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Abstract: In the present research diamond-like carbon (DLC) films containing 4-29 at.% of silicon
were deposited by reactive magnetron sputtering of carbon target. Study by X-ray photoelectron
spectroscopy revealed the presence of Si—-C bonds in the films. Nevertheless, a significant amount
of Si-O-C and Si-Ox bonds was present too. The shape of the Raman scattering spectra of all studied
diamond-like carbon containing silicon (DLC:Si) films was typical for diamond-like carbon.
However, some peculiarities related to silicon doping were found. Studies on the dependence of
DLC:Si of the optical transmittance spectra on the Si atomic concentration have shown that doping
by silicon affects linear, as well as nonlinear, optical properties of the films. It is shown that the
normalized reflectance of DLC:Si films decreased with the increased exciting light fluence. No clear
relation between the normalized reflectance and photoexcited charge carrier relaxation time was
found. It was suggested that that the normalized reflectance decrease with fluence can be related to
nonlinear optical properties of the hydrogenated diamond-like carbon phase in DLC:Si film.

Keywords: diamond-like carbon films containing Si; reactive magnetron sputtering;
hexamethyldisilane; X-ray photoelectron spectroscopy; Raman spectroscopy; nonlinear optical
properties; transient absorption spectroscopy

1. Introduction

Diamond-like carbon (DLC) is a metastable form of amorphous carbon and can be considered
as some kind of nanocomposite, where sp? bonded (graphite-like) carbon nanoclusters are embedded
into the sp® bonded (diamond-like) carbon matrix. It is estimated that 0—40 at.% of hydrogen may be
present in these films [1-3]. Diamond-like carbon films are under considerable interest due to a very
interesting combination of the high hardness, low friction coefficient, wear and corrosion resistance,
and biocompatibility [1-6]. Optical and electrical properties, as well as surface-free energy of DLC
films, can be varied in a broad range [1-3]. Properties of DLC films can be additionally controlled by
introducing chemical elements other than carbon or hydrogen [1,3-8]. Particularly, silicon is one of
the most often used DLC dopants [6-23]. Reduced internal stress and friction coefficient, as well as
increased thermal resistance, while keeping high hardness of Si doped diamond-like carbon films
were reported [9]. DLC films containing silicon are widely used for tribological and biomedical
applications [6,7]. Silicon doping of DLC films resulted in reduced internal stress, increased hardness,
and improved high-temperature tribological properties [15]. Reduced internal stress and friction
coefficient of DLC:Si films as compared with undoped DLC films are presented in [16,19]. It was
shown that friction coefficient of DLC:Si films in ambient air was lower than the friction coefficient
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of the undoped DLC films [14]. The incorporation of silicon was found as an efficient measure to
improve the resistance of the DLC films against corrosion in HNOs [13]. Due to high hardness,
improved adhesion with Ti6Al7Nb substrate in comparison with undoped DLC and decrease of the
human osteosarcoma cells proliferation, as well as adhesion of bacterial cells, DLC:Si films are
suitable for creation of biologically and mechanically stable implants [12]. It was found that doping
of DLC films by silicon may provide a protein adsorption control on the surface [21]. Si doping had
effects on optical properties of DLC:Si films too. Increased transparency of hydrogenated DLC films
as a result of silicon introduction was observed [10,11].

Along with widely studied mechanical, optical, and electrical properties of DLC films, other
physical properties, such as nonlinear optical properties, are considered. The main two groups of the
nonlinear optical behavior are self-saturable absorption (i.e., increase of a light transmittance with
increased light beam intensity) and reverse saturable absorption (i.e., decrease of a light transmittance

with increased light beam intensity) [24-26]. Recently, self-saturable absorption has been observed
in diamond-like carbon nanocomposite films with embedded copper nanoparticles [24]. In addition,
self-saturable absorption was found in some carbon-rich silicon carbide films [25]. Thus, a self-
saturable absorption effect can be expected in DLC:Si films as well. Room temperature deposited
hard, wear- and corrosion-resistant DLC-based saturable absorption mirrors could be serious
competitors to the semiconducting absorber mirrors (SESAM), presently used for mode-locking of
the ultrafast fiber lasers. It should be mentioned as well that semiconducting self-saturable absorption
mirrors are grown at elevated temperatures by molecular beam epitaxy technique, a costly and
complex thin film growth method. SESAM'’s are a bulky, inflexible, and small operation wavelength
range solution for optical fiber lasers [26].

Therefore, in the present study, DLC:Si films of different composition and structure were
deposited by reactive magnetron sputtering of carbon target seeking possible relations between the
structure, chemical composition, as well as linear and nonlinear optical properties.

2. Materials and Methods

DLC films were deposited by unbalanced reactive magnetron sputtering of graphite target. The
diameter of the target was 3”. Si2(CHs)s (hexamethyldisilane-HMDS) (Alfa Aesar, Tewksbury, MA,
USA, catalog No A13155) vapor was used as a source of silicon and hydrogen. The vapor was
introduced by using a liquid vaporizer (Bronkhorst High-Tech B.V., Ruurlo, Netherlands). Argon
was used both as sputtering gas and as transport gas. The base pressure in the vacuum chamber was
6 x 10~ Pa. Deposition process work pressure was (7 + 1) x 10! Pa. The gap between the substrate and
the target was 0.1 m. In all cases, samples were grounded and no additional bias was used. The
deposition time was ~2 min.

