K1, W1), supporting the reliability of both techniques in low-hydrogen
environments. However, for hydrogenated films (T1-T3, K2-K10, C1),
SXES consistently reports higher sp® content than NEXAFS. This
discrepancy highlights the differential sensitivity of the techniques:
SXES probes deeper and better captures bulk bonding states, whereas
NEXAFS is more surface-sensitive and susceptible to hydrogen-induced
distortions in the electronic structure. The comparative trends across
the series reinforce the importance of using both methods for the char-
acterization of sp3/sp?> hybridization, particularly in hydrogenated
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Fig. 5. The C 1s NEXAFS spectra of DLC films show an intensity proportional to the unoccupied state (top panel), while the C K SXES spectra probe the occupied

electronic states (bottom panel) on N1, T1-T3, C1, and W1 series in (a)-(f).

amorphous carbon systems.

Fig. 8 compares the C K SXES spectra and C K NEXAFS spectra. Fig. 8
(a) illustrates the energy distribution in the valence band of hydrogen-
free DLC films as the SXES spectra. This includes spectra for a high-sp?
content film (black, N1 series) and a high-sp3 content film (red, W1). A
chemical shift is observed between the two: the high-sp® film shows a
peak corresponding to the sp?-c site at approximately 277 eV, while the
high sp® film shows a shift to higher energy, with a peak at the sp°-c site
near 279 eV. Another noteworthy observation is the full width at half-
maximum (FWHM) of the N1 series. Although the N1 series contains a
high sp? content, the area under the sp®- at ~282 €V is not larger than
that of the W1 series. This finding supports the earlier discussion in the

density section, suggesting that the N1 series is composed of small sp*
clusters despite its overall high sp? content. The use of FWHM as an
indicator of molecular size is supported by the work of E. Tegeler [37].
Furthermore, the pre-edge resonance in the NEXAFS spectra, Fig. 8(b) at
285.4 eV, differentiates between high sp? content (N1 series) and high
sp° content (W1 series). The N1 series exhibits a more intense pre-edge
peak, consistent with findings reported by K. Kanda et al. [30-32].
Fig. 8(c) presents a comparison between hydrogen-free DLC and
hydrogenated DLC films, each selected for having the highest sp> content
as determined by the SXES technique. This comparison illustrates the
influence of hydrogenation incorporation on the electronic structure. In
hydrogenated DLG, H atoms terminate dangling bonds on sp>-hybridized
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Fig. 6. NEXAFS C K-edge and SXES C K-emission spectra generated for (a)
hydrogen-free and (b) hydrogenated DLC films. For NEXAFS, the error function
step was applied to fit the edge jump at the ionization potential, as shown by
the dotted red line. The SXES, the normalized C K-emission spectra at 250 to
300 eV, with intensities scaled between 0 and 100. Both spectra were decon-
voluted into multiple Gaussian peaks.

carbon atoms, which stabilizes the tetrahedral (diamond-like) bonding
structure, controls graphitization, and maintains a high sp> content, as
reported by Grill (1999) and J. Robertson (2002) [1,24]. In spz-rich
regions, H tends to terminate n-bonded carbon atoms at the edges of
graphitic clusters, effectively reducing the cluster size and increasing
film disorder (Neuville and Matthews, 2007) [26]. Accordingly, the
SXES spectra for the hydrogenated DLC film show a spectral shift toward
the sp>-o site near 279 eV, along with a reduced intensity in the sp-x
shoulder in the ~282 eV range. A modest enhancement is also observed
in the 275-276 eV range, which corresponds to C—H bond emissions.
However, despite the significant difference in H concentrations observed
by ERDA, the variation in this C—H region is limited. This suggests that
while SXES has deeper probing capabilities and is less affected by sur-
face contamination, it may still lack sufficient spectral resolution to
capture the full variation in —CH and =CH bond content across different
hydrogenation levels.

