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Abstract

In this article, the authors report on the use of Radio Frequency (RF) Magne-
tron Sputtering combined with Plasma-Based Ion Implantation (PBII) tech-
nique to synthesize the Boron-Carbon (B-C) films. High purity of boron car-
bide (99.5%) disk was used as a target with an RF power of 300 W. The mix-
tures of Argon (Ar)-Methane (CH,) ware used as reactive gas under varying
CH, partial flow pressure at the specified range of 0 - 0.15 Pa and fixed total
gas pressure and total gas flow at 0.30 Pa and 30 sccm, respectively. The effect
of CH, flow ratio on the friction coefficient of B-C films was studied. The
friction coefficient of the film depended on the concentration of B. When it
was 10% or lower, the coefficient decreased to 0.2 or lower. In this concentra-
tion range of B, the specific wear rate also decreased to the order of 1077
mm’/Nm, and excellent wear resistance was displayed.
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1. Introduction

In the last decades, boron-carbon (B-C) binary system materials have attracted
much attention due to their prospective properties. Among these, B,C is well
known to be the crystal composition of the boron carbon (B-C) system; it is a
very hard material, second to super-hard materials such as diamond and cubic

boron nitride (c-BN). Therefore, boron carbide has excellent mechanical
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strength, and it is also an attractive material chemically and as a material for use
in electronics; thus, synthetic studies on this system have been carried out in the
past few decades [1]-[9]. However, there are few studies regarding the stable
synthesis of this B-C material for coatings, as far as the authors know [10]-[15],
since the effect of deposition conditions and other conditions on the film struc-
ture and various characteristics, in thin film applications, is not well understood.
The development of boron carbide films, which are highly adhesive and have
stable tribological properties, is anticipated for wider applications including
mechanical fields.

The objective of this study is to develop such B-C films with excellent tribo-
logical properties. For the deposition of films, a new unique composite system in
which sputtering and PBII are combined was used (so-called Hybrid System). In
the present system, sputtering deposition and PBII deposition, in which a radio
frequency (RF)-superimposed high-voltage pulse bias is applied on the substrate,
were carried out simultaneously. When the deposition of B-C films is conducted
in a normal chemical vapor deposition process, a B-containing toxic gas com-
pound must be used to add B into the film. In the present process, a relatively
harmless B-containing solid (B,C) is used as the target; thus, the test samples can
be safely prepared. Then, the mixing effect of argon (Ar) sputtering gas and
PBII-treatment methane (CH,) gas was investigated. In particular, this study es-
pecially is focused on the tribological properties of films, and the results are de-

scribed in this report.

2. Experimental

Figure 1 shows a schematic diagram of the sputtering-PBII combined system
used for the deposition of B-C films, and the deposition conditions are listed in
Table 1. As the sputtering target, B,C (purity: 99.5% or higher) was used, and an
unbalanced magnetron was installed at the back. As the substrate, a silicon (Si)
(100) wafer was used and this was fixed on a stainless steel substrate holder. The
substrate holder was connected to the inlet terminal of the RF-superimposed
pulse bias of PBII and installed so that it faces the above-described target. As the
pre-deposition treatment, Ar-ion cleaning of the substrate and target was carried
out for 10 min. Subsequently, CH, gas was introduced so that the chamber
pressure was 1.0 Pa. The substrate ion implantation treatment was carried out as
preprocessing, under the conditions of pulse RF power = 300 W and direct
current (DC) pulse bias = —20 kV, with CH, plasma for 30 min. Thus, an in-
termediate layer consisting of the mixed layer of C and Si substrate was
formed. After this ion-implantation pre-treatment, Ar and CH, were intro-
duced into the chamber so that the deposition pressure was 0.30 Pa. The depo-
sition was carried out by controlling CH, gas so that the CH,/Ar gas flow ratio
was in the range of 0% - 50% (the CH, partial pressure: 0 - 0.15 Pa). In the
present process, sputtering and PBII were simultaneously carried out; there-

fore, a stainless steel partition plate was installed so that the gases, from the gas
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Figure 1. Schematic diagram of Sputtering-PBII combined

system used for this experiment.

