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A R T I C L E  I N F O   

Keywords: 
Carbon-based nanostructured materials 
Protective and hard coatings 
Reactive direct current magnetron sputtering 
Thin film characterization 

A B S T R A C T   

We deposit CSx thin solid films by reactive direct current magnetron sputtering of a C target in an argon plasma, 
using carbon disulfide (CS2) as a precursor to film growth. We investigate the influence of the partial pressure of 
the CS2 vapor introduced into the plasma on the composition, the chemical bonding structure, the structural, and 
the mechanical properties as determined by x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, 
scanning electron microscopy (SEM), and nanoindentation for films deposited at 150 and 300 

◦

C. The Raman and 
the XPS results indicate that S atoms are incorporated in mostly sp2 bonded C network. These results agree with 
previous ab-initio theoretical findings obtained by modeling of the CSx compound by the Synthetic Growth 
Concept. The microstructure of the films as well as the results of their Raman characterization and the nano
mechanical testing results all point out that with the increasing S content some sp3 bonding is admixed in the 
predominantly sp2 bonded CSx network, leading to typical amorphous structure with short and interlocked 
graphene-like planes for S contents between 2% and 8%. We conclude that CSx thin solid films deposited by using 
CS2 as a precursor would be CSx films deposited at low temperature of ~150 

◦

C and with an S content in the 
region of 6 at.% may be interesting candidates for applications as hard/elastic protective coatings.   

1. Introduction 

In the context of reactively sputtered carbon-based thin films con
taining p-elements, the C–N system was the first to be systematically 
studied. The initial intention was to reactively sputter C–N thin film in 
order to achieve the theoretically predicted super hard carbon nitride 
phase β-C3N4 [1]. However, growth of stoichiometric C3N4 films was not 
possible by this technique that instead yielded films with much less ni
trogen content than nominal for C3N4, usually ~30 at.% and below [2]. 
The deposited films, today known as fullerene-like (FL) carbon nitride 
(CNx) [3], became the first example of what later became a new class of 
inherently nanostructured thin films that demonstrate technologically 
relevant properties such as resiliency, hardness, and a relatively low 
friction coefficient [4]. The properties of FL-CNx are attractive in ap
plications such as protective coatings or as solid lubricant. Thus, today C 
films incorporating N are used to protect hard drives [2]. The promising 

results obtained from the FL-CNx films initiated both theoretical calcu
lations and experimental work with new deposition techniques on this 
materials system as well as exploration of new potential FL systems. The 
concept of incorporating a p-element in a C-based film generates 
numerous plausible combinations out of a total number of 22 p-elements 
in the periodic chart, excluding C, the noble gases, and radioactive el
ements. For instance, looking to the right of N in the 2nd period, we find 
O and F as potential elements for incorporation in a C-film matrix. Both 
these elements exhibit higher electronegativity values and valence 
electron concentrations (VEC) compared to N, which will yield a 
different type of bonding that might result in new film properties and a 
new microstructural short-range order (SRO). Carbon fluoride (CFx) thin 
films synthesized by reactive high-power impulse magnetron sputtering 
(HiPIMS) in CF4 and C4F8 have been studied [5,6] and theoretical cal
culations to predict their formation have been performed [7,8], whereas 
the strong driving force of O to form gaseous compounds together with C 
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has rendered the C–O system less interesting. Depending on the reactive 
gas flow, CFx thin films with F contents ranging between 2 at.% and 36 
at.% have been synthesized [6,8]. Upon F incorporation the micro
structure and the mechanical properties of C-based films changed 
significantly; biocompatible CFx thin films and improved mechanical 
properties are obtained when the F content is kept below ~25 at.%. F 
contents above 25 at.% yield a soft, polymer-like structure with a 
super-hydrophobic surface [5,6,9,10]. A limitation for both FL-CFx films 
as well as FL-CNx is that they display poor adhesion to substrates of 
technological importance such as Si(100) and stainless steel [11,12]. 

To further improve the prospects for applications of any carbon 
based coatings in general, and of the FL thin films in particular, their 
diversification by developing new deposition methods, adopting new 
precursors, and introducing new dopant elements in the C network is 
necessary. Thus, opportunities for atomic rearrangements, enriched di
versity of bonding environments and interplay between sp2 and sp3 

hybridizations are created. Phosphorus (P) is the next period neighbor to 
N and shows increased options for bonding compared to N seen from 
point of view of possible d-orbital contribution. This is supported by 
magnetron sputtering from C–P compound targets, showing that phos
phorus carbide (CPx) thin films exhibit elements of short-range ordering 
in the form of curved and strongly inter-locked graphene planes with FL 
structural characteristics [13]. Selected area diffraction (SAED) patterns 
identified these CPx thin films as different from any other C allotropes, 
including structures as those in FL-CNx [13]. 

Following our tradition and aiming to enlarge the family of FL 
compounds, and broadly speaking, those compounds with amorphous 
structure exhibiting recognizable close order bonding pattern, we 
choose to investigate the right-side neighbor to P in the Periodic 
Table that is sulfur (S). Compared to P, S which is to the immediate right 
of P in the third period of the Periodic Table, shows increased VEC and 
also more readily available d-orbitals resulting from the higher elec
tronegativity of S atoms. Besides that S-based compounds are known for 
their low-friction characteristics, it should also be mentioned that S is 
attractive as a dopant in C systems in order to tune electrical properties 
such as electron field emission [14] and even superconductivity [15,16]. 
Recently, S-doped, as well as S/N co-doped graphene-like carbon sheets 
[17] and S-doped and S/P co-doped porous C-based material for 
supercapacitor and catalytic applications [18] have been suggested. 

