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A B S T R A C T   

Silicon-containing diamond-like carbon (DLC) is a class of thin-film materials with excellent mechanical prop
erties, high thermal stability, and good tribological performance over a wide range of environmental conditions. 
While non-alloyed/non-doped DLCs also exhibit good biocompatibility and bioinertness, our understanding of 
the effect of silicon in DLCs on biomolecules/DLC interactions is still elusive. Here, we evaluated the structural, 
mechanical, and tribological properties of Si-containing DLC coatings with silicon content fraction of 11% and 
16%. Tribological tests, performed by sliding a stainless steel pin on the coatings in water, indicated a low 
friction response (steady-state coefficient of friction <0.11), while quartz crystal microbalance experiments 
indicated no adsorption of a model biomolecule, namely adenosine triphosphate (ATP), on Si-containing DLCs. 
Near-edge X-ray absorption fine structure spectromicroscopy analyses performed after tribological experiments 
provided evidence for an increase in the fraction of silanol surface terminal groups formed in the worn region 
upon sliding in water without any significant sp3-to-sp2 rehybridization of carbon atoms. The fraction of surface 
hydroxyl groups in the worn region increases with the silicon content in Si-containing DLC, which leads to a 
decrease in friction. This tribologically-induced change in surface termination did not lead to the adsorption of 
ATP upon incubation of tribotested samples in ATP solutions for several hours. These findings open the path for 
the use of Si-containing DLC in applications requiring good tribological properties in aqueous solution and an 
excellent resistance to biomolecule surface adsorption that is maintained even after tribologically-induced var
iations in surface termination.   

1. Introduction 

The long-term and safe use of medical devices (e.g., knee or hip 
joints, heart valves, coronary stents) hinges on the development and use 
of materials and surface engineering solutions compatible with human 
cells, exhibiting good corrosion resistance, and having suitable load- 
carrying capabilities. Despite the widespread use of metallic implants, 
their surface degradation resulting from corrosion and/or wear brought 
safety concerns related to their use into focus as the release in the human 
body of wear debris and metallic ions can lead to pseudo-tumor for
mation [1], osteolysis, and, potentially, implant failure [2]. Among the 

solutions proposed so far to alleviate or even prevent these problems and 
increase the lifetime of implants, diamond-like carbon (DLC) films have 
extensively been considered given their excellent mechanical properties 
(i.e., high stiffness and hardness) [3], good tribological behavior (i.e., 
high wear resistance and low friction) [4], chemical inertness, as well as 
good biocompatibility and bioinertness [2,5–20]. As a particular 
example, DLC films exhibited good hemocompatibility, which results in 
a reduction of cytotoxic reactions and thrombosis formation [2,7,16]. 
Allen et al. demonstrated that DLC coatings do not cause cytotoxicity in 
vitro as cells derived from the tissues surrounding a total joint replace
ment (i.e., macrophages, osteoblast-like cells, and fibroblasts) exhibited 
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normal growth and morphology on DLCs [19]. Linder et al. provided 
evidence for the biocompatibility of DLC-coated surfaces as both cyto
skeletal activation status and architecture of primary macrophages were 
not influenced by their formation on DLCs [16]. 

Despite the relevance of these studies, some limitations have 
emerged and currently hinder the use of DLC films for creating 
biocompatible surfaces for medical devices. In the case of DLC coatings 
containing significant amounts of hydrogen (hydrogen content fraction 
up to 40% [21,22]), which include a large fraction of sp2-bonded carbon 
and have a low residual stress level, the relatively low hardness and 
Young’s modulus [22] can negatively affect their long-term wear resis
tance when used in medical implants. For example, Fontaine et al. 
measured hardness values of 13 GPa and 11 GPa [23] for DLC coatings 
with a hydrogen content fraction of, respectively, 34% and 40% and a 
fraction of sp2-bonded carbon of, respectively, 0.51 and 0.41 [24]. 

The introduction of dopants and alloying elements has been 
demonstrated to be an effective solution to improve the properties of 
DLC coatings [25]. Among the different types of alloyed and doped DLC 
materials developed so far, those containing silicon (with or without 
oxygen) have extensively been evaluated given their enhanced stability 
at elevated temperatures [26,27], reduced residual stress (<1 GPa) [28], 
and excellent tribological response under different environmental con
ditions [28–31]. Recently, Mangolini et al. and Hilbert et al. provided 
evidence that silicon- and oxygen-containing DLC coatings ([Si] = 6% ±
1%; [O] = 3% ± 1%; [H] = 34% ± 1%) have higher thermal stability 
than unalloyed DLCs due to the presence of silicon-carbon bonds, whose 
longer bond length relative to carbon-carbon sp3 bonds results in a lower 
fraction of strained carbon-carbon bonds that can easily break at 
elevated temperature [32,33]. The generation of a silica-rich surface 
layer upon annealing under aerobic conditions was also shown by the 
authors to create an oxygen diffusion barrier that prevents the volatili
zation of the underlying carbon-rich film, thus drastically decreasing the 
erosion rate of silicon- and oxygen-containing DLC coatings compared to 
unalloyed DLCs [26,27]. 

