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Abstract

Diamond-like carbon (DLC) films offer exceptional mechanical and chemical properties but face
limitations in adhesion and thermal stability, which restrict their broader applications. Current
characterization methods for silicon-doped DLC films rely on destructive techniques, which pose
challenges for industrial quality control. We investigate the effects of low-level silicon doping on the
microstructure and optical properties of DLC while developing a non-destructive quantification method.
Films were synthesized by co-deposition combining pulsed filtered cathodic vacuum arc and RF magnetron
sputtering. Silicon incorporation was controlled by varying RF power up to 30 W. Characterization
employed X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and spectroscopic ellipsometry,
yielding silicon concentrations of 1.55 at.% to 4.64 at.% as determined by XPS. Microstructural analysis
reveals C—Si bond formation and strengthened tetrahedral bonding networks with reduced graphitic
clusters upon silicon doping. Wavelength-averaged optical properties show systematic decreases in both
extinction coefficient and refractive index with increasing silicon content. Spectroscopic ellipsometry
combined with Bruggeman effective-medium approximation modeling achieved a strong linear correlation
(R?=0.97) with XPS-measured silicon concentrations. This non-destructive quantification at sub-5 at.%
silicon levels, beyond the sensitivity range of conventional destructive techniques, offers a practical route

1. Introduction

Diamond-like carbon (DLC) films have attracted significant attention
from industrial and academic sectors due to their exceptional combination
of properties derived from their unique amorphous structure. These
films comprise carbon atoms in both sp? (graphite-like) and sp? (diamond-
like) hybridizations, where sp? configurations primarily contribute to
electrical conductivity and lubrication properties, while sp? bonding
governs hardness and chemical inertness. This dual bonding enables
DLC films to exhibit high hardness, low friction coefficients, excellent
wear resistance, and superior chemical stability. These properties
are suitable for protective coatings on tools, molds, and automotive
components [1-3].

Despite these advantageous properties, DLC films face significant
limitations that restrict their broader application. Poor adhesion to
metal substrates is a primary challenge, often due to high internal
compressive stress generated during deposition. This stress can
cause film delamination under external forces, particularly as film
thickness increases [4]. Strategies such as interlayer coatings or
multilayer structures have been employed to improve adhesion and
reduce internal stress [5,6]. Another critical limitation is the structural
instability of DLC films at elevated temperatures, where sp> bonds
may transform to sp? configurations, leading to oxidation, reduced
corrosion resistance, and reduced hardness [7].

To address these challenges, doping DLC films with various
elements has been explored, including oxygen, nitrogen, fluorine,
transition metals, and silicon [8,9], with related microstructural and
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to industrial-scale quality control of Si-DLC films.

process-control studies of carbon-based thin films further supporting
the role of deposition parameters in tailoring film composition [10,11].
Silicon-doped DLC (Si—-DLC) has gained particular interest due to
enhanced mechanical, electrical, and chemical properties that expand
application possibilities. For example, silicon incorporation improves
tribological characteristics by reducing friction coefficients and residual
stress [8]. In addition, several studies have demonstrated the effectiveness
of silicon doping for improving thermal stability [12—14] and corrosion
resistance [15,16]. The formation of Si—C bonds contributes to thermal
stability and friction reduction [12,17], while silicon incorporation
significantly reduces internal stress of the films [18,19].

Understanding and controlling the microstructure and composition
of Si-DLC films are essential for tailoring properties including hardness,
wear resistance, and thermal stability. Spectroscopic ellipsometry (SE)
is a non-destructive, contact-free technique for characterizing thin
films and provides information on optical properties such as refractive
index, extinction coefficient, film thickness, and surface characteristics
[20-22]. The effective medium approximation (EMA) model has been
applied to characterize various carbon-based materials, including
evaluating density and sp*/sp’ ratios in DLC films [23] and quantifying
dopant content in metal-doped [24] and boron-doped [25] carbon
films. However, the direct application of SE combined with EMA to
quantify silicon content at low doping levels (<5 at.%) in Si-DLC films
remains limited in the literature.

In this work, we investigate the effects of low silicon concentrations
on the microstructure of DLC films and develop a non-destructive
method for estimating silicon content using spectroscopic ellipsometry
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with the Bruggeman effective-medium approximation. Silicon volume
fractions derived from EMA modeling are directly correlated with
atomic concentrations from X-ray photoelectron spectroscopy (XPS).
We establish a rapid estimation method for silicon content that could
benefit industrial-scale quality control.