Remaining with the class of the FL compounds, it is also of practical 
interest to study the growth and the properties of selected ternary 
compounds, thus combining the effects of both hetero elements on the C 
matrix to possibly achieve a more valuable mix of mechanical and 
electric properties. In the specific case when the hetero elements are S 
and F an increased electron mobility, but also an enhanced chemical 
inertness of the compound, may be expected. The differences in the 
atomic radius and in the electronic structure between the heteroatoms 
(in this case S and F) also affect the microstructure and, thus, the me
chanical properties of the material. The ternary systems, therefore, 
provide an extra parameter to tune the properties of the carbon-based 
thin films compared to the binary systems. 

Recently, we have studied the growth of the ternary carbon-based 
CSxFy thin films by using SF6 as reactive gas [19]. The properties of 
the films were characterized and explained in the terms of the interac
tion of the theoretically predicted C–S–F reactant species that play role 
during the structure formation of CSxFy thin films. The mechanical 
compliance values indicated that most of the CSxFy thin films are highly 
elastic, and especially the CSxFy thin films with low heteroatom content 
(F + S) exhibit superelastic behavior, which is a well-known charac
teristic of carbon thin films with the FL structure. The changes in micro- 
and nanostructure, and consequently the properties, indicate a strong 
dependence of the CSxFy thin film formation on the SF6 partial pressure 
and the dissociation of its molecule during the growth process [19]. 

Also, in previous works, we focused on the binary CSx films looking 
in detail on the structural and energetic implications of introducing S 
atoms in graphene-like networks from a theoretical point of view by 

means of the density functional theory (DFT) based Synthetic Growth 
Concept [20,21] by sampling sets of competing C and S atomic and 
molecular species. We showed that odd-member ring defects are stable 
in CSx model systems [22]. These types of rings are one of the main 
structural characteristics in FL compounds as they promote curvature in 
honeycomb networks [3]. Moreover, similarly to N and P, S atoms can 
form single bonds with three adjacent C atoms to occupy the place of a C 
atom in graphene-like networks. In contrast to N that sits on an in-plane 
position [20], the S atoms stick out of the plane inducing local curvature 
[22]. P shows a similar behavior in CPx model systems [21]. The 
structural characteristics described and found for the CSx model systems 
make these systems to a lesser extent FL and more tending to amorphous 
compound with short and interlocked graphene-like planes. The main 
conclusion following these results is that CSx thin films with amorphous 
structure and close order bonding pattern could be expected for S con
centrations between 10 and 15 at.% [23]. For this range of S concen
trations, the occurrence of defects is enough to obtain smooth and 
sufficient curvature in the C planes without disrupting the network. In 
terms of structure, CSx is expected to be intermediate between CNx and 
CPx, exhibiting enhanced curvature and more cross-linking sites than 
CNx, but less than CPx. Thus, the aforementioned results show a high 
potential for CSx as new thin film material, which makes the system 
interesting to synthesize. 

In this study, we deposit CSx thin solid films by reactive direct cur
rent magnetron sputtering (rDCMS) of a C target in an argon (Ar) 
plasma, using carbon disulfide (CS2) as S precursor as well as for addi
tional C supply to the films. We investigate the influence of the partial 
pressure of the CS2 vapor (pCS2) introduced into the plasma on the 
composition, the chemical bonding structure, the structural, and the 
mechanical properties as determined by x-ray photoelectron spectros
copy (XPS), scanning electron microscopy (SEM), and nanoindentation 
for films deposited at 150 and 300 ◦C. Raman spectra were also recorded 
for all films. We compare our results to previously obtained theoretical 
and experimental findings. 

2. Experimental details 

The CSx thin solid films were reactively sputtered on 1 × 1 cm Si 
(100) substrates by rDCMS of a C target in an Ar plasma, using carbon 
disulphide (CS2) as a precursor, using a high vacuum system operating at 
a base pressure of ~6.7 × 10− 5 Pa that was previously described in 
Ref. [13]. The CS2 partial pressure was measured before the discharge 
was ignited. The measurement was conducted by leaking in the pre
cursor and measuring the pressure. In the deposition chamber the target 
was positioned under the substrate holder, facing the Si(100) substrates 
along the surface normal, and at a target-to-substrate distance of 7 cm. 
The CS2 was fed into the deposition chamber through a gas-handling 
system consisting of an evaporator to store the liquid solvent held at 
room temperature (corresponding vapor pressure at 20 ◦C of ~40 kPa), a 
needle-valve to regulate the partial pressure of the vapor reaching the 
plasma, and terminating with a gas pipe inside the chamber to distribute 
the CS2 vapor close to the substrate. All depositions were carried at a 
sputtering power of 90 W applied to the circular 2-inch C target, a fixed 
Ar pressure of 0.8 Pa, a substrate bias of − 25 V, and with a deposition 
time of 180 min. This resulted in film thicknesses of ~530–~660 nm, 
corresponding to a deposition rate of ~3.7 nm/min for the thickest film. 
The influence of the CS2 partial pressure on the film properties was 
investigated for substrate temperatures of 150 ◦C and 300 ◦C, using pCS2 
of 0, 2, 3, 4, 8, 16, and 32 mPa for both temperatures and additional 
pCS2 of 64, 100, and 200 mPa for the highest temperature, as monitored 
by a capacitance manometer. It should be noted that the pCS2 of 200 
mPa is uncertain because of the applied pressure gauge at these 
pressures. 

