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Abstract. Diamond-like carbon deposition techniques, characterization techniques and
processing parameters, such as gas ratio, bias voltage, gas pressure, type of precursor gas
used, temperature, gas total flow, substrate material, among others are reviewed. Mostly silicon
substrates have been employed, but also metallic materials such as titanium and aluminum
alloys or steels have been used as well. Improvements of films properties, specially the adhesion,
were carried out through doping of the film, during or after deposition.

1. INTRODUCTION

Diamond-like carbon (DLC) films originated from
hydrocarbon sources are carbon-based films that
present a structure similar to diamond, without the
bond angles that exist in the tetrahedric diamond
structure. Therefore they are mainly amorphous and
contain a certain amount of hydrogen [1].

In the last 10 years DLC films have gained
special attention due to their properties such as low
friction coefficient, high chemical stability, high
hardness, optical transparency, high electrical
resistivity and low electron affinity. Thereby they can
be used in optoelectronic devices, protective films
for tribological or chemical applications, automotive
parts and tools, coatings for dies or molds and
biological parts [2-5].

Among the techniques used to produce DLC films
the most common are pulsed laser deposition (PLD),
plasma assisted (or enhanced) chemical vapor
deposition (PA-CVD, or PE-CVD), ion beam
sputtering (IBS), ion beam assisted deposition
(IBAD), plasma immersion (or source) ion

implantation (PIII, or PSII). In those techniques the
ions are used to deposit or implant elements on the
material substrate, such as quartz, silicon, stainless
steels, aluminum alloys, and tungsten alloys among
others. The way the ions are deposited or implanted,
i.e. the technique used, has a great influence on
the structure, phases formed as well as the properties
of the films [1-4].

The steps for the production of DLC films can be
summarized as follows: cleaning, interlayer
deposition and carbon amorphous film deposition.
Furthermore, the process parameters can influence
the DLC film quality depending on the type of gas
used (argon, hydrogen, acetylene, methane,
toluene), equipment parameters such as bias
voltage, frequency, working pressure, total and
individual gas flow, deposition time and time on of
the plasma source. The adhesion of the films also
depends strongly on the material of the sample
where the film is deposited [6-12].

In this work, DLC deposition techniques,
characterization methods and processing
parameters are reviewed.
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2. CHARACTERIZATION OF DLC
FILMS

The DLC films are usually composed by a mixture
of sp2 and sp3 hybridized carbon atoms, where the
sp3 and sp2 ratio has a great influence on the
characteristics of the film. Fig. 1 shows the difference
of the type of diamond-like carbon alloy according
to the sp3 and sp2 amount. As this ratio increases
the properties of the film approach those of diamond;
on the other hand, as this ratio decreases the film
is considered more graphitic [13].

As it would be expected, most of the techniques
aim to characterize the type of amorphous and the
amount carbon in the film, as well as the chemical
composition of the whole structure composed
normally by material matrix, interlayer and the doped
DLC film, i.e. containing other elements to improve
the properties. Other characterization techniques
include tribological properties and surface
topography, specific for each desired application,
hardness and residual stress, which are normally
correlated to the adhesion of the films and thickness
of the deposited layers.

The most common characterization is to measure
the thickness of the film, which is usually performed
using a profilometer or by the cross-sectional
scanning electron microscope analysis.

Another technique widely used is the Raman
spectroscopy, visible or UV, which is a
nondestructive method that characterizes basically
the types of carbon present into the sample. A
typical Raman graphic is shown in Fig. 2, relative to
the so-called G and D peaks, around 1560 and 1360
cm-1. The first one is associated to the modes of
graphitic carbon where the G peak corresponds to
the bond stretching of the sp2 atoms in rings and
chains and the D peak to the breathing modes of

Fig. 1. Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys, adapted from [31].

Fig. 2. Raman spectrum of a DLC film. The spec-
trum includes the D-line and G-line Gaussian fits
for minor 1409 cm-1 and major 1576 cm-1 shift, re-
spectively, adapted from [3].

sp2 atoms in rings. The intensity, width and also
the position of the peaks are used to characterize
the samples [14,15].

