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1. Introduction

With the development of information technology, marked progress has been made in hard
disks. To realize high-density memory, it is necessary to decrease the flying height between
the head and disk. However, there is the possibility of head-crash in high-density magnetic
systems because the flying height of the most recent hard disks is less than 10 nm. Therefore,
an extremely thin protective layer against wear and corrosion must now be applied to the
magnetic head-disk interface (Miyake et al., 2002).

Sputtered carbon films with thicknesses as low as 10 nm are currently used as protective
layers. Because the use of protective layers may lead to magnetic loss, their thickness must be
decreased to 1-5 nm, corresponding to approximately ten layers of atoms to decrease the
effective gap at the interface between the magnetic head and disk. However, the thinner the
protective layer, the more difficult the maintenance of its tribological durability. If a magnetic
protective layer with a graded composition could be formed, it would effectively improve the
tribological characteristics of discontinuous protective films. Although sputtered carbonaceous
films are currently employed as magnetic disk protective layers (Kaneko et al., 1990; Miyake,
1994), the possibility of realizing carbon nitride C3Nj (Cutinogco et al., 1996) has attracted
interest, because the volumetric modulus of elasticity of C3Njy has been theoretically predicted
to exceed that of diamond (Liu & Cohen, 1989). Amorphous nitrogen containing carbon films
have been shown to have superior mechanical properties (Miyake et al., 1994, 1997).

Diamond-like carbon (DLC) films are currently employed as magnetic disk protective layers
(Miyake et al.,, 1992, 1993; Miyake, 1994). A reduction in the effective clearance at the
magnetic head-disk interface requires a reduction in the thickness of the protective film
(Miyake, et al.,, 2005). That is, when considering a film of the above thickness, the
corpuscular characteristics of atoms subjected to friction and wear should be taken into
account. Nowadays, electron cyclotron resonance chemical vapor deposition (ECR-CVD)
(Yamamoto et al., 2000) is used to deposit thin films, and filtered cathodic vacuum arc
(FCVA) tetrahedral Amorphous Carbon (ta-C) (Hyodo et al, 2001; Robertson, 2008;
Yamamoto et al., 2003) thin films are expected to be applied to magnetic disks.
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170 Scanning Probe Microscopy — Physical Property Characterization at Nanoscale

On the other hand, the tribological properties of lubricant and protective DLC systems play
a very important role in the reliability of hard disks. A number of studies have been carried
out to clarify the characteristics of lubricant and DLC systems (Saitoh & Miyake, 2003;
Saperstein & Lin, 1990; Tani, 1999). Previous works on clarifying the optimal quantities of
lubricant on a hard disk surface by scanning probe microscopy (SPM) have employed the
force modulation method (Saitoh & Miyake, 2003). On the surface of a hard disk, a low-lying
part is defined as a valley and a hilltop part is defined as a hill. The hill and valley parts
represent the surface roughness of the hard disk. The valley contains large quantities of
lubricant, because tan & for the valley is larger than that for the hill (Saitoh & Miyake, 2003).

Perfluoropolyether (PFPE) is employed as a lubricant in magnetic recording disk drives to
improve tribological properties. An ultrathin PFPE lubricant film is particularly effective in
decreasing the wear of the protective carbon layer due to sliding at the head-disk interface.
The wear durability of the medium depends strongly on the retention and replenishment of
the lubricant on the protective carbon surface. Both the retention and replenishment of
lubricant are dependent on the interaction between the lubricant molecules and the carbon
surface. A fundamental understanding of the lubricant-surface interactions in terms of their
relationship to surface mobility is therefore required.

In this chapter, we firstly reported the method for evaluating the tribological properties of
extremely thin protective nitrogen-containing carbon (C-N) films deposited on magnetic
hard disks. The extremely thin C-N films with thicknesses of 3, 6 and 9 nm were prepared as
a protective layer on CoCrTa magnetic disks by a complex treatment (Miyake et al., 2006).
The bonding structure and composition of the films were studied by X-ray photoelectron
spectroscopy (XPS). The nanohardness and elastic modulus of the films were measured by
performing nanoindentation tests using atomic force microscopy (AFM). Wear tests were
carried out to investigate the wear-resistance properties of the films.

Secondly, we reported the method for evaluating the nanometer-scale mechanical properties
of extremely thin DLC films. The extremely thin DLC films were deposited by the FCVA
and plasma chemical vapor deposition (p-CVD) methods (Miyake et al., 2009).
Nanoindentation hardness and nanowear resistance were evaluated by AFM. The
nanoindentation hardnesses of 100-nm-thick DLC films deposited by FCVA and p-CVD
were 57 and 25 GPa, respectively. The nanowear test by AFM clarified the mechanical
properties of the extremely thin DLC films.

