Ultra-high-speed coating of DLC at over 100 μm/h by using microwave-excited
high-density near plasma
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1. Introduction
DLC film has widespread applications as protective
coatings in many fields due to its excellent properties,
such as high hardness, low fiction, and chemical inertness [1]. However, the deposition rate of conventional preparation technology is too low, which constrains its further application in mass production. For
example, R. D. Mansano, et. al. had reported 2.16
μm/hour by magnetron sputtering [2], F. Garrelie et.
al. had reported 3.6 μm/hour by laser deposition [3],
and Ronghua Wei had reported 5 μm/hour by PBIID
[4]. The low deposition rate of DLC films attributes
to low plasma density (electron density Ne<1010 cm−3)
of these technologies. Fortunately, a new technology
which can generate high-density plasma (Ne>1011
cm−3) had been invented by H. Kousaka et. al [5]. In
their research work, surface waves at a frequency of
2.45 GHz were guided along a negatively biased conductive antenna (metal or graphite rod) to successfully generate high density Ar plasma (Ne>1011 cm−3)
along the antenna; the plasma obtained is called microwave-excited high-density near plasma because it
generates as if it sticks to adjacent metal surfaces [57].
To be more specific, as shown in Fig.1(c), this

plasma is sustained by microwaves propagating as
surface waves [8] along plasma-sheath-metal interface, where the metal is negatively biased against a
grounded chamber by external DC power supply [57]. For the practical use of this phenomena, expansion
of sheath by the external supply of sheath voltage is
essential because plasma does not spread along metal
surfaces without the sheath expansion due to too short
decay distance of microwave [6,7]. In other words,
from the technoical viewpoint, both supply of sheath
voltage and injection of microwave are essential to
take advantages of this plasma for practical applications; this is why this new way of plasma generation
is called MVP (Microwave-sheath Voltage combination Plasma) method. Note that similar high-density
plasma adjacent to metal surface cannot be obtained
by any other methods giving glow-type discharge;
Capacitively-Coupled Plasma (CCP) using DC or RF
bias gives much less electron density as shown in Fig.
1(a), and a remote-type high-density plasma such as
conventional surface wave-excited plasmas decays
toward a substrate through diffusion transport as
shown in Fig.1(b). Therefore, MVP method is a novel
technique to obtain such high-density plasma
(Ne>1011 cm−3) sustained along an adjacent metal sur-

Fig. 1. Schematic illustration of plasma generation methods: (a) CCP: Capacitively-Coupled Plasma, (b) SWP: Surface
Wave-excited Plasma (High-density remote plasma), (c) MVP: Microwave-sheath Voltage combination Plasma (Highdensity near plasma sustained along an adjacent metal substrate).

face.
It was expected that considerably high deposition
rate of DLC can be obtained by plasma CVD employing MVP method, because plasma density near substrate is much higher in MVP method than in other
conventional methods as illustrated in Figs. 1. Thus, a
new-type plasma CVD apparatus employing MVP
method was proposed for ultra-high-speed coating of
DLC. Fig. 2(a) shows the photograph of a stainlesssteel substrate having a 3D surface to be coated and
microwave-excited high-density near plasma surrounding the substrate during DLC coating in the
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Fig. 2 (a) Microwave-excited high-density near plasma
sustained along a 3-dimensional metal substrate. (b)
Stainless-steel substrate before and after DLC deposition.
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Fig. 3. Schematic of DLC coating equipment for a 3dimensional metal substrate. High-density near plasma
is sustained along a metal substrate by microwave
propagation along the plasma-sheath interface formed
along the substrate surface.
Table. 1 Coating condition
Ar
CH4
TMS

