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Abstract: Amorphous carbon films with a high hardness usually suffer from high internal stress.
To deposit films with a hard top surface but reduced internal stress, a simple bilayer approach was
used. Films were prepared by plasma source ion implantation, using only hydrocarbon precursors.
The single layer with the highest hardness (deposited by a low direct current (DC) voltage and radio
frequency (RF) generation of the plasma) has the highest internal stress with more than 3.5 GPa.
By adding an interlayer with a lower hardness, the resulting stress of the bilayer film can be reduced to
below 1.4 GPa while maintaining the high hardness of the top layer. By avoiding metallic interlayers
or dopants within the films, the deposition process can be kept simple and cost-effective, and it is also
suitable for three-dimensional samples.

Keywords: diamond-like carbon; hardness; bilayer; plasma source ion implantation; internal stress

1. Introduction

One of the main applications of amorphous carbon films is as protective coating (e.g.,
for tribological applications). This requires strong adhesion of the films in combination with a
high hardness to be able to withstand the forces involved and to ensure a long-term wear resistance.
The hardness of the films depends on the amount of sp3-bonded carbon, which can be influenced by
the deposition parameters [1]. A high sp3 content of the film is equivalent to a high hardness [2-4] but
also to high internal stress of the film [5], which might lead to adhesion failure and delamination.

The stress depends on three different contributions: thermal, intrinsic and extrinsic stress [6].
The coefficient of thermal expansion (CTE) of amorphous hydrogenated films falls into the range of
the average CTE of graphite and the CTE of diamond; it depends on the sp® content of the film [7].
To avoid the thermal stress of the film, it should be deposited at room temperature or onto a substrate
with the same thermal expansion coefficient. However, the application might not allow a free choice of
the substrate material. Furthermore, a deposition method that involves higher temperatures might be
chosen because it is favorable in some other respect, such as high sp> content, high deposition rate, etc.
The energy transfer of the particles, which hit the surface during the deposition process, determines
the intrinsic stress value. For a higher hardness, a certain energy amount is required [1]. Extrinsic
stress is caused by external factors (i.e., interactions between film and environment).

Since internal stress is inherent in hard diamond-like carbon (DLC) films, some countermeasures
have been developed, namely (a) thermal annealing, (b) the addition of dopants to the DLC film and
(c) the addition of one or more interlayers between substrate and DLC film. Annealing up to 600 °C,
even for a few minutes, as performed in ref. [8], or for several hours at 250 °C [9] is not feasible for all
substrates and all DLC films. Dopants that are added for the reduction of compressive internal stress
are mostly metals, such as Ti, W, Cr and Nb [10,11]. Dopants usually change other film properties,
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too. They can decrease the hardness [12,13] or increase the roughness [14] of the film. The use of
metallic dopants might pose a contamination risk by metal release from the film. If a metal source,
such as a magnetron sputter source or an arc source, is required, this also increases the experimental
expenditure. Additionally, it is difficult to coat non-flat samples homogeneously with a metal source
because virtually all metal sources are line-of-sight techniques. Techniques that are more appropriate
to treat a sample from all sides, such as plasma source ion implantation (PSII), use charged particles
that are generated all around the sample (i.e., the sample is immersed in plasma [15,16]).

Interlayers can range from simple metallic layers (e.g., Ti, Ni or Cr [17]), to a Ti/TiN/TiCN/TiC
interlayer configuration [18] or a mixed substrate/DLC layer with a compositional gradient [19].
Frequently, the sequence of interlayer and DLC film is repeated (e.g., as Ti or TiC and DLC
multilayers [20,21], WC and DLC multilayers [22] or (Cr, N)-DLC and DLC multilayers [23]). The same
concerns about contamination risk and experimental expenditure, as mentioned above, apply.

Since the properties of DLC films can be influenced by the deposition conditions, a straightforward
solution is the deposition of more than one DLC layer, providing each DLC layer with different
properties. The interlayer here is thus also a DLC layer, namely a softer one with a higher sp? content
and hence lower internal stress. In most reports, the sequence of soft and hard DLC layer was
repeated (e.g., two periods [24], three periods [25], four periods [26], 2-8 periods [27], 10 periods [28],
30 periods [29], and even up to 2000 periods [30]).