In contrast, Fig. 8(d) presents the NEXAFS spectra for the same
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samples. While NEXAFS provides valuable insights into near-surface
electronic transitions, it shows reduced sensitivity to hydrogen incor-
poration, particularly in the region around 287.6 eV associated with ¢*
(C—H) transitions. Inconsistently, hydrogen-free films sometimes
exhibit higher apparent absorption in this region, suggesting that
overlapping features or interference from environmental oxygen species
are present. These findings indicate that although SXES may offer a more
representative picture of the bulk bonding environment, neither SXES
nor NEXAFS alone fully resolves the C—H bonding signature in hydro-
genated amorphous carbon films. Therefore, complementary techniques
such as FT-IR or nuclear reaction analysis (NRA) are recommended to
elucidate further the role of H in altering the bonding configuration.

Fig. 8(e) compares hydrogenated DLC films with medium and high H
content, further emphasizing the structural role of H as discussed pre-
viously. In SXES spectra, films with higher H content exhibit a noticeable
reduction in the sp?- shoulder intensity around ~282 eV, reflecting a
decrease in the size or prevalence of sp?-bonded clusters. Simulta-
neously, the emission intensity in the 275-276 eV range, associated with
C—H bonds, is significantly enhanced, indicating a higher degree of H
incorporation. Conversely, the NEXAFS spectra, Fig. 8(f), demonstrate
limited sensitivity to increasing H content. As H concentration rises, the
spectra fail to proportionally reflect this change, underscoring NEXAFS’s
reduced capacity to detect C—H bonding contributions in hydrogen-rich
DLC films.

Comparing the sp® content measured by NEXAFS and SXES reveals
notable trends across the film series, analyzed using beamlines at Syn-
chrotron Light Research Institute (BL3.2U), Thailand, and the UVSOR
Synchrotron Facility (BL3U), Japan. Fig. 9(a) and (b) illustrate that in
hydrogen-free films (N1, K1, W1), sp3 values from both techniques are in
close agreement, consistent with ERDA measurements showing insig-
nificant hydrogen content. However, discrepancies emerge in hydroge-
nated films (T1-T3, K2-10, and C1 series), where NEXAFS consistently
underestimates sp° content relative to SXES.

One contributing factor may be the surface sensitivity of NEXAFS,
which is more susceptible to hydrocarbon contamination and surface-
adsorbed aliphatic species, known to distort ©* and ¢* resonance fea-
tures and reduce the apparent sp> signal, especially in the presence of
ambient air exposure [42]. In contrast, SXES is a bulk-sensitive tech-
nique with a greater information depth, which minimizes the influence
of surface contamination and better captures the overall bonding
configuration throughout the film volume.

The term “broader regions” here refers to the larger sampling volume
probed by SXES, encompassing both near-surface and deeper sub-
surface regions. The expression “more effectively” implies that SXES,
under its depth profiling and emission-based analysis of occupied states,
captures a more representative average of sp°> bonding in the bulk film,
especially where local disorder or H-induced defects vary with depth.
Prior studies [16,47,61-63] have demonstrated SXES’s strength in
identifying bonding hybridization across heterogeneous amorphous
carbon films.

While ERDA solely quantifies H content, the trends observed in SXES
correlate more instinctively with the increasing H fractions: higher H
incorporation tends to stabilize sp® bonding by terminating dangling
bonds, aligning with the rising sp® fractions measured by SXES.
Conversely, NEXAFS trends indicate a decrease in sp® with increasing H,
which may reflect a reduction in the effects or limitations of resolving
C—H environments near the surface. Therefore, although ERDA does not
directly measure sp®, its H quantification supports the reliability of the
SXES-derived sp® trend over that of NEXAFS in hydrogenated films.

As both NEXAFS and SXES are non-destructive and surface-sensitive
techniques, no evidence of C—H bond breakage was observed during
sample preparation for either analysis [52]. The discrepancy in sp®
content between NEXAFS and SXES can be attributed to several factors,
including H sensitivity, sample homogeneity, surface contamination,
and differences in probing depth. As shown in Fig. 9, this discrepancy
becomes more pronounced at higher H concentrations, suggesting that H
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Fig. 7. The sp3 ratio was calculated using SXES and NEXAFS. From NEXAFS analysis and SXES, the sp3 contents are as follows: N1, T1-T3, C1, K1-K10, and W1 series.

