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Abstract

This study was performed to improve the adhesiveness of a diamond-like carbon (DLC, a-C:H)
multilayer film with an a-SiC interlayer. DLC (a-C: H) multilayer film with an a-SiC interlayer
were deposited, and residual stresses the influence of the residual stresses on the adhesion of
the film were investigated. The following conclusions can be drawn from the results presented
herein: first, the a-SiC interlayer affects the DLC film structure. When the thickness of the
interlayer t <= 0.25 m pm, the proportion of sp 3 bonds in the DLC film is approximately
constant and about 10%. In the case of t> 0.25 pm, the proportion of sp3 bonds in the DLC film
tends to decrease slightly. Second residual compressive stress exists in the DLC film, but
residual tensile stress or compressive residual shrinkage stress exists in the a-SiC interlayer.
Third, the residual stress of the DLC film is not due to the peeling failure of the film. Fourth,
the residual tensile stress of the a-SiC interlayer does not cause the peeling failure of the film,
but a part of the compressive residual stress causes the local buckling of the interlayer film and
may also cause the peeling failure of the film. Finally, the strength and rigidity of the a-SiC
interlayer dominate the adhesion between the a-SiC-DLC multilayer film and the substrate.
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Introduction

Diamond-like carbon (DLC) is an amorphous carbon material containing a mixture of sp2
hybridized graphite, and sp3 hybridized diamond. DLC exhibits good abrasion resistance and
high chemical safety due to its diamond content and flatness/low counterbody aggressiveness
due to the presence of graphite. Thus, DLC is expected to be useful as a coating material [1].
However, a large obstacle for applications of DLC film is its low adhesiveness to various
substrates, which is caused by two main factors: intrinsic residual stress and stable carbon bonds
[2]. Several reports [3] have detailed attempts to prevent layer separation and improve the
adhesiveness of DLC thin layers by forming an interlayer of silicon carbide (SiC) with high
substrate adhesiveness, and then covering the interlayer with the DLC. However, uncertainties
remain regarding the optimal conditions for forming a SiC thin film and DLC/a-SiC stacked
thin layer. In particular, no reports have been published to date regarding the effects of an a-
SiC thin film on the structure and film thickness. The goal of this study is to improve the
adhesiveness of a DLC/a-SiC layered film formed by ion plating. In previous studies, the
formation of a hydrogen-containing DLC (a-C: H) /a-SiC layered thin film was achieved, and
the effects of an a-SiC interlayer on its structure and mechanical properties were determined.
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Fig. 1 Schematic diagram of the experimental setup for the ion plating
method with introduction of reactive gas

Film Deposition and Evaluation Methods
Experimental Apparatus for Film Deposition and Evaluation Methods

The ion plating methodwas used to form the a-SiC interlayer and DLC/a-SiC stacked layer. A
schematic of the experimental apparatus is shown in Fig. 1, consisting of a vacuum chamber,
rotary pump, turbo molecular pump, high-voltage power device, gas supply system, negative
electrode substrate, and positive electrode chamber inner wall. Using rotary and turbo molecular
pumps, it was possible to reduce the pressure in the chamber to 1.0 x 10-3 Pa. We built a power
device consisting of a variable pressure system/bridge rectifying circuit that was capable of
outputting a maximum of 500 V. The gas supply system could supply argon (Ar), benzene
(C6H®6), and tetramethylsilane (TMS, Si (CH3)4).

A stainless steel SUS304 (JIS G 4304, width 10 x length 30 x thickness 1.5 mm) substrate was
pulverized and ultrasonically cleaned in an acetone solution. Subsequently, the substrate was
fastened inside the chamber and the pressure inside the chamber was reduced using rotary and
turbo molecular pumps. Inert gas was introduced into the chamber and the pressure adjusted.
Voltage was applied to turn the inert gas into plasma and the substrate was washed by sputtering.
To form the Si-C layer, tetramethylsilane was introduced into the chamber, turned to plasma,
and deposited onto the substrate as an interlayer. For the DLC layer, benzene was introduced
into the chamber, turned into plasma, and deposited on the substrate.

In this experiment, argon/TMS (mixing ratio of 1:1) gas was introduced, an interlayer was
formed for 0 to 3 min, and a-SiC films 0.05 to 0.45 um in thickness were formed. Subsequently,
argon and benzene (mixing ratio of 1:1) were introduced, and a DLC film with a thickness of 2
pum was formed in 30 min.