2. Experimental details
2.1 Thin-film preparation

The film deposition system consists of a cylindrical chamber
connected to a pumping system to achieve an ultra-high vacuum.
Two deposition sources were employed simultaneously. The first
source utilizes RF magnetron sputtering with a 1.3-inch diameter,
99.99% pure silicon target mounted on a cathode. This cathode connects
to an RF generator through a matching network to achieve impedance
matching and minimize reflected power. The second source employs
a pulsed cathodic arc technique with a 0.25-inch-diameter, 99.999%
pure graphite rod as the cathode. A pulse forming network (PFN)
drives the arc discharge with a peak current of approximately 1.28 kA,
a pulse width of 1.2 ms, and a pulse frequency of about 1.3 Hz. The
generated carbon plasma passes through a 90° bent magnetic filter
coil that removes micron-sized particles before deposition onto the
substrate.

Undoped DLC and Si-DLC films were deposited on single-sided
polished p-type boron-doped (100) silicon wafers (1 inch x 1 inch).
Substrates were mounted on an electrically grounded holder that
could be tilted and rotated during deposition. The substrate holder
was tilted 10° and rotated at 30 rpm to enable co-deposition from both
sources for all deposited films, as shown in Figure 1.

Following evacuation to a base pressure below 2 x 10~ Torr,
undoped DLC films were deposited using only the pulsed cathodic arc
source. Argon gas was introduced at a flow rate of 25 sccm to establish
a working pressure of approximately 4 x 10~ Torr to deposit Si-DLC
films. The RF power was varied at 15, 20, and 30 W to achieve different
levels of silicon incorporation. Co-deposition was performed by
simultaneously operating the carbon arc source and the silicon
magnetron sputtering. Ellipsometric measurements confirmed that
all deposited films had thicknesses ranging from 20.7 nm to 22.7 nm
(approximately 21 + 1 nm). No intentional substrate heating or cooling
was applied. The substrate remained at room temperature throughout
deposition. The holder had no in-situ thermocouple, so substrate
temperature was not directly monitored. Any incidental rise from
plasma exposure is not expected to affect film microstructure under
the conditions used.

2.2 Film characterization

Chemical composition analysis was performed using X-ray
photoelectron spectroscopy (XPS) with a monochromatic Al Ka
source (photon energy 1486.6 ¢V, 24.6 W). Prior to measurement,
film surfaces were cleaned by Ar" ion sputtering at 1.1 nm*min™' for
1 min over a2 mm x 2 mm area to remove surface contaminants. Survey
spectra were acquired in the binding energy range of 0 to 1450 eV.
Atomic concentrations of carbon, silicon, and oxygen were determined
from the C 1s, Si 2p, and O 1s peak areas using Shirley background
subtraction and correction with atomic sensitivity factors [26].

J. Met. Mater. Miner. 36(4). 2026

Microstructural analysis utilized Raman spectroscopy with a
514 nm Ar" laser and Renishaw inVia™ InSpect confocal microscope
in backscattering geometry. The laser beam was focused through
a 50x objective lens onto the sample surface at ~10.5 mW. Each
spectrum was collected for 30 s and averaged over two scans in the
range of 1060 cm™' to 2000 cm™'. Raw spectra were fitted using two
Gaussian peaks representing the D (disorder) and G (graphitic) bands.
The area ratio Ip/Ig was used to estimate the relative content of sp?-to
sp>-bonded carbon.

Optical properties and silicon content in Si—-DLC films were
analyzed using multi-wavelength ellipsometry (J.A. Woollam, M-
2000XF). The Bruggeman Effective Medium Approximation (EMA)
was applied to estimate silicon volume fraction in the films. Results were
compared with atomic composition obtained from XPS measurements to
validate the non-destructive quantification approach.
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Figure 1. Schematic of the film deposition system showing the arrangement
of vacuum components and deposition sources.
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Figure 2. XPS survey spectra of undoped DLC and Si-DLC films (RF power of
0W, 15W,20 W, 30 W). Labeled peaks O 1s (~532¢V), C 1Is (~285 eV),
Si 2s (~152 eV), and Si 2p (~101 eV). Silicon peak intensity increases with
RF power.