incorporation affects the measurement sensitivity of each technique.
NEXAFS relies on near-surface excitation of core-level (C 1s) electrons
into unoccupied ©* and ¢* orbitals [39,52,64], This surface-sensitive
nature makes it more susceptible to H-induced electronic distortion
and surface-adsorbed hydrocarbons, often resulting in underestimation
of sp3 content in H-rich films [16,47,61]. In contrast, SXES probes
photon emissions originating from deeper within the material, corre-
sponding to transitions from occupied C 2p-states to the C 1s core hole
[9,51,65]. This is further supported by the higher detection of C—H bond
fractions in SXES spectra compared to NEXAFS, as shown in Table 2. The
enhanced depth sensitivity and spectral integration of SXES reduce its
susceptibility to surface H enrichment and dangling bonds, thereby
explaining its consistently higher sp® content estimates [38,48,51,65].
While both techniques reveal consistent qualitative trends regarding the
effects of H content and deposition technique, their discrepancies
highlight the necessity for further investigation. Future work should
address how deposition parameters influence near-surface versus bulk
properties in amorphous carbon films, and how these effects impact
advanced spectroscopic analysis and our understanding of hydrogen’s
structural role.

Table 3 further supports this distinction; the relative C—H emission
intensities from SXES exhibit good correlation with H/C atomic ratios
measured independently by ERDA, especially for the N, T1, and T2 film
series. This suggests SXES can serve as a semi-quantitative tool for
assessing hydrogenation trends in DLC films. Discrepancies observed at
high H (T3 series) likely reflect SXES limitations, such as spectral
overlap at low H concentrations or signal delocalization and damping
effects under high H saturation [66].

While SXES cannot substitute for ERDA in precise H quantification, it
offers valuable insight into relative H incorporation and bonding states,
especially when interpreted in conjunction with NEXAFS data. These
results are consistent with the higher C—H bonding intensity observed in
SXES compared to NEXAFS (see Table 2), reinforcing the conclusion that
SXES provides a stronger characterization of the overall bonding
network in hydrogenated films.

These distinctions highlight the necessity of employing comple-
mentary spectroscopic techniques to evaluate amorphous carbon

10

materials accurately and underscore the need for further investigation
into how deposition parameters shape both surface and bulk bonding
environments [38,48,51,65].

Importantly, SXES and NEXAFS are governed by different selection
rules and probe fundamentally different electronic states, occupied
(valence band) vs. unoccupied (conduction band), respectively. The
relative contribution of s- and p-like states to these bands may differ,
especially in amorphous systems. Therefore, expecting a one-to-one
correspondence in sp>/sp? ratios between the 2 techniques assumes
equal density of p-states in both occupied and unoccupied bands, which
is not physically guaranteed. As such, the discrepancies shown in Fig. 7
should not be attributed solely to H incorporation. These intrinsic
methodological differences highlight the importance of using both
techniques in a complementary manner. An uncertainty margin of
+5-20 % in the estimated sp> content is reasonable, considering factors
such as spectral deconvolution variability, differences in electronic
structure sensitivity, and residual surface contamination [9,42,48].

3.3. Impact on amorphous carbon film applications

The study’s conclusion emphasizes the significance of the H content
and sp3/sp? ratio, defining the bonding characteristics of DLC films,
which, according to prior studies, are closely linked to mechanical
properties and practical applications. The NEXAFS and SXES techniques
enable the precise characterization of the sp® ratio, reflecting micro-
structural differences in films produced under various deposition
methods and conditions. Particularly in mechanically demanding cate-
gories such as ta-C (50-90 % sps, H < 5 %) and ta-C:H (50-90 % sp3,
5-50 % H), these films are excellent for tribological systems, biomedical
devices, and protective coatings. Increased hardness, wear resistance,
and chemical inertness are all associated with higher sp® content.
Conversely, films with a higher sp? content, such as a-C (20-50 % sp°, H
< 5 %) and a-C:H (20-50 % sp3, 5-50 % H), are typically classified as
mechanically soft and exhibit enhanced electrical conductivity and
flexibility, which are advantageous for flexible displays and electronic
components [2,4,11].