Here, we selected the simplest approach possible to investigate its effectiveness: a DLC bilayer was
deposited (i.e., one softer interlayer and one harder film on top; 1 period). In total, this bilayer approach
should result in a lower internal stress of the whole DLC film while keeping the higher hardness of the
outer layer. To investigate the influence of the deposition conditions, several experimental conditions
were varied: three different source gases (methane (CHy), acetylene (C,Hj), toluene (C;Hg)) were used,
a PSII process was run using a direct current (DC) and a pulse voltage, with and without running an
additional radio frequency (RF) source. The hardest of all deposited layers was selected and used for
the bilayer experiment. By avoiding the use of metals and limiting the precursors to hydrocarbon
gases, the coating of three-dimensional samples by low stress layers would be feasible.

2. Materials and Methods

The samples were coated in a commercial PSII apparatus (YAMABISHI Corporation,
YHPG-25K-10ATR, Tokyo, Japan). A schematic of the setup can be found in [31]. Strips of silicon
wafer (100 orientation, 5 cm long, 1 cm wide, 725 pm thick) were placed on a horizontal sample
holder, which was connected to a high voltage source. As a pretreatment, the silicon was implanted
for 120 min, using methane gas (99.9% purity) with a pressure of 1 Pa and a high voltage pulse of
—18 kV with a repetition rate of 1 kHz and a pulse length of 10 ps. The high voltage ignited the plasma.
This pretreatment generates a gradient layer of implanted carbon and hydrogen, which improves
adhesion of the following layer [32,33]. For the deposition of the DLC layer, either a DC (-0.5, -1, 1.5
or —2 kV) or a pulse voltage (—18 kV, 100 Hz repetition rate, 100 us pulse length) was used. In case
that both voltages were superposed [34], the resulting maximum voltage (DC and pulse together) was
—18 kV (i.e., when the DC voltage was increased, the pulse voltage was decreased by the same amount).
In some experiments, the plasma was generated by an additional plasma source. An electrode plate
was placed a 10 cm distance from the sample holder with parallel configuration. This plate was
connected to an RF power supply via a matching box. The RF signal (power of 100 W) generated a
plasma. In all cases, the gas pressure during deposition was about 2.1 Pa. The purity of the acetylene
and the toluene was 99.5%. In the case of the bilayer deposition, the layers were deposited successively,
with, at most, only a short interruption of the deposition process (duration about 1 min) to adjust
the experimental parameters for the deposition of the second layer. When possible, the experimental
conditions were changed gradually. In all cases, the flow of the process gas was not interrupted.
The deposition time of a single DLC layer was 30-180 min.



Coatings 2020, 10, 696 30f10

The surface morphology of the samples was investigated by scanning electron microscopy
(SEM, JEOL JSM-6400, Tokyo, Japan). The surface roughness was measured by scanning probe
microscopy (SPM, Nanoscope IlI, Digital Instruments, Santa Barbara, CA, USA), scanning over an area
of 1 um X 1 um. Raman spectra in the range of 600-2000 cm~! were measured with a Horiba LabRAM
HR800 instrument (Bensheim, Germany) using a laser with a wavelength of 514 nm. The relative
hydrogen content of the samples was derived from depth profiles measured by secondary ion mass
spectrometry (SIMS, Cameca ims 5f, Courbevoie, France) with Cs primary ions of 5.5 keV energy,
detecting positive ions in the form of cesium clusters. The resulting intensity ratio CsH*/CsC* was
compared to one of a standard sample with a hydrogen content of 19 at.% [35], as determined by
elastic recoil detection analysis (ERDA, measurement conditions were the same as outlined in [36]).
The hardness of the samples was measured by a nanoindenter (Hysitron, Minneapolis, MN, USA)
with a Berkovich indenter and a maximum load of 200 uN. The friction coefficient was determined
with a ball-on-disc test (CSEM Standard Tribometer, Peseux, Switzerland), using a tungsten carbide
ball of 6 mm diameter with 2 N force and a speed of 10 cm/s. Measurements were done at room
temperature and about 30% humidity. The internal stress was determined by measuring the bending
of the substrate with a profilometer (Dektak 3, Santa Barbara, CA, USA), using the Stoney equation [37]
for the evaluation. Profilometry was also used to measure the film thickness.