The Raman spectroscopy is normally used to
indicate the film composition, in terms of the
presence of sp2 or sp3 types of carbon; however,
this is not a quantitative technique. Alternatively, the
X-ray photoelectron spectroscopy (XPS) is a powerful
technique to analyze the percentage of each type
of carbon on a film, including structural information.
The chemical states can be identified by the electron
binding energies for specific atomic levels, which
can be calculated from the peak positions. Likewise
the Raman spectroscopy, it is necessary to make
a curve fitting from the acquired spectra, as shown
in Fig. 3 [13,16-18].

Since one of the most interesting property of the
DLC film is to have a low friction coefficient
associated to a high abrasion resistance (otherwise,
the film would be rapidly worn out), it is also
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Fig. 3. Example of a partial XPS spectra with two
different fitting methods of the C 1s peak, adapted
from [18].

important to characterize the tribological properties
of the film. The specific desired properties will
depend not only on the film but also where/how this
film will be exposed (environment parameters), and
which materials the film will have contact to, as well
as general conditions as load and relative speed.
Therefore, there are many ways to characterize the
tribological properties of a specific film. For this
reason, it is hard to compare tribological results,
considering that even for the same type of film, a
test can be performed under a different load, relative
speed or atmosphere, which can lead to different
results. Nevertheless, the most used tests are the
pin-on-disk tests and ball-on-disc tests, for
measuring friction coefficient [19-24] and indentation,
bending, tensile or scratch test for measuring the
residual stress and hardness [23-25].

Further techniques include the Auger
spectroscopy [26], electron probe microanalysis
(EPMA), electrical conductivity (four-point-probe
method) [27] and characterization of the
biocompatibility according to each application,
normally made through exposure of the DLC film to
the desired fluid [28].

3. PLASMA SOURCES AND
MATERIAL INFLUENCES ON FILM
PROPERTIES

There are several process for producing DLC films
by plasma sources. Some of them offer a faster
way to deposit the film. However, they are not suitable
for large scale production [29-31].

Each of the main processing steps
(pretreatment/cleaning, interlayer deposition,
amorphous film deposition) has specific parameters
and even a slightly change could result in far different
film properties. For instance, an increase in the time
or bias voltage or time on of the plasma during the
interlayer deposition could lead to a thicker
interlayer which may have influence on the adhesion
properties of the amorphous film that will be
deposited.

In fact, the parameters at the pretreatment step
are as much as important as the ones of the
deposition step. Jones et al. [7,32] studied the
influence of the argon content and the bias voltage
during the pretreatment in silicon and 304 stainless
steel matrixes, respectively, through a 13.56-MHz
rf-powered, capacitively coupled, plasma enhanced
chemical vapor deposition (PE-CVD) reactor. For
the silicon matrix, argon was varied from 0 to 50
sccm (standard cubic centimeter) together with 60
sccm of acetylene and for the 304 SS the bias

voltage was varied from 300 to 600 V. The increase
of the argon content leads to a decrease on the film
thickness and resistance and an increase in the
surface roughness. Furthermore, increasing bias
voltage enhances the film adhesion, affecting both
the surface topography, reducing the surface
roughness and enhancing the uniformity of asperities,
and chemistry of the film.

During the deposition step the bias voltage has
also an strong influence on the film properties for
different substrates, such as AISI 304 stainless steel
[33], 7075 Al alloy [24], silicon [34] and Ti-50.8% Ni
alloys [35]. In all three deposition techniques used
in those studies, plasma immersion ion implantation
and deposition (PBIII&D), cathodic arc evaporation
(CAE) and plasma based ion implantation (PBII),
an increase in the bias voltage led to an increase in
the surface roughness. Liang et al. [33] suggested
that this effect occurred because the surface
roughness is dependent of three variables: surface
diffusion, sputtering removal and hydrogen etching.
PBIII and CAE have a tendency to generate rougher
surfaces and PBII, smoother surfaces. For higher

(a)

