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Abstract: Cr-doped diamond-like carbon (DLC) films were formed on silicon and glass
substrates by magnetron sputtering (MS). The surface morphology, elemental composition,
bonding structure, and transparency of the as-deposited films were analyzed by atomic
force microscopy (AFM), the energy-dispersive X-ray spectroscopy (EDS), multiwavelength
micro-Raman spectrometer, and UV-VIS-NIR spectrophotometer. The study revealed that
the oxygen concentration in the Cr-DLC films increased as the Cr content increased. The
surface roughness of the films was slightly reduced when the Cr content was ~9.2 at.%,
and further increase in the Cr content up to 13.1 at.% stimulated the growth of the highest-
roughness Cr-DLC films. The micro-Raman analysis showed that the G peak position
shifted to a higher wavenumber, and the sp² bond fraction increased as the Cr concentration
in the DLC films rose. The optical transmittance of the Cr-DLC films was reduced by up
to 30% compared to DLC coatings due to the increased graphitization process caused by
chromium addition.

Keywords: chromium; diamond-like carbon; Raman spectroscopy; magnetron sputtering;
oxygen

1. Introduction
Diamond-like carbon (DLC) films are widely used in various fields such as automotive,

biomedical, optical, and industrial tooling industries due to the high hardness, excellent
wear resistance, low coefficient of friction, biocompatibility, optical transparency, etc. [1–3].
It was observed that relatively high residual stress, insufficient adhesion, or low oxidation
and thermal resistance limit the application fields of DLC films [2–5]. The final properties
of the synthesized DLC films are highly related to the sp2 carbon and C-C bonds ratio and
the concentration of the dopants [1,3,6,7].

It was found that metal (Ti, Cr, Ni, Mo, Ag, Cu) or non-metal (Si, O, N, F) doping of
the DLC films allows us to modify the structure, improve the adhesion, wear resistance,
and thermal stability, reduce internal stress, enhance thermal conductivity, and control
the optical and electrical properties [6–9]. Chromium-doped DLC films are advanced
nanocomposite coatings that combine the exceptional hardness and low friction properties
of DLC films with the enhanced mechanical and tribological performance provided by
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chromium doping [8,10–17]. J.A. Santiago et al. [8] showed that adding more chromium
enhanced the sp2 bond fraction and reduced the hardness and friction coefficient of the DLC
films. W. Dai et al. [10] observed that films with a low Cr doping concentration exhibited
excellent tribological properties, but the friction coefficient and wear rates were slightly
higher than those of pure DLC films. J. Zheng et al. [11] found that an increase in the Cr
concentration from 7.7 at. % to 11.2 at. % enhanced the surface roughness, sp3 bond fraction,
Cr-C sites concentration, and nano-hardness of the DLC films. As a result, the tribological
properties of the Cr-DLC films were improved. A. Khodayari et al. [12] indicated that an
increase in the Cr concentration enhanced the surface roughness, improved wear resistance
and elasticity modulus, but reduced the hardness and adhesion strength of hydrogenated
DLC films. L. Wang et al. [13] observed that the reduction in the Cr content from 3.3 at.%
to 1.22 at.% increased the sp3 bond content, reduced Cr-C sites fraction, while the oxygen
concentration was ~7 at.% in the thin DLC films. C.W. Zou et al. [14] showed that the
increase in the Cr content from 2 to 9.7 at. % reduced the hardness from 22.7 GPa to 12.5 GPa
in the DLC films, respectively. Meanwhile, the coefficient of friction of the Cr-DLC films
was minimized due to the increase in the sp2/sp3 ratio. W. Dai et al. [15] demonstrated
that the sp2 C=C bond fraction and surface roughness increased with the increase in Cr
concentration from 1.5 to 40.1 at.%, respectively. According to S. Viswanathan et al. [16],
a rise in Cr concentration resulted in a lower sp³/sp² bond ratio and hardness, while
enhancing the formation of Cr-C and Cr-O bonds in greater amounts within the films. The
wear resistance and corrosion resistance properties of DLC films were improved with an
addition of low concentration (3.8 at. %) of chromium. The Cr-doped DLC films with a low
concentration demonstrated an improved tribological properties, compared to pure DLC
film [10]. Y. Zhuang et at. [17] indicated that the corrosion properties of the Cr-DLC films
were improved with the reduction in sp3 bond fraction. The tribological properties of the
DLC films are controlled by the addition of different concentrations of chromium [18]. The
rise in the Cr quantity reduced the sp3 bond proportion and heightened the wear rate of
the Cr-DLC films [19]. The increase in the Cr content from 1.96 to 17.21 at.% enhanced the
hardness of the DLC films from 5.72 to 8.02 GPa, respectively. However, the graphitization
and formation of chromium carbides promoted higher friction coefficient and wear rates of
the films [20].