Non-destructive silicon quantification in low-level Si-doped diamond-like carbon films 3

3. Results

3.1 Compositional analysis and silicon incorporation

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the elemental composition and chemical bonding states of the deposited
films. The survey spectrum confirmed the presence of carbon, silicon,
and oxygen, with the main binding energies measured at 531.95 +
0.01 eV for O 1s,284.71 £ 0.05 eV for C Is, 151.87 £ 0.02 eV for Si
2s,and 100.83 +0.18 eV for Si 2p, as shown in Figure 2. The peak area
of each element was divided by its corresponding atomic sensitivity
factor to obtain the corrected peak intensity. Atomic percentages were
calculated by taking the ratio of each corrected intensity to the sum
of all corrected intensities, with silicon content determined from the
Si 2p peak.

Table 1 summarizes the atomic concentrations obtained from
quantitative XPS analysis. The results demonstrate control over silicon
incorporation through RF sputtering power adjustment. The undoped
DLC film contained 92.66 at.% carbon and 7.34 at.% oxygen, with no
detectable silicon. Silicon content increased progressively with RF
power from 1.55 at.% at 15 W to 4.64 at.% at 30 W, reflecting the direct
relationship between sputtering power and silicon incorporation
efficiency. Oxygen content also increased from 7.34 at.% to 12.85 at.%
with silicon doping, a phenomenon attributed to the high oxygen
affinity of silicon and co-deposition dynamics discussed further below.

High-resolution XPS analysis was performed to investigate changes
in chemical bonding resulting from silicon incorporation into the DLC
structure. The core-level spectra of C 1s, Si 2p, and O 1s were deconvoluted
to identify specific bonding components, as presented in Figure 3. The
percentage of each bonding state, shown in Figure 4, was determined
from the areas of the deconvoluted sub-peaks corresponding to specific
chemical bonds, normalized to the total area of the corresponding core
level. Table 2 provides quantitative data including precise binding

energies and relative peak areas for all identified chemical bonding
states, along with the calculated sp’/(sp? + sp®) ratios that demonstrate
the microstructural evolution with silicon content.

The Si 2p spectra exhibited two primary components namely,
Si—C bonds at 100.48 + 0.04 eV and Si—O bonds at 102.13 £0.15 eV
(Figure 3(b)). Quantitative analysis revealed that 58.70% to 66.20%
of silicon forms Si—C bonds, while 33.80% to 41.30% forms Si—O bonds
(see Figure 4(b) and Table 2). The proportion of Si—C bonds decreased
with increasing silicon content, from 66.20% in Si-DLC_15W to 58.70%
in Si-DLC_30W. Conversely, the Si—O bond fraction increased from
33.80% to 41.30% over the same concentration range. These competitive
bonding dynamics reflect the interplay between carbon network
incorporation and oxygen reactivity during co-deposition. Silicon
initially incorporates preferentially into the carbon network through
Si—C bond formation. However, higher silicon concentrations favor
increased Si—O bond formation. The increase in oxygen content with
silicon doping, indicated by the rising O—Si bonding fraction, could be
attributed to three sources namely (i) reaction of silicon with residual
oxygen and water vapor in the chamber, given silicon’s higher oxygen
affinity than carbon, (ii) atmospheric exposure during sample handling
and transfer, and (iii) oxygen uptake from the Ar+ pre-sputtering step
prior to XPS analysis [27]. These findings align with previous studies
on Si-DLC films, in which similar competitive bonding between Si—C
and Si—O was observed across varying silicon concentrations [28,29].

The C 1s spectra revealed five distinct bonding environments
including C~C (sp?) at 284.08 + 0.05 eV, C-C (sp*) at 284.89 £ 0.04 eV,
C-0 at 286.24 + 0.11 eV, C=0 at 288.02 = 0.03 ¢V, and C-Si at
283.68 £ 0.12 eV as shown in Figure 3(a). The emergence of the C—Si
peak confirms the formation of carbon—silicon bonds within the DLC
matrix. Quantitative analysis showed that the main bonding types
comprised 76.92% to 78.11% C—C (sp*), 12.90% to 18.40% C—C (sp?),
3.78% to 8.03% C-0, 0.62% to 1.12% C=O0, and an increasing
proportion of C—Si bonds with higher silicon content.

Table 1. Atomic concentrations of carbon, silicon, and oxygen in undoped DLC and Si-DLC films obtained from XPS analysis.