It should be mentioned that in the present study diamond-like carbon films were deposited by
hexamethyldisilane vapor, a reagent containing silicon and no oxygen. Thus, deposited films are
called DLC films containing silicon (DLC:Si).

Other deposition details of DLC:Si films are presented in Table 1. The conditions were varied to
grow DLC:Si films containing different amounts of silicon.
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Table 1. Deposition conditions of DLC:Si films.

Target HMDS
Sample Ar gas flow arge liquid  Vaporizer
current . Comments
No (sccm) flow temp (°C)
(A) .
(mg/min)

In all experiments, HMDS liquid
954 140 0.62 25 40 flow was the lowest available for
the liquid vaporizer used.

955 140 0.9 2.5 40
956 140 11 2.5 40
957 140 0.9 2.5 20
Ar gas flow was split into two
equal fluxes. The first one was
directed to the magnetron. The
second one was used as a HMDS
958 70 + 60 0.92 25 40 transport gas. Afterwards, Ar and

HMDS mixture was introduced in
the vacuum hamber through
another inlet to increase the
distance between the HMDS vapor
inlet and sample.

The DLC:Si films deposited on Si (100) substrates were studied by X-ray photoelectron
spectroscopy and Raman scattering spectroscopy. Samples for the study of the static and dynamic as
well as linear and nonlinear optical properties were synthesized on fused silica substrates. The
thickness of the samples was 50-90 nm.

The thickness and refractive index of the deposited films were measured by a laser ellipsometer
Gaertner L115 (4= 633 nm, Gaertner Scientific Corporation, Skokie, IL, USA).

Raman scattering spectra were measured by a Raman microscope inVia (Renishaw, Wotton-
under-Edge, UK). Additionally, 532 nm wavelength excitation was used. Excitation power was set at
1.5 mW. The integration time was set at 100 s. The grating with a groove density of 2400 grooves/mm
was applied. The main spectral feature of the Raman scattering spectra was fitted by two Gaussian
form components, G peak and D peak. X-ray photoelectron spectroscopy (XPS) peak v3.1 software
(Version 3.1, free software written by Ramund Kwok) was used for fitting. The possible presence of
other peaks was not considered in this approximation.

A Thermo Scientific ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, East Grinstead,
UK) with a monochromatic Al Ka radiation (hv = 1486.6 eV) was used for X-ray photoelectron
spectroscopy (XPS) measurements. The base pressure in the analytical chamber was lower than 2 x
107 Pa. The 40 and 20 eV pass energy values of a hemispherical electron energy analyzer were used
for survey and high-resolution spectra respectively. The energy scale of the system was calibrated
with respect to Au 4f7», Ag 3dsp, and Cu 2ps2 peak positions. For data analysis, the Thermo Scientific
Advantage software (v5.979, Thermo Fisher Scientific, East Grinstead, UK) was used. All samples
were analyzed before and after a gentle surface cleaning procedure using argon ions gun (500 eV, 50
sec).

Linear optical properties of the films were investigated using an optical spectrometer Avantes
that is composed of a deuterium halogen light source (AvaLight DHc, Avantes, Apeldoorn, the
Netherlands) and spectrometer (Avaspec-2048, Avantes, Apeldoorn, Netherlands). The absorbance
of the films was analyzed in the wavelength region from 200 to 1000 nm. Optical losses related to
possible reflectance were not taken into account.

Ultrafast optical processes were studied by a transient absorption spectrometer HARPIA (Light
Conversion, Vilnius, Lithuania). A more thorough description of the used measurement system can
be found in [12].
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The nonlinear optical response of the samples was researched by a nonlinear reflectance
measurement system. Picosecond mode-locked fiber laser (JSC Ekspla, Vilnius, Lithuania) was
applied as a variable wavelength light source (1020-1080 nm range). An excitation wavelength was
1064 nm. The nonlinear reflectance was also acquired at 1064 nm. For more information on the
measurement setup used please see [24,27].