Various researchers demonstrated that the optical transmittance of DLC or doped
DLC films in the UV-VIS-IR wavelength range is highly dependent on the sp2 to sp3 ra-
tio [21–27]. E. Mohammadinia et al. [21] determined that the transmission of Ni-doped
a-C:H films in VIS-IR range was reduced due to the enlargement in the sp2 sites with the
enhancement of Ni content. B. Zhou et al. [22] showed that the rise in the Cu content from
8.3 wt.% to 27.9 wt.% reduced the sp3 fraction from 55.6% to 36.0% and drastically reduced
the optical transmittance of Cu-DLC films. When the Cu concentration was 12.6 wt.%,
the transmittance of the film in the VIS-NIR range was lower than 40%. Meanwhile, the
Cu-DLC film with 27.9% of Cu was opaque to UV wavelengths, and the transmittance was
only 10% in the VIS range. The optical transmittance in the range of 300 to 2500 nm de-
creased with enhancement in the deposition temperature of DLC films. This was attributed
to temperature-induced graphitization of the DLC coatings [23]. Š. Meškinis et al. [24]
demonstrated that the addition of the Si and O increased the transparency of the DLC
coatings due to increase in the sp3 bond fraction. M. Qi et al. [25] found that the hafnium-
and nitrogen-co-doped DLC films showed a lower transmittance due to the reduction in
sp3 bond content. W. Kijaszek et al. [26] obtained a shift of the absorption edge in the
transmittance spectra of DLC films from ~255 nm to ~285 nm with the increase in the
sp3 content. N. Boubiche et al. [27] indicated that the optical transparency was reduced
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with the addition of Ni and annealing of Ni-DLC and DLC coatings. The reduction in the
transmittance of films was assigned in the growth of graphitic cluster amount.

A literature analysis demonstrated that the final properties of Cr-DLC coatings depend
not only on the Cr concentration, but also on the choice of deposition technique used. Even
a small change in process parameters can significantly vary the concentration of sp2/sp3

bonds ratio in the DLC films and thereby control the mechanical, optical, tribological or
corrosion properties of the coatings. It is important to mention that there are almost no
data about the transmittance values of Cr-DLC films in the scientific literature.

The DLC and chromium-doped DLC films were formed by magnetron sputtering. The
aim of the work was to determine the effect of the chromium concentration on the elemental
composition, surface roughness, structure, and optical transparency of DLC films.

2. Materials and Methods
Direct current magnetron sputtering was used to deposit chromium-doped amorphous

carbon films onto silicon (100) and glass substrates [28]. Three-inch-diameter disc targets
containing 99.99% pure chromium (Kurt J. Lesker Company, Saint Leonards, UK) and
99.9% pure graphite were used. The substrates were located at 60 mm distance from the
magnetrons. Using a substrate moving periodically and parallel to the cathodes’ motion
over magnetrons, the formation was achieved. The cathodes were etched for 5 min in
Ar plasma at 2–3 Pa after the chamber was pumped to a pressure of less than 0.01 Pa.
The graphite and chromium target currents were set at 1.5 A and 0.5 A, respectively. The
synthesis was conducted with argon at a pressure of 2–3 Pa, and the formation lasted for
10 min. The films had a thickness between 220 nm and 250 nm.