Concerning the tribological response of Si-containing DLCs, Gilmore 
and Hauert showed that the introduction of ≈4% of silicon in DLC films 
results in a friction response that is less dependent on environmental 
conditions (i.e., relative humidity) when sliding against steel [34]. 
Additionally, while undoped hydrogenated DLC exhibit very high spe
cific wear rate in aqueous solutions, the introduction of silicon in hy
drogenated DLCs was reported to significantly increase the wear 
resistance of the coatings [35,36]. Recently, Mangolini et al. performed 
tribological experiments using a silicon- and oxygen-containing DLC 
sliding against steel as a function of hydrogen and oxygen partial pres
sure and provided evidence that the tribological response of the coating 
under consideration is dependent on its gas pressure-dependent surface 
termination [30]. In addition to changes in surface termination, a sig
nificant rehybridization of carbon atoms from sp3-to sp2-bonding 
occurred in the near-surface region upon sliding. In the case of tribo
logical tests carried out in the presence of water molecules, the detection 
of silanol groups (Si–OH) on the surface of Si-DLC films was proposed to 
originate from the dissociative adsorption of water and generate a 
water-rich layer able to reduce friction [37]. Since ab initio molecular 
dynamics simulations revealed that hydroxyl groups also passivate 
diamond surfaces as a result of the dissociative adsorption of water 
molecules confined between diamond films in relative motion [38], 
Kajita and Righi recently performed first-principles density functional 
theory calculations to investigate the effect of silicon dopants on water 
adsorption on diamond [39]. The results indicated that silicon dopants 
largely decrease (by more than 50%) the energy barrier for water 
dissociation on diamond surfaces. Notably, this surface hydroxylation of 
diamond (either with or without silicon dopants) enhances the attrac
tion of further water molecules by forming a hydrogen bond network. 

While these studies have provided insights into the effect of alloying 
elements on the structure of DLC films and the resulting mechanical and 
physicochemical properties, remarkably little is known about the 

biocompatibility of Si-containing DLCs. Ahmed et al. evaluated the 
adsorption of amino acid glycine on silicon-doped DLC with systemati
cally varied silicon concentration (from 6% to 13%. Note: the film 
composition was obtained from X-ray photoelectron spectroscopy (XPS) 
analyses, i.e., without accounting for the hydrogen content in the films) 
[40] and demonstrated that the amount of surface-adsorbed glycine 
decreases with the silicon content in the films. Despite the relevance of 
this study, our understanding of the evolution of the surface termination 
of alloyed DLCs upon sliding in aqueous solutions and its effect on the 
surface adsorption of biomolecules is still elusive. The present work aims 
to fill this knowledge gap by depositing DLC films with different con
centration of silicon and performing tribological experiments in aqueous 
solutions. The analysis of the coatings by ex situ near-edge X-ray ab
sorption fine structure (NEXAFS) spectromicroscopy not only allowed 
for determining the surface chemical changes occurring on Si-containing 
DLCs upon sliding in aqueous solutions, but also enabled the evaluation 
of the effect of changes in surface chemistry on the adsorption of a model 
biomolecule, namely adenosine triphosphate (ATP). 

2. Experimental 

2.1. Deposition of Si-containing DLC coatings 

The deposition of Si-containing DLC coatings was carried out in a 
cubic meter vacuum chamber. The chamber has two rectangular-shaped 
magnetrons installed vertically and facing one another. The substrate 
material was made of ASTM 316L steel. The substrates, which were 
respectively cleaned in acetone and alcohol before being loaded into the 
chamber, were hanging down from a planetary double rotation fixture. 
Fig. 1 presents a schematic drawing of the deposition system. The 
chamber was baked at 250 ◦C until a base pressure less than 4 × 10− 5 Pa 
was achieved. After reaching high vacuum, the substrates were firstly 
cleaned by an Argon-discharged plasma at − 650 V using pulsed dc. After 

Fig. 1. Schematic drawing of the deposition system used for growing Si- 
containing DLC coatings. (A colour version of this figure can be viewed online.) 
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substrate cleaning, a thin titanium bond layer was deposited by sput
tering a pure titanium target in Argon using DC (Advanced Energy 
Pinnacle). 

After the titanium bond layer was deposited, the titanium target 
power was turned off and the chamber was backfilled with a gas mixture 
of Argon, hexamethyldisiloxane (HMDSO), and acetylene (C2H2). A 
pulsed voltage (Advanced Energy Pinnacle plus) was applied to the 
substrates to generate a glow discharge plasma for the deposition of DLC 
films. In this study, two Si-containing DLC coatings were deposited at 
different HMDSO and C2H2 flow rates. Table 1 summarizes the key 
deposition parameters for the coatings. 