Sample RF power Atomic concentration [at.%]

[W] C(C1s) 0 (01s) Si (Si 2p)
undoped DLC 0 92.66 7.34 —
Si-DLC_15W 15 88.06 10.39 1.55
Si-DLC_20W 20 85.03 11.64 332
Si-DLC_30W 30 82.52 12.85 4.64

Table 2. XPS analysis of undoped DLC and Si-DLC films: silicon content, sp*/(sp>+ sp’) ratio, and deconvoluted binding energies (BE, eV) and relative

peak areas (%) for C 1s, Si 2p, and O 1s core levels.

Parameter Bond type BE [eV] Undoped DLC Si-DLC 15W Si-DLC 20W Si-DLC 30W
Si (at.%) — 155 332 4.64
sp’/(sp® + sp”) 0.81 0.83 0.85 0.86
Cls C—sp? 284.00 to 284.12 18.40 15.99 14.02 12.90
C—sp? 284.84 to 284.93 76.92 75.77 76.95 78.11
Cc-0 286.14 to 286.40 3.78 7.61 7.91 8.03
C=0 288.00 to 288.06 0.90 0.62 1.12 0.96
C-Si 283.56 to 283.80 — 0.00 1.17 3.52
Si2p Si-C 100.44 to 100.51 — 66.20 60.30 58.70
Si-O 101.96 to 102.24 — 33.80 39.70 41.30
O 1s O0=C 531.50 to 531.85 92.21 54.10 54.82 48.03
0-C 532.90 to 533.10 7.79 13.87 10.24 8.20
O-Si 532.15 to 532.31 — 32.03 34.94 43.77

Note: Binding energy ranges represent variation across all samples for each bond type. All percentage values represent relative peak areas, normalized to the total area of the
corresponding core-level spectrum. The C-Si bond was not detected in undoped DLC (0 W). Si 2p and O-Si data are not applicable (—) for undoped DLC due to absence of silicon.
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Figure 3. High-resolution XPS spectra of (a) C 1s, (b) Si 2p, and (c) O 1s core levels for undoped DLC and Si—-DLC films with varying silicon concentrations.
Deconvoluted peaks reveal distinct chemical bonding environments: C—C (sp? and sp®), C-O, C=0, and C-Si bonds in the C 1s spectra; Si-C and Si-O bonds in
the Si 2p spectra; and O=C, O—C, and O—Si bonds in the O 1s spectra. Silicon percentages indicated on each spectrum correspond to XPS-determined atomic
concentrations. Note: High-resolution Si 2p analysis was not performed for undoped DLC due to absence of detectable silicon in the survey spectrum (Figure 2).
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XPS core-level spectra (a) C 1s, (b) Si 2p, and (c) O 1s for undoped DLC and
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The most significant finding involves the increase in sp® bonding
character upon silicon incorporation. The sp*/(sp? + sp®) ratio increased
progressively from 0.83 in Si-DLC_15W to 0.86 in Si-DLC 30W, as
summarized in Table 2. This structural modification indicates that
silicon atoms disrupt the graphitic sp? network and promote sp* bond
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formation. The mechanism involves silicon's inability to participate in
7 bonding, which forces neighboring carbon atoms to adopt tetrahedral
sp® configurations [30,31]. Additionally, the stress relaxation induced
by silicon incorporation facilitates the transition from strained sp?
clusters to more stable sp® arrangements [29]. The C-Si contribution
increased from 0% in undoped DLC to 3.52% in Si-DLC_30W, directly
correlating with silicon content. This trend demonstrates successful
chemical incorporation rather than simple physical mixing of silicon
and carbon phases.

The O 1s spectra were fitted with three components at 531.74 +
0.16 eV (0=C), 532.19 £ 0.08 eV (O-Si), and 533.00 £ 0.08 eV (O-C),
as shown in Figure 3(c). The proportion of O—Si bonds increased with
silicon content, rising from 32.03% in Si—-DLC_15W to 43.77% in
Si-DLC 30W (Figure 4(c) and Table 2). This trend directly supports
the silicon chemical state analysis, which demonstrated increased Si—-O
bond formation at higher silicon concentrations. The complementary
behavior between O—Si and O=C bonding states validates the competitive
oxygen incorporation mechanism. As the O—Si bond content increased
from 32.03% to 43.77%, both O=C and O—C bond contents decreased.
The O=C bonds declined from 54.10% to 48.03%, while O—C bonds
dropped from 13.87% to 8.20%. This distribution suggests that oxygen
preferentially bonds with silicon rather than carbon, consistent with
the well-known higher oxygen affinity of silicon.

