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Abstract: The intrinsic high electrical resistivity of diamond-like carbon (DLC) films prevents their
use in certain applications. The addition of metal or nitrogen during the preparation of the DLC films
leads to a lower resistivity of the films, but it is usually accompanied by several disadvantages, such
as a potential contamination risk for surfaces in contact with the film, a limited area that can be coated,
deteriorated mechanical properties or low deposition rates of the films. To avoid these problems, DLC
films have been prepared by plasma source ion implantation using aniline as a precursor gas, either
in pure form or mixed with acetylene. The nitrogen from the precursor aniline is incorporated into
the DLC films, leading to a reduced electrical resistivity. Film properties such as hardness, surface
roughness and friction coefficient are nearly unchanged as compared to an additionally prepared
reference sample, which was deposited using only pure acetylene as precursor gas.

Keywords: diamond-like carbon; aniline; electrical resistivity; plasma-enhanced chemical vapor
deposition; plasma source ion implantation

1. Introduction

Diamond-like carbon (DLC) films offer many advantageous properties, such as biocompatibility,
a high hardness, a low wear rate and a low friction coefficient [1–3]. Their electrical resistivity
spans a wide range, from 1 to 1014 Ω m [3], with the value depending markedly on the preparation
method of the films. Several methods are suitable for the deposition of DLC films, such as ion beam
deposition, sputtering, cathodic arc, pulsed laser deposition (PLD), and plasma-enhanced chemical
vapor deposition (PECVD) [2]. Nevertheless, it is usually difficult to achieve a low electrical resistivity.
In some applications, however, the DLC should be conductive at least to some extent. When coating a
transport jig, which is used for semiconductor wafers, with a DLC film, it is essential that no electrostatic
charges are present on the jig’s surface since otherwise it will attract dust particles. Furthermore, a
three-dimensional sample such as a transport jig has to be coated on all sides. Having a large diameter,
however, it is not easy to rotate a transport jig in front of a small, directional coating device such as a
magnetron source. Therefore, plasma source ion implantation (PSII) is the method of choice for coating
samples like this. PSII works well on three-dimensional samples because it attracts ions from a plasma
by a high voltage connected to the sample [4]. Apart from the feasibility of conformal coating, other
advantages of PSII include a high ion current density, low deposition temperature, easy scale-up for
the treatment of large areas and relatively short processing times. Disadvantages are the lack of mass
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separation of the ions, a non mono-energetic implant energy, and a limited treatment of insulating
samples [4,5].

To prepare conductive DLC films, usually metals [6] or nitrogen [7] are incorporated into a DLC
film. However, this also introduces several disadvantages. Metal-containing DLC films possess a
higher surface roughness [8,9] and in most cases a higher friction coefficient [6]. Depending on the
type of metal and its amount, the hardness of the films might be lower [8,10]. If semiconductors
are in contact with the surface of a metal-containing DLC film, they might be contaminated by the
release of metal atoms from the film. Even trace impurities of metals affect the overall device quality of
semiconductors [11]. Furthermore, most deposition methods for metals are directional, and thus they
limit the ability to coat three-dimensional samples homogeneously.

Using nitrogen instead of a metal, most of the problems mentioned above can be avoided.
Typically, nitrogen is added to the preparation process in the form of nitrogen gas (N2) facilitating the
homogeneous coating of three-dimensional samples with nitrogen-containing DLC (N-DLC) films by
PSII. However, the deposition rate is considerably lower when N2 is present as precursor because of
the sputtering that occurs when nitrogen ions hit the sample surface [10,12]. The addition of nitrogen
to DLC films lowers their hardness [7,10,13].

There have been reports on the deposition of conductive DLC films by using a PSII process with
a bipolar pulse, with [14] and without [15] the addition of nitrogen. The positive pulse leads to a
bombardment of the sample by electrons. Combined with a large negative pulse, which was found to
be more effective in reducing the resistivity of the samples [16], this heats the sample to a temperature
of about 400 ◦C. This temperature is not suitable for all substrates and, in fact, negates one of the main
advantages of PSII, namely its low deposition temperature.