2.2. Methods 

Tribological experiments were carried out using a Bruker UMT Tri
boLab (Bruker, USA). Reciprocating ball-on-discs tests (normal load: 10 
N, stroke length: 4 mm, sliding speed: 2 mm/s. Average Hertzian contact 
pressure: 1.0 GPa) were performed in the boundary-lubrication regime 
using ASTM 316L steel substrates coated with Si-containing DLC and 
ASTM 304 steel counterparts (diameter: 4 mm). All experiments were 
carried out in air (relative humidity: 37% ± 5%) and at room temper
ature (23 ◦C ± 2 ◦C). The tribological contact was immersed in ultra- 
pure Milli-Q water (electrical conductivity: 18.2 MΩ cm). After the 
tribological tests (test duration: ~200 s), the samples were dried under a 
nitrogen (N5) stream. 

The surface chemistry of the Si-containing DLC coatings was char
acterized by X-ray photoelectron spectroscopy (XPS). XPS analyses were 
carried out using a Kratos Axis Ultra DLD XPS (Kratos Analytical Ltd, 
UK), which was equipped with a monochromatized Al Kα X-ray source 
and calibrated according to ISO 15472:2001 (accuracy: ±0.1 eV). The 
base pressure in the XPS analysis chamber was always <1 × 10− 6 Pa. In 
this work, XPS data were acquired in constant-analyzer-energy mode 
with an X-ray beam diameter of 200 μm and a photoelectron emission 
angle of 0◦. Survey XPS spectra were collected with a pass energy of 160 
eV, while high-resolution XPS spectra were acquired with a pass energy 
of 40 eV (corresponding to a full-width-at-half-maximum of Ag 3d5/2 of 
0.77 eV). Data processing was performed using CasaXPS (v2.3.23, Casa 
Software Ltd, UK) and included background subtraction, which was 
carried out using an iterated Shirley-Sherwood algorithm, prior to peak 
fitting. The quantification of the surface composition was performed 
employing the method described in Refs. [41,42]. Briefly, once the in
tegrated intensity (i.e., the peak area) was determined, the surface 
composition was quantified using the first-principles method [43]. The 
inelastic mean free path was calculated using the Gries G1 formula [44]. 

Rutherford backscattering spectrometry (RBS) with hydrogen for
ward scattering (HFS) measurements were performed by Evans 
Analytical Group (USA). RBS spectra were acquired using a 2.275 MeV 
He2+ ion beam with normal and grazing detector angles of, respectively, 
160◦ and ≈100◦ (the sample is perpendicular to the incident He2+ ion 
beam). For HFS measurements, the grazing detector angle was placed 
30◦ from the forward trajectory of the incident He2+ ion beam and the 
sample was rotated to have the He2+ ion beam impinging the surface 
with an angle of 75◦ relative to the surface normal. 

Raman measurements were carried out using a confocal Raman 

imaging system (Witec alpha300 R, Witec, Germany) equipped with two 
lasers having wavelength of 488 nm and 532 nm. In this work, Raman 
spectra were acquired on several points to check for surface heteroge
neity and with a laser power <100 μW to avoid any damage. Peak fitting 
was carried out after linear background subtraction using Gaussian 
synthetic curves (IgorPro V.9 software, WaveMetrics Inc., USA). 

Nanoindentation measurements were performed with an Hysitron 
Triboindenter TI 950 (Hysitron, Bruker, USA) in depth-controlled 
indentation mode. All experiments were performed at room tempera
ture and in air. Before each set of experiments, the shape of the Berko
vich diamond indenter was determined from nanoindentation 
experiments performed on fused silica. 

Quartz crystal microbalance (QCM) experiments were carried out 
using a QSense Explorer QCM (Biolin Scientific, Sweden). The stainless 
steel (SS) crystals were cleaned in sodium dodecyl sulfate (20% in DI 
water) for 20 min and subsequently rinsed with DI water. Before being 
mounted in the QCM flow cell, the SS crystals were sonicated in ethanol 
for 10 min and UV-O3 cleaned for 10 min. As for the Si-containing DLC- 
coated crystals, they were sonicated in ethanol for 20 min before use. All 
QCM experiments were carried out at room temperature using a flow 
rate of 50 μL/s. Adenosine triphosphate (ATP, Sigma Aldrich) aqueous 
solution (ATP concentration: 300 mg/L) was freshly prepared before 
being used for the QCM experiments presented in this work. 