3.2 Raman spectroscopy analysis

Raman spectroscopy provided detailed insights into the micro-
structural changes induced by the incorporation of silicon into DLC
films. Figure 5(a) presents the Raman spectra for undoped DLC and
Si-DLC films across the 1180 cm™ to 1800 cm™' range. All spectra
exhibit two prominent features. The D peak, centered at approximately
1373.60 cm™, corresponds to disordered sp?-bonded carbon. The G
peak centered around 1550.30 cm™! relates to sp? bond stretching in
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graphitic configurations. Gaussian fitting analysis extracted precise
peak positions, full width at half maximum (FWHM) values, and
intensity ratios, as summarized in Table 3.

Silicon incorporation induces modifications to the carbon bonding
network, as indicated by two spectroscopic parameters. Figure 5(b)
confirms a shift of the G peak position toward lower wavenumbers
with increasing silicon content. The G peak shifts from 1558.11 +
7.40 cm™ in undoped DLC to 1542.64 +4.40 cm! for Si-DLC_30W
(4.64 at.% Si). The Ip/IG ratio also shows a decreasing trend with
increasing silicon content, from 0.41 + 0.08 in undoped DLC to
0.39+0.08, 0.29 £ 0.04, and 0.24 + 0.04 for the respective Si-DLC
samples.

The Ferrari-Robertson model for amorphous carbons provides
the theoretical framework for interpreting these observations [32].
A reduction in sp? cluster size drives the G band to lower wavenumbers.
The corresponding decrease in In/Ic accompanies the structural transition.
Both metrics serve as established qualitative indicators of reduced sp?
clustering and enhanced tetrahedral structure. This interpretation aligns
with our XPS-derived increase in sp*/(sp? + sp?) ratios and the detected
C-Si bonding upon Si addition (Table 2). Silicon atoms disrupt 7t-
conjugated sp? domains and promote tetrahedral configurations within
the DLC matrix.

Wang et al. [33] demonstrated that increasing the Si content
reduces the Ip/Ig ratio and shifts the G band to lower wavenumbers.
Their study linked these spectral changes to diminished sp?> domain
sizes and improved thermal stability. Wan et al. [34] observed similar
decreases in In/Ig upon Si incorporation, which correlated with higher
effective sp*/sp? ratios. The comprehensive review by Meskinis et al.
[29] emphasized Si-induced formation of Si—C and Si—Ox bonds,
accompanied by stress reduction and Raman signatures characteristic
of increased tetrahedral bonding. These previous reports validate
our microstructural and spectroscopic observations.

3.3 Optical property modifications

Spectroscopic ellipsometry (SE) enabled analysis of optical constants
in the DLC films. Refractive index (n) and extinction coefficient (k)
were determined over the wavelength range of 245 nm to 1000 nm,
as shown in Figure 6.

Both optical parameters exhibited decreases with increasing silicon
incorporation. The extinction coefficient declined relative to the
undoped DLC baseline across all measured wavelengths, with the most
pronounced reductions at wavelengths below 500 nm.

Figure 7 quantifies these optical modifications through wavelength-
averaged values. The wavelength-averaged refractive index decreased
linearly from 2.64 to 2.60 with increasing silicon content, while the
wavelength-averaged extinction coefficient decreased slightly from
1.05to 0.97. These changes in optical properties correlate directly
with the microstructural modifications revealed by XPS and Raman
spectroscopy.

Table 3. Summary of Raman fitting parameters for DLC and Si-DLC films.

The observed optical behavior is a result of fundamental modifications
in the carbon bonding network upon silicon incorporation. XPS analysis
confirmed an increased sp*/(sp? + sp?) ratio, alongside the formation
of C—Si bonds, reaching 3.52% in the highest-doped films. This
enhanced tetrahedral structure reduces the density of sp> domains
responsible for optical absorption in the visible region [3,35]. Raman
spectroscopy provided complementary evidence through systematic
G-peak shifts to lower wavenumbers and decreased Ip/IG ratios, which
indicate reduced graphitic clustering and strengthened diamond-like
bonding networks [32].