Table 1. Deposition conditions.

Sputtering PBII
Target B,C DC pulse bias -5.0kV
RF power 300 W (Frequency: 1 kHz, Pulse width: 5 ps)
Target-Substrate Pulse RF power 300 W
distance 8 mm (Frequency: 1 kHz, Pulse width: 50 ps)
Source gas Ar + CH, (Total: 30 sccm)
CH, partial pressure 0 - 0.15 Pa (CH, flow ratio: 0% - 50%)
Deposition pressure 0.30 Pa
Deposition time 120 min

inlets, were separated in the target side and in the substrate side. Thus, a system
in which the proportion of Ar is larger in the target side and the proportion of
CH, is larger in the substrate side was adopted.

The composition of the deposited boron carbide film was investigated using
Auger electron spectroscopy (AES) (JAMP-7800F, JEOL Ltd.). For the analysis
of the film structure, a Raman spectrometer (MRS-1000DT, JASCO Co.), in
which 532 nm green laser light was used as the excitation light, and an infrared
(IR) spectrometer (FT/IR-4200ST, JASCO Co.) was used. The hardness of the
film was determined with a nano-indentation tester (Hysitron, Inc.). A diamon-
dindenter (Berkovich-type) was used, and the load of indentation was 1000
uN. In addition, the friction properties of B-C films were evaluated with a
ball-on-disk friction tester (FPR-2100, Rhesca Co., Ltd.). On this occasion,
AISI440C (SUS440C) balls and diamond-like-carbon (DLC)-coated aluminum
oxide (ALO;) balls (denoted as DLC/ALO,) with a diameter of 6 mm were used
as the indenter. Friction conditions were as follows: load = 3 N, friction radius =
3 mm, friction velocity = 31.4 mm/s, sliding distance = 100 m, and the test tem-

perature was room temperature. The value of applied load was selected consi-
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dering practical use. The relative humidity during the testing was 40% - 50%.
The depth profile of wear marks was observed using a 3D-laser microscope
(VK-9700, KEYENCE Corp.)

3. Results and Discussion

Figure 2 shows the results of AES composition analysis (B/C atomic composi-
tion ratio) for the films deposited at the respective CH, flow ratios. In the figure,
the values of the specific composition analysis results of the films are also shown.
In addition to B and C, a very small amount of O (2at% or less) was observed in
the film. Since the content of O is very small, in the experimental results de-
scribed below, the influence of O is not discussed. The hydrogen content in the
film could not be determined from these analysis results. As is clear from the
figure, the amount of B in the film rapidly decreased when CH, gas was mixed.
When the flow ratio is 10% or higher, though not shown in the figure, the rate of
deposition increased approximately 2 - 3 times compared with the case when
there was no flow of CH,, and it may be assumed that the film deposition beha-
vior changes at the flow ratio of 10%.

Figure 3 shows the variation in the Raman spectra for the films similarly de-
posited at the respective CH, flow ratios. It is known that boron carbide exhibits
a peak due to the B, cluster at 600 - 1200 cm™ [13], and a small broad peak
could be observed at 1000 - 1200 cm™" for the film deposited with Ar only (CH,:
0%). On the other hand, the peaks of D band (1350 cm™) and G band (1550
cm™), which are specific to DLC film that is well known for its solid lubricity,
appeared by introducing CH, at a flow ratio of 6.7% or higher. Thus, a DLC film
was found to become dominant with the increase of carbon due to the introduc-
tion of CH,. When the CH, flow ratio was 3.3%, both the G peak/D peak shifted
to lower wavenumber side, and it may be assumed that a different film structure
is taken from that of the DLC-based film.

Figure 4 shows the variation in the Fourier transform-IR (FT-IR) spectra for
the films similarly deposited at the respective CH, flow ratios to compare with
the results of Raman spectroscopic analysis. The IR absorption peak due to the
B-C bond is supposedly in the vicinity of 1200 cm™". This peak was present in the
three kinds of films, which were deposited with a CH, flow ratio of 6.7% or low-
er and distinctly contain B. When the CH, flow ratio was higher than that, the
clear-cut absorption peak was not observed.