Near-edge X-ray absorption fine structure (NEXAFS) spectromicro
scopy measurements were carried out at beamline 7-ID-1 (SST-1) at the 
National Synchrotron Light Source II (NSLS-II, Brookhaven National 
Laboratory, USA). The endstation includes a commercial full-field 
spectromicroscope extensively described in Refs. [45,46] and known 
as the Large Area Rapid Imaging Analytical Tool (LARIAT, Synchrotron 
Research Inc., Melbourne Beach, FL, USA). It enables X-ray absorption 
analyses to be performed with a 13 mm × 18 mm field of view and a 
lateral resolution of ≈50 μm. NEXAFS data were collected in partial 
electron yield (PEY) mode at a photon energy between 130 eV and 145 
eV (phosphorus L-edge), 270 eV and 330 eV (carbon K-edge), 380 eV 
and 430 eV (nitrogen K-edge), and 520 eV and 570 eV (oxygen K-edge). 
The photon energy resolution was 0.1 eV. Data processing was per
formed using LDF software (Synchrotron Research Inc., Melbourne 
Beach, FL, USA) and included the normalization of NEXAFS images to 
the drain current that was simultaneously measured from a clean 
Au-coated mirror upstream of the endstation. NEXAFS images were 
subsequently normalized by the pre-edge intensity. A post-edge in
tensity normalization was also applied to NEXAFS data acquired at the C 
K-edge and O K-edge so that any variation in spectral intensity is inde
pendent of the number density of absorbing atoms and only due to 
changes in bonding environment. 

The fraction of sp2-hybridized carbon (fsp2 ) was quantified from 
NEXAFS spectra using the procedure outlined in Refs. [47,48]. Briefly, 
the methodology employs the relative area of the C 1s→π* and C 1s→σ* 
signals for the sample under investigation and a reference sample: 

fsp2 =
Iπ*

sample

Isample(ΔE)
Iref (ΔE)

Iπ*
ref

Eq. 1  

where Iπ*

sample and Iπ*

ref are the areas of the C 1s→π* peaks for, respectively, 
the sample and the reference, while Isample(ΔE) and Iref (ΔE) are the in
tegrated spectral intensity between 288.6 eV and 320 eV for, respec
tively, the sample and the reference. Reference C K-edge NEXAFS 
spectra were acquired on freshly-cleaved highly ordered pyrolytic 
graphite (HOPG, grade 2, SPI Supplies, West Chester, PA, USA) (100% 
sp2-bonded carbon) using the procedure outlined in Refs. [47–49]. 

The uncertainties reported in the present work were computed from 
three independent measurements. 

Table 1 
Deposition parameters for the DLC coatings.   

Ar 
(sccm) 

HMDSO 
(g/min) 

C2H2 

(sccm) 
Substrate 
voltage (V) 

Chamber 
pressure 
(Pa) 

“Low” Si- 
containing 
DLC 

20 5 200 − 650 0.27 

“High” Si- 
containing 
DLC 

20 6 120 − 650 0.16  
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3. Results & discussion 

As-deposited, Si-containing DLC coatings were first analyzed to 
determine their structure, mechanical properties, and composition. 
Survey XPS spectra (Figure S.1 in the Supporting Information) showed 
the presence of the characteristic photoelectron signals of carbon (C 1s 
at 285 eV), oxygen (O 1s at 530 eV), and silicon (Si 2p at 100 eV and Si 2s 
at 151 eV) [50]. The high-resolution C 1s spectra (Fig. 2a) were fit with 
five components at (283.3 ± 0.1) eV (assigned to carbon bonded to 
silicon as in silicon carbide [50,51]), (284.4 ± 0.1) eV (assigned to 
carbon-carbon and carbon-hydrogen bonds in DLC [52] and silicon- and 
oxygen-containing DLC [32] as well as to carbon bonded to silicon in 
organosiloxanes [53–55]), (285.0 ± 0.1) eV (assigned to aliphatic car
bon contamination [50,53]), and (286.4 ± 0.1) eV and (287.8 ± 0.1) eV 
(assigned to carbon bonded to oxygen deriving from the sample expo
sure to air [53,56]). The O 1s spectra (Fig. 2b) turned out to contain 
three peaks, which were assigned to oxygen bonded to silicon [53] (at 
532.1 eV ± 0.2 eV. This peak includes a small contribution from 
carbonyl oxygen [53]), oxygen bonded to carbon [53] (at 533.1 eV ±
0.2 eV) and surface-adsorbed water (at 534.1eV ± 0.2 eV). Since the Si 
2p spectra (Fig. 2c) is the convolution of the 2p1/2 and 2p3/2 signals due 
to spin-orbit coupling, curve synthesis was carried out using two syn
thetic curves with area ratio equal to 2 and energy separation equal to 
0.65 eV. The maxima of the Si 2p3/2 components were found at (100.6 
± 0.2) eV (assigned to Si(I) and Si bonded to C as in silicon carbide [32, 
51,57–59]), (101.4 ± 0.2) eV (assigned to Si(II) [32,51,57–59]), (102.2 
± 0.2) eV (assigned to Si(III) [32,51,57–59]), and (103.5 ± 0.2) eV 
(assigned to Si(IV) [32,51,57–59]). Notably, the distribution of the 
different silicon oxidation states was not significantly different in the 
two as-deposited coatings. The fractional composition of the 
near-surface region, calculated on the basis of XPS data, was found to be 
[C] = (72 ± 1) %, [O] = (12 ± 1) %, and [Si]= (15 ± 1) % for 
Si-containing DLC grown in the presence of both HMDSO (5 g/min) and 
C2H2 (200 sccm), while it was calculated to be [C] = (59 ± 1) %, [O] =
(17 ± 1) %, and [Si] = (23 ± 1) % for Si-containing DLC grown in the 
presence of HMDSO (6 g/min) and C2H2 (120 sccm). Because of the 
different silicon content, in the following these two coatings will be 
referred to as “low Si-containing DLC” and “high Si-containing DLC”, 
respectively. 