Rarely, other gases that can act simultaneously as a carbon source and as a nitrogen source have
been used. Examples are pyridine (C6H5N) [17], which required high substrate temperatures to be
effective in reducing the electrical resistivity, and pyrrole (C4H5N) [18], which produced films with an
electrical resistivity not lower than 550 Ω m. Here, we investigated the feasibility of the use of a novel
precursor, aniline (C6H7N). Aniline offers several advantages: it is liquid at room temperature and easy
to evaporate. It possesses carbon–nitrogen bonds, yet is safer and easier to handle than some other
organic molecules that contain nitrogen. Based on results regarding the use as precursors of aromatic
hydrocarbons, i.e., benzene and toluene, a high deposition rate can be expected [19,20], together with a
high hardness [21]. To investigate the influence of the aniline on the film properties, three different
types of samples were prepared: using only aniline, only acetylene (C2H2) and mixing aniline and
acetylene in different flow ratios.

2. Materials and Methods

The DLC films were prepared in a homemade PSII system as shown in Figure 1. The gases
were introduced via separate feed lines and regulated to a pressure of 1.6 Pa. The acetylene line was
equipped with a mass flow controller (MFC), whereas the aniline line had a leak valve with manual
control. By changing the flow rates of aniline and acetylene, the composition of the films was varied,
i.e., a higher acetylene flow rate corresponds to a lower aniline flow rate. In the results section, only the
acetylene flow rate will be reported since only this flow rate could be metered easily. The samples were
placed on a conductive sample holder that was connected to a high voltage pulse generator. A pulse of
−18 kV was used. A higher voltage leads to a higher deposition rate, a better film adhesion and lower
residual stress within the film [22]. To comply with the limitation of the duty cycle of the pulser of 1%,
a pulse length of 100 µs and a repetition rate of 100 Hz was used. The deposition time ranged from 85
to 152 min. The varying times were selected to compensate, at least partially, for different deposition
rates with changing precursor composition.
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Figure 1. Schematic of the plasma source ion implantation (PSII) system used for the deposition.

The film thickness was determined by profilometer measurements scanning over the border of
coated and non-coated parts of the sample. The latter originated from the holding mechanism. The
composition of the samples and the bonding was evaluated by X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Ultra, Shimadzu Corporation, Kyoto, Japan). The values are from a depth near the surface,
i.e., after sputtering for 10 s with a 2 keV Ar ion beam. Depth profiles were recorded by secondary
ion mass spectrometry (SIMS, ims 5f, CAMECA, Courbevoie, France) using Cs as primary ions with
5.5 keV energy. Positive Cs clusters of the type CsX+ were detected. The relative hydrogen content of
the samples was estimated by comparing the hydrogen and carbon intensities with those of a standard
sample with 19 at % hydrogen (value from elastic recoil detection analysis, ERDA, HRBS-1000, Kobe
Steel Ltd., Tokyo, Japan). The carbon bonding was investigated by Raman spectroscopy (WITec alpha
300R, WITec, Ulm, Germany) using a laser with 532 nm wavelength and a power of 1 mW. After a linear
background correction of the spectra, peaks were fitted with Gaussian functions. The hardness of the
films was measured via nanoindentation (Hysitron, Minneapolis, MN, USA). Area scans of 1 × 1 µm2

yielded the average surface roughness Ra of the films (Nanoscope III, Digital Instruments, Santa
Barbara, CA, USA). A tribometer with a ball-on-disk setup (Standard Tribometer, CSEM Instruments,
Peseux, Switzerland) was used to record the friction coefficient of the films during a test with a tungsten
carbide ball, a force of 2 N and a rotation speed of 100 mm/s. The electrical resistivity of the films was
measured with a four-point probe station (1 mm probe spacing; 3458A, Agilent Technologies Japan
Ltd., Tokyo, Japan).

