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The Effect of Hydrogen on the Tribological Properties
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Hydrogenated amorphous carbon films were deposited on silicon substrates by using an EF PECVD. The hydrogen/
methane ratio was varied from 50% to 88% to study the effect of hytdrogen in the film on the tribalogical pro-
pertiea. The friction and wear behaviors of the deposited films were investigated by ball-on-disk type wear tester.
FT-IR spectra were used to characterize the structure of the films. Tribological properties of carhon films were cor-
related with theiwr structure such as ratio of “palymer-like” stretching type and that of sp® bonding. The result
showed that the annealing caused a decrease in the amount of wear of contacted Si,N, balls and a increase in the
coefficient of friction. Possible explanation for annealing effect was discussed by the hydrogen desorption.
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I. Introduction

iamond-like carbon (DLC} film has received increasing
D attention owing to their unique properties such as high
hardness, chemical stability, high thermal conduetivity and
optical transparency.”” Optical coatings, abrasion resisting
coatings and electrical devices are potential field of ap-
plications.” Since DLC films exhibit low friction with other
contacting materials even in the unlubricated conditions,
there is growing interest in expanding the applications of
DLC films to tribological parts such as the head or drum of
a video cassette recorder, hard disk and ball bearings.*”

The structure of hydrogenated carbon films can be des-
cribed as a random network of covalently honded carbon
in hybridized tetragonal and trigonal local coordination,
with some of the bonds terminated by hydrogen.” The ef-
fect of hydrogen contained in the surface of hydro-
genated films on their tribological properties has been
discussed hy several workers.™" However, most of hy-
drogen effects on tribological studies were limited to spec-
ific studies such as hydrogen desorption during heating
and bonding mixture of ecarbon hybridization.

In this study, tribological tests were performed on vari-
ous kinds of carbon films deposited with different hydrogen
gas mixture. The “polymer-like”, "diamond-like , tetragonal
and trigonal bonding ratic were measured by Fourier
transform infrared (FT-IR) spectroscopy. An attempt was
made to find a structural factor which most probably could
affect the tribological behavior of hydrogenated films.

II. Experimental Procedures

1. Deposition of hydrogenated carbon films and
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heat treatments

Amorphous hydrogenated carbon films were deposited
by a radic-frequency plasma enhanced Chemical Vapor
Deposition (RFPECVD) technique. A schematic diagram
of the deposition equipment is shown in Fig. 1. A 13.7
MHz radio frequency generator was used to create plas-
ma state. Power of RF gensrator could be controlled up
to 300 watt. Initial vacuum was maintained by mechan-
ical pump. Methane and hydrogen with more than
99.99% purity were delivered to produce a hydrogenated
carbon films and flow rate of each gas was
dependently controlled by mass flow controller {MFC).
The substrate temperature during the plasma deposition
was lower than about 120°C. The volume ratios of hy-
drogen were varied from 50 to 88%. Different deposition
time wag selected for deposition in the different gas ratio
to obtain similar film thickness. Film thickness was
measured by o-step profilometer. Detailed deposition
parameters were tabulated in Table 1.

(100) p-type silicon wafer was used as substrate. Each
wafer was lapped and polished according to sem-
iconductor industry standards and fractured into 1020
mm rectangular plates. These substrates were cleaned
with trichloroethylene, acetone and ethyl alcohol for 5
minutes prior to deposition. After cleaning, they were dri-
ed and etched for 10 minutes with hydrogen gas in the
hydrogen plasma assisted reaction chamber.

in-

2. Annealing and characterization

The film samples were also thermally annealed using
rapid thern...: annealing (RTA) technique at 300, 400
and 506°C for 30 second. Heating rate by halogen lamp
and cooling rate were 10°C/sec and 5°C/sec, respectively.
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Fig. 1. Schematic diagram of RF plasma-enhanced CVD ap-
Pparatus.

Table 1. Depostion Conditions of Hydrogenated Amorphous
Carbon Films

Methane |Hydrogen| RF Deposi- [y
Sample |flaw rate|flow rate| power ,fs;zpfola' tion ThI(Ck[SESS
(seem) (scom) (W} time (sec) H
1:1 20 20 2700 1.70
1:2 20 40 3200 1.63
1:3 20 60 200 |100-120( 3700 1.56
1:4.5 20 a0 4200 1.79
175 20 150 5500 1.95
Load cell Charnbar
/ Apply load
"
Ball
@Substmte
T
DC
motar

Fig. 2. Schematic diagram of ball-an-disk tribotester.

The structure of the films was characterized by FT-IR
spectroscopy. Absorption spectra were obtained from as-
deposited and annealed films. Worn surface of the films
were also observed by a scanning electron microscope.

3. Tribological fests

The friction and wear tests were performed on a ball-
on disk tribometer. A schematic diagrma of the tester is
shown in Fig. 2. Wear tests were conducted in air at a
room temperature. Specimen holder was rotated uni-
directionally at a speed of 1600 rpm by DC motor. Sil-
icon nitride ball (6.35 mm in diameter) was loaded by a
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dead weight. The frictional force transferred to a load
cell was recorded thoughout the tests. The wear tests
were performed at a normal load of 1.76 and 7.35 N, and
sliding speed of 0.4 m/sec. Sliding time for each test was
3600 seconds.

IIL. Results and Discussion

1. Effect of hydrogen content on the tribological
properties of earbon film

Sliding of carbon film against silicon nitride ball pro-
duced the wear scar in the ball and the wear track in
the film. Measuring the width of the wear track in the
film was not easy to detect due to lower wear rate of car-
bon films., The diameter of wear scar of silicon nitride
was measured to compare the relative tribological pro-
perties of various kinds of deposited carbon films. The re-
lative wear and coefficient of friction plotted against the
hydrogen concentration are shown in Fig. 3. As shown in
Fig. 3, the relative wear of silicon nitride varied with hy-
drogen concentration in the reaction gas. Lowest wear,
was observed in carbon film deposited at 75% hydrogen
concentration. A trend of inverse relation between wear
amount and coefficient of friction should be noted.