The correlation between optical constants and carbon hybridization
states follows established relationships for amorphous carbon materials.
Earlier studies demonstrated that the refractive index and extinction
coefficient are inversely dependent on the sp*/sp? ratio in DLC films
[23,29]. Silicon atoms disrupt n-bonding networks by forcing
neighboring carbon atoms into tetrahedral configurations, thereby
reducing the electronic states responsible for optical absorption [33,36].
This mechanism explains the concurrent improvements in optical
transparency and structural ordering observed in our Si-DLC films.

(@)
Si-DLC_30W, Dpoak Si 4.64at.%
_
s )
< | G-peak
; Si-DLC_20W. Procak Si332a.%
‘@
g '
= . G-peak
== [Si-DLC_I5W D-peak Si 1.55 at.%
‘///"’T\\\
G-peak
Undoped DLC, D-peak
T T T T T
1200 1400 1600 1800 2000
Raman shift (cm'l)
0.50 1568
(b)T —8—Ip/IG ratio
0.45 - —m— G-peak position |- 1564
".'A
1560
0404 &—0 §
=] 1556 =
= 0354 . 8
S ~—
o t A\T (1552 72
= 0.304 =Y
2 L1548 <
' T 3
0.25 - A\ 2
L 1544
. S
0.201 T L 1540
0.15 T T T T T T 1536
0 1 2 3 4 5

Si Concentration (at.%)

Figure 5. (a) Raman spectra of DLC films with varying silicon contents, and
(b) the corresponding Ip/I intensity ratio and G peak position of both undoped
DLC and Si-DLC films as a function of silicon concentration.

Sample D-peak [em™'] G-peak [cm™'] FWHM (D) FWHM (G) In/Ic
undoped DLC 1382.19 1558.11 214.78 231.52 0.41
Si-DLC_15W 1383.35 1553.74 222.09 231.16 0.39
Si-DLC_20W 1370.10 1546.90 211.67 235.99 0.29
Si-DLC_30W 1358.95 1542.64 203.76 237.70 0.24
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3.4 Non-destructive silicon quantification via ellipsometry

Spectroscopic ellipsometry (SE) determines optical properties of
thin films through measurement of polarization state changes upon
light reflection or transmission. This technique quantifies two fundamental
parameters, namely, the amplitude ratio (V) and the phase difference
(A), both of which are highly sensitive to film composition, thickness,
and optical properties [23]. While SE provides rapid, non-destructive
characterization, extracting compositional information from doped
films requires appropriate optical modeling to relate measured parameters
to dopant concentration. For silicon content estimation in Si-DLC films,
we implemented an optical model based on the Bruggeman effective
medium approximation (EMA), a well-established theoretical framework
for describing materials composed of multiple distinct phases [36,37].
The Bruggeman EMA treats composite materials as homogeneous
effective media with optical properties determined by the volume
fractions and dielectric functions of constituent phases [38]. This
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approach proves particularly suitable for Si-DLC films at the investigated
doping levels, where silicon incorporation modifies the optical response
of the carbon matrix in a predictable manner.

The Bruggeman formulation calculates the effective complex
dielectric function (efr) of a two-component mixture according to

£5i—Eeff EDLCEeff  _
f‘Si S £f +(1 _fsi) DLC £ =0 (1)

esi + 2eefr epLc t+ 2éefr

where fsirepresents the silicon volume fraction, esi and epLc are
the complex dielectric functions of amorphous silicon and DLC
respectively, and eefr is the effective medium dielectric function [37].
The depolarization factor inherent in this formulation equals 1/3,
corresponding to spherically symmetric inclusions randomly dispersed
within the effective medium [38]. This assumption is appropriate when
both components are intermixed at the nanoscale without preferential
orientation.

Reference optical constants for the EMA components were obtained
from two sources. The DLC component was represented by optical
constants measured from the undoped DLC film (0 W RF power)
through spectroscopic ellipsometry, which contained 92.66 at.% C and
7.34 at.% O according to XPS analysis. The amorphous silicon component
was characterized using optical constants from the CompleteEASE
software database (J.A. Woollam Co., Inc.).

Silicon volume fractions were determined through iterative regression
analysis using CompleteEASE software. The fitting algorithm solves
the Bruggeman equation for .fr at each wavelength in the measured
spectral range (245 nm to 1000 nm), then calculates the Fresnel reflection
coefficients for the multilayer structure (ambient/film/substrate) and
generates model ¥ and A values. The minimization algorithm in the
software adjusts the silicon volume fraction fsi and film thickness to
minimize the mean squared error (MSE) between experimental and
calculated ellipsometric spectra.