Qualitative and quantitative analysis of the films as well as their 
chemical bonding structure were determined through XPS, using an 
AXIS Ultra DLD instrument from Kratos Analytical operated at a base 
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pressure of 1.5 × 10− 7 Pa. Survey spectra and S 2p, S 2s, C 1s, and O1s 
core-level spectra were recored with exictation from monochromatic Al 
Kα radiation (hν = 1486.6 eV), operating the x-ray anode at 225 W. As 
the samples were conductors, no charge compensation from low energy 
electrons was needed. In addition, no sputter-cleaning of the samples 
was conduced to avoid sputter damages of potential amorphous mate
rials but with close order bonding pattern. It should be noted that the 
samples were exposed to air for a few minutes while they were trans
ferred between the deposition system and the XPS system. For quanti
tative analysis, we used the S 2p peak to determine the S content in the 
films as this peak has the highest intensity, i.e. has the highest photo
electric cross section. The binding energy scale was calibrated by setting 
the position of the Fermi edge of a sputter-cleaned Ag sample to 0.0 eV 
[24], which resulted in a position for the Ag 3d5/2 core-level peak of 
368.30 eV [25]. The film thicknesses and cross-sectional morphology 
were assessed by SEM from a LEO 1550-FEG instrument that was 
operated at an acceleration voltage of 5 kV. The cross-sectional SEM 
samples were prepared by mechanical cleaving of Si substrates. 

The Raman spectra were measured using a home-built micro-Raman 
setup with 100× microscope objective (NA = 0.95) and a 532-nm 
excitation from a solid state laser. The laser power was kept at ~0.5 
mW at the objective in order to avoid overheating of the sample within 
the laser spot of diameter ~0.8 μm. The spectra were detected using a 
spectrometer (Jobin Yvon, model HR460) with grating of 600 grooves/ 
mm coupled to a CCD camera, resulting in resolution of ~5.5 cm− 1. 

Nanomechanical properties of the films were evaluated by quasi- 
static displacement-controlled nanoindentation tests using a TI950 Tri
boindenter (Hysitron). Hardness (H) and reduced elastic modulus (Er), 
measured with a Berkovich diamond probe of ~150 nm tip radius, were 
calculated according to the classical method proposed by Oliver and 
Pharr [26]. The tip function area at low penetration depths was carefully 
calibrated using a fused silica sample. The thermal drift was compen
sated for before each measurement. Moreover, no pile-up correction was 
necessary in the softer samples as all nanoindentation impressions have 
shown a sink-in behavior. In all tests, a total of 12 indents with spacing 
of ~10 μm were averaged to determine the mean value and standard 
deviations of H and Er. 

When the nanoindenter tip penetrates the surface of a film deposited 
onto a substrate, the mechanical response of the film will be influenced 
by the deformation of the substrate. It has been shown that the 10% 
“rule of thumb”, which states that the indenter should not penetrate 
more than 10% of the total film thickness, is not always valid [27]. In 
our experiments, the maximum penetration depth was calculated 
following the graphical method explained in the ISO 14577 Standard 
Part 4 [28]. Numerous indentations were done in selected samples at 
different penetration depths (hmax), as shown in Fig. 1. It was observed 
that at the beginning, the measured hardnesses at low penetration 
depths are low due to indentation size effects [27]. At deeper penetra
tions, the hardness increases until it arrives to a maximum value (a 
plateau) that in our samples occurs at around hmax = 50 nm, and then the 
value decreases (or increases again) due to the influence of the substrate. 
The ISO Standard states that this maximum value is the nanoindentation 
hardness H of the film. From these results, it was concluded that the 
displacement-controlled nanoindentation experiments should be carried 
out in our samples at hmax = 50 nm indentation depth. 

3. Results and discussion 

3.1. Composition analysis of the CSx films 

Table 1 summarizes all CSx film samples (L1 - L9 deposited at 150 ◦C, 
and H1 – H11 deposited at 300 ◦C), together with the corresponding 
deposition pressure of CS2 and their composition assessed by XPS. Fig. 2 
shows the S content for films deposited at 150 and 300 ◦C, using 
different pCS2 in the plasma. As seen from Fig. 2, the S content increases 
with the increasing CS2 content in the plasma. The inset in Fig. 2 shows 

that for deposition at 150 ◦C the S content in the film is more than 5 at.% 
(5.2 at.%) already at a pCS2 of 2 mPa and close to 15 at.% (14.6 at.%) at 
a pCS2 of 16 mPa. A further increase of the pCS2 seems to yield no effect 
on the S content in the films. This observation is interesting as it suggests 
an upper limit for the S content in CSx films deposited at 150 ◦C. This can 
perhaps be understood from an increased probability for desorption 
from S-rich surfaces as triggered by the formation of volatile S-rich (or 
purely S-containing) clusters of 2–5 atoms and relatively high stability 
thus removing S atoms from the film edge as described from previous 
theoretical results [22]. From Fig. 2, we also find that the films deposited 
at 300 ◦C follow the same general trend as those grown at 150 ◦C, but the 
same partial pressures applied at this higher temperature result in lower 
S contents. The lower S content obtained at 300 ◦C can be explained 

Fig. 1. Hardness versus nanoindentation depth for a hard CSx sample deposited 
at: ( ) 150 ◦C and [S/C] = 5.25% and ( ) 300 ◦C and [S/C] = 15%. According 
to ISO 14577 [28], the hardness of the film is the one obtained in the plateau 
around hmax = 50 nm penetration depth. 

Table 1 
List of all CSx film samples together with the corresponding deposition condi
tions and their composition as per XPS results. The samples containing an “L” in 
their label were deposited at the lower temperature of 150 ◦C while those with 
an “H” in their label were deposited at the higher temperature of 300 ◦C. The 
deposition time for the L1 sample was 120 min, while for all other samples it was 
180 min.  