3. Results

3.1. Chemical Composition

Chemical composition of the deposited DLC:Si films is presented in Table 2. The DLC:Si films
contain 4-29 at.% of silicon. However, in all films, oxygen is present and oxygen atomic concentration
nearly linearly increases with Si amount in the films (Figure 1). Yet, O/Si atomic concentration ratio
decreases with Si atomic concentration (Figure 1). In situ etching of DLC:Si films resulted only in
minor changes in the chemical composition (Table 2, Figure 1). It should be mentioned, that an
increase of the oxygen atomic concentration with Si amount in DLC:Si films was reported by other
authors, too [12,18]. In numerous studies, relatively large amounts of oxygen, comparable with the
present study or even higher, were reported for both hydrogenated [18,20,21] and hydrogen-free
[12,17] DLC:Si films. In other case, O atomic concentration increased for DLC:Si films deposited by
plasma-enhanced chemical vapor deposition from tetramethylsilane (TMS) only in comparison with
the films deposited from the mixture of C2Hz and TMS [18]. This fact was explained by the reaction
of TMS with oxygen [18]. Such a reaction can be additionally activated by plasma of the magnetron
similarly to the silicon dioxide film deposition technology, where synthesis temperature can be
significantly decreased by using plasma-enhanced chemical vapor deposition instead of the thermal
chemical vapor deposition [28]. Thus, one can suppose that HMDS vapor reacts with residual oxygen
in the vacuum chamber and we see increased oxygen content in DLC:Si films. In our case, deposition
time was relatively short (~2 min.). Therefore, the source of residual oxygen may be water vapor
desorbed from the vacuum chamber walls. In such a case, rapid reactions of the hexamethyldisilane
with OH groups on the growing film surface and the resultant formation of -O-Si(CHs)s can take
place, as it was suggested by Soethoudt et al. [29].

The deconvoluted high-resolution XPS spectra in Ols, Si 2p and C 1s regions are presented in
Figures 2—-6. In the case of the sample containing the largest amount of Si, the oxygen spectra consist
of two peaks (Figure 2). They can be assigned to Si-OC/S5iO2/SiOx (~95%) and adsorbed O-H (~5%)
bonds, since positions of these peaks (531.9 and 533.1 eV) correspond to the reported positions for
SiOz (532 eV) and O-H (533 eV) bonds [30]. The Si 2p region fitting resulted in four distinguishable
peaks located at 100.2, 101.2, 102.2, and 103.3 eV on the binding energy scale (Figure 3). These
positions are in good agreement with the known binding energy values for SiOx, SiC, Si-O-C, and
SiO2 bonds [31].

Table 2. Chemical composition of the DLC:Si films (the presence of hydrogen in the films was not
taken into account due to the method limitations.).

o . Before etching After etching

ample . .

No  OGt% Cat%) Sifate ri/ti‘, O @t%) C(at%) Si(at.%) i’tf;
954 147 571 282 202 165 53.8 297 056
955 13 719 169 426 111 70.9 180 g
956 95 775 130 59 95 76.9 136 gm0
957 9o 793 115 692 78 80.2 120 (5

958 71 883 47 1895 46 90.5 49 93
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Figure 1. (a) Oxygen amount in DLC:Si films Vs Si atomic concentration and (b) O/Si atomic
concentration ratio Vs Si atomic concentration.
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Figure 2. The deconvoluted high-resolution XPS spectra in Ols region (sample 954): (a) Before
etching; (b) After etching: Thin black line—raw data, thick red line—envelope, other thick lines—
fitted peaks.
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Figure 3. The deconvoluted high-resolution XPS spectra in Si 2p region (sample 954): (a) Before
etching; (b) After etching: Thin black line—raw data, thick red line—envelope, other thick lines—

fitted peaks.
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Binding Energy, eV Binding Energy, eV
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Figure 4. The deconvoluted high-resolution XPS spectra in C 1s region (sample 954): (a) Before
etching; (b) After etching: Thin black line—raw data, thick red line—envelope, other thick lines—

fitted peaks.

At low Si concentrations, SiC peak in the Cls region disappears (Figure 5), while in the Si 2p
region, it stays almost the same (Figure 6). It can indicate that the SiC peak in Si 2p region is a mixture
of at least two peaks: a) Peak corresponding to Si-C bonds, b) peak representing Si-Ox bonds. On the
other hand, the SiC peak in the C1s region area ratio with C1s peak area quasilinearly increased with
the Si atomic concentration (Figure 7a). As this ratio linearly increased with the Si/C atomic
concentration for ion beam cleaned samples (Figure 7b) too, one can assume that SiC peak in the Cls
region is related to the Si—C bonds only.
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Figure 5. The deconvoluted high-resolution XPS spectra in C 1s region (sample 958): (a) Before
etching; (b) After etching: Thin black line—raw data, thick red line—envelope, other thick lines—
fitted peaks.
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Figure 6. The deconvoluted high-resolution XPS spectra in Si 2p region (sample 958): (a) Before

etching; (b) After etching: Thin black line—raw data, thick red line—envelope, other thick lines—

fitted peaks.
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3.2. Structure

The representative Raman scattering spectra of the DLC:Si films are shown in Figure 8. The
shape of spectra is typical for diamond-like carbon [1,32]. One can see a wide spectral feature in the
1200-1700 cm™ wavenumber range. This feature is usually defined as a superposition of two peaks.
In this case, the main peak at ~1400-1600 cm™ is explained as a stretching vibration mode of sp?-
bonded carbon atoms. It is called the G peak. While the shoulder in ~1200-1400 cm™ wavenumbers
range is explained as a disorder-induced D peak associated with the sp?-bonded carbon ring
breathing mode [1,32].