For the elemental composition analysis of the deposited films, the energy-dispersive
X-ray spectroscopy (EDS) (Bruker Quad 5040 spectrometer, AXS Microanalysis GmbH,
Hamburg, Germany) was performed. A surface area of 1.25 mm2 was measured using
15 kV accelerating voltage at five different points, and the mean values were computed.
The micro-Raman spectroscopy (Horiba Jobin Yvon LabRAM HR system, HORIBA, Ltd.,
Kyoto, Japan) was used to determine the bonding structure of the DLC and Cr-DLC
films. Raman spectra were recorded at room temperature within the spectral range of
1000–1800 cm−1 using three distinct lasers with wavelengths of 458 nm (0.5 mW), 514 nm
(0.5 mW), and 633 nm (0.45 mW). The Raman spectra of the films were fitted using two
Gaussian-shaped lines within the 1000–1800 cm−1 spectral range in Microcal Origin 8
software. The films’ transmittance spectra were captured between 400 and 1300 nm wave-
lengths using a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer (Shimadzu, Kyoto,
Japan). Detailed information on the characterization of the films is given in ref. [28,29].
Atomic force microscopy (AFM) (Nanowizard 4, JPK Instruments, Berlin, Germany) was
used to examine the surface roughness of the Cr-doped DLC films.

3. Results and Discussions
The elemental composition measurements showed that the Cr content was enhanced

with the increase in the split width. The Cr-DLC15 film was composed of chromium,
oxygen, and carbon with a concentration of 7.4 at. %, 34.6 at. %, and 58.0 at.%, respectively.
The chromium amount in the coating increased to 9.2 at.%, while the oxygen content was
enhanced to 39.1 at.% with the increase in the slit width from 13 mm to 22 mm, respectively.
The highest concentrations of the Cr and O were obtained in the Cr-DLC17 film and were
13.1 at. % and 51.0 at.%, respectively. The DLC film without the Cr contained ~25.3 at. %
of the oxygen. The obtained results indicate that chromium reacted actively with oxygen
due to the large difference in electronegativity. The electronegativity of chromium is 1.66,
and that of oxygen is 3.44 [28]. Therefore, it is likely that chromium oxides were formed
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in the DLC films when chromium was sputtered and reached the substrate. Most authors
argue that the appearance of oxygen in the DLC coatings is due to two reasons: derived
from the residual air left in the vacuum chamber, and formation of the chromium oxides
and carbon oxides after the exposure of the DLC films in air [11,13,30–34]. According to Y.
S. Park et al. [30], the oxygen content in metal-doped a-C films ranges from 10 to 30 at.%
depending on the specific metal used. Z. Wu et al. [31] observed that the Cr-DLC coating
with the chromium concentration of ~2 at.% contained huge concentration (~18 at.%) of
oxygen. The contamination of Cr-DLC films with oxygen was primarily attributable to
the adsorption of oxygen from the atmosphere. As a result, the generation of the C-O,
C=O, and Cr-O bonds was induced in the Cr-DLC films [13]. K. Jastrzebski et al. [32]
observed that the free bonds created on the surface of the DLC films are rapidly saturated
with oxygen from the atmosphere during chamber aeration. Several authors demonstrated
the formation of Cr-O bonds in the Cr-DLC films [11,13,33,34]. The oxygen content in the
Cr-doped DLC coatings was from 2 at.% to ~6 at.% and depended on the used bias voltage.
L. Wang et al. [13] indicated that the oxygen content was about ~7 at. in the Cr-DLC films
when the chromium amount varied from 1.2 at to 3.2 at. H. Dong et al. [33] observed that
the oxygen content in the Cr/N-doped DLC films was in the range of 13.4 to 19.0 at. %.
The quantity of oxygen rose with the rise in Cr amount in the coatings. As the Cr target
power was increased, more Cr atoms were produced, and a higher fraction of chromium
was bonded to the oxygen during the film deposition.

