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Nano-Mechanical and Tribological Characteristics of Ultra-
Thin Amorphous Carbon Film Investigated by AFM
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The mechanical as well as tribological characteristics of coating films as thin as a few nm

become more crucial as applications in micro-systems grow. Especially, the amorphous carbon

film has a potential to be used as a protective layer for micro-systems. In this work, quantitative

evaluation of nano-indentation, scratching, and wear tests were performed on the 7nm thick
amorphous carbon film using an Atomic Force Microscope (AFM). It was shown that AFM-
based nano-indentation using a diamond coated tip can be feasibly utilized for mechanical
characterization of ultra-thin films. Also, it was found that the critical load where the failure
of the carbon film occurred was about 184N by the ramp load scratch test. Finally, the wear

experimental results showed that the quantitative wear rate of the carbon film ranged 107~ 10~

8

mm®/N cycle. These experimental methods can be effectively utilized for a better understanding
the mechanical and tribological characteristics at the nano-scale.

Key Words : Atomic Force Microscope (AFM), Diamond Coated Tip, Nano-Indentation,

Nano-Wear Rate, Scratch Test

1. Introduction

Amorphous carbon coating films have been
widely utilized for precision mechanical compo-
nents due to their high surface hardness, low
frictional characteristics, and chemical inertness
(Liu et al., 1996, Robertson, 1992, Staedler and
Schiffman, 2001). For example, hard amorphous
carbon film has been widely employed as a pro-
tective layer of the slider as well as of the disk in
a hard disk drive, and consequently, excellent
durability has been realized. It is well known that
the chemical structure and property of the amor-
phous carbon film is largely dependent on the
deposition process and conditions. Also, it has
been reported that the high hardness can be ob-
tained by stabilizing the sp® bondings and incre-
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asing the sp’/sp® ratio based on the effect of
hydrogen (Angus and Hayman, 1988). The typi-
cal hardness of the amorphous carbon film ranges
in the order of tens of GPa and the ultra-low
friction coefficient of below 0.01 has been ach-
ieved (Bhushan, 1999a, Erdemir et al., 1997).
Since commercialization of the micro-mechanical
components has been hampered by durability
limitations, amorphous carbon coating films have
a great potential to be used as the protective coa-
ting layer for micro-systems based on these supe-
rior tribological characteristics (Bhushan, 1998).

The importance of the ultra-thin film became
more crucial with the development of micro-
systems such as Micro-Electro-Mechanical-Sys-
tems (MEMS). Particularly, for accomplishing
the areal density of over 100 Gbit/in% it has been
suggested that the thickness of the carbon film
should be decreased to as thin as a few nm (Men-
on, 2000). In order to evaluate the mechanical
properties of the ultra-thin film, such as elastic
modulus, surface hardness, and fracture tough-
ness, the nano-indentation experimental methods
have been utilized. By using the load-displacem-
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ent curve obtained during the nano-indentation
process, the hardness and elastic modulus can be
measured (Oliver and Pharr, 1992). The most
widely used tip is the Berkovich indentor which
has a three-sided pyramidal shaped diamond tip.
The typical load of the commercial nano-inden-
tor ranges between 0.2 to 10mN and the available
indentation depth is in the range of a few tens of
nm {Bhushan, 1999b). Using an AFM equipped
with the nano-indentation capabilities, the in-
dentation mark can be observed more precisely
(Martinez et al., 2001). By using this system, it
became possible to gain a better understanding of
the material behavior by nano-indentation. Fur-
thermore, to obtain the mechanical property of
the coating films of below 100nm in thickness,
AFM-based nano-indentation has been develop-
ed. For the AFM-based nano-indentation, spec-
ially prepared diamond tip has been mounted on
the stiff cantilever and the indentation depths as
small as a few nm were obtained by the load of
about 60~ 100N (Bhushan and Koinkar, 1994).
In addition, it has been reported that the nano-
mechanical properties of ductile materials, such as
polymer and gold were characterized by the
indentation using a silicon AFM tip (Krache and
Damaschke, 2000, Lemoine and Laughlin, 1999).
However, more experimental as well as theo-
retical analyses are needed, to understand the
mechanical characteristics of ultra-thin coating
films as thin as a few nm.