A significant, nearly-linear downshift of the G peak position with the increased Si atomic
concentration should be mentioned (Figure 9). In the case of the samples containing a small amount
of Si, the position of the G peak is close to that of the undoped DLC. While in the case of the sample
containing 28.24 at.% of Si, position of the main peak at 1461 cm™ is far below minimum G peak
position values (1520 cm™) found for the undoped diamond-like carbon, and even below minimum
G peak position value reported in carbon amorphization diagram (1520 cm™) [1]. At the same time,
D/G peak intensity ratio decreased with Si atomic concentration in the film down to ~0.3. According
to [1], such behavior of G peak position and D/G peak intensity ratio indicates a significantly
increased sp3/sp? carbon bond ratio. It should be mentioned that such behavior was reported in
numerous studies for both hydrogen-free and hydrogenated DLC films containing silicon or SiOx
[8,33-36]. G peak position downshift to 1505 cm™ [21], 1495 cm™ [23], 1480 cm™ [12] and even as low
as 1460 cm™ [17,19] was reported. In those studies, the changes were explained by the increased
sp®/sp? carbon bond ratio. However, it can be seen in Figure 9c that FWHM of G peak decreases with
the increased Si atomic concentration. According to Ferrari et al. [32], sp%/sp? carbon bond ratio
decreases with the decrease of G peak FWHM. Thus, Figure 9a—c provides in some way contradicting
information of changes in the amount of sp® carbon phase. In addition, according to Komori et al.
[17], the D/G ratio in the case of hydrogenated DLC:Si film is lower than the D/G ratio of the Raman
spectra of tetrahedral amorphous carbon film. Thus, it should be supposed that sp3/sp? carbon bond
ratio in that case is higher in DLC:Si film than that in tetrahedral amorphous carbon film. It must be
mentioned that sp¥/sp? carbon bond ratio in the case of the hydrogenated DLC films deposited by
plasma-enhanced chemical vapor deposition was significantly lower than in the case of tetrahedral
amorphous carbon films [1]. Taking into account the downshift of the G peak to the position below
any value reported for undoped DLC film [1] mentioned above, the relation between the downshift
of G peak position of DLC:Si films and increased sp®/sp? carbon bond ratio seems to be doubtful.
Bociaga et al. [12] and Batory et al. [23] explained downshift of G peak position by reduced internal
stress. However, stress reduction as a result of DLC doping by chemical elements other than Si, C, H
was reported in numerous studies. Yet that reduction was not accompanied by so significant
downshift of G peak position. While, according to Zhu et al. [37], in the case of undoped DLC films,
the downshift of G peak position was at the level of several cm, or no shift was found despite
significant stress changes in 3 GPa range. Therefore, possible reduction of the internal stress in DLC:Si
films cannot explain such a significant G peak downshift. It should be mentioned that at 1460-1470
cm! transpolyacetylene, Raman scattering peak is present [38]. In addition, in some cases in Raman
scattering spectra of DLC:Si and DLC:SiOx films other transpolyacetylene-related peaks were
observed [8,35,36]. Besides, the study of DLC:SiO« films by multiwavelength Raman scattering
spectroscopy revealed the dependence of the spectra on excitation wavelength [39].
Transpolyacetylene-related spectral features can be seen in the case of the Raman scattering spectra
excited by 633 and 785 nm wavelength light, while no transpolyacetylene related separate peaks or
shoulders of the peaks were found in spectra excited by 532 nm wavelength light. Thus, it can be
supposed, that in the case of the DLC:5i and DLC:SiOx films, the main feature of Raman scattering
spectra should be described by three peaks instead of two. The transpolyacetylene peak appears
along with G and D peaks. In such a case, we see the increased intensity of the transpolyacetylene
peak. Such a change can be wrongly interpreted as significant downshift of the G peak position if the
main feature is fitted just by G and D peaks.
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Figure 8. Representative Raman scattering spectra of DLC:Si films.
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Figure 9. G peak position (a), D/G peak area ratio (b), G peak FWHM (c) Vs Si amount in DLC:Si film.

3.3. Optical Properties

Optical transmittance spectra of the DLC:Si films are shown in Figure 10. Doping of the DLC
films by silicon resulted in a decreased optical transmittance in a 200-350 nm wavelength range.
While in higher wavelengths range, increased optical transmittance was found.
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It should be mentioned that other authors reported similar results. Much the same changes of
the optical properties as a result of silicon doping were reported by Jedrzejczak et al. [11]. Si doping
increased transparency of hydrogenated DLC films in numerous studies [10,40,41]. However, DLC:Si
films contained up to 11 at.% O [11] and 13-22 at.% of oxygen [40]. Thus, in those cases, the possible
influence of SiOx should be taken into account, too. Yet, the bandgap of amorphous silicon carbide
can be beyond 3 eV [42]. Thus, changes in optical properties can be explained by the presence of both
SiCx and SiOx phases observed in the DLC:Si films (Figures 2-6).