Figure 8 presents the experimental and Bruggeman EMA-modeled
ellipsometric parameters as functions of wavelength for undoped DLC
and Si-DLC films with varying RF power corresponding to different
silicon content. The excellent agreement between experimental data
and model calculations across the entire spectral range validates the
two-component effective medium representation. The mean squared
error for the Bruggeman EMA fits ranged from 6.6 to 9.3 across all
samples (average of 7.6 £ 1.2), indicating high-quality agreement
between the model and experimental ellipsometric spectra. Table 4
summarizes the ellipsometric fitting results, including silicon volume
fractions derived from the Bruggeman EMA model and corresponding
film thicknesses.

The correlation between ellipsometry-derived silicon content and
XPS measurements demonstrates the quantitative accuracy of the
EMA approach. Figure 9 reveals a strong linear relationship between
silicon volume percentages from EMA modeling and atomic percentages
from XPS analysis. Weighted linear regression, with each point weighted
by the inverse square of its uncertainty in Table 4, yields the equation
of y=(0.82 £ 0.10)x + (0.05 + 0.10) with an exceptional correlation
coefficient R? = 0.97, where x represents XPS-measured silicon atomic

percent and y represents EMA-derived silicon volume percent. The
near-zero intercept (0.05 £ 0.10) indicates negligible systematic offset
at low concentrations, while the regression passes through the origin
within experimental uncertainty.
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Table 4. Silicon volume fractions and film thicknesses determined by spectroscopic ellipsometry with Bruggeman EMA modeling.

Sample RF power Si volume fraction Film thickness MSE
[W] [vol%] [nm]
undoped DLC 0 0.03 +0.06 21.5+0.2 6.6
Si-DLC _15W 15 1.90+0.26 20.7+0.7 6.8
Si-DLC 20W 20 2.47+0.29 21.6 +0.7 7.7
Si-DLC_30W 30 3.77+0.38 22.7+0.8 9.3
45 7 @) Undoped DLC L 200 To assess the statistical robustness of the calibration, a 95%
;“5) ] v r }(5)3 confidence band was constructed around the weighted linear regression
30.] Psi (%) L 50 line. The band quantifies the uncertainty in the fitted calibration line
25 o and is narrowest at low silicon content, where the calibration data
T(S) ] Deylta(A) 3 jgo carry the greatest statistical weight. Its width mainly reflects the small
451m)s i-IDLCJ W : : ; : 1 200 calibration set (n = 4); additional calibration points in future work
40 L 150 would narrow the band and further improve the precision of this non-
3104 - 100 destructive approach.
30 4 L 50
—_ 254 ro o . .
g 20 Lso 3 3.5 Discussion
= [ S
5 15 100 &
]
= 2(5) ] - 200 3 The regression slope of 0.82 + 0.10, slightly below unity, indicates
> 35 ] ] }(5)3 systematic underestimation of silicon content by the EMA model
30 L 50 relative to XPS measurements. This deviation arises from fundamental
251 ro differences between the characterization techniques and simplifications
20 1 r-50 . . . . .
5] L -100 in the optical model. Several factors contribute to this offset as discussed
45 ] L 200 below.
40 L 150 The Bruggeman model rests on three simplifications. First, its
;5) ] ] ;go fixed depolarization factor of 1/3 assumes spherical inclusions [38],
25 Fo whereas the Si—C and Si—O clusters in the amorphous network are
20 C ? go likely irregular, which biases the derived volume fractions increasingly
157 as the silicon content grows. Second, the film is treated as homogeneous,

200 300 400 500 600 700 800 900 1000
Wavelength (nm)
Figure 8. Experimental and modeled values of Psi and Delta obtained by

spectroscopic ellipsometry (SE) as a function of wavelength (a) undoped DLC
and Si-DLC at RF powers of (b) 15 W, (c) 20 W, and (d) 30 W.