Sample 
label 

Pressure CS2 

(mPa) 
Sample order by 
decreasing C content 

Composition by XPS (at.%) 

C S 
(2p) 

O F 

L1 0 1 96.1 0.3 3.6  
L2 2.0 2 95.4 1.8 2.8  
L3 3.0 3 92.6 5.2 2.2  
L4 3.0 4 92.5 5.8 1.7  
L5 4.0 5 90.4 7.6 2.0  
L6 8.1 6 86.1 10.3 3.6  
L7 16 8 83.5 14.6 1.9  
L8 16 9 83.3 14.4 2.3  
L9 32 7 84.2 14.1 1.7  
H1 0 1 96.5 0.3 3.2  
H2 2.0 2 95.2 2.2 2.4 0.2 
H3 3.0 3 94.6 3.4 1.9 0.1 
H4 3.0 5 94.4 2.9 2.7  
H5 4.0 4 94.6 3.1 2.3  
H6 8.0 6 93.7 4.2 2.1  
H7 16 7 93.1 5.0 1.9  
H8 32 8 92.0 6.0 2.0  
H9 64 9 90.9 7.3 1.8  
H10 100 10 89.8 8.4 1.8  
H11 200 11 85.5 12.8 1.7   
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through a competing process where desorption of S, adsorbed on the 
growing CSx films, is corroborated by higher deposition temperatures. 
Such observation agrees with our previous detailed findings for CPx 
films deposited from a compound source at 150 and 450 ◦C [13], where 
the higher temperature resulted in lower P content. Since O content in 
the samples is very low (Table 1), the C content curve as a function of the 
deposition pressure of CS2 is nearly fully complementary to the S content 
curve depicted in Fig. 2. Thus, the C content is decreasing for both 
temperatures, but with lower C content in the films deposited at 150 ◦C 
as a result of the reciprocally higher S content in these films. The inset in 
Fig. 2 illustrates the much slower decline of the C content in the pCS2 
range of 0–32 mPa in films grown at 300 ◦C compared to those deposited 
at 150 ◦C with ~92 at.%, and ~84 at.% at pCS2 = 32 mPa, respectively. 

Furthermore, the XPS analysis (discussed in detail in the next sec
tion) shows an O content of typically ~2 to ~4 at.% and with no in
fluence seen from the applied growth temperature and with the highest 
O content found in the C reference films. Here we note that no sputter 
cleaning was performed on these previously air exposed films, which 
suggests that the O contaminants are absorbed species on the surface, 
and thus implies a higher purity in the bulk of all films studied here. 
Features in the O 1s XPS binding energy ranges of 532.6–532.7 and 
531.6–531.7 eV (not shown) suggest that the O-containing species 
mainly are absorbed water (H2O) and hydroxyl (OH), respectively [25]. 
The latter is more pronounced at CSx films with high S content, which 
suggests that OH mainly bonds to S-sites. Hence, from the quantitative 
analysis, we find that our films are of well-defined compositions and 
with a low level of contaminants, which is ideal both for fundamental 
studies of their nature, and for their prospects as protective coatings. 

3.2. Chemical bonding structure of the CSx films 

XPS was applied to determine the chemical bonding structure of the 
CSx films. Chemical analysis of carbon sulfides is, however, a challenge 
because the electronegativities of C and S are almost identical; according 
to the Pauling scale they are 2.55 and 2.58, respectively [29]. Because of 
the small difference in electronegativity the atomic charge of both C and 
S is almost zero and the chemical shifts between pure C, CSx, and CS2, as 
well as between pure S, CSx, and CS2, are very small. 

Representative C 1s and S 2p XPS spectra of the obtained pure C and 
CSx films deposited at 150 ◦C are shown in Fig. 3. The CSx film deposited 
using, e.g., pCS2 of 8 mPa shows a C 1s peak at 284.6 eV, which can be 

compared with the C 1s peak obtained from the pure C that shows a C 1s 
peak at 284.4 eV. The binding energy of 284.6 eV suggests a carbon- 
based film of sp2 bonding [30] with no inclusion of CS2; the C 1s bind
ing energy of CS2 is 287.2 eV [31]. The corresponding S 2p spectra show 
the 2p3/2 and 2p1/2 spin-orbit split components at 163.7 and 164.8 eV, 
respectively, which is 0.2 eV lower compared to that previously reported 
for CS2 [32]. In addition, there is a relatively broad 2p3/2 feature around 
161.8 eV, which is assigned to adsorbed S atoms and dimers on the 
surface of the CSx film [33,34]. 

Fig. 4 shows that the C 1s and S 2p binding energy positions depend 
on the S content and that the core level shifts are positive for both C 1s 
and S 2p. This behavior indicates a charge depletion in the CSx film as 
the pCS2 increases. This is due to the charge transfer from the CSx film 
towards the adsorbed S atoms and dimers as the amount of the adsorbed 
species grows with pCS2, see the intensity increase at 161.8 eV in Fig. 3. 
More important, though, is the observation that the core level shifts are 
synchronized, which indicates that the S atoms that are represented by 
the S 2p peaks at 163.7 and 164.8 eV are incorporated in the C sp2 

bonding network. Since the electronegativity of C and S are nearly the 
same, the observed shifts might seem unexpected. However, the 
deposited CSx films are conductive and, thus, have free moving electrons 
that flow in the graphene-like network. Discontinuations in the network, 
such as vacancies, incorporated atoms of different sizes, and adsorbed 
atoms, attract the free moving electrons to screen the “defects” in the 
graphene-like network [24]. Hence, the adsorbed S atoms and dimers 
that are adsorbed on the C sp2 bonded network with incorporated S will 
attract charge from the C and S in CSx, not because of difference in 
electronegativity but because of surface atom screening. 

Representative C 1s and S 2p XPS spectra of the obtained pure C and 
CSx films deposited at 300 ◦C are shown in Fig. 5. For the CSx films 
deposited at 300 ◦C the S content in the films is lower compared to the 

Fig. 2. S content of all CSx film samples vs. the corresponding CS2 partial 
pressure during their deposition. The area delimited by the green rectangle 
corresponding to CS2 partial pressures 0–40 Pa is enlarged in the inset. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. C 1s and S 2p XPS of CSx film deposited at 150 ◦C. The partial pressures 
of CS2 are (a–g) 0, 2, 3, 4, 8, 16, and 32 mPa. 
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corresponding CSx films deposited at 150 ◦C for all selected pCS2. Except 
from dissimilar reaction yields, the XPS features do not show any sig
nificant difference between CSx films deposited at the two temperatures 

150 ◦C and 300 ◦C. However, all C 1s and S 2p XPS spectra of the CSx 
films deposited at 300 ◦C show a shift of about − 0.1 eV compared to the 
CSx films deposited at 150 ◦C. Simultaneously, the corresponding O 1s 
spectra show a shift of about 0.1 eV. This suggests an extra charge 
transfer from the absorbed oxygen species toward the CSx films depos
ited at 300 ◦C, compared to the CSx films deposited at 150 ◦C, most likely 
because of a stronger bond to the CSx surface. Hence, the surfaces of the 
two CSx films are slightly different. 