3. Results

The thickness of the films varied between 111 and 322 nm. The deposition rate for a process with
pure aniline gas was about 150 nm/h. This value decreased with increasing acetylene flow, as depicted
in Figure 2. With an acetylene flow of 6 sccm, the deposition rate is only about 60 nm/h.

Figure 2. Deposition rates of nitrogen-containing diamond-like carbon (N-DLC) films prepared by
aniline and acetylene.
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Even though the ratio of nitrogen to carbon in aniline is 1:6, the nitrogen content in the N-DLC
films deposited by aniline is only about 3.5 at % as determined by XPS, Figure 3. The N concentration
decreases linearly with the acetylene flow, down to about 1.5 at %. Those values represent the
concentration near the surface of the samples, after a short cleaning step by ion bombardment to
remove surface contaminations.

Figure 3. Nitrogen concentrations of the N-DLC films as determined by X-ray photoelectron
spectroscopy (XPS).

That the elemental distribution with depth is reasonably constant can be seen in the depth profile,
Figure 4. The intensities of the matrix elements, C, H, and N run parallel. Oxygen possesses only
small intensities except for the interface where a larger content is present, probably due to the natural
oxide layer of the silicon wafer. When interpreting the data, it should be remembered that absolute
intensities in SIMS measurements cannot be directly converted to concentrations. However, changes
in relative intensity ratios of cesium clusters give a fairly accurate picture of the changes in relative
concentrations [23]. Taking the average values of CsN+/CsC+ for most of the depth profile (neglecting
the surface and the interface region), and plotting them in Figure 5 versus the nitrogen concentrations
as determined by XPS, a near linear relationship can be derived. Therefore, the nitrogen concentrations
as depicted in Figure 3 are representative of the entire layer.

Figure 4. Secondary ion mass spectrometry (SIMS) depth profile of the N-DLC film prepared with pure
aniline. The displayed intensities are the ones of the CsX+ clusters.
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Figure 5. Absolute and relative nitrogen concentrations of the (N-)DLC samples from XPS and SIMS
measurements, respectively.

The relative hydrogen content of the samples, expressed by the CsH+/CsC+ ratio of the depth
profiles is shown in Figure 6. The more nitrogen the DLC films contain, the less hydrogen is present.
The absolute values of the hydrogen concentration are quite low. The intensity ratio of a standard
sample with 19 at % hydrogen has a higher ratio as indicated by the line in Figure 6.

Figure 6. Relative hydrogen content vs. nitrogen concentration of the (N-)DLC samples. The value of
the hydrogen/carbon ratio of a sample containing 19 at % hydrogen is indicated by a line.

In the Raman spectra, the films show the typical broad peak of DLC films, with the D and the
G peak around 1330 and 1550 cm−1, respectively, Figure 7a. The G peak corresponds to the in-plane
bond-stretching motion of pairs of C sp2 atoms, whereas the D peak is characteristic of the A1g
symmetry breathing mode of C in aromatic ring structures, which is only active in the presence of
disorder. Even though both peaks originate from sp2 carbon, the area ratio of the peaks, ID/IG, is
correlated to the sp3 content of the sample [24]. The intensity ratio ID/IG has a value of about 1.2 for a
sample prepared by pure acetylene. By adding aniline, the value increases to about 1.6 for the highest
nitrogen concentration, Figure 7b.
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Figure 7. (a) Raman spectra of two N-DLC samples with different nitrogen contents; (b) area ratio ID/IG

of the D and the G peak from the Raman spectra vs. nitrogen concentration of the (N-)DLC samples.

In the high-resolution XPS spectra in Figure 8, recorded after the Ar ion sputtering mentioned
above, the C1s peak shows sp2 and sp3 bonding at 284 and 284.8 eV, respectively. The ratio sp2/sp3 as
evaluated from the peak areas is about 1.4. There are smaller contributions of C=N (285.3 eV) and C–N
bonding (288.2 eV), too. In the N1s spectrum, two differently coordinated nitrogen bonds are visible, a
two-coordinated one around 398 eV and a three-coordinated one around 400 eV.