Refractive index of the deposited DLC:Si films measured at 632 nm wavelength was in 2.25-2.4
range. It should be mentioned that, in our previous study, refractive index of hydrogen-free undoped
DLC films deposited by unbalanced magnetron sputtering was very similar [43]. Refractive index
values 2.2-2.5 were found. Values of the refractive index of DLC:Si films similar to the present study
were reported by Kato et al. [10] and Jedrzejczak et al. [11]. It was 2.1-2.2 [10] and 2.15-2.3 [11].
According to Kato et al. [10] and Jedrzejczak et al. [11], silicon doping can slightly increase the
refractive index of DLC films. However, it can result in a significant decrease down to 1.8 of the
refractive index if a significant amount of oxygen present in the film [31,40]. In addition, the presence
of the hydrogen results in a reduction of the refractive index [1]. Thus, in our case, silicon doping has
only minor effects on the refractive index of DLC films. No effects of the SiO« phase observed by XPS
(Figures 2-6) and hydrogen can be found.

70t @ 245! b -
60} S 240f
? | ©
xR c
~— S0F ‘o 235t
8 = 2 |
c 40 B 2.30F
E 4 — 95429664at.%Si | S
E — 95517.98at.%Si | @ 2.25F
< 20 956 13.55 at. % Si 220l
= —— 957 11.96 at. % Si
10 Chiha 0 H 1 1 1 1 1
958 4934l % Si 5 0 15 20 25 30
0 L Si concentration (at. %)
200 400 600 800
Wavelength (nm)
(a) (b)

Figure 10. Optical transmittance spectra (a) and refractive index (b) of DLC:Si films.

Nonlinear optical properties of DLC:Si films are illustrated in Figure 11. In all cases, reflectance
of the films decreased with the exciting light fluence (Figure 11a). Non-monotonous dependence of
the reflectance on silicon atomic concentration in the film was found (Figure 11b). The smallest
decrease of reflectance was observed for the DLC:Si film containing 12 at.% of Si, and the largest one
for the film containing 29.7 at.% Si. It should be mentioned that C/Si ratio (1.82) for DLC:Si film
containing 29.7 at.% of silicon was nearly the same (1.83) as reported by Cheng et al. [25] for carbon-
enriched SiC film, which exhibited saturable absorption effect.

There are two possible explanations of the different nonlinear properties in these films with
nearly identical C/Si atomic concentration ratio. On one hand, in the present study a larger amount
of oxygen was found in the DLC:Si film, in comparison with study by Cheng et al. [25]. It was 16.49
and 2.1 at.%. On the other hand, no peaks typical for DLC in Raman scattering spectra of the film
mentioned above were seen by Cheng et al. [25]. Thus, the differences between research of Cheng et
al. [25] and present study can be explained by the presence of higher amounts of silicon oxycarbide
and silicon oxide and/or by the different structure of the carbon phase. In our previous study [24],
the reflectance of undoped hydrogenated DLC film decreased by ~2% at 230 uJ/cm? Such value was
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similar to the reflectance decrease observed in the present study. Thus, it can be supposed that the
normalized reflectance decrease with fluence is related to the nonlinear optical properties of the
hydrogenated diamond-like carbon phase.
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Figure 11. (a) Normalized reflectance of DLC:Si films vs. laser fluence and (b) reflectance measured
at 100 uJ/cm? fluence vs. Si atomic concentration.

The ultrafast optical processes were studied by transient absorption spectroscopy (TAS) to reveal
possible relations between the nonlinear optical properties of the samples and their excited state
relaxation times. It should be noted that in our previous study [24], saturable absorption was
observed for the DLC:Cu films, when the photoexcited charge carrier relaxation time in these films
was sufficiently high. Transient absorption signal amplitude (AA) of the DLC:Si films decreased with
the increase of the excitation wavelength in 350750 nm range. The strongest TAS signal was recorded
for the spectra excited by 350 nm wavelength light (Figures 12 and 13). In the case of higher excitation
wavelengths, for most samples, TAS signal strength drop was too high for reliable analysis of the
measurement data.
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Figure 12. Typical transient absorption spectra of DLC:Si films.

The photoexcited charge carrier relaxation times were calculated by fitting TAS signal relaxation
decay traces. The exponential decay function with three components was used in Equation (1), like
in [44-46]:

t

t t
I(t) =A16_H+A26_E+A3e_§+10, (1)
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where A1; A2; As and 71; 72; T3 are the amplitudes and time constants of decay, respectively, while Io
represents the TAS signal background.

The calculation data are presented in Table 3. In the case of the sample containing the lowest
amount of silicon, reliable estimation of the relaxation times was impossible due to low amplitude of
the TAS signal and high signal to noise ratio. Some correlation between the normalized reflectance
and relaxation time (71) was found (Figure 14). However, in the present study relaxation times (7)
were substantially lower than the relaxation times necessary for the appearance of the saturable
absorption effect in the DLC:Cu films (0.15-0.18 ps vs. > 0.5 ps).
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Figure 13. Typical TAS traces of the DLC:Si films.

Table 3. Decay times of the samples calculated from TAS trace of wavelength at 600 nm. The excitation
wavelength 350 nm.