3.3. Raman characterization of the CSx films 

The Raman spectra of CSx films with various S content are shown in 
Fig. 6(a) and (b), for the series of samples deposited at substrate tem
peratures of 150 ◦C and 300 ◦C, respectively. The S content is denoted 
for each spectrum and decreases from top to bottom in both panels. As 
seen from Fig. 6, all the spectra show the characteristic D and G peaks of 
amorphous carbon. In order to estimate the parameters of these peaks in 
the different spectra, we have performed fitting of the spectra using two 
Gaussian line shapes (for D and G), which seem to provide reasonable 
fits to all spectra (see the Supplementary Information). The fitting en
ables us to estimate with reasonable accuracy the individual D- and G- 
peak positions, as well as their linewidths and amplitudes. The D-peak of 
all Raman spectra is located at ~1386 ± 5 cm− 1 and does not change 
markedly its position as the deposition parameters change. The full 
width at half maximum (FWHM) of the D peak is also roughly the same 
across the spectra, about 363 ± 14 cm− 1. 

On the other hand, both the line position of the G-peak and its FWHM 
show a systematic change with increasing S content. In both series of 
samples grown at the two different substrate temperatures, 150 ◦C and 
300 ◦C, the G-peak position exhibits increasing red shift with increasing 
S content up to ~7 at.% S, and, simultaneously, the G-peak FWHM in
creases (Fig. 7(a)). This observation suggests that the increase of S 
content is associated with increasing tensile strain in the C-network. In 
addition, the increasing FWHM of the G-peak with S content suggests 
increasing disorder in the C-network. At S concentrations above 7 at.%, 
the G-peak FWHM decreases again and at the highest concentrations 
(14.1 and 12.8 at.% S for Ts = 150 ◦C and Ts = 300 ◦C, respectively) 
reaches a value close to the value of the corresponding reference sample 
for each series (0.3 at.% S). The increase of the G-peak FWHM at mod
erate S concentrations (below ~ 7 at. %) is in line with the expected 
increased disorder in the C-matrix owing to introduction of S. However, 
the saturated behaviour of the G-peak position at high S concentrations 
together with the decreasing G-peak FWHM may indicate a trend for 
segregation of S from the C-network as predicted by Synthetic Growth 
Concept modelling of CSx networks [22,23]. Consequently, the incor
poration of S in the C-network saturates due to segregation of the excess 
S at the highest concentrations, hence the disorder and the tensile strain 
in the latter remain approximately unchanged at S atomic concentra
tions above ~7 at. %. The observed decrease of the G-peak FWHM at 
S-concentrations beyond ~7 at. %, however, may indicate that the 
tensile stress introduced by the presence of S is more homogeneously 
distributed at S-concentrations above ~7 at. % (when segregation 
possibly occurs), while the strain and the disorder (indicated also by the 
D/G ratio to be considered below) remain roughly at the same level as at 
7 at. % of S. The mechanism behind this “homogenization” of the strain 
witnessed by decreasing FWHM at high S at. %, however, is not well 
understood at present. 

Another parameter which can be associated with the properties of 
the films is the amplitude ratio between the D and G peaks (D/G). Early 
work [35] tends to associate the value of this ratio with the ratio be
tween the sp3 and sp2 sites in amorphous carbons (a-C). However, the 
work of Ferrari and Robertson [36] shows that the D-peak intensity is 
strictly connected to the presence of six-fold aromatic rings, i.e., hexa
gons, especially in a-C, quoting just sputtered carbon as an example of 
a-C. Furthermore, Ref. [36] claims that in a-C the development of 
D-mode in the Raman spectrum is associated with ordering, exactly 

Fig. 4. C 1s and S 2p core level shifts for CSx film deposited at 150 ◦C with 
increasing S content. 

Fig. 5. C 1s and S 2p XPS of CSx film deposited at 300 ◦C. The partial pressures 
of CS2 are (a–j) 0, 2, 3, 4, 8, 16, 32, 64, 100, and 200 mPa. 
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opposite to the case of graphitic carbons studied in Refs. [35]. Two 
“regimes” for disordered carbon networks are proposed in Ref. [38], a-C 
regime (e.g., sputtered C), where the intensity ratio I(D)/I(G) is pro
portional to L2

a , and graphitic carbon regime, in which I(D)/I(G) is 

proportional to 1/La. Here La denotes the average graphitic-cluster size. 
Ref. [36] also admits a broad transition region between the two regimes. 
Our results for the D/G ratio dependence on the S content for the two 
deposition temperatures are shown in Fig. 7(b). The D/G ratio increases 

Fig. 6. Normalized Raman spectra of CSx films 
deposited at substrate temperature Ts of (a) 150 ◦C, 
and (b) 300 ◦C, for various S contents, as denoted for 
each spectrum. Panels (c) and (d) illustrate the effect 
of annealing under the action of the exciting laser 
manifested in changes of the spectrum of the samples 
with highest S content [14.1 at.% at Ts = 150 ◦C in 
(c), and 12.8 at.% at Ts = 300 ◦C in (d)] with 
increasing time of illumination. Spikes are visible in 
the latter two series of spectra, because the spike 
removal algorithm is disabled in order to acquire a 
spectrum every 32 s. While the spectra in (a) and (b) 
are normalized, the spectra in (c) and (d) are simply 
overlaid without rescaling or vertical shift, thus 
illustrating the appearance of growing luminescence 
background and the intensity increase of the D and G 
peaks with increasing time. The bottom curve in each 
of the parts (c) and (d) represents the spectrum 
recorded first after the ignition of the laser, and every 
subsequent spectrum towards the top of the stack is 
recorded approximately 32 s later.   