Chemical Structure Analysis on film

Visible Raman spectral analysis is effective for analyzing the structure of DLC films [4-10].
Typical Raman spectra were observed for the prepared DLC when as shown in Fig. 2 [11].
From Fig. 2, the Raman spectrum of the DLC film could be divided into a D peak near 1350
cm-1 arising from the stretching and contracting of the six membered ring, and a G peak
between 1500 and 1600 cm™ originating from the vibrations of the sp2 carbons on the chain
and ring. The G-peak position and the FWHM (G) were used as parameters to qualitatively
evaluate the degree of amorphous nature of the film (or crystallization). In addition, the
hydrogen density of the film was evaluated using the photoluminescence (PL) of the Raman
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Fig. 2 Raman peak obtained for the DLC film [11]

curve. The baseline slope m [8] of the Raman spectrum and the ratio (log N/S) [9] of the
photoluminescence component N to the strength of the Raman scattering at the G peak position
were used as Raman parameters. In this study, a Raman spectrometer was used to evaluate the
structure of the film with an oscillating Ar ion laser (514 nm), laser output of 1.0 mW, and an
analysis range of 20 um ®.

Calculation of residual stress in film

The average residual stress ¢ i of a film can be calculated from the curvature of the substrate
(substrate deformation method), that is, the radius of curvature using the following Stoney
equation (1) [12].
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Where, E s and v s are the Young's modulus and Poisson's ratio of the substrate, t s and t F are
the substrate thickness and thin film thickness, respectively, and R is the curvature radius of
substrate warpage. The residual stress can be determined by measuring the curvature R of the
specimen on which DLC is deposited. Here, assuming that the substrate has a convex shape
upward, the curvature of the R is defined as positive, and the negative ¢ i indicates that the
residual stress is a compressive stress. In order to measure R, a contact-type surface roughness
tester was used.

In this research, the DLC film deposited is a film of two layers from the a-SiC intermediate
layer and the DLC film, and the formula (1) cannot calculate the residual stress of each layer.
Therefore, the residual stress was calculated using the residual stress calculation equation (2)
corresponding to the film of the two-layer structure proposed by Nakamura et al. [13].
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where, ¢ i is a residual stress of the intermediate layer, and ¢ r is a residual stress of the
outermost layer. Therefore, the residual stress of the intermediate layer can be calculated by
equation (1), the radius of curvature of the substrate of the thin film having a two-layer structure
can be measured, and the residual stress of the outermost layer can be calculated using equation
(2). In the case of the test piece with only the a-SiC intermediate layer, there was a case that it



did not have a clear arc shape because the deformation of the substrate was partially waved.
The stress value was set to zero for such specimens.

Evaluation of adhesion between film and substrate

During the film deposition, a residual stress generated inside the film reduces the adhesion
between the film and the substrate, and in some cases, the film peels off the substrate. In this
study, the adverse effect of the residual tensile stress on film adhesion is evaluated by a stress
intensity factor. On the other hand, the adverse effect of the compressive residual stress is
evaluated by a buckling load. Assuming that the mode of a crack surface displacement due to
tensile residual stress is the opening mode, the stress intensity factor K | is expressed by
equation (3) [14].

K =o+ma 3)

where, ¢ is an average stress in the film, and a is a length of the latent crack in the film.

In the a-SiC intermediate layer, it is an internal penetration crack with the length a =1/ 2t asic,
and in the DLC film, it is a surface penetration crack with the length a = t prc. If the stress
intensity factor is large, the risk of film peeling due to crack growth due to the tensile stress
increases. On the other hand, even if a compressive stress is applied to the crack surface, crack
propagation does not occur, so the stress intensity factor in that case is set to zero. However,
the compressive stress may cause the film to buckle and also cause the film to peel off the
substrate.

The Euler buckling load Pc of a beam fixed at both ends is expressed by the equation (4) [15].

ATT2E]
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(4)

Where, E is an elasticity modulus, I is a second moment of area, and | is a length of the beam.
In this study, the elastic modulus of a-SiC interlayer and DLC film were set to 80 GPa and 100
GPa, respectively. In addition, 1 was 10 um in consideration of the surface roughness of the
substrate. As the compressive load on the cross section of the film due to residual the
compressive stress approaches the Euler buckling load, buckling of the film is more likely to
occur.

Results and Discussion
Changes in chemical structure

Generally, it is possible to gain information regarding the structure of the film and chemical
bonding of the carbon atoms from the position of the G-band, the behavior of the I (D)/I (G),
and FWHM(G), which can be obtained from the results of the Raman spectrum. Ferrari et al.
[6] developed a model wherein upon introduction of defects into graphite to create disorder, an
amorphization trajectory can be classified into three stages according to strength (Fig. 3).
Specifically, from the monocrystalline to nanocrystal graphite, this model describes the series
of disordering processes, with a third stage leading to the formation of tetrahedral amorphous
carbon (ta-C) with sp® bonding, via amorphous carbon (a-C), which contains mainly sp? bonds.
These structural and chemical bonding state changes can be observed in the visible (514 nm)
Raman spectrum. The G-peak is a parameter depends on the length of the sp? bonds between
the carbon atoms in the DLC film, and shifts to higher frequencies as the bond lengths shorten.



