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Although tribological behaviors of Si incorporated DLC films have been intensely investigated, their mechanical
properties were not consistent among previcus publications. The present work reported the structural change by
adding Si, and their effects on the mechanical properties. 3 incoporated DLC films were deposited using mixtures
of benzene and diluted silane with hydrogen of various volume fractions. We could ohtain the films of X, (defined
by the Si fraction withount considering hydrogen) ranging from 0.001 to 0.21, and found that the mechanieal pra-
perties of the films changed significantly in the range less than X5=0.06. In this range, the hardness and stress in-
creased with ¥X;. For higher content of Si, the hardness and stress showed saturated behavior with Xs. This beha-
vior was discussed in terms of the changes in atomic bond structures,
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L. Introduction

ard diamond-like carbon (DLC) coatings, are ex-
H pected to act as low friction wear resistant ma-
terials. However, it is well known that the test en-
vironment such as humidity affects the tribological per-
formance, even if DLC films generally show good chem-
ical inertness.”” For an example, the friction coefficient
of the coatings in ambient atmosphere ig relatively high
ranging from 0.1 to 0.4, while in low moisture or in high
vacuum the value ig as low as 0.02.” In order to reduce
the environmental dependence, various metals such as
Fe, Mo or Ti, have been added to the films.*® These at-
tempts were partly successful in that the friction coef-
ficient in ambient environment can be reduced to 0.1.
However, the lower friction coefficient eould not be ob-
served in metal incorporated DLC films. Recently, many
investigations have been focused on the tribological
behaviors of 8i incorporated DLC films, which show
very low friction coefficients («<0.1) in varions test en-
vironments."'"

Althaugh many investigations were foeused on the tri-
hological behaviors of Si incorporated DLC films, only a
few reports were found on the changes in structure and
mechanical properties. In the present work, we report
the effect of Si incorporation on the mechanical pro-
perties such ag hardness, elastic modulus and residual
stresg that can be intimately related to the tribelogical
behavior. The hardness of DLC films would be pro-
portional to the degree of 3 dimensional inter-links of sp®
clusters of 1 or 2 nm in size.”’ The residual stress can
algo increage with the inter-links, because the distortion

101

of atomic bond angles and/or lengths should be pro-
portional to the comtent of the inter-links in amorphous
materials. In contrast to carbon, silicon ean have only sp®
bonds which might increase the 3 dimensional inter-
links. Higher hardness and residual stess are thus ex-
pected when Si is incorporated to the DLC films. Howev-
er, some previous investigations reported that the hard-
ness and residual stress were reduced by Si in-
corporation,” which are not consistent with this spec-
ulation.

In the present work, content of 8i in DLC films was
varied in wide range of Xg, defined by the fraction of Si
without considering hydrogen, from 0 to 0.21. We found
that a small amount of 81 (X <0.06) could significantly
increase the hardness, residual stress and elestic mo-
dulus. However, the mechanical properties were not
linearly proportional to the content of Si incorporated. A
saturated behavior was observed.

II. Experimental

8i incorporated DLC films were deposited on p-type Si
(100) wafer by radio frequency plasma assisted chemical
vapor deposition (r.f-PACVD). Substrates were placed
ont the water cooled cathode to which 13.56 MHz r.f. pow-
er was delivered through an impedance matching net-
work. Reaction chamber was evacuated by a turbe molec-
ular pump to 2x 10" Pa. Prior to the deposition, the sub-
strates were sputter cleaned by an Ar plasma for 15 min.
The films were then deposited at a bias voltage of -400 V
and a pressure 1.33 Pa. Mixfures of benzene and diluted
gilane with hydrogen (SiH,:H,=10:90) gases were used
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for the deposition. Deposition rates decreased from 85
nm/min te 12 nm/min with increasing the volume frac-
tion of diluted silane gas from 0 to 95%. This decrease
would results from increasing hydrogen fraction in the
reaction gas. The deposition time was thus adjusted to
obtain about 1 pm thick films. The film thickness were
measured by an Alpha-step profilometer.

The carbon and silicon concentrations of the films
were measured by Rutherford backscattering spec-
trometry (RBS) using 2.2 MeV “He" ion beam at a scatt-
ering angle of 170°. By simulation of the spectra using
RUMP, we could obtain the Si/C ratic in the films. The
hydrogen concentraitions were obtained from elastie re-
coil detection (ERD) spectra. The structures of the films
were analyzed by FTIR and Raman spectra. FTIR ah-
sorption spectra were obtained in diffuse reflectance
Fourier transformation (DRIFT) mode at a resolution of 4
em” and averaged over 16 scans. In order to remove the
absorption bands originated from the environment, the
analysis chamber was purged by dry nitrogen before the
analysis. Macro Raman spectra were obtained using Ar
ion lager at a resolution 5 cm” and averaged over 5
geans.

Hardnesses and elastic modulii of the films were
measured by a nanc-indentor (Nano Instrument™ Il of
Nano Instrument Inc). Normal loads for the meas-
urement were varied from 0.5 to 3 mN. The relative er-
rors in the hardness and elastic modulus which is main-
ly due to the errors in stiffness estimation were less
than 10%. For the residual stress measurement, thin
(210410 pm thick) Bi strips of size 5 mm x50 mm were
also used as the substrates. All the filmsubstrate com-
posite were convex, showing that the residual stress was
compressive. The curvature of the composite was measur-
ed by a laser reflection method. The residual stress of
the film was then caleulated from the equilibrium equa-
tion of hending plates.