(b)
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deposition voltages (bias voltage), there is a preva-
lence of the surface diffusion effect over the sputter-
ing removal leading to a rougher surface formation.
Jao et al. [24] reported an increase in the adhesion
strength and in the ID/IG ratio with the increase in
the bias voltage for Ti and Cu doped DLC films de-
posited on an Al alloy. When using a bipolar sys-
tem, with positive and negative bias voltage, the films
showed a similar behavior. According to Choi et al.
[34], when keeping the negative bias voltage in 5
kV and increasing the positive pulse during deposi-
tion, there is a tendency for the films to graphitize.
By contrast Cheng et al. [35] reported a decrease
in the ID/IG ratio for bias voltage below 12 kV, which
is directly related to the film being more graphitic or
not, and then an increase for bias voltages ranging
from 12 to 40 kV. The hemocompatibility and the
roughness are also affected, reaching a maximum
and minimum respectively, at 20 kV.

Capote et al. [36] compared the IBAD to the
PECVD technique. The results showed that for both
techniques the hydrogen content increased and the
atomic density decreased for higher values of bias
voltage and ion current, although the IBAD technique
provided films with lower compressive stress. The
ID/IG ratio also increased suggesting a graphitization
of the films.

The duty cycle ([(pulse-on time)/(pulse-on
time+pulse-off time)], Fig. 4) has also an important
effect into the film characteristics. Zhao et al. [37]
reported that, for DLC films from CH

4
/Ar plasma

deposited on silicon and stainless steel matrixes,
an increase in the duty cycle (from 20% to 80%)
led to an increase in the ID/IG ratio, a reduction
both in the number of C-H bonds and in the hardness,
which may indicate a graphitization of the film.

Another important parameter is the type of gas
used to generate the plasma. Yoshida et al. [12]
reported that for films deposited by PSII on PET,
the oxygen transmission rate is strongly dependent

Fig. 4. Schematic diagram  of pulse power supply
waveform, adapted from [37].

Fig. 5. Deposition rate by PECVD vs. ionisation
potential of the precursor gas, adapted from [31].

on the type of gas. It is believed that films with more
C-H bonds and less C=O and C-O bonds end up
forming a denser carbon film, which leads to a re-
duced OTR, desired in PET applications. In this case
CH

4
 is more effective than C

2
H

2
 to form denser films.

Erdemir et al. [20] studied the dependence of
the plasma generating gas into the friction and wear
performance of the films. For the tests conditions
used, the friction coefficient and the wear rate were
increasing, respectively, for CH

4
, C

2
H

6
, C

2
H

4
, and

C
2
H

2
 plasmas. The results suggest that source

gases with higher H/C ratios exhibit a superior friction
and wear performance. Since the films generated
by gases with lower H/C ratio would be more
graphitic, it is expected them to be easily worn out
and also not providing a low friction in dry air or
nitrogen, although it works well in moist air. A reason
for that could be the interaction between the hydrogen
and the dangling carbon bonds at the DLC film. As
suggested by the authors it seems that the hydrogen
can attach and passivate the dangling surface bonds
of carbon. Apparently, when the dangling bonds are
passivated, the adhesion component of friction is
drastically reduced. To elucidate this hypothesis they
ran tests with CH

4
 dissolved H

2
 gas plasma sources.

Fig. 5 shows different types of precursor gases and
deposition rates according to the ionization energy.
[31]

The precursor gases are normally diluted into H
2

and/or Ar. He et al. [6] studied the influence of the
gas ratio C

2
H

2
:Ar (varying from 0.17 to 0.75) and

also the pressure influence (varying from 0.053 to
0.53 Pa) on the properties of the films deposited by
the plasma immersion ion processing (a combination
between the PIII and the IBAD techniques). An
increase in the gas ratio led to an increase into the



169Diamond-like carbon films deposited by hydrocarbon plasma sources

hydrogen content while a reduction in the density of
the films occurred, as well as a reduction in the
hardness values. Jointly there is also an influence
on the transmittance, which decreases with the gas
ratio increasing. Further variation into the chamber
pressure follows the same trend. The films with
higher hardness and density had wear rates lower
than the other films.

The content of precursor gas to form the
interlayer, namely TMS or SiH

4
, has a influence

mainly on the adhesion of the DLC film. Ikeyama et
al. [38] reported that with an increase in the Si
content of the films there is a reduction of the friction
coefficient, the hardness and the internal stress of
the films. Moreover, it could decrease the film
density, which may lead to a structural change. There
is a certain percentage limit of precursor that
improves the properties; beyond this point there is
no improvement in the properties. This percentage
changes according to the processing parameters
as well as the technique employed.