3. Results

The film thickness of the single DLC films is in the range of 90 nm to 1.4 um. As shown in Figure 1,
this corresponds to a deposition rate between 0.045 and about 0.6 pum/h. It depends on the type of
precursor gas, the DC voltage and the application of high voltage pulses and RF power.
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Figure 1. Deposition rates of the single DLC layers prepared with different conditions as indicated.
The bias voltage consists of a DC voltage (upper line of the x-axis label) and/or a pulse voltage or an RF
voltage (the latter applied at the electrode plate).

All film surfaces appeared smooth in the SEM images, with no discernible surface features.
The film composition is homogeneous with depth. A SIMS depth profile is shown in Figure 2.
Both main components, C and H, are visible. Oxygen occurs only at the interface. The large Cs signal
is caused by the implanted Cs primary ions that are used for sputtering.

The relative hydrogen content of the samples was derived from the ratio of the CsH* and the
CsC* signals, CsH*/CsC*, in the SIMS depth profiles. Intensity ratios of Cs clusters are more similar to
concentration ratios than the intensity ratios of simple ions (e.g., H*/C*) [38]. As a comparison, the Cs
cluster ratio of a sample that contains 19 at.% hydrogen is indicated in Figure 3. Samples that were
prepared with a DC voltage or with a DC voltage plus an RF signal show higher hydrogen contents
than the standard sample. The use of a pulse voltage (with or without a DC voltage) results, on average,
in lower hydrogen contents, around 19 at.%, with a higher influence of the original hydrogen content
of the precursor. Here, the samples prepared with CH4 show a higher hydrogen content.
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Figure 2. Secondary ion mass spectrometry depth profile of the sample prepared by a —1 kV DC voltage
superposed by a =17 kV pulse, using the C;Hg precursor. Shown are positive secondary ion signals.
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Figure 3. Relative hydrogen content of the single DLC layers prepared with different conditions as
indicated. The dashed line indicates the intensity ratio of a sample with 19 at.% hydrogen, as determined
by elastic recoil detection analysis.

The Raman spectra show the features typical for amorphous carbon [39] (i.e., the D-peak at around
1330 cm~! and the G-peak at around 1550 cm™!). The preparation conditions influence the intensity
ratio Ip/Ig. From Figure 4 it is evident that the ratio (evaluation based on the peak areas) increases
with bias voltage. In most cases, the Ip/Ig ratio is higher when C7Hg is used and lower when CHy is
used as a precursor.
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Figure 4. Intensity ratio Ip/Ig of the single DLC layers prepared with different conditions as indicated.

Figure 5 shows the hardness of the layers vs. their internal stress. Most stress values are below
1.5 GPa. Nearly all samples prepared by either a pure DC voltage or by a superposed DC and pulse
voltage have a low internal stress, with values around 0.5 GPa. Only when a DC voltage is combined
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with an RF signal, the resulting film stress is much higher, with 3.65 GPa for the sample prepared using
acetylene (CyHy). This is also the hardest sample with a hardness of 17.4 GPa.
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Figure 5. Hardness and internal stress of the samples, for each precursor gas. (a) CHy; (b) CoHy;
(c) CyHg. The preparation conditions are indicated by different symbols as listed in the label on top.

As noted above, the highest hardness is connected with the highest internal stress. This sample
was selected for the bilayer experiment. The bilayer sample consisted of a 342 nm thick interlayer,
prepared with a —2 kV DC voltage and neither RF nor pulse voltage. This condition produces a layer,
which—deposited as a single layer—results in a moderate hardness of 11.3 GPa but also a low internal
stress of less than 0.3 GPa. As the top layer of the bilayer sample, a 172 nm thick layer was deposited,
prepared with the conditions that produced the layer with the highest hardness (i.e., a —0.5 kV DC
voltage combined with an RF signal). The bilayer sample had a considerably reduced internal stress of
1.37 GPa while maintaining the hardness of the top layer (measured as 18.3 GPa), as shown in Figure 6.
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Figure 6. Hardness and internal stress of the samples prepared with C,H; as precursor gas.
The preparation conditions are indicated by different symbols, as listed in the label on top. The arrow
indicates the change from a single DLC layer to the bilayer.

The surface of the bilayer sample as measured by SPM is very smooth, as shown in Figure 7.
The obtained average surface roughness R, is 0.17 nm.
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Figure 7. Scanning probe microscope image of the bilayer sample.

The friction coefficient of the sample, shown in Figure 8, is slightly lower than 0.1, which is a
typical value for DLC films. The bilayer did not delaminate during the tribology experiment.
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Figure 8. Friction coefficient of the bilayer sample vs. the number of rotations in the tribology
experiment.