For the tribological characterization of ultra-
thin films, the scratch test has been typically
adopted (Huang et al,, 2002, Sundararajan and
Bhushan, 1998, Zhao et al,, 2002). Ramp-load
scratch test has been effectively utilized for
evaluation of the adhesion of coating films as well
as scratch resistance of various materials. Using
the scratch test, the critical load for the separation
of the coating film from the substrate can be
obtained, and, the failure model of the coating
films can be characterized (Bull, 1997, Valli et al.,
1985). Since tribological as well as the material
behavior of the thin film during the scratch test
can be understood by monitoring the friction
force (Bellido-Gonzalez et al., 1995), the scratch
tester with the friction force monitoring option
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has been commercialized. Conventionally, the
scratch test was performed by using the hard
diamond stylus with a tip radius of 1~500um
and the scratch depth was in the gm-scale.
Therefore, the mechanical property measurement
and tribological characterization for a few gm
thick films could be performed. With the emer-
gence of the nano-indentor, the Berkovich tip
which has a radius of below 100nm has been
widely used for scratch tests as well. Since the
load range was decreased to about mN, the thin
film characterization in the nm scale has been
possible. In addition, by using an AFM configu-
ration, the scratch test load in the 4N ~nN range
has been realized, and this has allowed the film
thickness in the nm regime to be analyzed by the
scratch test (Chung and Kim, 2003, Sundararajan
and Bhushan, 1998). )

The mechanical and tribological behaviors of
the coated film as thin as a few nm are not clearly
understood though numerous researches have
been performed. This is due to the fact that
quantitative as well as qualitative evaluation of
ultra~thin film at the nm level is not straight-
forward as nano-scale interactions between ma-
terials and mechanics are not fully understood.
Moreover, since the mechanical as well as tribo-
logical characteristics of carbon coated films are
largely dependent on the deposition process and
conditions, data can not be directly compared.
The motivation of this work was to gain a better
understanding of the mechanical as well as
tribological characteristics of the ultra-thin film
at the nano level. Particularly, by using the AFM-
based indentation method, the mechanical prop-
erty of the 7nm thick amorphous carbon film was
characterized. Failure of the coating film and
quantitative assessment of wear at extremely low
loads was also sought by the scratch test.

2. Experimental Details

In this work, the AFM-based indentation, scra-
tch, and wear tests were performed to quanti-
tatively assess the nano-mechanical and the
tribological characteristics of amorphous carbon
films. For these experiments, an AFM from Park
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Scientific Instrument (AutoProbe M5) was used.
As for AFM probe tips, polycrystalline diamond
coated AFM tips were utilized for indentation,
scratch, and wear test and Si tips were used for
measurement of the indentation mark and wear
track after the experiments. The widths, lengths,
and thicknesses of the cantilevers were obtained
from the Scanning Electron Microscope (SEM)
micrographs and the stiffness of each tip was
calculated. The vertical stiffness of the cantilever
where the polycrystalline diamond tip was
located was about 46N/m and that of the Si tip
was about 0.IN/m. The nominal tip radius of the
polycrystalline diamond coated tip and Si tip was
about 100~200nm and 10nm, respectively. As for
the coated specimens, the ultra-thin amorphous
carbon films coated on Si (100) substrates by DC
magnetron sputtering method were used. The
thickness was measured by using ellipsometry and
the result showed that the value was about 7.3nm.

