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Abstract: Diamond-like carbon (DLC) films were prepared from a hydrocarbon precursor gas by
plasma source ion implantation (PSII), in which the plasma generation and the film deposition were
coupled; i.e., the plasma was generated by the applied voltage and no additional plasma source
was used. Several experimental parameters of the PSII process were varied, including the sample
bias (high voltage, DC or pulsed), gas pressure, sample holder type and addition of argon in the
plasma gas. The influence of the deposition conditions on the carbon bonding and the hydrogen
content of the films was then determined using Raman spectroscopy. Nanoindentation was used to
determine the hardness of the samples, and a ball-on-disk test to investigate the friction coefficient.
Results suggest that films with a lower sp? content have both a higher hydrogen content and a higher
hardness. This counterintuitive finding demonstrated that the carbon bonding is more important to
hardness than the reported hydrogen concentration. The highest hardness obtained was 22.4 GPa.
With the exception of a few films prepared using a pulsed voltage, all conditions gave DLC films
having similarly low friction coefficients, down to 0.049.
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1. Introduction

Diamond-like carbon films are very hard with hardness values of more than 80 GPa [1] if the
films have a high amount of sp3 bonding and are hydrogen-free [2]. These high hardness films exhibit
a low friction coefficient under oil lubrication [3]. At a lower sp3 content, the films are softer [3].
Hydrogenated diamond-like carbon (DLC) films have a much lower hardness as well, typically
10-20 GPa for hydrogen contents up to 40% [4,5], but add the advantages of a smoother surface [6,7],
lower internal stress [8] and lower friction coefficients in dry sliding [6,9].

Correlating experimental parameters of DLC film deposition with the resultant chemical and
physical film properties is an ongoing task [10-14] that has to consider the specifics of the preparation
method and the intended application. In general, for the sample preparation methods that use a
gaseous precursor, the hydrogen content of the films can be influenced by the hydrogen to carbon ratio
of the precursor gas (e.g., CHy, C;Hy, C7Hg or CoHy) [5]. Usually, the hardness of a DLC film decreases
with increasing hydrogen content [15,16], which is done by adding a hydrogen-rich gas such as CHy [7]
or Hp [17,18] to the preparation process. DLC films with high hydrogen content (more than 40%) have
a hardness of less than 10 GPa [5,17,19]. Incorporation of hydrogen also influences the type of carbon
bonding, as seen in Raman spectra of the films [7,17]. The sp® content of hydrogen-containing DLC
films is several tens of percent [5]. The amount varies and depends on the preparation conditions of
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the film. A medium ion energy increases the sp> content [20]. Too much energy [21] or a too high
temperature [22] promotes graphitic deposition. For films prepared with hydrogen-rich precursors,
the sp® content increases with hydrogen content [18].

Since hydrogen content and carbon bonding are interconnected, they cannot be studied
independently. The situation is even more complex when a technique such as PSII is used for
the sample preparation. Here, ions of a plasma are accelerated towards a sample that is biased to a high
negative voltage [23]. If no additional plasma source (e.g., radio frequency (RF), electron cyclotron
resonance (ECR) or inductively coupled plasma (ICP)) is present, i.e., if the plasma is generated by the
applied voltage, the plasma generation and the deposition are coupled [24]. Varying the applied voltage
influences the composition of the plasma, i.e., the number of ions and molecular fragments of the
plasma gas [25]. The composition, in turn, has an effect on the film growth [19]. Further parameters that
affect film growth are the type of voltage (DC or pulse), the pressure and the gas composition. It was
found that the addition of argon to the plasma gas affects the dissociation degree of a hydrocarbon
gas [260] and can enhance the hardness of the films [27]. The type of sample holder has an additional
influence. It was shown that a sample holder with a large open area facilitates striking a plasma and
increases the deposition rate, thereby altering film properties [28]. This grid-type holder consisted
of six concentric rings of steel wire (2 mm wire diameter), which were fixed to two additional wires
running from the center of the rings to the outside.

Even though several studies already exist that investigated the connection of deposition conditions
and DLC film properties for a variety of different experimental setups, there are nevertheless several
reasons to perform the investigation presented here: (1) Most PSII setups use an additional plasma
source. However, generation of the plasma by the acceleration voltage itself (by unassisted discharge) is
of importance because it is especially suited for applications that demand easy scale-up to the treatment
of large areas or many samples at the same time. As described above, PSII without an additional plasma
source is a complex process because a change of the acceleration voltage simultaneously changes the
plasma. Therefore, results from experimental setups with assisted discharge—or even from non-PSII
setups—have a very limited transferability. This also holds true for PSII setups that use an unassisted
discharge but a different type of high voltage, such as a bipolar [29] or a superposed [30] pulse. (2) Most
other studies focused on the selective variation of only one or two deposition parameters. To get a full
picture of the influence of different parameters, the same setup should be used for the investigation.
(3) In this investigation, ethylene (C;H,) was used as process gas. Ethylene is more hydrogen-rich
than the often-used acetylene (C;H,). Because of its higher hydrogen content, ethylene is a suitable
candidate for the investigation of the effect of hydrogen within the films without having to resort to
the handling of pure hydrogen. The use of CHy is no viable alternative due to its considerably lower
deposition rate [5]. (4) The grid-type holder was presented only recently as a alternative to a plate-type
sample holder [28]. The grid-type holder offers several advantages, e.g., a higher deposition rate and a
lower ignition voltage of the plasma, but its effects on some of the film properties investigated here
are unknown.