As XPS does not allow for the determination of the hydrogen content 
[60], RBS/HFS depth-profile measurements (Fig. 3a and b) were carried 
out and enabled the bulk fractional composition of the as-grown coat
ings to be determined (Fig. 3c) ([C] = (65 ± 4) %, [O] = (5 ± 3) %, [Si] 
= (11 ± 1) %, [H] = (19 ± 2) % for the “low” Si-containing DLC grown 
in the presence of both HMDSO (5 g/min) and C2H2 (200 sccm); [C] =

(58 ± 4) %, [O] = (7 ± 3) %, [Si] = (16 ± 1) %, [H] = (19 ± 2) % for the 
“high” Si-containing DLC grown in the presence of HMDSO (6 g/min) 
and C2H2 (120 sccm)). Notably, the comparison of the RBS/HFS results 
with the outcomes of quantitative XPS analyses (surface sensitive. The 
information depth computed using the Gries G1 formula [44] is 9.5 nm) 
indicated a good agreement between the [C]/[Si], but a slightly lower 
[O]/[Si] value for the RBS/HFS data, thus suggesting the presence, in 
the as-deposited films, of a slightly surface-oxidized layer. 

To gain insights into the structure of the as-deposited Si-containing 
DLC coatings, multi-wavelength Raman spectroscopic analyses were 
carried out (Fig. 4). As the scattering cross-section of π states is much 
higher (more than 50x [3]) than the scattering cross-section of σ states, 
the visible Raman spectra of DLC materials are characterized by a broad 
envelope that includes a signal near 1513 cm− 1 (the so-called G band) 
corresponding to the in-plane bond stretching of pairs of sp2 carbon 
atoms (either in chains or rings) and a signal near 1297 cm− 1 (the 
so-called D band) corresponding to the breathing mode of sp2 carbon 
atoms in sixfold aromatic rings [61]. Compared to the Raman spectra 
acquired at 532 nm on “low” Si-containing DLC, the ones acquired at 
532 nm on “high” Si-containing DLC exhibited a lower ratio of the in
tegrated intensity of the D and G bands (i.e., ID/IG. ID/IG = 0.51 ± 0.05 
for “high” Si-containing DLC and ID/IG = 0.74 ± 0.07 for “low” 
Si-containing DLC), which suggests a decrease in the size of sp2 ring-like 
carbon cluster [61–63]. Following the methodology described by Rose 
et al. [64] and Cui et al. [65], the fraction of sp2-bonded carbon could be 
quantified from the dispersion of the G band and found to be 0.44 ± 0.06 
and 0.38 ± 0.06 for, respectively, the “low” and “high” Si-containing 
DLC coatings. The increase in the fraction of sp3-bonded carbon with 
the Si content is in good agreement with experimental results obtained 
from DLC films with different [Si] [66–69]. 

Fig. 5a and c respectively display the evolution of the reduced elastic 
modulus (E*) and hardness (H) as a function of depth from the sample 
surface obtained from nanoindentation data. The average values of E* 
and H computed considering an indentation depth between 50 nm and 
90 nm (<10% of the coating thickness) are respectively reported in 
Fig. 5b and d. The elastic moduli computed assuming a Poisson’s ratio of 
0.2 for Si-containing DLC, an elastic modulus for the indenter of 1141 
GPa, and a Poisson’s ratio of 0.07 for the indenter [70] were (202 ± 12) 
GPa and (171 ± 7) GPa for “low” and “high” Si-containing DLC coatings, 
respectively. The slight decrease in hardness and elastic modulus upon 
increasing the Si content in the film is in agreement with previous 
studies correlating the mechanical properties of Si-containing DLC (with 
[Si] < 20%) with the silicon concentration [68,71]. Notably, Ohtake 
et al. recently performed a systematic study of the dependence of the 
hardness of DLC on different structural parameters, including carbon 

Fig. 2. High-resolution XPS spectra ((a): C 1s; (b) O 1s; (c) Si 2p) acquired on as-deposited “low” and “high” Si-containing DLC films. (A colour version of this figure 
can be viewed online.) 
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hybridization and hydrogen content [72]. The comparison of the hard
ness values (≈17–18 GPa) reported by Ohtake et al. for undoped DLC 
coatings grown plasma-enhanced chemical vapor deposition that have a 
hydrogen content (≈20 at.%) and a fraction of sp2-bonded carbon (0.4) 
similar to the films evaluated in this study, indicate that the introduction 
of silicon in DLC slightly increases the mechanical properties. 