Conlidence band

Si vol,% (Ellipsometry)

-1

T T T T T T T T T T
0.5 00 05 1.0 1.5 20 25 3.0 35 40 45 50 535

Si at.% (XPS)

Figure 9. Correlation between Si content obtained from XPS analysis and Si
volume fraction estimated using the Bruggeman EMA model from spectroscopic
ellipsometry data. The solid black line shows the weighted linear regression fit.
The shaded region represents the 95% confidence band. Error bars represent
one standard deviation from repeated ellipsometric measurements (y-axis,
Table 4).

although the rising total oxygen content (Table 1) and the tendency
of silicon to oxidize near the surface suggest possible depth gradients;
because ellipsometry averages over the full ~21 nm thickness while
XPS probes only the top 5 nm to 10 nm, such gradients would also
contribute to the sub-unity slope. Third, representing all silicon by
a-Si optical constants ignores the Si—O fraction (33.8% to 41.3%,
Table 2), which likely accounts for much of the slope of 0.82 + 0.10.
Below 5 at.%, these simplifications are acceptable (R?=0.97, Table 4),
but at higher doping the growing Si—O fraction would progressively
degrade the EMA—XPS linearity, so extrapolation beyond the calibrated
range should be treated with caution.

Previous EMA applications to doped carbon films have focused
on different concentration regimes or dopant species, which helps
contextualize our findings. Yaremchuk et al. employed renormalized
Maxwell-Gamett EMA for silver quantification at higher concentrations
(8 at.% to 22 at.%) in Ag-DLC nanocomposites [24]. At those levels,
plasmonic effects from metallic nanoparticles dominate the optical
response, requiring a formulation that treats metallic inclusions in a
dielectric host. In contrast, our work extends EMA-based composition
determination to the low silicon regime (1.55 at.% to 4.64 at.%), where
the challenge lies in detecting subtle optical changes against the
dominant DLC matrix rather than distinct plasmonic resonances. The
strong linear correlation we observe at these lower concentrations
demonstrates that Bruggeman EMA remains effective even when
dopant-induced optical changes are small.

Li et al. applied SE with Bruggeman EMA to extract sp*/sp? ratios
in undoped DLC films [23], demonstrating that effective medium
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modeling can probe structural information. However, their focus on
hybridization state rather than dopant quantification represents a
different application. Zimmer et al. used SE with Bruggeman EMA
to infer boron doping effects in nanocrystalline diamond by analyzing
free carrier absorption [25]. The crystalline host material and electronic
doping mechanism differ substantially from silicon incorporation in
amorphous DLC, where optical modifications arise primarily from
structural changes (sp® enhancement, reduced graphitic clustering)
rather than free carrier effects.

Our approach achieves dopant quantification through direct
correlation with XPS, providing a calibrated relationship between
optical modeling and atomic composition. The observed slope of 0.82
reflects the simplified two-phase treatment, where actual Si—C and
Si—O bonding environments are approximated as pure a-Si inclusions.
Despite this simplification, the high correlation coefficient supports
the utility of this method as a calibrated tool for process monitoring
and quality control within the investigated low-Si range, where rapid
relative measurements are often more valuable than absolute precision.

4. Conclusion

This study demonstrates the control of silicon incorporation in
diamond-like carbon films through RF magnetron sputtering and
establishes a reliable non-destructive method for silicon content
quantification. Silicon doping levels from 1.55 at.% to 4.64 at.% were
achieved by varying RF power.

Comprehensive characterization revealed significant microstructural
modifications upon silicon incorporation. XPS analysis showed
formation of C—Si bonds, which confirms silicon integration into
the carbon network. Raman spectroscopy provided complementary
structural evidence through a G-peak shift to lower wavenumbers and
adecreased Ip/Ig ratio. These changes indicate increased tetrahedral
carbon bonding and diminished graphitic domain size. Spectroscopic
ellipsometry measurements revealed optical property changes, with
both extinction coefficient and refractive index decreasing upon silicon
incorporation. These optical modifications directly correlate with the
structural reorganization observed across all characterization techniques.

The primary contribution involves establishing a non-destructive
silicon quantification method using spectroscopic ellipsometry with
the Bruggeman effective medium approximation model. Strong linear
correlation (R? = 0.97) between EMA-derived silicon volume percentages
and XPS atomic percentages validates this optical approach. The model
underestimates silicon content by 18% (slope = 0.82). However, this
deviation can be corrected through established calibration protocols.

This non-destructive method offers substantial advantages for
industrial applications. The technique enables rapid compositional
analysis suitable for in-line quality control during large-scale film
production. Real-time silicon content monitoring becomes possible for
precise process control. These capabilities address critical manufacturing
needs and establish a foundation for optimizing Si-DLC film properties
through controlled silicon incorporation.
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