The surface of chromium-doped DLC films was composed of grains with sizes ranging
from 30 nm to 50 nm. The increase in the Cr content almost did not affect the structure
of the films (Figure 1). The variation in the roughness of DLC films versus the chromium
concentration is presented in Figure 2. The average surface roughness (Ra) and the root
mean square roughness (Rq) of the DLC film were 1.82 nm and 2.30 nm, respectively. The
Cr doping of the DLC films firstly decreased the surface roughness; when the chromium
concentrations increased to a certain critical value, the surface roughness of the films
were enhanced. The Ra and Rq values of the Cr-DLC15 film were 1.72 nm and 2.18 nm,
respectively. The further increase in the Cr content to 9.2 at.%, led to a slight reduction in
the roughness of the surface to 1.63 nm and 2.07 nm. The Cr-DLC film with the highest
concentration of the chromium demonstrated the highest Ra and Rq values of 2.05 nm and
2.70 nm, respectively. P. Pisarik et al. [35] observed that when DLC coatings were doped
with chromium, the average roughness of the coatings rose from 0.62 nm to 1.04 nm, with
the increase in the Cr content from 2.2 at.% to 17.9 at.%, respectively. As the concentration
of the chromium increased, a slight increase in the agglomerates formed on the surface of
the Cr-DLC films was observed [18,35]. The roughness of the Cr-DLC coatings prepared
by unbalanced magnetron sputtering depended on the thickness and Cr content in the
films [13]. When the Cr-DLC films were deposited, graphite and Cr magnetron targets
were used, and the density of the plasma was increased. Thus, the energy of the arriving
atoms on the surface was probably higher compared to the energy of carbon atoms when
a single graphite target was used. A higher energy of arriving atoms will increase the
diffusion of adatoms on the surface and will stimulate the formation of more flattened
and denser coating. Such phenomena were observed for Cr-DLC15 and Cr-DLC16 films.
However, when the Cr concentration increased further up to 13.1 at.%., the small particles
agglomerated and grew into larger-size clusters. Consequently, the roughness of the Cr-
DLC17 film grew. Additionally, as the chromium concentration increased, a slight increase
in the films thickness was observed [13]. A reduction in the roughness of the surface with
an addition of a low amount of Cr was observed in Cr/N-DLC films [33]. Meanwhile,
W. Dai et al. [15] observed that the enlargement in the surface roughness of the Cr-DLC
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coatings was attributed to the formation of large quantities of chromium carbides with the
enhancement of the chromium amount in the diamond-like carbon coatings.
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Figure 1. AFM topographical views of the films: (a) Cr-DLC15, (b) Cr-DLC16, and (c) Cr-DLC17.
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Figure 2. Variation in the roughness of the coatings versus the chromium concentration.

Raman spectra of the chromium-doped DLC films are given in Figure 3. In differ-
ent DLC films, the extent of structural disorder is indicated by either the ratio of the
integrated intensity of the D peak to the G peak (ID/IG) or the ratio of their integrated
areas (AD/AG) [1,14]. Information about the sp² site fraction and the structure of the DLC
films can also be derived from the G peak position and the full width at half maximum
(FWHMG) of the G band. The increase in the laser wavelength led to an increase in the
ID/IG and AD/AG ratios for all deposited films. The estimated ID/IG and AD/AG ratios of
the DLC1 film at an excitation wavelength of 458 nm were 0.41 and 0.92, at a wavelength of
514 nm–0.63 and 1.40, and at a wavelength of 633 nm–0.86 and 1.65, respectively. Adding
the lowest Cr content in the film slightly enhanced the ID/IG and AD/AG ratios. The ID/IG

and AD/AG ratios were enhanced from 0.62 (at 458 nm) to 1.01 (at 633 nm) and from 1.73 (at
458 nm) to 1.87 (at 633 nm), respectively. Meanwhile, the AD/AG and ID/IG ratios for the
Cr-DLC film with the highest concentration of chromium, accordingly, increased from 1.32
to 2.47 and from 0.55 to 1.12 with the enhancement in the laser wavelength, respectively.
The Raman spectra results indicated that the AD/AG and ID/IG ratio values were enhanced
with increased chromium concentration and the laser wavelengths. The enhanced inten-
sity of the D peak is due to the creation of a higher fraction of aromatic disordered rings
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and an increase in the sp2 C=C content in the Cr-DLC coatings leading to higher ID/IG

ratios [11,14–16,28]. The enlargement in the ID/IG ratio is linked with the enhancement in
the fraction of the sp2 C=C sites in chromium-doped DLC films [15,19,36,37].
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Figure 3. Raman spectra of the (a) Cr-DLC15, (b) Cr-DLC16, and (c) Cr-DLC17 films measured using
various laser wavelengths.