Figure 8. XPS spectra of the N-DLC sample with 2.8 at % nitrogen: (a) C1s spectrum; (b) N1s spectrum.

The hardness of the samples changes only little by changing the acetylene/aniline flow ratio of the
process gas. All the values of the hardness are between 10.9 and 12.4 GPa, Table 1. The comparison
value of a DLC film prepared by pure aniline is 12.3 GPa. The values of the average surface roughness
Ra are around 0.2 nm, Table 1. In absolute terms, the films are very smooth.



Coatings 2020, 10, 54 7 of 11

Table 1. Hardness and average roughness Ra of the (N-)DLC samples prepared with different C2H2 flow.

C2H2 Flow (sccm) Hardness (GPa) Average Roughness (nm)

0 11.2 0.16
1.5 12.4 0.23
1.9 11.3 0.15
3.0 11.8 0.18
4.2 10.9 0.16
4.5 11.4 0.22
5.0 11.4 0.18
6.0 11.4 0.14
6.4 11.1 0.17
7 1 12.3 0.22

1 Pure acetylene.

Consequently, the friction coefficient is in a similar range as the one of a film prepared by pure
acetylene, i.e., around 0.1. After an initial phase of values around 0.15 within the first 2000 rotations in
Figure 9, the friction coefficient settles at a value of about 0.05 in the second half of the experiment.

Figure 9. Friction coefficient of an N-DLC sample prepared by pure aniline during the ball-on-disk test.

In Figure 10, the electrical resistivity of the films is depicted. All the films that were prepared with
aniline possess a low resistivity, with the lowest value of 0.12 Ω m. This is more than a factor of 13
lower than the already low value of a film prepared by pure acetylene.

Figure 10. Electrical resistivity vs. nitrogen concentration of the (N-)DLC samples.
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4. Discussion

The highest deposition rates could be achieved for the samples with the highest nitrogen content.
One might argue that the lower deposition rates of the samples with less nitrogen are due to the
influence of the acetylene, which generally leads to a lower deposition rate than aromatic hydrocarbons.
This would be missing the point, however. Starting with pure acetylene and adding nitrogen in
the form of N2, the deposition rate decreases considerably [12]. Adding aniline instead of N2, the
deposition rate increases, however, as is evident in Figure 2. The combination of a high deposition rate
with a higher nitrogen content is a feature of this process.

The nitrogen concentration in the films can be controlled by the flow of the two precursor gases.
The slight variations in the otherwise linear relationships in Figure 3 and in most of the other figures
could be due to a slightly unstable or drifting aniline flow since the flow was not controlled by a mass
flow controller. The maximum absolute nitrogen content that was achieved was about 3.5 at %. This is
lower than the nitrogen fraction in the precursor, which is about 10% higher. Possible reasons for the
loss of nitrogen are the fragmentation of the molecule within the plasma and the effect of sputtering
during ion bombardment. Once the original nitrogen–carbon bonds of the aniline are broken, it is
difficult to form them again within the film because hydrogen attaches preferably to C and N [25].
Nevertheless, regarding nitrogen addition to the film, the deposition process with aniline is more
effective than that with added N2 as a precursor gas. The latter requires a nitrogen flow that is much
higher than the hydrocarbon flow to prepare N-DLC samples with a few at % nitrogen [12].

The nitrogen incorporated in the film changes the bonding. The higher ID/IG ratio in the Raman
spectra is indicative of a higher sp2 content of the films [26]. Two different bonds of carbon and
nitrogen can be seen in the XPS spectra. In the N1s spectrum, two peaks are visible, around 398 and
400 eV. Those peaks are usually found in measurements of CN films [27]. The former can be attributed
to two-coordinated carbon atoms and the latter to three-coordinated ones, with larger shifts of the
peak position with changing nitrogen content being reported [28]. The lower hydrogen content with
increasing nitrogen content was noticed before for films prepared with toluene and N2 [14].