Sample

2
(excitation) 71 (ps) A1 72 (ps) Az 3 (ps) As R

954 (350 nm)  0.18 +0.01 0.51+0.01 1.97+015 0.32+0.01 65.7 £8.3 0.12+0.01 0.997
955 (350 nm)  0.16 +0.01 0.46 +£0.01 200+0.18 0.29+0.01 96.6 £13.3  0.13+0.01 0.996
956 (350 nm)  0.15+0.01 055+0.02 3.19+044 0.22+0.01 137.8+24.7 0.13+0.01 1.000
957 (350 nm)  0.15+0.01 0.48 +0.01 256+0.38 0.21+0.01 105.8 +16.8 0.15+0.01 1.000
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Figure 14. The normalized reflectance vs. relaxation time (relaxation time component).



Materials 2020, 13, 1003 13 of 15

4. Conclusions

In conclusion, DLC:Si films containing 4-29 at.% of silicon were deposited by reactive
magnetron sputtering. Analysis of the XPS peaks revealed the presence of Si-C bonds in the film,
however, a significant amount of Si-O-C and Si-Ox bonds was found in all studied films too. The
shape of the Raman scattering spectra of all studied DLC:Si films was typical for diamond-like carbon
and significant nearly-linear downshift of the G peak position with the increased Si atomic
concentration was found. It was shown that the main feature of Raman scattering spectra should be
described by three peaks (instead of usually used two), the transpolyacetylene peak appears along
with G and D peaks. Doping of the DLC films by silicon resulted in decreased optical transmittance
in 200-350 nm wavelength range, while in higher wavelengths range increased optical transmittance
was found. Refractive index of the deposited DLC:Si films measured at 632 nm wavelength was in
2.25-2.4 range, such values are close to the refractive indexes reported for undoped DLC and DLC
films containing silicon. The study of the nonlinear optical properties revealed a decrease of the
normalized reflectance with the increase of exciting light fluence. Some correlation between the
normalized reflectance and relaxation time (71) was found. It was supposed that the normalized
reflectance decrease with fluence is related to the nonlinear optical properties of the hydrogenated
diamond-like carbon phase.

Author Contributions: Conceptualization, SM.; investigation, A.V., M.A,, D.P., K.V.; writing—original draft
preparation, SM.; writing—review and editing, S.T., S.M.; visualization, .M., A.V., M.A., D.P., K.V.; project
administration, S.M.; funding acquisition, $.M. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by a grant (proposal No. P-MIP-17-243, contract No. S-MIP-17-82) from the
Research Council of Lithuania, project title “Plasmonic Carbon Nanocomposite Based Self Saturable Absorber
Mirrors for Fiber Lasers”.

Acknowledgments: Nonlinear optical response of the samples was investigated by using infrastructure of JSC
Ekspla. All other experiments were done by using infrastructure of the Institute of Materials Science of Kaunas
University of Technology.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Robertson, J. Diamond-like amorphous carbon. Mater. Sci. Eng. R 2002, 37, 129-28]1.
Casiraghi, C.; Robertson, J.; Ferrari, A.C. Diamond-like carbon for data and beer storage. Mater. Today 2007,
10, 44-53.

3. Robertson, J]. Comparison of diamond-like carbon to diamond for applications. Phys. Stat. Solidi Appl. Mater.
2008, 205, 2233-2244.

4. Tyagi, A.; Walia, R.S.; Murtaza, Q.; Pandey, S.M.; Tyagi, P.K.; Bajaj, B. A critical review of diamond like
carbon coating for wear resistance applications. Int. |. Refract. Met. Hard Mater. 2019, 78, 107-122.

5.  Tamulevidius, S.; Meskinis, S, ; Tamulevicius, T.; Rubahn, H.-G. Diamond like carbon nanocomposites with
embedded metallic nanoparticles. Rep. Prog. Phys. 2018, 81, 024501.

6. AlMahmud, K.A.H; Kalam, M.A.; Masjuki, H.H.; Mobarak, H. M.; Zulkifli, N.W.M. An updated overview
of diamond-like carbon coating in tribology. Crit. Rev. Solid State Mater. Sci. 2015, 40, 90-118.

7. Roy, RK; Lee, K.-R. Biomedical applications of diamond-like carbon coatings: A review. |. Biomed. Mater.
Res. Part B Appl. Biomater. 2007, 83, 72-84.

8.  Megkinis, 5.; Tamulevi¢iené, A. Structure, Properties and Applications of Diamond Like Nanocomposite
(SiOx Containing DLC) Films: A Review. Mater. Sci.-Medzg. 2011, 17, 358-370.

9.  Wu, Weng-Jin; Hon, Min-Hsiung. Thermal stability of diamond-like carbon films with added silicon. Surf.
Coat. Technol. 1999, 111, 134-140.

10. Kato, N.; Mori, H.; Takahashi, N. Spectroscopic ellipsometry of silicon-containing diamond-like carbon
(DLC-Si) films. Phys. Stat. Solidi Appl. Mater. 2008, 5, 1117-1120.



Materials 2020, 13, 1003 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Jedrzejczak, A.; Batory, D.; Dominik, M.; Smietana, M.; Cichomski, M.; Szymanski, W.; Bystrzycka, E.;
Prowizor, M.; Kozlowski, W.; Dudek, M. Carbon coatings with high concentrations of silicon deposited by
RF PECVD method at relatively high self-bias. Surf. Coat. Technol. 2017, 329, 212-217.