Therefore, the DLC film where the G-peak is located at high frequency indicates a higher degree
of graphite crystallization. In contrast, the FWHM (G) indicates the degree of amorphous
character of the graphite. When various bond lengths exist, as in DLC films with marked
amorphous character, the G peak appears over a broad range. Therefore, the G peak becomes
broadens for the DLC film overall, and, as a result, the FWHM (G) increases. The G peak
position shifts to higher frequencies as the amorphous character of the film increases. Generally,
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Fig. 3 Amorphization trajectory, showing a schematic variation of the G
peak position, 1(D)/I(G) ratio and FWHM (G) [6]
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amorphous films contain a high degree of sp3 bonds, which is positively correlated with FWHM
(G) and hardness [7]. This model of structural changes from stages 1 to 3 shown in Fig. 3 was
studied by correlation with the Raman spectra of the DLC films.

Figs. 4 and 5 respectively show I (D) / I (G) ratio, FWHM (G) and Raman shift at G peak
position values for each interlayer thickness. When the intermediate layer is thin (t <= 0.25), |
(D) /'1 (G), FWHM (G) and Raman shifts o at G peak positions are almost constant, with some
variations. As the intermediate layer becomes thicker, it tends to increase in 1 (D) / I (G) and
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Fig. 8 Euler buckling loads and compressive loads in DLC film

Raman shifts o, but decreases in FWHM (G). Compared to FIG. 3, the proportion of sp3 bonds
in the DLC film is approximately 10%.

Changes in residual stress in a-SiC fime and DLC film

Fig.6 shows the residual stress ¢ a-SiC in the a-SiC thin film and the residual stress ¢ DLC in
the DLC thin film by the intermediate layer thickness. In any thickness of the a-SiC interlayer,
the intermediate thin film had a considerably higher residual stress than the DLC thin film.

The stress intensity factor in the residual stress field is shown in Fig.7. Since no tensile stress
is applied to the DLC film, the stress intensity factor is zero. Therefore, even if there is a latent
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surface penetration crack of the DLC film, the crack does not become the origin of the peel
fracture of the film. On the other hand, although the a-SiC intermediate thin film has a larger
tensile stress than the DLC film, the maximum stress intensity factor does not exceed the
fracture toughness value, so even if there is a latent penetration crack in the film, the crack does
not progress.

Figures 8 and 9 show the Euler buckling load and compressive residual stress of both films
applied to the cross section of the film. In the case of a DLC film, no buckling occurs because
the compressive load due to residual stress is much smaller than the buckling load.

On the other hand, at t a-SiC = 0.05, 0.2, 0.25, 0.4 um, compressive residual stress is applied to
the a-SiC intermediate thin film, and local buckling of the film does not occur only att = 0.4
um, and in other cases, local buckling of the membrane occurs.

In the experimental results of film depositions, peeling failure of the film was confirmed only
at t = 0.05 pm. From the results, in the case of t = 0.05, the buckling of the whole film was
caused by the local buckling of the interlayer. On the other hand, in the case of t = 0.2 and 0.25,
local buckling occurred in the film but it did not reach the entire film.

From the above, the strength and rigidity of the a-SiC interlayer greatly affect the adhesion of
the multilayer film than the DLC film. The reduction of the residual stress of the a-SiC interlayer
can improve the film adhesion.

In the future, using quantum chemical calculation program Gaussian and finite element method
program MSC. Marc, we will investigate the mechanism of interfacial peeling failure of the
film and find the optimum deposition conditions for improving the adhesion of the film.

Conclusion

DLC (a-C: H) multilayer film with an a-SiC interlayer were deposited, and residual stresses the
influence of the residual stresses on the adhesion of the film were investigated. The following
conclusions can be drawn from the results presented herein:

(1) The thickness of the a-SiC interlayer affects the DLC film structure. When the thickness of
the interlayer t asic <= 0.25 m um, the proportion of sp 3 bonds in the DLC film is approximately



constant and about 10%. In the case of t a.sic > 0.25 um, the proportion of sp3 bonds in the DLC
film tends to decrease slightly.

(2) In the film deposition process, residual compressive stress exists in the DLC film, but
residual tensile stress or compressive residual shrinkage stress exists in the a-SiC interlayer.
(3) The residual stress of the DLC film is not due to the peeling failure of the film.

(4) The residual tensile stress of the a-SiC interlayer does not cause the peeling failure of the
film, but a part of the compressive residual stress causes the local buckling of the interlayer film
and may also cause the peeling failure of the film.

(5) The strength and rigidity of the a-SiC interlayer dominate the adhesion between the a-SiC-
DLC multilayer film and the substrate.
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