Fig. 6a displays the typical QCM results obtained when evaluating 
the adsorption of ATP on stainless steel (SS) using an aqueous solution 
with ATP concentration of 300 mg/L. Upon injecting ATP in the QCM 
flow cell, a negative frequency shift occurs, indicating the adsorption of 
ATP molecules on the SS-coated crystal. The mass before the rinsing step 
represents the equilibrium mass of adsorbed ATP in the presence of 
excess ATP molecules in the solution, which implies that both phys
isorbed and chemisorbed molecules contribute to the frequency shift. 
Upon exchanging the ATP solution with pure DI water, the desorption of 
loosely bound ATP molecules occurs, as indicated by a positive fre
quency shift (i.e., a decrease in adsorbed mass). The mass measured after 
the rinsing step is thus representative of the chemisorbed ATP molecules 
on stainless steel without any excess ATP in the solution. 

In the case of the QCM experiments performed with Si-containing 
DLC-coated (with either “high” or “low” silicon content) crystals, no 
frequency shifts were observed after injecting ATP or during the rinsing 
step, thus indicating no measurable adsorption of ATP on these coatings. 
A typical single-injecting QCM measurement performed with a QCM 

crystal coated with Si-containing DLC is displayed in Fig. 6b. These re
sults corroborate previous studies that provided evidence for the good 
biocompatibility and bioinertness of DLC coatings reported in the pub
lished literature [2,5–20]. 

To evaluate changes in surface termination of Si-containing DLCs 
upon sliding in the presence of water molecules and their effect on the 
surface adsorption of ATP, tribological experiments were performed by 
sliding an ASTM 304 steel pin on Si-containing DLC coatings in DI water 
for different number of cycles (i.e., 1/2, 5, 25, and 50 cycles) (Fig. 7). 
The coefficient of friction (CoF) slowly decreased from ≈0.15 (for both 
coatings) with the number of sliding cycles and reached a plateau at 
0.076 ± 0.006 after 20 cycles for the case of “high” Si-containing DLC, 
while a CoF of 0.102 ± 0.008 was reached by “low” Si-containing DLC 
only after 40 cycles. 

To determine the surface phenomena occurring on Si-containing DLC 
upon sliding and affecting the friction response of Si-containing DLC, ex 
situ NEXAFS spectromicroscopy analyses were subsequently carried out. 
Fig. 8a displays a schematic of a Si-containing DLC sample on which 
multiple sliding experiments were performed for different number of 
cycles. The use of the rapid parallel processing magnetic field electron 
yield optics detector at the National Synchrotron Light Source II (NSLS- 
II, beamline 7-ID-1) allowed for the acquisition of two-dimensional 
NEXAFS image stacks, i.e., NEXAFS maps collected as the photon en
ergy is scanned across X-ray absorption edges of interests (carbon K- 

Fig. 3. Rutherford backscattering spectrometry with hydrogen forward scattering depth profile of (a) “low” Si-containing DLC and (b) “high” Si-containing DLC. (c) 
Average composition of the two coatings computed considering a depth between 250 nm and 1500 nm for “low” Si-containing DLC and between 250 nm and 1000 
nm for “high” Si-containing DLC. (A colour version of this figure can be viewed online.) 

Fig. 4. Multi-wavelength Raman spectra (λ = 532 nm and λ = 488 nm) acquired on: (a) “low” Si-containing DLC films; and (b) “high” Si-containing DLC films. (A 
colour version of this figure can be viewed online.) 
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edge, oxygen K-edge, nitrogen K-edge, and phosphorus K-edge). Fig. 8b 
displays an example of partial electron yield NEXAFS C K-edge map 
obtained by summing up the NEXAFS images collected with photon 
energy between 280 eV and 292 eV. The map of the sample (a “high” Si- 
containing DLC) allowed for locating the four wear tracks generated 
during tribological testing and extracting NEXAFS spectra from regions 