Nano-indentation tests using the polycrysta-
lline diamond coated tip were conducted under 1,
2, 5,7, and 10uN of load, and each indentation
mark was observed by the AFM. The wear tests
between the tip and the specimen were performed.
The normal load used for the wear tests ranged
between 0.5 and 4uN. The reciprocating speed
was lum/s and the distance was 2um. In addi-
tion, failure characteristics of the ultra-thin
coated film was evaluated by employing the ramp
load scratch test where the normal load was
increased from O to about 204N with the simulta-
neous movement of the specimen at 0.2um/s
speed was performed. The total scratch distance
was about 1.7um. During this experiment, the
lateral force was monitored. Also, the lateral
force was calibrated using a tipless cantilever as
suggested by a previous research (Bogdanovic,
2000). All the experiments were performed in
Class 100 environment at the room temperature
and the relative humidity was about 30%.

For the quantitative assessment of the wear
characteristics of the carbon film, the wear and
the scratch tracks were observed by using the Si
AFM tip. Also, before and after the experiment,
the damage of polycrystalline diamond tips was
examined by an SEM. In addition, since the shape
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of the polycrystalline diamond tip was quite ran-
dom, the shape of the tip end was measured by the
Si AFM tip in the contact mode. The measure-
ment load was minimized to be about a few nN to
eliminate the damage of the polycrystalline dia-
mond tip due to the AFM imaging. By doing so,
more exact radius and shape of the tip could be
obtained, and therefore, this method was effec-
tively utilized for the contact analysis in this
work. The indentation mark, wear track, and
ramp load scratch track, were measured by the
AFM using the Si tip under a few nN to minimize
the surface damage during the measurement.

3. Nano-indentation Test

Nano-~indentation was performed on the ultra-
thin carbon film by using the polycrystalline dia-
mond tip mounted on the AFM cantilever. The
3D and 2D AFM images of the polycrystalline
diamond coated tip used in this experiment are
given in Fig. 1. The 2D images at the highest
position of the tip were extracted from the 3D
image. The AFM tip was scanned in the area of
1 X 1 4m?® scan area as shown in Fig. 1 (a) and a
more magnified AFM image of the end of the tip
was obtained in the 0.3X0.3um? scan area. The
shape of the diamond tip was roughly conical and
the tip radius was about 120nm which can be seen
in Figs. 1 (a) and (b). In order to find the exact
shape of the tip and monitor the tip wear during
the test, it was helpful to observe the tip shape by
an AFM as mentioned in previous studies
(Khurshudov and Kato, 1995, Petzold et al.,
1995).

The indentations were performed under 0.9~20
4N load by using the polycrystalline coated dia-
mond tip shown in Fig. 1. When the indentation
load was over 10uN, it seemed that the tip scra-
tched the carbon surface in the axial direction of
the cantilever. Since the stiffness of the cantilever
was 46N/m, the vertical deflection was calculated
to be about 435nm for the 204N normal load.
Considering the degree of this vertical deflection
and the cantilever mounting angle of about 10°,
the axial deflection of the cantilever was expected
to be about a few nm in the case of a few uN
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Fig. 1 3D and 2D AFM profiles of the highest posi-
tion of the polycrystalline diamond coated tip

before experiment : scanned in the area of (a)
1.0X1.0pm? and (b) 0.3X0.3zm?

indentation load. However, if the normal load
was in the range of the 10~20uN, the deflection
of the cantilever was expected to be in the order of
tens of nm. Since the diameter of the indentation
area was over 20~50nm, the experimental data
from indentation load of 10uN or less were used
for evaluation.
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As shown in Fig. 2, the indentation mark cle-
arly formed under 0.94N peak indentation load
on the 7nm thin amorphous carbon film. The
AFM scan area was 0.2 X0.2um? The 2D profile
of the indentation mark at the deepest position
and the tip profile are shown in Fig. 2 (b). It
could be seen that both profiles were matching
quite well. The depth of the indentation mark was
slightly lower than the height of tip profile when
the two profiles were positioned at the same
width. The maximum depth was about 1.4nm.