The results of Raman spectra measured at different laser wavelengths showed that the
position of the G peak moved to lower values as the wavelength increases from 458 nm to
632 nm (Figure 4). The lowest G band position values were obtained in the DLC1 film. The
G peak was located at 1570 cm−1, 1559 cm−1 and 1534 cm−1, when measurements were
performed with 458 nm, 514 nm and 633 nm wavelength lasers, respectively. Despite the
relatively high oxygen content in the films, the Raman spectra of Cr-DLC films retained
the shape typical of DLC coatings (Figure 3). The location of the G peak in the Cr-DLC15
film moved from 1548 cm−1 to 1577 cm−1, while in the Cr-DLC16 and Cr-DLC17 films, the
G peak moved from 1547 cm−1 to 1574 cm−1, and from 1557 cm−1 to 1576 cm−1, with the
respective reduction in the laser wavelength (Figure 4). The dispersion of the G band (DG)
was calculated by the methodology presented in the work by A. Assembayeva et al. [38].

DG =
G458 − G633

λ633 − λ458
(1)

where λ633 and λ458 are wavelengths of used laser at 633 nm and 458 nm, respectively. G458

and G633 are the G peak positions of the films determined from the Raman spectra obtained
using laser with 458 nm and 633 nm, respectively.

The DG value gives information about the structural changes and sp2 bonding trend in
the diamond-like carbon coatings. The calculations demonstrated that the DLC film showed
a DG parameter equal to ~0.206 cm−1/nm. The DG value was reduced to 0.167 cm−1/nm
when the Cr concentration was 7.4 at.%. The rise in the chromium content within the film to
9.2 at.% resulted in a slight reduction in the DG value to 0.154 cm−1/nm. The most minimal
(~0.109 cm−1/nm) dispersion data were observed for Cr-DLC17 film with the highest
concentration of the chromium. The G band position was up-shifted to higher values in
the Cr-DLC with the reduction in the laser’s excitation from 633 nm to 488 nm [37]. The
reduction in the DG value from 0.206 to 0.109 cm−1/nm is direct evidence of the enhanced
clustering of the rings in the structure of DLC films [37,38]. A. Assembayeva et al. [38]
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observed that the dispersion of the G band decreased from 0.34 to 0.24 cm−1/nm with
the enhancement in the palladium quantity from 0.96 at.% to 5.58 at.% in the DLC films,
respectively. The reduction in the DG values was assigned to the increase in the sp2 bond
fraction and promoted graphitization in the Pd-DLC films. The higher the dispersion
values, the more disordered is the sp2 carbon network formed. The graphite or carbon
films with a high fraction of sp2 C=C sites have only minor dispersion of the G peak
values [28,37,38].
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The highest values of the full width at half maximum of the G peak were observed
for DLC1 film (Figure 4). However, the FWHMG value broadened from 131 cm−1 to
176 cm−1 with increased wavelengths. The FWHMG of the G peak for the Cr-DLC15 film
was enhanced from 116 cm−1 to 155 cm−1, with increase in the laser wavelength. The
increase in the Cr concentration to 9.2 at.% only slightly changed the FWHMG values.
The FWHMG value increased from 120 cm−1 to 154 cm−1, respectively, when 458 nm and
633 nm laser excitations were used. The narrowest G peak was observed in the DLC films
when the highest amount of Cr was used (Figure 4). However, as the laser wavelength
increased, the FWHMG values broadened from 118 cm−1 to 143 cm−1, respectively.

As the size of the nano-graphite clusters increases and the sp² bond fraction is en-
hanced, the position of the G band shifts to higher wavenumbers [36]. D. Savchenko
et al. [37] obtained an increase in the ID/IG ratio with both the Cr concentration and laser
wavelength. Those trends are similar to those observed in our research. The G peak position
was found to move upward steadily with rising chromium amounts, suggesting that the
sp2/sp3 ratio increased with the Cr content [14,37]. Several authors [14,16,18,37] have noted
the rise of sp2 carbon sites and the induced graphitization in the chromium-DLC coatings.
Consequently, the included chromium metal particles behave as catalysts in the creation
of C=C carbon sites within an amorphous network of carbon sites [16,37]. S. Viswanathan
et al. [16] observed that the enhancement in the Cr concentration reduced the sp3 C-C sites
fraction and induced growth of Cr-C and Cr-O bonds in the Cr-DLC films. M. Evaristo
et al. [39] observed that the incorporation of the oxygen in the DLC films reduced the sp3

sites fraction and enhanced the size of graphitic clusters. L. Wang et al. [13] found that the
reduction in Cr content broadened the G peak and reduced ID/IG value of the DLC films.
with similar oxygen content. B. Mi et al. [40] demonstrated that the increase in the Cr/Ti
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co-dopants concentration in the DLC films enhanced the oxygen concentration, shifted the
G peak to higher values and increased the ID/IG ratio.