of interest (ROIs), namely inside and outside the tracks. For both “low” 
and “high” Si-containing DLC samples, the C K-edge NEXAFS spectra 
extracted from the wear tracks did not exhibit any significant differences 
compared to the spectrum obtained from the non-contact region. Fig. 8c 
displays an example set of C K-edge spectra collected on a “high” Si- 
containing DLC specimen, while Fig. 8d displays a zoomed-in view of 
the absorption edge. A broad envelope was detected between 287 eV 
and 320 eV, which originates from the C 1s→σ* transition for carbon- 
carbon σ (disordered) bonds [49,73], while a well-defined feature was 
found at (284.9 ± 0.2) eV, which derives from the C 1s→π* transition for 
carbon-carbon (disordered) bonds [49,73]. The integrated intensity of 
the latter can be correlated with the fraction of sp2-hybridized carbon in 
the probed volume [47,73–76]. Additional absorption features were 
detected at (287.0 ± 0.2) eV, which was assigned to the C 1s→σ* 
transition for C–H bonds [49,75,76], and at (288.9 ± 0.2) eV (assigned 
to the C1s→σ* transitions for carbon-silicon and carbon-oxygen bonds 
[77,78]). The presence of carbonyl groups in the near-surface region of 
the coatings could also contribute to the intensity between 286.5 eV and 
287.0 eV (C1s→π* transition of C––O) [49,79]. The acquisition of 
NEXAFS C K-edge spectra allowed for the determination of the fraction 
of sp2-bonded carbon in Si-containing DLCs: the values computed from 
the non-contact regions (i.e., 0.48 ± 0.03 for “low” Si-containing DLC 
and 0.42 ± 0.03 for “high” Si-containing DLC) agree well with those 
calculated from multiwavelength Raman measurements performed on 
the as-deposited specimens. Notably, no significant differences in the 
fraction of sp2-hybridized carbon were observed inside the wear tracks, 
thus indicating that no stress-assisted rehybridization of carbon atoms 
from sp3 to sp2 bonding occurred during the sliding process. 

The O K-edge (pre- and post-edge normalized) spectra acquired on 
“low” and “high” Si-containing DLC samples are displayed in Fig. 8e and 
f, respectively. The spectra exhibit a small pre-edge absorption peak at 
(532.6 ± 0.2) eV together with a broad envelope at (529–540) eV. The 
former can be ascribed to the presence of surface O–H groups together 
with C––O groups (O1s→π* transition of C––O [80,81]), while the latter 
is due to O1s→σ* transition of oxygen bonded to silicon and carbon [82, 
83]. Upon sliding in DI water, a significant and progressive increase in 
intensity for the peak detected at low photon energies (≈532.6 eV) was 
observed. Since no significant changes were detected in the C K-edge 
spectra extracted from the wear tracks compared to the spectrum of the 
unworn region (in particular, the intensity of the absorption features 
assigned to carbon bonded to oxygen did not significantly vary), the 
increase in intensity of the pre-edge peak in the O K-edge spectra could 
be assigned to the formation of silanol groups (Si–OH). The finding 
provides experimental evidence corroborating first-principles calcula
tions performed by Kajita and Righi [39], which indicated that doping 
diamond with silicon reduces the energy barrier for water dissociation 
on diamond by stabilizing the hydroxylated configuration and resulting 
in the generation of surface silanol groups that attract further water 
molecules. The comparison of the O K-edge spectromicroscopy data 

Fig. 5. (a) Reduced elastic modulus and (c) hardness for as-deposited “low” 
and “high” Si-containing DLC films as a function of indentation depth. The 
average reduced elastic moduli and hardness calculated for an indentation 
depth between 50 nm and 90 nm are, respectively, displayed in (b) and (d). (A 
colour version of this figure can be viewed online.) 

Fig. 6. Change in frequency (Δf) as a function of time for (a) a stainless steel- 
coated QCM crystal and (b) “high” Si-containing DLC-coated crystal. Similar 
results to the ones displayed in (b) were obtained when using “low” Si- 
containing DLC-coated crystals. (A colour version of this figure can be 
viewed online.) 

Fig. 7. Coefficient of friction as a function of sliding cycles obtained during 
reciprocating ball-on-discs tests carried out in water using ASTM 316L steel 
substrates coated with Si-containing DLC and ASTM 304 steel counterparts. (A 
colour version of this figure can be viewed online.) 
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acquired on “low” and “high” Si-containing DLC also suggested that 
increasing the silicon content in the coating results in an increase in the 
hydroxyl surface terminal groups created upon sliding in water, as a 
much larger increase in the intensity of the pre-edge absorption peak 
assigned to O–H bonds was detected in the case of “high” Si-containing 
DLC (Fig. 8e and f). Finally, the analysis of the O K-edge NEXAFS spectra 
that were only pre-edge normalized (Figure S.2 in the Supporting In
formation) could be used to highlight differences in the concentration of 
oxygen in the near-surface region as the intensity in the post-edge region 
(≈550 eV in the case of the O K-edge) is proportional to the number 
density of absorbing atoms [49]: while in the case of the spectra ac
quired on “low” Si-containing DLC no significant changes in the in
tensity of the post-edge region were observed, in the case of the data 
collected on “high” Si-containing DLC the post-edge (≈550 eV) intensity 
progressively increased with the number of sliding cycles, which in
dicates a substantial increase in the concentration of oxygen atoms in the 
wear tracks, especially in those created upon sliding for several cycles. 
Altogether, the O K-edge spectra suggest that increasing the silicon 
content in Si-containing DLCs stabilizes a hydroxylated surface config
uration. This is proposed to be the origin for the lower friction response 
of “high” Si-containing DLC compared to the one of “low” Si-containing 
DLC. 