Therefore, several deposition parameters were varied and the effects on the properties of the
films produced by PSII with unassisted discharge were investigated. Specifically, two film properties
important for most applications, the hardness and the friction coefficient, were determined and
correlated with the structural and compositional results.

2. Materials and Methods

Samples were prepared in a homemade PSII setup, using a high voltage applied to the sample
holder to ignite the plasma; i.e., no additional plasma source was employed (a schematic of a comparable
setup can be found in [31]). The voltage was either a DC voltage (1.5, =2 or —2.5 kV; HCP 5000-3500,
FuG Elektronik, Schechen, Germany) or a pulsed voltage (—10, —15 or —18 kV; RUP 6-25, GBS Elektronik
GmbH, Radeberg, Germany) with 40 us pulse length and 250 Hz repetition rate. The plasma gas was
CyH, with a flow of 6 sccm, controlled by a mass flow controller (MFC; MKS Instruments, Munich,
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Germany). The process pressure was set to 0.65, 0.7 or 0.8 Pa. In some cases, argon (purity 99.999%)
was added with a flow of 0.3 or 0.6 sccm while keeping the same process pressure. The process time
was 45-150 min, resulting in film thicknesses between 100 and 700 nm.

Substrates were 10 x 10 mm? pieces of silicon wafer. They were fixed by small screws to a larger
sample holder, which was either a steel plate with 100 mm diameter (plate-type) or a grid-type holder of
92 mm diameter with a large open area. With each experiment, a piece of partially masked silicon was
included to facilitate the determination of the film thickness by profilometer measurements (Dektak XT
Advanced, Bruker Nano GmbH, Karlsruhe, Germany).

The DLC films were evaluated by Raman spectroscopy (LabRam HR 800; Horiba Jobin-Yvon
GmbH, Bensheim, Germany), which is a widely used technique to obtain the detailed bonding structure
of DLC films. In the Raman spectra, two broad peaks can be seen, the D-peak around 1330 cm~! and
the G-peak around 1550 cm~!. Both are caused by sp? sites—the D mode only by carbon rings, the G
mode by any pair of sp? sites. Even though sp? sites are not directly seen, some correlations of the sp3
fraction with the ratio of the areas of the D- and G-peaks, I(D)/I(G), and with the shift of the G peak
position have been observed [5]. A laser with a 633 nm wavelength was used, the only available laser
at the time of measurement. The longer wavelength shifts the spectrum to lower wavenumbers and
slightly increases the width of the G peak as well as the I(D)/I(G) ratio [32]. The spectra were acquired
in the range of 600-2000 cm~! with an integration time of 25 s. They were fitted with two Gaussian
peaks. The hydrogen content of the samples was derived from the Raman spectra. It was shown before
that the ratio of the maximum intensity of the G peak, S, and the photoluminescence background,
N, can be used empirically to estimate the hydrogen content; i.e., log (N/S) is proportional to the
hydrogen content [33]. The relative change of the hydrogen content was confirmed via depth profiles,
which were acquired by secondary ion mass spectrometry (SIMS, ims 5f, CAMECA, Courbevoie,
France) using cesium primary ions (5.5 kV energy) and detecting cesium cluster ions; i.e., CsC* and
CsH*. Additional depth profiles were recorded with O," primary ions to verify the homogeneity of
film composition with depth.

The hardness of the films was measured via nanoindentation (iNano, Nanomechanics, Oak Ridge,
TN, USA and G200, Keysight Germany GmbH, Boblingen, Germany). Nine indentations were made
on each sample with a Berkovich diamond indenter. The maximum indentation depth was about
500 nm. However, experiments were performed applying the continuous stiffness measurement
technique, which allows evaluation of the data at any point of the loading curve [34,35]. The hardness
was evaluated at about 10% of the specimen’s film thickness to avoid an influence of the substrate.

The friction coefficient was measured with a ball-on-disk test (Standard Tribometer, CSM, Peseux,
Switzerland), using a tungsten carbide ball with 6 mm diameter and a force of 1 N. The tests were done
at room temperature and 25% relative humidity. The reported friction coefficients are the averages of
the results of three experiments for each sample.