Bociaga, D.; Sobczyk-Guzenda, A.; Szymanski, W.; Jedrzejczak, A.; Jastrzebska, A.; Olejnik, A.; Swiatek, L.;
Jastrzebski, K. Diamond like carbon coatings doped by Si fabricated by a multi-target DC-RF magnetron
sputtering method —Mechanical properties, chemical analysis and biological evaluation. Vacuum 2017, 143,
395-406.

Nishikawa, J.; Sugihara, N.; Nakano, M.; Hieda, ].; Ohtake, N.; Akasaka, H. Effect of Si incorporation on
corrosion resistance of hydrogenated amorphous carbon film. Diam. Relat. Mater. 2018, 90, 207-213.
Nakazawa, H.; Miura, S.; Nakamura, K.; Nara, Y. Impacts of substrate bias and dilution gas on the
properties of Si-incorporated diamond-like carbon films by plasma deposition using organosilane as a Si
source. Thin Solid Films 2018, 654, 38—48.

Zhang, T.F.; Wan, X.; Ding, ].C.; Zhang, S.; Wang, Q.M.; Kim, K.H. Microstructure and high-temperature
tribological properties of Si-doped hydrogenated diamond-like carbon films. Appl. Surf. Sci. 2018, 435, 963—
973.

Chaus, A.S,; Jiang, X.H.; Pokorny, P.; Piliptsou, D.G.; Rogachev, A.V. Improving the mechanical property
of amorphous carbon films by silicon doping. Diam. Relat. Mater. 2018, 82, 137-142.

Komori, K.; Umehara, N. Friction and wear properties of tetrahedral Si-containing hydrogenated diamond-
like carbon coating under lubricated condition with engine-oil containing ZnDTP and MoDTC. Tribol.
Online 2017, 12, 123-134.

Hatada, R.; Baba, K.; Flege, S.; Ensinger, W. Long-term thermal stability of Si-containing diamond-like
carbon films prepared by plasma source ion implantation. Surf. Coat. Technol. 2016, 305, 93-98.

Evaristo, M.; Azevedo, R.; Palacio, C.; Cavaleiro; A. Influence of the silicon and oxygen content on the
properties of non-hydrogenated amorphous carbon coatings. Diam. Relat. Mater. 2016, 70, 201-210.

Ray, S.C.; Pong, W.F.; Papakonstantinou, P. Iron, nitrogen and silicon doped diamond like carbon (DLC)
thin films: A comparative study. Thin Solid Films 2016, 610, 42-47.

Ahmed, M.H,; Byrne, J.A.; Ahmed, W. Characteristic of silicon doped diamond like carbon thin films on
surface properties and human serum albumin adsorption. Diam. Relat. Mater. 2015, 55, 108-116.

Wu, Y,; Zhang, S.; Yu, S.; Zhu, L.; Shen, Y.; Zhou, B.; Tang, B.; Liu, Y. A self-lubricated Si incorporated
hydrogenated amorphous carbon (a-C:H) film in simulated acid rain. Diam. Relat. Mater. 2019, 94, 43-51.
Batory, D.; Jedrzejczak, A.; Kaczorowski, W.; Szymanski, W.; Kolodziejczyk, L.; Clapa, M.; Niedzielski, P.
Influence of the process parameters on the characteristics of silicon-incorporated a-C:H:SiOx coatings. Sutf.
Coat. Technol. 2015, 271, 112-118.

Meékinis, S.; Vasiliauskas, A.; Andrulevidius, M.; Jurkeviciaté, A.; Peckus, D.; Kopustinskas, V.; Viskontas,
K.; Tamulevicius, S. Self-saturable absorption and reverse-saturable absorption effects in diamond-like
carbon films with embedded copper nanoparticles. Coatings 2019, 9, 100, doi:10.3390/coatings9020100.
Cheng, C.-H.; Lin, Y.; Chen, T.; Chen, H.; Chi, Y.; Lee, C.; Wu, C; Lin, G. Can silicon carbide serve as a
saturable absorber for passive mode-locked fiber lasers? Sci. Rep. 2016, 5, 16463.

Hader, J.; Yang, H.-].; Scheller, M.; Moloney, J.V.; Koch, S.W. Microscopic analysis of saturable absorbers:
Semiconductor saturable absorber mirrors versus graphene. J. Appl. Phys. 2016, 119, 053102.

Viskontas, K.; Rusteika, N. All-fiber wavelength-tunable picosecond nonlinear reflectivity measurement
setup for characterization of semiconductor saturable absorber mirrors. Opt. Fiber Technol. 2016, 31, 74-82.
Lee, Young-Soo; Lee, Seung Hwan; Kwon, Jung-Dae; Ahn, Ji-Hoon; Park, Jin-Seong. Silicon oxide film
deposited at room temperatures using high-working-pressure plasma-enhanced chemical vapor
deposition: Effect of Oz flow rate. Ceram. Int. 2017, 43, 10628-10631.