Altogether, the NEXAFS spectromicroscopy results provided new 
insights into the origin of the low friction response of Si-containing DLCs 
in aqueous solutions as they demonstrate that the stress-induced for
mation of a surface layer that is rich in sp2-bonded carbon is not a suf
ficient condition for reaching a low friction response and that the 
formation of silanol functional groups as a result of the dissociative re
action of water molecules is critical for decreasing the shear strength of 
the sliding interface. 

To evaluate the effect of changes in surface termination (without any 
variation in the carbon rehybridization state, as indicated by the C K- 
edge NEXAFS data) on the adsorption of ATP on Si-containing DLCs, the 
samples were incubated in a 300 mg/L aqueous solution for 11 h 
immediately after tribological testing. NEXAFS spectromicroscopy 
measurements enabled the extraction of P L-edge and N K-edge spectra 
from the worn and unworn regions. No absorption signals were detected 
in either the P L-edge and N K-edge spectra acquired on both “low” and 

“high” Si-containing DLC. An example of these spectra is displayed in 
Fig. 8g and h for the case of a “high” Si-containing DLC. This finding 
demonstrates that, despite the increase in the fraction of silanol surface 
terminal groups that might promote the surface adsorption of molecules 
via hydrogen bonding, no significant adsorption of ATP occurred on Si- 
containing DLC surfaces. We propose that the lack of adsorption of ATP 
inside the wear tracks at pH 7 is due to the long-range electrostatic 
repulsive interactions occurring between negatively charged ATP mol
ecules and the negative charge that develops on the Si-containing DLC 
surface as a result of the deprotonation of silanol terminal groups at pH 
7. Previous studies, in fact, have provided evidence that at environ
mentally relevant pH values (i.e., between 5 and 8) the phosphate groups 
in nucleotides (e.g., ATP) are deprotonated [84,85] and the isoelectric 
point of silica containing silanol groups is at pH ~3 [84–86]. 

While the results reported here were obtained with a model 
biomolecule, i.e., ATP, the experimental framework can be extended to 
other biomolecules, thus opening the path for the systematic evaluation 
of the biocompatibility of Si-containing DLCs and its potential applica
tion in biomedical devices. 

4. Conclusions 

In summary, Si-containing DLC coatings with varied composition 
(silicon content of 11% and 16%) were grown on steel and characterized 
by XPS, Raman, and NEXAFS spectroscopy as well as RBS/HFS spec
trometry and nanoindentation. The good mechanical properties of the 
coatings (hardness >20 GPa; elastic modulus >170 GPa) combine with a 
low friction response in water while sliding against a stainless steel pin. 
QCM experiments indicated that, in contrast to stainless steel, negligible 
adsorption of a model biomolecule (i.e., ATP) occurred on Si-containing 
DLCs. Surface-analytical measurements performed after tribological 
experiments provided evidence for an increase in the fraction of silanol 
surface terminal groups formed in the worn region upon sliding in water 
without any significant rehybridization of carbon atoms from sp3 to sp2 

bonding. The fraction of silanol surface terminal groups formed in the 
worn region upon sliding in water increases with the silicon content in 
Si-containing DLC, which is proposed to be the origin for the lower 
friction response achieved upon increasing the concentration of silicon 

Fig. 8. (a) Schematic of the tribological 
experiments performed on Si-containing 
DLC; (b) partial electron yield NEXAFS 
map collected on a “high” Si-containing 
DLC on which four tribological tests 
were carried out for different number of 
cycles; (c) carbon K-edge NEXAFS 
spectra of “high” Si-containing DLC 
extracted from the non-contact and 
contact regions of the carbon K-edge 
NEXAFS map; (d) zoomed-in view of the 
carbon K-edge NEXAFS spectra of 
“high” Si-containing DLC shown in (c); 
(e) oxygen K-edge NEXAFS spectra of 
“low” Si-containing DLC extracted from 
the non-contact and contact regions of 
the oxygen K-edge NEXAFS map; (f) 
oxygen K-edge NEXAFS spectra of 
“high” Si-containing DLC extracted from 
the non-contact and contact regions of 
the oxygen K-edge NEXAFS map; (g) 
phosphorus L-edge and (h) nitrogen K- 
edge NEXAFS spectra of “high” Si- 
containing DLC extracted from the 
non-contact and contact regions of the 
carbon K-edge NEXAFS maps. The ni
trogen K-edge and phosphorus L-edge 

NEXAFS maps were obtained after incubating tribologically-stressed samples in a 300 mg/L ATP aqueous solution for 11 h. (A colour version of this figure can be 
viewed online.)   
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in the coating. This tribologically-induced change in surface termination 
did not lead to the adsorption of ATP upon incubation of tribostressed 
samples in ATP solutions for several hours. These findings provide 
guidance for the use of Si-containing DLC in biomedical applications 
that require the coating not only to be resistant to biomolecule 
adsorption in its as-deposited state, but also to have good tribological 
response in aqueous solution and to maintain good resistance to 
biomolecule adsorption after tribologically-induced variations in sur
face termination. 
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