3. Results

All DLC films adhered well to the substrate. Because there was no prior cleaning of the substrate
before deposition, it may be that ion bombardment of the substrate removed any organic surface
contaminations from the substrate during the initial stage of the deposition. Furthermore, the ion
energy in the keV range leads to the generation of a gradient distribution within the surface as a result
of ion implantation. This gradient promotes adhesion [36]. Most of the samples exhibited a smooth
surface, except for the ones prepared by a pulsed voltage of —15 and —18 kV in combination with the
grid-type holder. For those samples, a slightly rough surface morphology could be observed in the
SEM images (Quanta 200F, FEI, Hillsboro, OR, USA).

The maximum deposition rate was about 10 nm/min for the sample prepared with a —2.5 kV DC
voltage at 0.8 Pa pressure, no argon addition, using the grid-type holder. Generally, the deposition rate
increased with voltage and gas pressure because of the higher number of ions generated. If the pressure
and voltage were kept constant, when argon was added (and ethylene decreased), the deposition
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rate decreased: fewer hydrocarbons were available for film growth, and the argon thinned the film
during deposition by sputtering. DC voltages gave higher deposition rates than pulsed high voltages:
although the pulsed voltages had higher values, the duty cycle (1%) was much lower compared to a
DC voltage.

To assess the relative sp3/sp2 bonding of the various films, Figure 1 gives the ratio I(D)/I(G) and
the full width at half maximum of the G peak (FWHM(G)) as a function of the G peak position for all
films. Symbols and colors in Figure 1 give the basic parameters only; a table in the Supplementary
Materials (Table S1) gives the process details for each sample (voltage, gas pressure and Ar flow).
Specifically (1) round symbols are used for a DC voltage, square symbols for a pulsed high voltage;
(2) blue color denotes the addition of argon; and (3) open symbols represent the use of a grid-type
holder, whereas filled symbols represent the use of the plate-type holder.

The I(D)/I(G) ratio increases almost linearly with G peak position. Simultaneously, the FWHM(G)
decreases linearly with G peak position. A clustering of the different symbols in certain areas of the
graphs can be noted. Some general trends of the influence of deposition parameters are shown in
Figure 2. A higher voltage shifts the G peak position to higher values and leads to a narrower G peak
and a higher I(D)/I(G) value. This effect can further be influenced by increasing the gas pressure
during deposition. For a DC voltage, the values spread more at higher voltages and different pressures,
whereas they converge at higher pulse voltages. The influence of argon addition and of the use of
a grid-type holder is shown in Figure 3. With a grid-type holder, both the G peak position and the
I/D)/I(G) value increased, whereas the FWHM(G) decreased. Argon addition enhances these effects
when a pulsed voltage is used.
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Figure 1. The correlation of the ratio I(D)/I(G) and of the full width at half maximum of the G peak
(FWHM(G)) with the G peak position, as derived from the Raman spectra.
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Figure 3. Influence of the addition of argon in the plasma gas. The symbols represent the same as in
Figure 1;i.e., round: DC, square: pulse; blue color: Ar addition; open: grid-type holder, filled: plate
holder. (a) G peak position with Ar flow; (b) peak width of the G peak (FWHM(G)) with Ar flow;
(c) I(D)/I(G) value with Ar flow.

Figure 4 (hardness vs. H content) demonstrates that deposition parameters that promote a higher
hardness also increase the hydrogen content. The samples prepared by a DC voltage cluster in the
upper right corner of the graph; i.e., they have the highest hardness, above 14 GPa, and hydrogen
contents above 30 at.%. Samples prepared by a pulsed high voltage possess a lower hydrogen content
(22.7 up to 33 at.%, with most samples below 32 at.%). Nearly all of those samples have a hardness
below 12 GPa, with one exception at ~14.5 GPa.
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Figure 4. Hardness of all films as a function of the hydrogen content.

Figure 5 gives the measured friction coefficient vs. the hydrogen content of each film. The values
of the friction coefficient represent the steady-state value, i.e., the one reached after a break-in period,
which is characterized by a continuously decreasing friction coefficient. Most of the friction coefficients
are below 0.1. There may be a slight increase in friction coefficient with decreasing H. The film with
the highest friction coefficient (0.154) was fabricated using —18 kV and a grid-type holder and has a
noticeably rough surface under SEM. The lowest friction coefficients are primarily at the highest H
content (Figure 5) and are generally films prepared using a DC voltage.
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Figure 5. Friction coefficient of all films as function of hydrogen content.