Soethoudt, J.; Steven Crahaij, S.; Conard, T.; Delabie, A. Impact of SiO: surface composition on

trimethylsilane passivation for area-selective deposition. ]. Mater. Chem. C 2019, 38, 11911-11918.

Available online: http://srdata.nist.gov/xps/ (accessed on 14 December 2019).

Mesgkinis, S.; Tamulevidius, S.; Kopustinskas, V.; Andrulevicius, M.; Guobiené, A.; Gudaitis, R.; Liutviniené,
I. Hydrophobic properties of the ion beam deposited DLC films containing SiOx. Thin Solid Films 2007, 515,
7615-7618.

Ferrari, A.C.; Robertson, J. Raman spectroscopy of amorphous, nanostructured, diamond-like carbon, and
nanodiamond. Philos. Trans. R. Soc. A 2004, 362, 2477-2512.



Materials 2020, 13, 1003 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nakazawa, H.; Asai, Y.; Kinoshita, T.; Suemitsu, M.; Abe, T.; Yasui, K,; Itoh, T.; Endoh, T.; Narita, Y.; Konno,
A.; et al. Thin-film deposition of silicon-incorporated diamond-like carbon by Plasma-enhanced chemical
vapor deposition using monomethylsilane as a silicon source. Jpn. J. Appl. Phys. 2008, 47, 8491-8497.
Nakazawa, H.; Kamata, R.; Okuno, S. Deposition of silicon-doped diamond-like carbon films by plasma-
enhanced chemical vapor deposition using an intermittent supply of organosilane. Diam. Relat. Mater. 2015,
51, 7-13.

34. Meskinis, S.; élapikas, K.; Gudaitis, R.; Tamulevicius, S.; Kopustinskas, V.; Guobiené, A.; Niaura, G.
SiOx-doped DLC films: Charge transport, dielectric properties and structure. Vacuum 2008, 82, 617-622.
Veres, M.; Kods, M.; Toth, S.; Fiile, M.; Pécsik, 1.; Toth, A.; Mohai, M.; Bertoti, I. Characterisation of a-C:H
and oxygen-containing Si:C:H films by Raman spectroscopy and XPS. Diam. Relat. Mater. 2005, 14, 1051—
1056.

Zhu, Wenliang; Arao, K.; Nakamura, M.; Takagawa, Y.; Miura, K.; Kobata, J.; Marina, E.; Pezzotti, G. Raman
spectroscopic studies of stress-induced structure alteration in diamond-like carbon films. Diam. Relat.
Mater. 2019, 94, 1-7.

Ferrari, A.C.; Robertson, J. Origin of the 1150-cm™ Raman mode in nanocrystalline diamond. Phys. Rev. B
2001, 63, 121405.

Tamuleviciené, A.; Kopustinskas, V.; Niaura, G.; Meskinis, S.; Tamulevidius, S. Multiwavelength Raman
analysis of SiOx and N containing amorphous diamond like carbon films. Thin Solid Films 2015, 581, 86-91.
Abbas, G.A.; Papakonstantinou, P.; Okpalugo, T.I.T.; McLaughlin, J.A.; Filik, J.; Harkin-Jones, E. The
improvement in gas barrier performance and optical transparency of DLC-coated polymer by silicon
incorporation. Thin Solid Films 2005, 482, 201-206.

Ahmed, Sk.F.; Banerjee, D.; Mitra, M.K.; Chattopadhyay, K.K. Visible photoluminescence from silicon-
incorporated diamond like carbon films synthesized via direct current PECVD technique. J. Lumin. 2011,
131, 2352-2358.

Chen, E,; Du, G.; Zhang, Y.; Qin, X,; Lai, H.; Shi, W. RE-PECVD deposition and optical properties of
hydrogenated amorphous silicon carbide thin films. Ceram. Int. 2014, 40, 9791-9797.

Megkinis, S.; Vasiliauskas, A.; élapikas, K.; Gudaitis, R.; Tamulevicius, S.; Niaura, G. Piezoresistive
properties and structure of hydrogen-free DLC films deposited by DC and pulsed-DC unbalanced
magnetron sputtering. Surf. Coat. Technol. 2012, 211, 172-175.

Hodak, J.H.; Henglein, A.; Hartland, G. V. Coherent excitation of acoustic breathing modes in bimetallic
core-shell nanoparticles. J. Phys. Chem. B 2000, 104, 5053-5055.

Ruckebusch, C.; Sliwa, M.; Pernot, P.; De Juan, A.; Tauler, R. Comprehensive data analysis of femtosecond
transient absorption spectra: A review. J. Photochem. Photobiol. C Photochem. Rev. 2012, 3, 1-27.

Lin, W.; Shi, Y.; Yang, X,; Li, J.; Cao, E.; Xu, X.; Pullerits, T.; Liang, W.; Sun, M. Physical mechanism on
exciton-plasmon coupling revealed by femtosecond pump-probe transient absorption spectroscopy. Mater.
Today Phys. 2017, 3, 33-40.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