III. Results and Discussion

Fig. 1 shows the X5 values in the films measured by
RES spectra and surface heights of ERD spectra. In the
present experimental condition, the Xg increased from 0
to 0.02 as diluted silane fraction increased from 0 to 60%.
Further increasing diluted silane fraction significantly in-
creased the X up to 0.21 at the diluted silane fraction of
95%. It was thus possible to investigate the changes in
the structure and properties when very small amount of
Si was incorporated in the films. The surface heights of
the ERD spectra were compared in qualitative manmner,
because of the uncertainty in scattering cross section of
the hydrogen recoil. Quantitative analysis of hydrogen
using a standard gample of known hydrogen content is
in progress. Hydrogen content in the film slightly de-
creased. while the hydrogen content in the reaction gas
increased. This result agrees with the previous 1in-
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Fig. 1. Composition variation with diluted silane fraction.

vestigations on the effect of hydrogen dilution that the
hydrogen content in the film is independent of the hy-
drogen content in the reaction gas.” This behavior can
be understood by considering that the bond strength of C-
H (838.3 kJ/mole) is larger than that of Si-H (< 299.2 kJ/
male).”® It would be more plausible that Si-H bond is bro-
ken by ion bombardment during the film growth.

Raman spectra of DLC films can be deconveluted by
two (Gaussian peaks which are respectively cor-
responding 1o D and G peaks of =olid carbon materials
as shown in Fig. 2. Fig. 3 shows the dependence of the
center of the G-peak on Xg values. Si incorporation in
the films resulted in the shift of G-peak center to lower
wavenumber. This shift is known to be due to the in-
ereagse in the fraction of sp’ bonds in the films.” It can
be thus said that Si atoms in the film enhanced sp’
bonds, especially when higher content of Si was in-
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Fig. 2. Typical Raman spectrum of Si incorporated DLC
filmns.
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corporated.

Fig. 4 shows the dependence of the residual stress,
hardness and elastic modulus on X, values. All the
mechanical properties showed identical behavior that
the values significantly increase when small amount of
S3i was incorporated. However, these values were sa-
turated or showed a maximum when X; was larger than
0.06. Comparing with the data in Fig. 1 and Fig. 3, it
can be said that neither hydrogen content nor sp® hond
fraction could explain this behavior of the mechanical
properties. The mechanical properties of DLC films will
be discussed by the atomic bond structures ohserved in
FTIR spectra

Fig. 5 shows the FTIR spectra of the films. In order to
compare the content of each bond in the films, FTIR ab-
sorption spectra were normalized by the film thickness.
Successive curves were translated upward for the ease of
comparison (Numbers on the spectra are the Xg values
of the films). Without Si, the spectrum is the typical one
for DLC films characterized by a smeared sp® and sp®
bonded C-H stretching absorption band near 300¢ c¢cm’
and a small sp' bonded C-H stretching absorption band
near 3300 em™. C-CH; bending (1370 and 1450 cm™) and
sp® C=C stretching (1600 ¢cm™} bands are observed in the
region of 1000~2000 cm™

With inereasing Si content, the first observable change
in the spectra was disappearance of the sp’ bonded C-H
stretching band. The sp' C-H absorption band was not be
observed when X; was equal to 0.022. Other changes
were hardly observed in the spectra. Since the sp' C-H
bonds play a role of network termination, this change
would inerease the 3 dimensional inter-links of sp® clust-
ers, which results in the increase of the stress, hardness
and elastic modulus as shown in Fig. 4.

‘When higher content of Si (> 10 at.%) was incorporated
in the films, Si-H stretching hand (2100 em™) and Si-CH
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Fig. 4. Dependence of mechanical properties on Xg,.
(a) Residual stress (b) Hardness (c) Elastic modulus.

stretching and/or bending and wagging band (780 em™)
became apparent. sp® C=C stretching absorption band
near 1600 em” was also enhanced by Si incorporation.
This enhancement would result from symmetry breaking
of the aromatic sp® clusters by 5i substitutes for the car-
bon atoms in the clusters as in the nitrogen incorporated
films.' These spectral changes imply that when higher
amaunt Si is incorporated, carbon atoms in sp’ clusters
are substituted by Si atoms being also terminated by hy-
drogen. When large amount of Si was incorporated,
therefore, all the incorporated Si did not increase the 3
dimensional inter-links due to the hydrogen termination.
=CH wagging peak near 1000 cm” was also enhanced hy
Si addition. Sugimeotoe et al reported the changes in FTIR
spectrum of 8i incorporated DLC film during annealing.”®
They showed that the =CH wagping peak was related
with the reconstruction of the carbon network by an-
nealing. Hence, it is presumable that shert range order
was enhanced when large amount of Si was incorporated.
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Fig. 5. FTIR spectra of 8i incorporaled DLC filmns.

This assumption also agrees with the structural model
supposed by Robertson.” The saturated behavior of the
mechanical properties with Si content seems to result
from thesze changes in the atomic bond struectures: hy-
drogen terminated Si and enhanced short range order in
carbon network.

IV. Conclusions

The most significant contribution of the present work
is to show that the effect of S5i on the mechanical pro-
perties of DLC films was dependent on the content of
added Si. The first apparent effect of Si incorporation
was to reduce the content of sp' C-H bond, resulting in
significant increase in hardness, residual stress and
elastic modulus. When a large amount of Si was in-
corporated, however, all of the incorporated Si did not
play a role to increase the 3 dimensional inter-links.
Whereas the incorporated Si substitute the carbon atoms
in sp® clusters, large fractiom of Si was also terminated
by hydrogen. It should be also noted that the Si addition
enhanced the short range order which would be able to
reduce the residual stress of the films by reducing the
distortion of bond angle or/and hond length.
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