The optical transmittance of the as-deposited films is given in Figure 5. The findings
suggested that the highest transmittance was observed for the DLC1 film. The increased Cr
content reduced the optical transmittance of the formed films (Figure 5). The transmittance
of the Cr-doped coatings at 500 nm decreased with increasing the Cr concentration in
the films. The transmittance of Cr-DLC15 was 57%, and the optical transmittance values
of Cr-DLC16 and Cr-DLC17 films were reduced to 41% and 38%, respectively. It should
be mentioned that the optical transmittance of the Cr-DLC film was reduced by ~15% in
the whole wavelength range when the Cr content was increased from 7.4 at. % to 9.2 at.
% (Figure 5). The results indicated that the optical transmittance of the Cr-DLC16 and
Cr-DLC17 films was very similar, despite the difference in the Cr and O concentrations and
sp2/sp3 bond ratio (Figure 5).
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It was indicated that silicon and oxygen doping increased the optical transparency
of DLC films [24]. E. Braca et al. [41] observed that the transparency of a-C:H films was
enhanced with the increase in oxygen concentration. M. Qi et al. [25] obtained that the
transmittance of the (Hf:N)-DLC coatings was reduced with the formation of sp2 phase
and the graphitization of the films, due to changes in the nitrogen and Hf content in the
films. The transmittance of the films at 400 nm could be reduced from 45% to 25% with an
increase in the N2 flow rate. The authors indicated that the combination of N and C atoms
induces an increase in the density of π states, which can increase the optical transparency
of the co-doped DLC films. A. Mikhchin et al. [42] discovered that the optical transmittance
of Cu-DLC films could be enhanced by 10% in the 400–900 nm wavelength range. The
enhanced optical transmittance of Cu-DLC films was linked to the decreased amount and
size of copper nanoparticles and the rise in the sp³ bond quantity. A reduction in the
transparency of DLC films was observed when the nitrogen- or boron-doped DLC films
were formed [43]. The results indicated that the optical transparency of the DLC films was
reduced with the introduction of chromium as the concentration of sp3 C-C bonds was
reduced. However, the increased oxygen content in the films can compensate for the loss of
sp3 bonds and obtain similar transmittance values, which is seen in the case of Cr-DLC16
and Cr-DLC 17 films.
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4. Conclusions
The DLC and Cr-DLC films were obtained by magnetron sputtering. An increase in

the concentration of chromium from 7.4 at.% to 13.1 at.% enhanced the oxygen quantity
in the DLC films from 34.6 at.% to 51.0 at.%, respectively. It is important to note that
the oxygen content in the Cr-DLC films was up to twice as high as in the DLC films.
The surface roughness of the Cr-DLC films was ~10% lower, when the Cr content was
9.2 at.%. The Raman spectroscopy data demonstrated that the increase in the chromium
concentration shifted the G peak to higher values, enhanced the ID/IG and AD/AG ratios,
and narrowed the G band. The dispersion of the G peak was reduced from 0.206 cm−1/nm
to 0.109 cm−1/nm with the enhancement of the chromium amount in the films. These
findings show that the concentration of sp2 bonds increased, resulting in the creation
of larger graphite clusters with a lower number of defects in the Cr-DLC films. The
enlargement in the Cr concentration reduced the optical transparency of the DLC films. It
was found that the reduction in the transmittance is due to the enhanced sp2 C=C bond
portion in the Cr-doped DLC films. However, the high content of oxygen in the Cr-DLC
films can recover the reduction in the sp3 C-C sites and deposit films with transmittance
values greater than 70% in the infrared wavelength range.
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