4. Discussion

The deposition rate is lowest when CHy is used and highest when C;Hg is used. It depends on
several factors (e.g., the ionization potential of the molecule, the fragmentation pattern and the ion
energy per C atom [1]). CHy tends to form only an implantation layer under certain experimental
conditions [33]. An additional plasma source (i.e., the RF source), should generally increase the
deposition rate because of the constantly produced ionized particles. However, here no obvious
increase could be noted. As was found before, a lower RF power is more effective in this regard [31].
Furthermore, a low DC voltage of as little as —0.5 kV was combined with the RF signal. The latter
leads to a significant variation in the effective ion energy of the particles accelerated towards the
substrate [40]. If no RF source is used (i.e., if the plasma is ignited by the voltage applied to the
sample), the plasma generation and the deposition are coupled [16]. A change in the applied voltage
will invariably influence the intensity and composition of the plasma [41]. An increase in the bias
voltage, either by increasing the DC voltage or by superposing a pulse voltage, increases the plasma
density and thus the deposition rate. For the superposed voltage, the increase in the DC voltage, with
a concurrent equivalent lowering of the pulse height, leads to a higher deposition rate because of the
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higher duty cycle of the DC voltage. The latter is always present, whereas the pulse is only switched
on for 1% of the time.

The hydrogen content of the samples is in the range of about 17 to 26 at.%, assuming that a linear
interpolation of the content from Figure 3 is valid. This range is the typical one for hydrogen-containing
DLC films [41-43]. Comparing Figures 3 and 4, a higher hydrogen content coincides with a lower
Ip/Ig ratio. The latter can be interpreted as a higher sp® content of the samples [39,44]. Increasing
the DC bias voltage or superposing a pulse voltage deposits more energy into the sample, thereby
increasing the Ip/Ig ratio. When using an RF signal, the Ip/Ig ratio for the sample prepared by C;Hg
is particularly higher than the values for the samples prepared by the other precursors. This might
indicate that some of the original sp? rings of the C;Hg molecules survived the deposition process.
This would explain the much lower hardness value of the sample, as seen in Figure 5. The other two
samples prepared in this way (but with the CH, and the C,H, precursors, respectively) show a much
higher hardness. Considering the argument mentioned above that the RF signal influences the ion
energy, it looks like this energy is more appropriate to achieve a higher sp® content and a harder film
for those two precursors. The optimal value for this is about 100 eV per C atom [1]. The hardness of all
films is in the typical range of 10-20 GPa for hard amorphous hydrogen-containing carbon films [1].

The internal stress of most of the films is below 0.5 GPa. The gradient deposited via the initial
CH, implantation combined with the generally low deposition temperature of the PSII technique [16]
is an effective way to produce low-stress films with most of the deposition conditions. For those films,
there is no need to introduce a stress-lowering interlayer. In the few cases where the internal stress
of a film is higher than 1.5 GPa (i.e., when using the additional RF signal), the use of the softer DLC
interlayer can lower this stress considerably. Here, the preparation of the bilayer sample reduced the
internal stress of the hardest film to a level below 1.4 GPa. Other publications of the internal stress of
multilayer DLC samples gave the following results: 5-7 GPa stress at 13.5 to 24.4 GPa hardness [24];
4.5 GPa stress at 27 GPa hardness [25]; 1.9 to 3.1 GPa stress at 23 to 31 GPa hardness [27]; 1.4 to 3.5 GPa
stress at 15.4 to 25.7 GPa hardness [28]; 2.5 GPa stress at 19 GPa hardness [29]. Compared with those
values, the achieved result of 1.37 GPa stress at 18.3 GPa hardness proves the effectiveness of the
simple bilayer configuration. The film thickness used here is in the typical range for films deposited by
PSII. The thickness ratio of soft and hard layer was 2:1. A variation in this ratio would influence the
resulting residual stress. Xu et al. showed [24] that 1:1 and 1:2 ratios lead to a higher residual stress.

In addition, the bilayer film prepared by PSII is very smooth, and its friction coefficient falls
into the common range of 0.05 to 0.1 [45] for hydrogen-containing DLC films. As explained in the
introduction, this process would be applicable to non-flat samples and also, because of the easy scale-up
capabilities of the technique, to samples with a large surface area.
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