Fig. 7. Summary of the G- and D-peak parameters 
obtained from fitting of the spectra. Variation of (a) 
the G-peak position and FWHM, and (b) the D/G 
amplitude ratio with the S content for the two sub
strate temperatures, as denoted for each set of points. 
Panels (c) and (d) are related to the subsequent 
spectra taken on the same spot for the samples with 
highest S content at the two substrate temperatures 
and illustrate: (c) variation of the G-peak position and 
FWHM with time after laser ignition, and (b) varia
tion of the D/G ratio with time under laser annealing. 
As denoted in all panels, the blue symbols and curves 
refer to the samples grown at Ts = 150 ◦C and the red 
symbols and curves – to the samples grown at Ts =

300 ◦C. The lines connecting the points (or passing 
through the sets of points) are guide to the eye. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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substantially with increasing S content for the samples sputtered at 
300 ◦C (between 1.34 and 2.02 for S content between 0.3 and 7.3%), but 
it remains nearly constant (between 1.71 and 1.78) in the range of S 
content between 0.3 and 10.3% for the samples grown at 150 ◦C. The 
increasing D/G ratio with increasing S content in the series of samples 
grown at 300 ◦C is consistent with the theoretically predicted increasing 
disorder, including incorporation of pentagons and heptagons instead of 
hexagons, caused by incorporation of S in the C-network [23]. In the 
series grown at 150 ◦C there is a trend for increase of D/G at the highest 
concentration (14.1%), albeit there is no specific trend at lower S con
centrations (note that D/G remains quite high compared to the samples 
grown at 300 ◦C). Thus, apparently, in our case increasing D/G indicates 
increasing disorder. This notion is in contrast with the model of [36] 
predicting decreasing disorder with increasing D/G for a-C, possibly 
because the samples considered here are within the transition region of 
Ref. [36]. Thus, our notion is based on the experimental results obtained 
from our set of sputtered samples. The fact that larger D/G indicates 
larger disorder is reflected also in the initial (reference, at S-content 
0.3%) values of D/G at the two temperatures, D/G ≈ 1.33 for the 
reference sample grown at 300 ◦C, whereas the corresponding value of 
the sample grown at 150 ◦C is D/G ≈ 1.77. Indeed, the C-matrix tends to 
order at higher temperatures, hence, the lower D/G ratio of the film 
grown at 300 ◦C must be associated with higher degree of order. 

The above consideration is corroborated by the observation of a laser 
annealing effect in the films with highest S-content in the two series, 
14.1% at Ts = 150 ◦C, and 12.8% at Ts = 300 ◦C. Despite the low laser- 
applied power of 0.5 mW, these two films become annealed under the 
laser excitation. This is indicated by the change of the spectra taken 
sequentially every ~32 s during ~5 min interval, as illustrated in Fig. 7 
(c and d) for Ts = 150 ◦C and Ts = 300 ◦C, respectively. We notice that 
none of the remaining samples with lower S content shows any notable 
changes in the Raman spectrum with time. Note that the spectra in both 
panels of Fig. 6(c and d) are overlaid without rescaling and without 
application of vertical shift to the individual curves. Thus, both series of 
spectra manifest also increase of the luminescence background with 
time because of the laser annealing, as well as a very pronounced in
crease in the Raman intensity. The increasing luminescence background 
supports the idea that at the highest S content the annealing leads to 
polymerization of the films, at least in some microscopic volumes within 
the laser spot on the sample. Furthermore, any annealing is expected to 
relieve strains present in the sample and, indeed, this is reflected in the 
large relaxation of the G-peak position towards that of the reference 
sample, as shown in Fig. 7(c). In addition, the G-peak FWHM decreases 
with the annealing time, also towards (or even below) the lowest value 
of 115 cm− 1 observed in the reference sample (0.3 at.% of S at Ts =

300 ◦C), cf. Fig. 7(c). Notably, the annealing effect is strongest in the 
sample grown at Ts = 150 ◦C expressed in larger blue shift of the G-peak 
position, larger decrease in its FWHM and larger decrease of the D/G 
ratio compared to the sample at Ts = 300 ◦C. The latter is plotted as a 
function of the annealing time in Fig. 7(d) and clearly illustrates that the 
annealing leads to substantial decrease of the D/G ratio. Thus, again, the 
decreasing D/G ratio must be associated with increasing order in the C 
matrix. 

Finally, the increase of the Raman signal with annealing time in both 
samples is most probably associated with decrease of the band gap of the 
C matrix. Thus, the films become more transparent with annealing, 
leading to increase of the Raman peaks. 

We comment now on the observed dependencies of the G-peak po
sition, the G-peak linewidth and the D/G ratio on the S content in the 
range 0.3% – approximately 10%. The observed softening of the G mode 
with increasing S % is well pronounced at both deposition temperatures, 
as illustrated in the insert of Fig. 7(a). This softening is most likely 
associated with the anticipated increased curvature evidencing 
increased tensile strain in CSx sheet fragments composing the C network 
as referred by theoretical prediction [23]. Simultaneously, with 
increasing S content, the disorder in the C network increases as 

suggested by the increasing FWHM of the G peak; this feature is well 
pronounced also for both growth temperatures, as long as S contents 
below ~10% are considered (cf. Fig. 7(a)). Here, we intentionally 
discard the three points with the highest S content (10.3% and 14.1% at 
Ts = 150 ◦C, and 12.8% at Ts = 300 ◦C). For these highest S contents, the 
G-FWHM tends to decrease again and the G-peak position saturates (cf. 
Fig. 7(a)). This behavior may be due to the formation of CSx domains 
with amorphous structure and short and interlocked graphene-like 
planes of the film that coexist with areas of the film with predomi
nantly a-C that includes small regions of partial segregation of S, as 
already discussed above. As mentioned in the Introduction, formation of 
amorphous C films with close order bonding pattern is expected theo
retically for S contents in the range 10–15%. Thus, from the Raman 
results one may conclude that for S content below ~7% the C matrix is 
doped with S and its properties gradually change with increasing S 
content. At S content above ~10%, however, more extended amorphous 
CSx domains with close order bonding pattern are formed while coex
isting with areas where the S atoms tend to segregate allowing the C 
matrix in these areas to relax to a state close to that without S. 