Based on the Hertzian contact theory, the con-
tact pressure was calculated. Since the mechanical
property of the carbon film used in this work was
unknown, the nano-indentation was performed
on the 300nm thick carbon film which was de-
posited by the same method using the commercial
indentation
depth. The elastic modulus and the hardness were
obtained to be about 130 GPa and 12 GPa, res-
pectively. As for the polycrystalline diamond, the
value of 500 GPa was used as the elastic modulus.
By using these values, the contact radius and
mean pressure were calculated to be about 10nm
and 3.4 GPa. This value was about 25% of the
hardness of the amorphous carbon film measured

nano-indentor with about 40nm

by a commercial nano-indentor. It was suspected
that the higher pressure would be applied at the
asperity on the carbon surface during indentation.
Also, nonlinearity in the force-distance curve due
to the plastic behavior of the indented material
was observed during the nano-indentation pro-
cess. Therefore, it can be deduced that the plastic
deformation of the asperities under the tip
occurred as observed in Fig. 2.

By using the AFM-based indentation method,
it was expected that the hardness value can be
roughly estimated by using the following equa-
tion :

=5 w
where Phnax is the peak indentation load and the
A is the projected area of the indentation mark.
From the AFM measurement shown in Fig. 2, the
projected area of the indentation mark was mea-
sured to about 0.0006m?, and therefore, the hard-
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Fig. 2 (a) 3D AFM image and (b) 2D profile at the
deepest indentation mark : 0.94N peak inden-
tation load

ness was estimated to be about 1.5 GPa. This
value was significantly lower than the value mea-
sured by the commercial nano-indentor (12 GPa).
Since the asperities on the carbon film supported
the tip at the initial stage of the indentation, a
certain portion of the indented depth was affected
by the asperity deformation. From Fig. 2 (a), the
micro-asperities at the roughness level could be
observed on the indented area. In addition, since
the density of the film may decrease as the thick-
ness decreases the relatively low density of the
amorphous carbon film used in this experiment
may have been responsible for the low hardness
value. Therefore, the hardness was significantly
smaller than the expected value.

The 3D AFM image of the indentation mark
under the 9.5uN peak load and the 2D profile at
the deepest position are given in Fig. 3. As ex-
pected, the indentation mark was significantly
larger compared to the 0.9nN load case shown in
Fig. 2 (a). However, it should be noted that the
effect of axial deflection of the cantilever during
the indentation process could not be entirely av-

Height (nm)

0 50 100 150 200
X displacement {(nm)
(b)
Fig. 3 (a) 3D AFM image and (b) 2D profile at the
deepest indentation mark : 9.5uN peak inden-
tation load

oided. As a consequence, the maximum indenta-
tion depth was about 3nm and this value was
quite lower than the indented depth of the tip. It
was attributed to the elastic recovery of the sur-
face after the indentation. In this case, the mean
Hertzian contact pressure was about 7.5 GPa. The
projected indentation area was about 0.0012m?,
and the hardness was calculated to be about 8
GPa, which was significantly larger than the cal-
culated value from the 0.9uN indentation case.
Since indentation depth was half of the film thick-
ness, the effect of the substrate on reduction of the
hardness may not be ignored due the defects at the
interface or deformation of the substrate itself.
However, it can be concluded that the AFM-
based indentation by using the diamond coated
tip can be effectively utilized for surface hardness
approximation of the coating film as thin as a few
nm in the case of very smooth surfaces.