In order to better understand the effect of structures of
carbon films on ohserved tribological data, we measured
the FT-IR spectra to obtain information about bonding
ratio of sp’ to sp”.

Typical FT-IR spectrum for carbon films grown is
shown in Fig. 4. It can be deconvoluted into 7 different
peaks in the region of 2800 to 3100 cm® wave number by
computer fitting. The absorption bands for hydrogenated
carbon are identified and listed in Table 2, The sp’/sp® ra-
tic and “diamond-like"/"polymer-like” bonding ratio™ of
the films depending on hydrogen concentration are
showned in Fig. 5. The friction data show a correlation
with “diamond-like”/“polymer-like” banding ratio and sp/
sp’ bonding ratio. The reaction for a minimum values
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Fig. 3. Wear scar and coefficient of friction of asdeposited
hydrogenated carben films tested at 1.76 N normal load.
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Fig. 4. FTIR absorption spectra of hydrogenated earbon
films deposited at 1:2 methane/hydrogen ratio.

Table 2, Predicted FT-IR Absorption Peak Position and As-
signed Configurationg

Peak position (em™ Absorption center
2820 N, O related
2850 sym. Sp° CH,
2890 sp® CH
2925 asym. Sp’ CH,
2980 sym. Sp° CH,
3025 sp® CH,
3080 sym. Sp° CHj
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Fig. 5. The spsp® bonding ratio and sp® CH/sp® CH, ratio
at different samples as a function of hydrogen concentration.

near a 75% hydrogen concentration is not clear to ex-
plain. The results suggested that tribological properties
were strongly influenced by film structures. Fig. 3 and
Fig. 5 indicate that increasing ratic of “polymer-like"
bonding and sp® bonding contributed to lower wear
amount of silicon nitride ball,

The typical SEM micrographs of wear tracks of films
deposited at two different hydrogen coneentrations are
shown in Fig. 6. Wear debris generated during sliding
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Fig. 6. Scanning electron mierographs of hydrogenated car-
han films after fribotest at 1.76 N, deposited at (a) 75% hy-
drogen ratio, and (b} 82% hydrogen ratio.

and a very smooth surface were observed. The greater
amount of wear debris was generated in films containing
greater ratio of "polymer-ike” bonding and sp’ bonding.
The increasing ratio of “polymer-like” bonding and sp*
bonding might contribute to lower bonding strength of
the fitm. The film having lower bonding strength was ex-
pected to produce greater wear debris against silicon ni-
tride ball. The lower amount of wear of silicon nitride
ball might be attributed to less abrasive action of re-
latively saft carbon filn.

2. Effect of thermual annealing of films on tribolo-
gical properties

Fig. 7 and Fig. 8 show the effect of hydrogen con-
centration on wear scar and coefficient of friction, respec-
tively. The amounts of wear decreased and the coef-
ficient of friction increased by annealing. Ratio of sp’CH/
9p’CH, bonding and ratio of sp’/sp® after annealing are
also shown in Fig. 9 and Fig. 10. Figures indicate that
ratio of gp*/sp® were better correlated with the change of
wear scar and coefficient of friction.

According to Miyoshi and co-workers, annealing causes
hydrogen loss from the surface of the hydrogenated car-
bon films ar the formation of a graphite-like layer.™
Fig. 10 shows the portion of sp’ increased with annealing
temperature. As shown i Fig. 8, the coefficient of fric-
tion increased by annealing.
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Fig. 7. Wear scar of as-deposited and annealed hydro-
genaled carbon films at 1.76 N normal load.
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Fig. 8, Coefficient of friction of as-deposited and annealed
hydrogenated carbon films at 1.76 N normal load.
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Fig. 9. The sp® CH/sp® CH, ratio of as deposited and annealed
hydrogenated carhon films as a fumetion of hydrogen contents.,

The increasing tendency could not be explained by in-
creasing sp® bonding, Hydrogen desorption might be anoth-
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Fig. 10. The sp*sp® ratio of as deposited and annealed hy-
drogenated carbon films as a function of hydrogen contents.

er factor to explain'® When hydrogen is lost from hy-
drogenated carbon films by annealing, the dangling bonds
created cause strong interactions between the contacting
surfaces, which increase the coefficient of friction.”™ Weiss-
mantal ef ol. found that the coefficient of friction of DLC
films was increased by heating. They also pointed out that
an increase of the coefficient of friction was attributed by a
loss of hydrogen rather than graphitization of the DLC
films.” This study also indicated that the presence of hy-
drogen in these films was egsential for maintaining a low
coefficient of friction during wear test.

IV. Conclusions

Hydrogenated carbon films were deposited on silicon
substrates by using an RF PECVD apparatus: The ef-
fects af hydrogen concentration and atnealing on wear
and coefficient of friction were studied. The following
results were obtained.

1. Tribological properties of silicon nitride ball against
hydrogenated carbon film appeared to be strongly de-
pendent upon the structure of individual films. Max-
imum ratio of "polymer-like” bonding and sp® bonding in
the film contributed to minimum wear in silicon nitride
ball

2. Annealing the deposited films caused a hydrogen
desorption and a change in the sp*sp® bonding ratio. The
loss of hydrogen through annealing influenced the in-
crease in the coefficient of friction. The wear of zilicon ni-
tride ball were influenced by the spsp® bonding ratic
rather than C-H stretching type.
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