4. Discussion

Experimental conditions during the film preparation influence the bonding and hydrogen content.
For hydrogen-containing amorphous carbon (a-C:H) films, a high I(D)/I(G) value and a high value of
the G peak position are indicative of a low sp? fraction [5]. Another sign of graphitization is a lower
FWHM(G) [33,37]. Films with a high sp? fraction can thus be found in the upper right corner of the
upper graph of Figure 1 and in the lower right corner of the lower graph. An increasing high voltage,
a higher gas pressure, argon addition and the use of a grid-type holder promote the graphitization by
increasing the amount of energy deposited onto the sample per time unit. A higher voltage generates
more ions and increases the ion energy. A higher gas pressure provides a higher number of gas particles
that can be ionized. The argon addition causes a higher energy deposition per particle [38], since Ar is
only a single atom, whereas C,H, consists of six atoms. The energy gained from the ion acceleration
(at the same bias voltage) is upon impact distributed amongst the individual atoms of the molecule
according to their masses. The momentum of the Ar ion is higher too, which might help with removing
more sp? carbon relative to sp® carbon. With the grid-type holder, more ions are generated and fewer
are lost hitting the sample holder [28]. A higher amount of deposited energy leads to a higher sample
temperature, promoting graphitization [33].

Conditions that result in a lower sp? content lead to a higher hydrogen content. Hydrogen saturates
the C=C bonds, converting them to sp> =CH, and =CH sites [5]. The promotion of graphitization can
be achieved by the sample bias (high voltage), for instance. As the voltage is lowered, the samples
are more diamond-like and less graphite-like. In contrast to other studies [33,37], we did not find a
polymer-like carbon area with G peak positions below 1540 cm~! and a simultaneously decreasing
FWHM(G). The difference is—apart from the use of various experimental layouts—that those authors
continually lowered the voltage, keeping all the other conditions constant, whereas we switched
from a pulsed to a DC voltage for the range of lower voltages. This is necessary for PSII in the
configuration used here because the deposition rates are very low for a low pulsed voltage. However,
we could show that the range of the more DLC-like samples can thus be extended into the area of
G peak positions below 1540 cm~!. The hydrogen contents cover a similar range (20-35 at.%) as
reported by Choi et al. [33], who used a precursor gas with a lower relative hydrogen amount (CyHs),
which explains why our lowest value (22.7 at.%) is a few at.% higher than their lowest values.

The hardness values of most samples fall into the range common for a-C:H samples;
i.e.,, 1020 GPa [5]. Use of a DC voltage in the preparation leads to a hardness that reaches the
upper end of the typical range (~20 GPa). Those samples have a higher hydrogen content but also
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a higher sp? fraction. As mentioned in the introduction, a higher hydrogen content can be found to
decrease the hardness. But here, the carbon bonding seems to be more important than the hydrogen
content. We speculate that a further increase in hydrogen content and in sp® bonding is unlikely to
result in harder films, as films with hydrogen contents above 40 at.% in other studies are polymer-like
and thus softer [39].

The addition of argon increased the hardness of the films more often than not when DC voltages
were used. When pulsed voltages were used, the added argon decreased the hardness. Yang et al.
reported [27] an increase of the hardness of the films with argon addition. As they employed an
additional plasma source and investigated the deposition in micro-holes, the conditions were not
entirely comparable to ours (flat samples and no additional plasma source). Paul et al. noted a higher
G peak position and a narrower FWHM(G) but a lower I(D)/I(G) with increased argon addition for
DLC films prepared by capacitively coupled plasma CVD [40]. This is further evidence that effects of
argon addition are specific to the deposition conditions.

Most samples showed friction coefficients below 0.1 regardless of the deposition conditions.
Figure 5 suggests a trend of lower friction coefficients with higher hydrogen contents and thus higher
sp? contents; i.e., for harder films. The values of the samples prepared by a DC voltage overlap more
with the ones of those prepared by a pulsed voltage than the hardness values did. This occurred because
a tribology experiment is a dynamic process in which abrasive, adhesive and shearing components play
a role [41], which are usually influenced by more than one film property. Nevertheless, for DLC films,
the hydrogen content is of importance. The low friction coefficient (that is reached after a break-in
period with continuously decreasing friction coefficient) is thought to be related to the release of
hydrogen and the graphitization in the tribolayer [42]. The higher hydrogen content is more important
in this context than the amount of initially present sp3-bonded carbon; i.e., the inherent hydrogen is
required for a low friction coefficient. This is demonstrated by the fact reported in literature [6] that
hydrogen-free carbon films with a high amount of sp> possess higher friction coefficients.

Comparisons of friction coefficient values have to be made with caution, since environmental and
test conditions, especially humidity [43], temperature [44], sliding velocity [45], load [46] and material
of the counter face [47,48], influence the absolute value of the friction coefficient [49]. Concentrating
on literature values from near-identical experiments, values of 0.1 or somewhat below are commonly
found for a-C:H films prepared by PSII [50], whereas values of 0.05 are usually only achieved when
dopants are added [51].

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/4/360/s1.
Table S1: Preparation conditions and properties of the prepared DLC films.
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