The mechanical properties of the films are largely unaffected by the addition of aniline. The higher
amount of graphite should make the film softer, whereas a lower hydrogen content is typically linked
to a harder film [29]. Compared to a film prepared with added N2 gas [12], the XPS spectrum shows
more C=N than C–N bonds. The result of the altered bonding is a hardness of the films that remains
on a similar level as the one of a film without nitrogen. The surface roughness of the films is largely
unaltered with the addition of aniline. The N-DLC films have the typical low surface roughness of
DLC films [30]. The roughening effect that goes along with the addition of N2 can be avoided in this
case because of the reduced sputtering effect. Comparing unfragmented N2 and aniline accelerated by
the same pulse voltage, the atoms in the N2 have a higher energy per atom and thus cause a larger
sputtering yield.

All the factors mentioned above, i.e., bonding, hardness and surface roughness, influence the
friction coefficient of the film. Since most of the factors are unaltered, the typical value of between
0.05 and 0.1 for hydrogen-containing DLC films [31] was confirmed for the aniline-based sample.
The effects of the increase of the graphitic (sp2) fraction, of the lower hydrogen content and of the
additional C=N and C–N bonds cancel each other out. The changes might explain the initial period
with the higher friction coefficient, however. In the beginning of the tribology experiment, a transfer
layer builds up on the ball. This might happen in a somewhat delayed fashion for the N-DLC film in
this case.

The higher graphitic content of the aniline-based samples increases the conductivity of the film.
Nitrogen contributes to the electrical conductivity as it acts as a thermally activated impurity center [32].
The lowest electrical resistivity is apparently already obtained at low nitrogen concentrations of about
two percent. The usual curve of resistivity vs. nitrogen content is U-shaped, with a minimum that
spans a few percent of nitrogen concentration, followed by an increase of resistivity at higher nitrogen
concentrations [12,32]. The minimum for the aniline-based DLC films is found at smaller concentrations
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than in the quoted earlier investigations, which required nitrogen contents of about five to ten percent
for the lowest electrical resistivity.

It was demonstrated that N-DLC films with low electrical resistivity can be prepared by PSII using
aniline as a precursor gas. The films retained good mechanical properties, and the process did not
suffer from low deposition rates. It should be possible to coat large, three-dimensional samples with
N-DLC films, a task that most other deposition techniques, such as sputtering and PLD are not capable
of without sample manipulation. A deposition temperature of about 100 ◦C or less qualifies PSII for
the treatment of heat-sensitive substrate materials. Compared to a PECVD process, PSII produces a
better adhesion of the film to the substrate. It has been pointed out that DLC films deposited by PSII
have less porosity and, thus, a higher corrosion resistance than DLC films deposited by PECVD [33]
and that the use of a pulsed voltage offers a higher optimization potential [34].

While the general feasibility of N-DLC preparation by aniline in a PSII process has been shown,
the optimal deposition conditions are not known yet and constitute a future research direction. Even
though not much nitrogen was required to achieve a low resistivity of the samples prepared in this
investigation, it cannot be ruled out that different deposition conditions could achieve a higher nitrogen
concentration than 3.5 at % and/or a lower resistivity. Since the deposition conditions do not only
change the nitrogen content but also other film properties, such as the carbon bonding and hydrogen
content, it might be worthwhile to vary some experimental parameters. To increase the nitrogen
content within the films, a lower degree of fragmentation of the precursor in the plasma might be
desirable. The pulse height could be lowered, or a DC voltage of up to a few kV could be tried out.
This should also decrease sputtering effects, lower the deposition temperature and change the bonding
within the film. The pressure could be changed to achieve a higher hardness of the samples [35].
However, care should be taken not to compromise one of the advantages of this process, i.e., the
high deposition rate. Additionally, the shape of the curve in Figure 10 in between 0 and 1.5 at %
nitrogen should be investigated. This requires the precise control of small flows of aniline and thus the
replacement of the manually controlled valve used in the experimental setup. Generally, the use of
other nitrogen-containing precursors, with a higher nitrogen fraction for instance, might be feasible
as well.
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