Discrepancies between the results from NEXAFS and SXES further
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Fig. 8. Comparison of SXES and NEXAFS spectra for various DLC films: (a) and (b) present hydrogen-free DLC films with low and high sp® content; (¢) and (d)
compare hydrogen-free and hydrogenated DLC films with the highest sp® content; (e) and (f) show DLC films with medium and high hydrogen content.

underscore the importance of employing complementary characteriza-
tion techniques to optimize deposition processes and ensure accurate
classification based on application-specific requirements, as demon-
strated in Table 1 using sp® ratio and H content. Specifically, in hydro-
genated DLC films, inconsistencies often arise due to inherent
limitations of the NEXAFS technique. This technique tends to underes-
timate the sp® fraction in hydrogenated films, as it is less sensitive to
C—H bonds. Consequently, hydrogenated DLC films may be mis-
classified as a-C:H, despite SXES data indicating a higher sp® character.
In contrast, SXES, which probes the electronic structure more compre-
hensively and is less influenced by H or surface effects, often provides a
more accurate assessment of bonding configurations. Therefore, for
reliable classification of hydrogenated DLC films, especially those with

11

high H content, SXES should be used in conjunction with NEXAFS to
ensure strong and representative characterization.

Additionally, film density and the sp®/sp® ratio are valuable in-
dicators of the characteristics, mechanical performance, and potential
applications of both hydrogen-free and hydrogenated DLC films. The
density of diamond is approximately 50 % higher than that of graphite,
primarily due to the layered structure of graphite, which results in a
lower packing efficiency. This distinction carries over into the amor-
phous phase of carbon, as seen in DLC, which contains a mixed sp®/sp?
network [1,4]. Accordingly, a linear correlation exists between density
and the sp3/sp? ratio. As the sp> content increases, particularly in ta-C
films, the Young’s modulus and hardness approach values typical of
crystalline diamond [1]. However, the presence of H complicates this
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Fig. 9. Comparison of sp> content measured by NEXAFS and SXES across all
film series. (a) NEXAFS measurements conducted at the Synchrotron Light
Research Institute (BL3.2U), Thailand, and (b) at the UVSOR Synchrotron Fa-
cility (BL3U), Institute for Molecular Science, Japan. (c) Comparison of sp>
content obtained via NEXAFS and SXES as a function of film density.

relationship. The C—H bond occupies a significant volume, reducing the
film’s density and hardness. For example, ta-C:H films, which are sp3—
rich and contain approximately 20 at.% H typically exhibits lower
density compared to ta-C, which often shows densities around 2.4 g/cm®
[1,59]. While the density of ta-C:H still scales with sp3 content, it does so
at a lower baseline due to the inclusion of H. In contrast, sp%rich hy-
drogenated films (a-C:H) typically exhibit lower densities, ranging from
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approximately 2.0 g/cm>. These films can be broadly categorized into
two groups based on their density: those with a density above 2.0 g/cm®
and those with a density below 2.0 g/cm?®. Films with around 20 at.% H
tend to have densities above 2.0 g/cm®, while those with more than 40
at.% H falls below this threshold [11].

The comparison of results obtained via NEXAFS and SXES, as shown
in Fig. 9(c), further highlights the importance of employing comple-
mentary techniques. While both methods are effective in estimating the
sp® content, their respective limitations become especially apparent in
hydrogenated samples. NEXAFS often underestimates sp° content due to
limited sensitivity to C—H bonding and surface sensitivity, potentially
leading to misclassification. SXES, on the other hand, samples deeper
regions and is less influenced by surface contaminations and aliphatic
terminations, yields a more reliable estimation of the overall sp3
fraction.

Interestingly, the density versus sp® content plot in Fig. 9(c) does not
display the strong positive correlation typically reported in amorphous
carbon films, such as that shown in Fig. 11 of Ferrari et al. [59]. This
discrepancy likely arises from several contributing factors. First,
hydrogen incorporation affects film density independently of sp> hy-
bridization by introducing microvoids and terminating dangling bonds,
which reduces mass density while stabilizing the network [1,24,26].
Second, the films in this study were synthesized via diverse techniques
(PVD, CVD, FCVA, and sputtering), resulting in microstructural het-
erogeneity and variable hydrogen content, both of which decouple the
conventional density—sp3 trend [17,67]. Third, differences in measure-
ment depth and sensitivity between NEXAFS and SXES, especially in
hydrogenated films with surface-bound species or inhomogeneous
bonding, further contribute to the observed scatter [46,68,69]. None-
theless, Fig. 9(c) effectively distinguishes between hydrogen-free and
hydrogen-containing films, indicating that hydrogen content plays a
central role in both density and bonding configurations. This observa-
tion highlights the need for depth-sensitive, multi-technique character-
ization to elucidate the structure-property relationship in DLC films.