Figure 5 shows the measurement results of nano-indentation hardness for the
deposited films. Even when the CH, flow ratio was varied, the hardness was
within the range of 15 - 20 GPa, and a large variation was not observed. Thus,
the variation in the B content of the film does not greatly affect the hardness.
However, the hardness of the film deposited with the CH, flow ratio of 10% dis-
played a relatively high value around 23 GPa.

Figure 6 shows the results of the ball-on-diskfriction test for the deposited

films. Here, the relationship between the sliding distance and the coefficient of
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friction is shown. Figure 6(a) shows the results when the indenter was AISI440C
(SUS440C) balls, and Figure 6(b) shows the results when the indenter was
DLC-coated Al O, balls (denoted asDLC/ALQ;). As seen from Figure 6(a), the
film deposited with Ar only (CH, flow ratio: 0%) peeled immediately after the
start of friction, and the coefficient of friction was high. It can be seen that the
frictional performance of the film having a high B content is not good. On the
other hand, the friction coefficient of the film deposited by introducing CH, was
0.1 - 0.2 and displayed steady low friction. The increase of carbon due to the in-
troduction of CH, largely contributed to the improvement of friction properties.
However, the coefficient of friction exceeded 0.2 in the case of the film with the
CH, flow ratio of 3.3%. A similar trend was observed in Figure 6(b); however,
except when the CH, flow ratio was 3.3%, the coefficient of friction was small
and steady because the counter material was DLC in this case. As can be seen
from the Raman spectra shown in Figure 3, a DLC structure having excellent
lubricity was predominant in the case of the film with a CH, flow ratio of 6.7%
or higher. Thus, it is presumed that this led to a drastic decrease in the friction
coefficient.

Figure 7 shows the specific wear rate (mm*/Nm) determined from the wear
measured from the depth profile of film-side friction marks after the friction test
(Figure 6). The B/C value 0.27 is that for when the CH, flow ratio was 3.3%. In
this case, the specific wear rate was on the order of 107°, which was relatively
high. However, the specific wear rate decreased to the order of 107 with a de-
crease in the B/C value (with an increase in the CH, flow ratio), and excellent
wear resistance was displayed. Though it is not shown in the figure, the specific
wear rate was on the order of 107, and the wear was large in the case of the CH,
flow ratio of 0% (B/C: 1.56), which is consistent with the high friction coeffi-
cients (Figure 6) compared with those of other samples. I would like to clarify
the influence of B content exerted by tribological properties in more detail in the

near future.
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Figure 2. Effect of CH, gas flow ratio on the chemical compositions
(B/C ratio) of the films by means of AES analysis.
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Figure 3. Variation in Raman spectra and B/C ratio of the films.
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Figure 4. Variation in FT-IR transmission spectra and B/C ratio of the films.
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Figure 5. Relations between nano-indentation hardness of the film and
CH, gas flow ratio.
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4. Conclusions

The effect of deposition conditions on the film structure and tribological proper-
ties was evaluated for the B-C films deposited, by varying Ar:CH, partial pres-
sures, in a combined process of sputtering-PBII. Based on the results, the fol-
lowing conclusions can be made:

1) In the present process, even when the partial pressure of CH, was low in the
mixed gas, a carbon-rich boron carbide film with a low concentration of B could
be deposited.

2) When the CH, partial pressure was 10% or higher, the deposited film do-
minantly had a DLC structure. When the flow ratio was 6.7% or lower, the con-
centration of B in the film exceeded 10%, and the film had distinct B-C bonds
different from that of the DLC-based film.

3) Even when the concentration of B in the film was varied, the hardness of
the film was not largely affected, and the hardness was high ranging 15 - 20 GPa.

4) The friction coefficient of the film depends on the concentration of B.
When it was 10% or lower (CH, flow ratio: 6.7% or higher), the coefficient of
friction decreased to 0.2 or lower. In this concentration range of B, the specific
wear rate also decreased to the order of 107 mm®/Nm, and excellent wear resis-

tance was displayed.
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