The interfacial toughness, which is directly
related to the detachment of the film and also the
residual stress levels, can be influenced by the type
of pre treatment before the film deposition. Peng et
al. [39] studied the influence of treatments as
polishment, cleaning through argon plasma,
aluminum interlayer deposition and oxidizing into
the adhesion properties of DLC films deposited by
methane plasma RF glow discharge into titanium,
aluminum, stainless steel, mild steel and silicon
substrates. The cleaning process with argon and
the aluminum interlayer increased the interfacial
toughness of the films. When exposing the
aluminum interlayer to the air before the DLC
deposition this beneficial effect was suppressed and
the film spalling occurred between the interlayer and
the DLC film instead of the interlayer and substrate.

Focusing on the amorphous film deposition step
Viana et al. [10] studied the effect of the precursor
gas (methane) flow rate. It was shown that the
deposition rate increased by increasing the flow rate
but after a while it became constant. Surprisingly
the maximum deposition rate is found at relatively
low flow rate (4 sccm, in a range from 0 to 80 sccm).
The authors suggested that the dissociation of
methane is more efficient at low flow rate, because
of the resident time of the gas at the plasma. For
low rates the film became also more graphitic due
to hydrogen enrichment of the atmosphere.

Additionally, Sattel et al. [15] showed that the
deposition temperature has a strong effect on the
film properties. For the system used in his studies
(capacitively coupled radio frequency, PECVD) there

are two main temperatures: above 250 °C graphiti-
zation of the film occurs, and beyond 450 °C the
film loses hydrogen, with consequent changes into
the friction properties, hardness and roughness of
the films.

4. DOPED FILMS

Aiming to improve the adhesion of the DLC films as
well as improve its tribological properties, some
researchers have conducted studies on the doping
of DLC films. The doping can be made into the
interlayer (layer between the external film, exposed
to the environment and the substrate) or on the
external layer itself.

Another use of doping is to change the reactivity
of the surface to some desired species, or, in other
words, to functionalize the surface. Lopez-Santos
et al. [40] used plasma from N

2
 or Ar+NH

3
 sources

to change the properties of DLC films by
incorporating nitrogen functional groups into the
surface. Despite the increase in the roughness of
the surface after the treatment, there is a decrease
into the wetting angle for water and iodomethane.
The functionalization effect is higher for Ar+NH

3

plasma source than for N
2
.

Avelar-Batista et al. [41] studied the influence of
the nitriding treatment as an additional interlayer to
the PACVD deposited one, for the DLC film into
titanium alloys matrixes. It was shown that the
nitrided samples had a higher roughness and the
nitriding treatment has changed the reduced elastic
modulus while it did not change the universal
hardness. The nitriding treatment also improved not
only the coating/substrate adhesion but also the
load bearing capacity, plus a reduction in the friction
coefficient by 15% in comparison to the non-nitrided
samples.

The friction properties, such as friction coefficient
and wear rate, are greatly changed when doping
DLC films with W or Si in comparison with non doped
films, as showed by Vengudusamy et al. [42]

There are many materials used to dope the films,
mostly metallic. Ji et al. [43] used unbalanced
magnetron sputtering to introduce molybdenum
during the deposition of DLC films. It was shown
that the amount of MoC crystallites depend directly
upon the sputtering current, varied from 2 to 8 A.

Fu et al. [4] studied the introduction of Mo and
W by means of a plasma containing acetylene and
metal species to form the DLC film (metal cathodic
arc deposition technique). The film became more
stable to the temperature with the metals
incorporated. It is possible to anneal the metal doped
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fil]s until 500 °C without any ]ajor da]age,
whereas the non-doped films only resist up to 300
°C. This behavior is associated to the presence of
carbide phases (nano-clusters) that retard the loss
of hydrogen and the relaxation rate of the carbon
networks due to the formation of new bonds.