4. Ramp Load Scratch Test

The scratch test at micro/nano-scale has been
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widely used for analysis of the scratch or wear
resistance and the failure mode of the coated films
revealing the adhesion (Bhushan, 1999a, Bull,
1997) . Before the wear test, the ramp load scratch
test was performed by using the polycrystalline
diamond coated tip on the amorphous carbon
film as thin as 7nm by using an AFM. The scratch
area was measured by the AFM after the test.
The normal load was increased from O to about
404N during 1.7gm scratching distance. The 3D
AFM images of the scratched area are given in
Figs. 4 and 5. In order to observe the mark by the
ramp load scratching more precisely, the initial
and final parts of the track were measured indi-
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Fig. 4 AFM image of initial 0.8 um scratch mark :

(a) 3D AFM image, (b) 2D profile of A-A’
cross-section, and (c) 2D profile of B-B’
cross—section

vidually. Also, the normal and friction force
variations during the test are shown in Fig. 6. Due
to coupling effect of the cantilever deflection
during the ramp load scratching, the scratch track
was not straight after the scratch length of 0.8 #m.
However, it is quite sufficient to evaluate the
characteristics of the coated film failure by using
this method. The AFM measurement results of
the initial 0.8#m and the final 0.9um scratch
marks were given in Figs. 4 and 5. It was shown
that the first burr was formed at the side of the
scratch test after about 250nm sliding, which
corresponded 54N normal load. This could be
found from the 2D profile of cross-section A-A’
and the burr height was about 3nm as shown in
Fig. 4 (b). These burrs were expected to be for-
med by the plastic flow of the coated film itself,
since the coated film was not entirely removed
and the amount the burrs was comparable to that
of the removed carbon at the scratched area. Also,
in Fig. 4 (b), the initial wear track formation
which could be observed by the AFM was
indicated by ‘a’. The cross-section of B-B’, which
corresponded to ‘b’ position in Fig. 4 (b) was
given in Fig. 4 (c). After 650nm sliding distance
which corresponded to 184N normal load, the
wear track depth increased to about 7nm which
was the coating thickness of the amorphous car-
bon film. Therefore, it could be concluded that
the critical load where the coated film failure
occurred was about 18uN. It was clearly seen that
the coating film was entirely removed and the Si
substrate was exposed beyond this load. After the

Fig. 5 3D AFM image of final 0.9um scratch mark
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coated film failure, a large amount of the burr was
generated as can be seen in Fig. 5. Since the
amount of the burrs was significantly larger than
that of the scratch mark, it was believed that
buckling or delamination of the coated film occ-
urred. These phenomena can be well correlated
with the friction force profile shown in Fig. 6. At
the initial stage of the ramp load scratch where
the plastic deformation of the film occurred, the
friction force increased quite linearly. However,
with the burr formation, the friction force began
to oscillate significantly. After the coating film
failure occurred at about 18 4N normal load, the
friction force increased again with some oscilla-
tion.

In summary, the critical load of the ultra-thin
film could be found by the ramp load scratch test
using an AFM. The critical load of the 7nm thick
amorphous carbon film used in this experiment
was about 18uN. This value was quite low com-
pared with the value reported in the previous
research (Bhushan, 1999a). This discrepancy is
probably due to the difference in the mechanical
properties of the coated film and the shape of the
scratch tip, which can significantly affect the con-
tact pressure during the test. Also, it was shown
that the characteristics of the failure could be
assessed by observing the scratch track and moni-
toring the friction force. It should be noted that
the critical load of the ultra-thin film obtained
from this experimental method can be effectively
utilized for optimization of scribing conditions
for the micro/nano-machining such as Mechano-
Chemical Scanning Probe Lithography (Sung and
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Fig. 6 Normal force and lateral friction variations
during ramp load scratch test

Kim, 2003).
5. Nano-wear Test

Following the scratch tests, experiments were
performed to assess the nano-wear characteristics
of the carbon films based on the ramp load
scratch experimental results. The applied normal
loads for the wear test were determined to be 0.5,
1, 2, and 44N. The maximum load of 4uN was
chosen so that the coated film will not fail. The
reciprocating cycles for the wear tests were 10, 20,
30, 50, 70, and 100 cycles. After the wear test, the
wear track was observed by the AFM.