3.4. Structural properties of the CSx films 

Fig. 8 shows SEM images obtained from films deposited at 150 and 
300 ◦C. The image in Fig. 8(a) to which may be attributed a “flake-like” 
(lamella-like) columnar microstructure is from a film containing 10.3 at. 
% S (pCS2 = 8 mPa during growth) that was deposited at 150 ◦C. This 
microstructure is similar to that of a CPx film containing 10 at.% P grown 
at 300 ◦C [13]. Increasing the S content in these films up to ~14 at.% 
(pCS2 = 32 mPa during growth) results in a more amorphous structure 
like that displayed in Fig. 8(d). This shows that the S content affects the 
film microstructure probably by the S segregation and formation of S 
clusters, which is also in agreement with the Raman results. These re
sults are also in agreement with the theoretical calculations predicting 
the formation of amorphous CSx with close order bonding pattern be
tween 10 and 15 at.% S with increasing probability for S segregation at 
higher S contents [22]. In addition, a higher S content in these films also 
results an increased film thickness seen from the 565 nm thick film in 
Fig. 8(a) compared to 660 nm for a film containing 14.1 at.% S, not 
shown. This can be explained by the higher pCS2 applied during growth 
to give more S and additional evaporated C to the films. The films 
deposited at 300 ◦C, Fig. 8(b-d) all show a predominantly amorphous 
microstructure. The C-reference film in Fig. 8(b) displays broken col
umns, while adding 4.2 at.% of S (pCS2 = 8 mPa during growth) to the 
film in Fig. 8(c) and 8.4 at.% (pCS2 = 32 mPa during growth) in Fig. 8(d) 
leads to amorphous microstructure. This supports the fact that S affects 
the microstructure and with potential mechanism seen from an 
increased desorption of S at this higher temperature. The CSx films 
deposited at 300 ◦C follow the same trend with respect to film thickness 
as those grown at 150 ◦C. The SEM analysis shows that the S content in 
the CSx film significantly affects the microstructure for the films, espe
cially those deposited at 150 ◦C. The influence of the S content on the 
CSx microstructure is an indication that the S content will be a factor 
with an impact on their mechanical properties. 

3.5. Mechanical properties of the CSx films 

The dependence of the Hardness H on the S concentration for all 
samples deposited at 150 ◦C and at 300 ◦C, respectively, is shown in 
Fig. 9. Samples deposited at 150 ◦C are harder (9–15 GPA) than samples 
deposited at 300 ◦C (~6.5–9 GPa). For both series of samples deposited 
at 150 ◦C and 300 ◦C, we observe a clear trend for increasing of the film 
hardness with the growing S content which starts at relatively low S 
concentrations of ~2 at.%. The maximal hardness of ~13 GPa is ach
ieved for ~5.75 at.% of S (sample deposited at 150 ◦C). At ~5.75–6 at.% 
of S, for both series of samples deposited at different temperature, the 
hardness starts to decrease with the increasing S content, but up to 10 at. 
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% S (150 ◦C) and up to ~15 at.% (300 ◦C) remains higher than that of 
the reference sample. For samples deposited at both temperatures, 
samples with 2 and 8 at.% S exhibit high hardness compared to those 
with none or negligible S contents and those with S content higher than 
10 at.%. 

There are very few reports on the mechanical properties of CSx films. 
Although deposited by other methods, adopting different sample sys
tematics, and only reporting the coating hardness, these previous reports 
highlight an interest in CSx films because of their potentially valuable 
mechanical properties. Kumari and Subramanyam studied the struc
tural, electrical, and mechanical properties of 1–2 μm thick amorphous 
C–S composite films deposited by vapor phase pyrolysis of maleic an
hydride and sulfur at 900 ◦C [37]. The Vickers microhardness values 
(HV) obtained by applying 100 g force (0.98 N) show that the hardness 
increases with an increase in S concentration. As it has been recently 
discussed [27], although Vickers indentation values cannot be compared 
with our Berkovich nanoindentation measurements, the authors of 

Ref. [37] correlate the increase of hardness while increasing S concen
tration with a possible increase in the connectivity of the sp3 matrix in 
the a-C system. Freyman et al. synthesized hydrogenated amorphous 
carbon films by pulsed dc magnetron sputtering in a mixture of 
Ar/H2/H2S [38]. It was observed that film nanoindentation hardness 
decreases from 13 GPa for pure C films to 8 ± 1 GPa with 5 at.% S 
doping. They proposed that the decrease in hardness with the increase of 
S incorporation is most likely due to S interruption of the 3D-bonding 
network of C atoms. Finally, Hiraide et al. synthetized S-doped amor
phous C thin films by plasma CVD using thiophene (C4H4S) as a starting 
material [39]. They observed that, when the deposition temperature was 
increased from 50 to 350 ◦C, the nanoindentation hardness and the 
density also increased from 6.5 to 9.6 GPa, and from 1.7 to 1.9 g/cm3, 
respectively. However, XPS characterization show that, for all deposi
tion temperatures, the concentration ratio S/C kept constant at ~8%. In 
contrast to our work, the availability of hydrogen-containing precursor 
species in the experiments conducted by Hiraide et al. may significantly 
influence the film growth and film bonding leading to softer films 
especially at lower temperatures. Thus, by choosing CS2 for source of S, 
we achieve higher hardness (up to ~13 GPa as compared to 9.6 GPa) for 
wider S content and at lower deposition temperatures than in Ref. 39. 