The doping of the DLC films with metals can also
be made during deposition of the films through the
plasma source ion implantation technique combined
with the magnetron sputtering of the metal targets.
Baba et al. studied the doping of DLC films with W
[22], W and Ti [44] and Fe, Ni, Co and Mo [3]. For
the films doped with W, Ti and Mo, with an increase
in the amount of the metallic elements, there is a
formation of carbides, instead of the element in solid
solution only at the film. Nevertheless, there is still
no clear relation between the ID/IG ratio and the
metal content of the films. For the conditions tested,
it was possible to improve the tribological properties
of the film, except for higher metal contents (29%
for the W-DLC doped film for example) for which the
friction coefficient is even higher than the non doped
DLC film. The films doped with Fe, Ni and Co showed
a poor tribological performance.

Marciano et al. [45] studied the doping of DLC
films with nanocrystalline diamond particles
dispersed into hexane, deposited using PECVD. The
addition of the nanoparticles increased the ID/IG
ratio, as well as decreased the friction coefficient
for dry air and 5% NaCl saline solution.

Zeng et al. [46] used two combined techniques
in a single cycle to introduce metals (W and Ti) into
the substrate (AISI 440 steel) by vacuum arc metal
plasma sources with the following deposition of DLC
film from acetylene plasma by plasma immersion
ion implantation. The introduction of the metals into
the substrate led to an increase in the microhardness
and, for the conditions tested, the films achieved a
lower friction coefficient and wear rate in comparison
to the untreated sample.

After the DLC film deposition it is possible to
etch the film, which is also considered a doping
process. Schvartzman et al. [47] used fluorocarbon
gases as plasma source (C

4
F

8
 and CHF

3
 RF plas-

mas) to dope DLC films with fluorine. The fluorine
doping changed the wetting angle of the surface in
a way that was easier to release the substrate from
the mold as well as give higher quality pattern to
the molded part, the application of the study was
the nanoimprint lithography. This is probably due to
the formation of a fluorine doped layer ranging from
0.51 to 2.84 nm that has a chemical content near
to the PTFE one.

A similar study was made by Yu et al. [48] who
also doped DLC films with fluorine; however, this
doping was made during the film deposition (RF
PECVD plasma). It was found that a higher gas ratio
(CF

4
:CH

4
), i.e. the fluor content into the plasma, led

to an increase in the roughness and a decrease in
the hardness, Young’s ]odulus and surface energy.
Alternatively, Hakovirta et al. [23] used the plasma
immersion ion processing technique to deposit a F-
DLC film originated from a C

2
H

2
:C

2
F

6
 plasma with

five different gas ratios. They also reported a
decrease in hardness with the increase fluorine
content, as well as a decrease in hydrogen content.
For higher contents of C

2
F

6
 the non wetting properties

did not improve as much as the other properties
decreased and for the highest gas ratio (1:3) there
was no film formed.

Hakovirta et al. [21] described the optical and
tribological properties of those films deposited on
glass and PMMA substrates. The optical
transmittance and the optical band gap energy
increase with higher fluorine content and the best
tribological properties, for the conditions tested,
corresponded to the film produced with 1:1 gas ratio.

5. SUMMARY

A great variety of techniques are available to deposit
thin films of carbon or implant carbon atoms into
the substrate. The way the carbons atoms are
introduced or deposited on the sample strongly
influences the properties of the parts.

There is a wide range of parameters that can be
changed to modify the diamond-like carbon film
properties, such as bias voltage, gas pressure, type
of precursor gas used, temperature, gas ratio, gas
total flow, substrate material, among others.

The tribological properties of the DLC films
depend not only on their characteristics, such as
hardness, adhesion, roughness and residual
stresses, but also on the environmental and load
parameters. This means that the same DLC film
could have totally different behaviors when tested in
dry nitrogen atmosphere or moist air.

Adhesion is a key word for DLC films. If the film
is easily broken or suffers spalling the substrate
could be exposed, even if in only small portions,
and the performance of the whole component could
be affected. That is why normally the substrate is
pre-treated (with nitriding treatment, for example) or
there is a deposition of an interlayer (between the
substrate and the external film) to improve the
adhesion of the film and avoid a premature failure.
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The adhesion and hardness properties can also
be improved through the doping of the films, which
can be made during the deposition of the film or
latter as a post treatment.
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