In summary, the accurate classification and design of DLC films,
particularly those that are hydrogenated, rely on the complementary use
of SXES and NEXAFS. Future work should focus on refining deposition
strategies and further elucidating the complex interactions between H
incorporation, bonding configurations, and film properties. These efforts
will enhance the utility of amorphous carbon films in high-performance
applications that require precise mechanical and electronic properties.

4. Conclusion

This study highlights the interpretation of sp°/sp? bonding, H con-
tent, and deposition techniques in amorphous carbon films. NEXAFS and
SXES offer complementary insights. Due to network termination effects,
NEXAFS, being more sensitive to unoccupied n* and ¢* orbitals near the
surface, may underestimate the sp® fraction in hydrogenated films. In
contrast, SXES reflects the overall bonding environment, capturing a
broader integration of sp>-, sp%, and hydrogenated states. Our study
emphasizes the role of H in shifting the local electronic structure and
sp®/sp? ratios, significantly impacting film properties. Low H content
films showed consistent results between the methods, while hydrogen-
rich films revealed discrepancies linked to H’s influence on the local
electronic structure. These findings underscore the importance of pre-
cise characterization and deposition control in designing amorphous
carbon films for advanced applications. Further research should refine
these techniques to better understand H’s role in film properties.
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Through curve fitting of the NEXAFS and SXES spectra, CH bonds (NEXAFS, C 1s — ¢* of C—H at 287.6 eV and SXES carbon-hydrogen bonds, including —CH and =CH

at around 275 eV), CC bonds, and other bonding types were compared.

Samples NEXAFS (%) SXES (%)
CH bonds CC bonds Contaminations (O, N, etc.) CH bonds CC bonds s state Contaminations (O, N, etc.)
N1 0.5 98.8 0.7 6.8 84.8 8.4 -
N2 0.0 98.0 2.0 4.9 88.2 6.9 -
N3 0.6 98.7 0.8 7.0 85.0 8.0 -
T11 0.5 98.6 0.9 11.7 79.6 8.7 -
T12 0.2 97.4 2.4 13.3 78.6 8.1 -
T13 0.4 98.9 0.7 12.9 79.1 8.0 -
T14 1.5 95.9 2.6 12.9 79.1 8.0 -
T21 0.3 99.3 0.5 14.9 77.9 5.9 1.4
T22 1.7 98.1 0.3 11.5 80.1 8.5 -
T31 6.1 72.1 21.8 14.7 77.1 8.2 -
T32 0.7 98.2 1.1 13.7 78.5 7.8 -
T33 0.2 88.6 11.2 14.1 78.7 6.3 0.9
T34 0.2 90.9 8.8 13.8 78.5 5.6 2.1
T35 0.1 98.8 1.0 18.4 75.9 4.3 1.3
T36 2.3 97.1 0.6 13.8 78.0 8.2 -
T37 3.1 91.9 5.0 14.2 76.9 8.9 -
Cl 0.8 98.4 0.8 15.1 76.9 5.9 2.1
w1 0.6 98.9 0.4 15.8 75.3 6.6 2.4
Data availability
Table 3

Provides a comparison between ERDA-derived H/C atomic ratios and SXES-
derived relative C—H intensities.

Samples H/C atomic ratio (ERDA/RBS) H/C atomic ratio (SXES)
(Average) (Average)

N series 0.02 0.09

T1 series 0.25 0.23

T2 series 0.24 0.24

T3 series 0.43 0.27

Remark: SXES derived by H/C ratio calculated from H/C = [3(—CH) + 1/2
(=CH)] / [(3(-CH) + 1/2(=CH) + (—C) + (=0)]1.
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