Figure 7 (a) shows the AFM image of wear track
of the carbon film after 10, 20, and 30 cycles of
sliding under 0.5uN normal load. It could be seen
that the carbon film was slightly scribed and no
significant burr was formed. However, as shown
in Fig. 7 (b), the wear occurred seriously and a
lot of wear debris was generated after 70 and 100
cycles of sliding under 44N. It is interesting to
note that the wear debris accumulated at both
ends of the wear track. This is quite similar to the
wear particle accumulation behavior of macro-
scale wear tests (Hwang et al., 1999). The degree
of burr formation at the side of the wear track was
significantly increased after 70 cycles compared
with the 50 cycles sliding case. The 2D profile of
the cross—section of the wear track was observed
to compare the quantitative degree of wear with
respect to the sliding cycle and the normal load.
The results are given in Fig. 8. In the case of the
0.5uN normal load, the depth of wear was slightly
higher than the roughness level and therefore, it
was not easy to obtain the quantitative wear
depth. In order to compare these wear depths
more clearly, all the 2D profiles of cross-sections
of the wear track were averaged. Since the height
of the asperities around the wear tack was avera-
ged out, the wear depth at the sub nm level could
be obtained. This averaging method could be
effectively utilized for the quantification of the
nano-wear in the case of the flat specimen. With
the increase in the sliding distance and normal
load, the wear depth also increased as expected.
Under 0.5~ 14N normal load, only the deforma-
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Fig. 7 3D AFM image of the wear track (a) after 10~
30 cycles of sliding under 0.54N normal load
and (b) after 50~ 100 cycles of sliding under
44N normal load

tion was observed and the wear particles were not
significantly generated even after 100 cycle of sli-
ding. However, from Fig. 8 (c), it could be found
that the burr at the side of the wear track began to
form considerably under 2uN normal load. Also,
in the case of the 44N normal load, large amount
of wear debris was formed at the side of the wear
track as could be seen in Fig. 8 (d). It is worth
noting that the volume of the wear debris was
much larger than the wear volume at the track
after 70 and 100 cycles of sliding. Therefore, it
could be concluded that the significant failure of
the amorphous carbon film used in this work
occurred between 50 and 70 cycles of sliding un-
der 4uN.

Figure 9 shows the wear rate of the carbon film
under various loads. It was found that the wear
rate of the carbon film ranged between 4.4 X 107°
and 1.7X107*mm®/N cycle under 0.5~24N nor-
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Fig. 8 Averaged 2D AFM image of the wear track
after 10~100 cycles of sliding under (a) 0.5,
{b) 1.0, (¢) 2.0, and (d) 4.0u4N normal load

mal load. Even though the wear rate was norma-
lized by the normal load, the wear rate incre-
ased with the increase in the normal load which
in turn caused an increase in the contact pressure.
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Fig. 9 Wear rate of the carbon film on silicon
substrate with respect to the normal load

The wear rate increased to be in the order of 1077
mm®/N cycle under 44N normal load after the
complete failure of the coated film and the occur-
rence of the silicon substrate wear.

6. Conclusions

In this work, indentation, ramp-load, and wear
tests at the nano-scale were performed based on
an AFM. It was shown that the mechanical as
well as the tribological characterization of the
coated films as thin as a few nm can be attained
quantitatively by using these tests. The feasibility
of the AFM-based nano-indentation was demon-
strated and this method can be effectively utilized
if more data and analysis are accumulated. By
using the ramp load scratch test using an AFM,
the failure of the coated film and the adhesion
between the coated film and the substrate could
be evaluated. The results showed that the critical
load which induced the failure of the carbon film
used in this work was about 18uN. Also, from the
results of the wear tests, the quantitative wear rate
of the ultra-thin carbon film was obtained and
the value was in the order of 107°~10"8mm®/N
cycle. The approach and test methods used in this
work can be effectively utilized for assessment of
the mechanical as well as the tribological chara-
cteristics of ultra-thin films in the nm regime.
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