Considered in the context of the similar FL and amorphous carbon- 
based films, the hardness of ~13 GPa achieved in this work for CSx 
(5.75 at.% S) comes relatively close to the hardness of hardest examples 
of FL-CNx (15.4 GPa, for CNx containing 16 at.% N) [40], while the 
hardest to date CPx films are significantly harder at ~24 GPa (achieved 
for CPx films containing 10 at.% P) [40]. 

The dependence of the reduced elastic modulus Er vs. the S con
centration for all samples deposited at 150 ◦C and at 300 ◦C, respec
tively, is shown in Fig. 10. Quite remarkably, the reduced elastic 
modulus vs. the S concentration in the films follows much the same 
trend as the hardness, namely samples with 2 and 8 at.% S exhibit high 
reduced elastic modulus Er, while the highest value of Er is achieved at 
about 6 at.% of S. Again, samples deposited at 150 ◦C exhibit signifi
cantly higher reduced elastic modulus (~85–125 GPa) than samples 
deposited at 300 ◦C (~55–85 GPa). 

These finding for the hardness and the reduced elastic modulus can 
be explained by the gradual change in the C networks, which with 
increasing S contents, increasingly acquire sp3 hybridization, and 
structural features consisting in short, curved, and interconnected 
graphene-like sheets, a structure which favors both hardness and elas
ticity. At about 10% S as well as at higher S contents, this structure 

Fig. 8. SEM images representing the microstructure of: (a, upper left panel) CSx film containing 10.3 at.% S (pCS2 = 8 mPa during growth) deposited at 150 ◦C; (b, 
upper right panel) C reference film (pCS2 = 0 mPa), 0.32 at.% S deposited at 300 ◦C; (c, bottom left panel) CSx film containing 4.2 at.% of S (pCS2 = 8 mPa during 
growth), deposited at 300 ◦C; (d, bottom right panel) CSx film containing 8.4 at.% of S (pCS2 = 32 mPa during growth), deposited at 300 ◦C. 

Fig. 9. Hardness H vs S concentration for samples deposited at 150 and 300 ◦C. 
The lines connecting the points (or passing through the sets of points) are 
simply guide to the eye. Values and error bars for H were averaged from 12 
indents to determine the mean value and standard deviations. 
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becomes more and more disordered and strained, perhaps some S 
segregation is added and becomes significant at S concentrations of ~15 
at.%. The S segregation reduces the close order bonding pattern struc
tural features and thus causes decrease in both the hardness and the 
elasticity of the film. This explanation of the mechanical properties of 
the CSx films are corroborated by the Raman spectra discussed above in 
Sec. 3.3, and, remarkably well by the theoretical findings in Ref. 23 for 
well-structured amorphous CSx films with close order bonding pattern 
up to 10 at.% of S, while at higher concentrations of S this network is 
gradually disrupted, including by domains of S segregation. 

Consequently, if the purpose for deposition of CSx thin films by using 
CS2 as precursor is their application as protective coatings, i.e., putting 
an emphasis on their hardness and elasticity, the results in this work 
point out to optimal S content of the films of about 6 at.% and low 
deposition temperature (150 ◦C). 

4. Conclusions 

We deposit CSx thin solid films by rDCMS of C target in an Ar plasma, 
using carbon disulfide (CS2) as S precursor at two different temperatures 
of 150 ◦C and 300 ◦C. XPS analyses show that S content of the films 
varies between 0.3 and 14.6 at.% and suggests that O contaminants are 
absorbed species on the surface. The XPS results indicate that most S 
atoms are incorporated in a predominantly sp2-bonded C network and 
only minor amount is present in the samples as adsorbed S atoms and 
dimers. The qualitative picture of the microstructure of the films ob
tained by SEM imaging varies from resembling lamella-like to more 
amorphous structure at higher S content and is similar to the micro
structure of CPx films with analogous P content. The microstructure of 
the films as well as the results of their Raman characterization and the 
nanomechanical testing results all point out that with the increasing S 
content some sp3 bonding is admixed in the predominantly sp2 bonded 
CSx network, leading to a characteristic close order bonding pattern 
featuringamorphous structure with short and interlocked graphene 
planes for S contents between 2% and 8%. At higher S content, effects of 
S segregation lead to disruption of this structure and decreased hardness 
and elasticity of the CSx films. These results agree remarkably well with 
previous theoretical findings obtained by modeling the CSx compound 
by the ab-initio Synthetic Growth Concept that predict well-structured 
close order bonding pattern amorphous CSx films up to about 10–15% 
of S as well as at higher S content increasingly significant S segregation 

incorporated in the CSx network. 
In addition, the films deposited at the lower temperature of 150 ◦C 

exhibit higher hardness (9–13 GPa) than samples deposited at 300 ◦C 
(~6.5–9 GPa), and higher reduced elastic modulus (~85–125 GPa) than 
samples deposited at 300 ◦C (~55–85 GPa). Thus, our results indicate 
that best candidates for hard and elastic CSx thin solid films deposited by 
using CS2 as precursor would be CSx films deposited at low temperature 
of ~150 ◦C and with an S content in the region of 6 at.%. The combi
nation of hardness and elastic modulus obtained here for CSx thin solid 
films is suggestive for potential applications as protective coatings, e.g., 
for steel rolling bearings. The hardness of coatings used nowadays to 
coat rollers and balls is usually in the range 10–14 GPa. Indeed, higher 
hardness cannot be used because any higher hardness would increase 
the wear of the steel counter-face. 
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