Process gas
Pressure
Microwave
Bias

Peak power
Frequency
Voltage
Frequency

50 sccm
200 sccm
10 sccm
75 Pa
1000 W
500 Hz
-200 V
500 Hz

newly proposed apparatus. The trial experiment of
DLC coating showed that the entire surface of a substrate is successfully coated as shown in Fig. 3(b). In
this work, we investigate the deposition rate and
hardness of DLC coated by using this new method.
2. Experimental Setup
Figure 2 shows our experimental apparatus where the diameter and height of the chamber are 220 and 225 mm, respectively.
A rotary pump and mechanical booster pump are connected to
evacuate the chamber. 2.45-GHz microwaves are injected from
a coaxial waveguide connected to the lower flange, propagating
into the chamber through a quartz window. A steel plate
(SCM420, JIS) 1 mm in thickness with the width and height of
10 and 30 mm, respectively, is used as a substrate. The lower
end of a substrate is chucked by the upper end of a stainless-steel
(SUS304, JIS) holder 10 mm in diameter and 25 mm in length;
the lower end of the holder is inserted into a hole made on the
quartz window. The upper end of a steel plate is chucked by a
stainless-steel jig where a tungsten wire is connected. Negative
voltage against the grounded chamber is provided from the
pulsed DC power supply through the wire.
The DLC coating process employed is briefly explained in
the following. Prior to deposition, the gas pressure is decreased
down to 1 Pa. Then, the substrate is cleaned for 15 min by ion
bombardment in microwave-excited high-density near
plasma in Ar gas, followed by DLC deposition in Ar, CH4,
and tetra-methyl-silane (TMS, Si(CH3)4) gases. During plasma
generation, microwave injection and application of bias voltage
are conducted not continuously but in a pulsed manner. Table 1
shows the coating condition employed except duty ratio in the
pulsed operation of microwave and bias voltage. In this experiment, the maximum substrate temperature reached to ~500 °C,
especially at higher duty ratios. Therefore, for successful coating
at higher temperatures, TMS was employed as a content of
source gas [10].
After DLC coating, the film thickness of DLC is obtained by
measuring the step height at the interface between DLC coated
and uncoated surfaces on a steel substrate by using a stylus type
surface roughness tester. The deposition rate of DLC is calculated from the thickness value at the lower step on a DLC-coated
substrate.
3. Results and discussion
3.1 Effect duty ratio on the hardness and deposition
rate of DLC film deposited by MVP method
DLC coatings were conducted at duty ratios of 5, 20, and
50 %. Coating time was decided so that the film thickness is
about 1-2 μm. During deposition, pulse current IP , or the substrate current averaged over bias-on time in one pulse period,
was recorded as shown in Fig. 4. It was clearly seen that the
value of IP decreased with increasing duty ratio, and significant
decrease of IP occurred at the start of coating, or t=0. It was
found that this decrease of IP at t=0 can be successfully suppressed by employing an additional technique. (Due to patent
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3.2. DLC deposition at an increased gas flow rate of
TMS
For the practical use of this ultra-high-speed deposition of
DLC, both high-rate (>100 um/h) and high hardness (>10 GPa)
are expected to be satisfied. From this viewpoint, only the duty
ratio from 20 to ~40 % is acceptable. For further increasing both
the deposition rate and hardness of DLC, we conducted the
coating experiments with TMS flow rate increased. The flow
rates of Ar and TMS were changed from 50 and 10 sccm to 40
and 20 sccm, respectively. The technique to suppress the current
decrease at t=0 was also employed. Figures 7(a) and 7(b) summarize the deposition rate and hardness of DLC, respectively, as
a function of duty ratio. The hardness of DLC was 12.9 GPa
(>10 GPa) even at a duty ratio of 50 % where the hardness was
much less than 10 GPa in the preceding experiments. As the
deposition rate exceeded 100 μm/h at duty ratios larger than
~25 %, both high-rate (>100 um/h) and high hardness (>10
GPa) were satisfied over a wider range of duty ratio from 25 to
more than 50 % by increasing the gas flow rate of TMS.
Figure 9 shows the relationship between the hardness of
DLC and the average pulse current during deposition. It is clearly shown that the hardness increase at the increased TMS flow
rate was not achieved by the increase in average pulse current,
because the average pulse current at the same duty ratio
was decreased by increasing TMS flow rate. T.Iseki et

Duty: 6 %, 120sec.
Duty: 20 %, 34 sec.
Duty: 50 %, 30 sec.
High current case
Duty: 50 %, 10 sec.
Bias ON→Microwave ON, Duty: 20 %, 30 sec.
Low current case
Bias ON→Microwave ON, Duty: 50 %, 12 sec.
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application on the technique, specific explanation on the additional technique is avoided in this proceeding.) Thus, DLC coatings were conducted again at duty ratios of 20 and 50 % with
the technique employed. As can be seen in Fig. 4, the initial
significant decrease of IP at higher duty ratio was perfectly removed. Hereafter, the first 4 coatings without the additional
technique to remove the current decrease at t=0 are categorized
as low current case, while the last 2 coatings with the additional
technique are called high current case.
Figure 5 shows the relationship between the hardness of
DLC and the average pulse current during deposition, or the
pulse current averaged over coating time. This figure clearly
shows that the hardness of DLC increased with increasing average pulse current. In addition, it is clearly shown that the hardness of DLC at duty ratios of 20 and 50 % were significantly
increased due to the increase in average pulse current by employing the additional technique. Figures 6(a) and 6(b) summarize the deposition rate and hardness of DLC, respectively, as a
function of duty ratio. The hardness values of DLC in high current case are larger than those in low current case, while the
deposition rates of DLC in high current case are lower than
those in low current case. It can be considered that the decrease
of hardness with increasing duty ratio is effectively suppressed
by employing the technique to increase the pulse current. It
should be noted that the increase in the hardness of DLC under
the same condition of plasma generation substantially induces
the decrease in the deposition rate of the DLC as shown in Fig.
7(a) and 7(b); this is because the increase in the hardness of
DLC accompanies the increase in the density of the DLC.
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Fig. 4 Time-dependent changes of pulse current, or the substrate
current averaged over bias-on time in one pulse period, during DLC
deposition by using microwave-excited high-density near plasma.
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Fig.5 Relationship between the hardness of DLC and average
pulse current during deposition

Fig. 6 Effect of duty ration on (a) the deposition rate and (b) hardness of DLC, obtained for low-current and high-current cases.

al. reported that the hardness of DLC film increases with increasing Si content due to the increase in total sp3 content in the
film [9]. Therefore, it is considered that the increase of hardness
at the increased TMS flow rate was caused by the increase in Si
content accompanying the increase in total sp3 content.
The relationship between the hardness values and deposition
rates obtained in this work was summarized in Fig. 9. The correlation between the hardness and deposition rate was similar both
in the low-current and high-current cases at the same gas flow
rates of 50, 200, and 10 sccm in Ar, CH4, and TMS, respectively. The 2 experimental points at the increased TMS flow rate
clealry shifted towards the upper direction from the correlation
curve in the figure, implying that the increase in TMS flow rate
can increase the deposition rate of DLC without suppressing the
deposition rate.
4. Conclusions
In this work, in order to understand the depositionrate
and hardness of DLC film deposited at over 100 μm,
DLC films were obtained by using Plasma CVD employing
microwave-excited high-density near plasma. For the practical
use of this ultra-high-speed deposition of DLC, both high-rate
(>100 um/h) and high hardness (>10 GPa) are expected to be
satisfied. In this woek, the hardnes of 12. 9 GPa was achieved at
a deposition rate of 188 um/h.

Fig. 6 Effect of duty ratio on (a) the deposition rate and (b) hardness
of DLC, obtained for a high-current cases with the TMS flow rate
increased..
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Fig. 9 Relationship between the hardness values and deposition
rates obtained in this work.