Third, we reported the method for evaluating the microtribological properties of heat-treated
hard disk evaluated by force modulation. The durability of PFPE lubricant and heat-treated
perpendicular hard disks was evaluated. With regard to the heat treated perpendicular hard
disks, their microtribological properties such as hardness, storage modulus, loss modulus and
tan & were evaluated by SPM. In a quasi-static nanoindentation hardness test, it was observed
that nanoindentation hardness in the valleys was higher than that on the hills, and the
hardness of the hard disk was increased by heat treatment. Consistent with the results of
quasi-static nanoindentation in the dynamic nanoindentation test, the storage modulus and
loss modulus were increased by heat treatment. Moreover, tan 6 also increased as clarified by
the evaluation of viscoelastic properties. On the other hand, regarding the microwear
properties, the wear depth of the heat-treated disk and its wear volume were decreased by
heat treatment, corresponding to the result of quasi-static nanoindentation.
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2. Methods for evaluating nanomechanical properties of extremely thin films
2.1 Evaluation of nanoindentation hardness

To evaluate nanometer-scale deformation properties, the nanohardness and elastic modulus
of all films were measured using a Hysitron Triboscope® nanomechanical testing system
(Doerner et al., 1986; Farhat et al., 1997; Miyake, 2003). A total of ten indentations were
performed for each sample and the mean values and standard deviation of the hardness and
elastic modulus were computed; the results are provided later in the chapter. The diamond
triangular pyramid (Berkovich-type) indenter that was used had an approximate tip radius
of 50 nm and an indent angle of 120°. The hardnesses of the films were determined using the
relation H = P/ Anax, where Anay is the area of contact, Amax = k11,2 (the constant k for the
Berkovich indenter was 24.5), h, is the plastic penetration depth and P is the indenter load
(Bhushan, 1995; Farhat et al., 1997; Miyake, 2003). The indentation was performed under a
load of 100 uN. As shown in Fig. 1, from the load-displacement curves and the tangent of
the unloading curves, the depth of plastic deformation can be evaluated. The deformation
energy during indentation was analyzed. The total deformation energy including storage
and dissipated energies was calculated as the integral of the loading curve. The storage
energy was calculated as the integral of the unloading curve and the dissipated energy was
evaluated as the total energy minus the storage energy (Farhat et al., 1997; Miyake, 2003).
The modulus of dissipation was calculated as the dissipated energy divided by the total
energy.

Pmax

v ‘_l_’ v Pmax
hmax_%hc ﬂhf

Pmax : maximum load

Load P, uN

hmax : maximum indentation depth
hp : plastic deformation depth
hc : contact depth

hy: final depth h hp hmax

S, : dissipated energy Indentation depth 4, nm

S, : Elastic energy H: Hardness

Ac: projected contact area Ac =24.5h?

Modulus of dissipation = = Pmax
Dissipated energy < 100 % Ac

Dissipated energy + Elastic energy

Fig. 1. Method of evaluating of nanoindentation hardness.

2.2 Evaluation of nanometer-scale wear resistance

The nanometer-scale wear resistance of the films was investigated by AFM using a diamond
tip (Miyake et al., 1991). The dependence of the wear resistance of the C-N films on the
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number of scanning cycles, the dependence of the wear resistance of the DLC films on the film
thickness, and the dependence of the wear volume of the PFPE lubricant on the applied load
were evaluated, where the wear depths of the extremely thin CN films were evaluated by
applying a load of 15 puN for 1, 5 and 10 scanning cycles, the nanowear depths of the 0.8-, 1-
and 2-, 5- and 100-nm-thick ECR-CVD-DLC and FCVA-DLC films were evaluated by applying
a load of 10 puN for 20 sliding cycles of tip scanning and the wear volumes of the PFPE
lubricant films were evaluated by scanning a wear area of 500 x 500 nm? using a Berkovich
type diamond tip with a radius of curvature of 200 nm under loads of 10-80 uN. As shown in
Fig. 2, a triangular pyramid Berkovich diamond indenter was used with loads of 10 pN for the
DLC films, 15 uN for the C-N films and 10-80 uN for the PFPE lubricant films in the wear tests,
and the radius of the indenter tip was approximately 200 nm. During the experiment, the wear
test area was 500 nmx500 nm and the observed areas were 1000 nm x 1000 nm and/or 2000
nm x 2000 nm, which were larger than the sliding area (Miyake et al., 1994, 2006).

CCD
-+

Cantilever

Sample

~ Scanner

Fig. 2. Microwear test by atomic force microscopy (AFM).

2.3 Evaluation of viscoelastic properties

Viscoelastic properties were evaluated by the force modulation method of SPM as shown in
Fig. 3 (Asif et al. 1999). This apparatus was added to nanoindentation system along with a
lock-in amplifier. The Berkovich-type diamond indenter was vibrated in the vertical
direction in the test. Phase lag and displacement were evaluated from the response of the tip
indenter, which contained a transducer controller. Viscoelastic properties such as storage
modulus, loss modulus and tan & were analyzed by a computer. In the test the load was
increased from 10 pN to 50 uN, the frequency was 300 Hz and the load amplitude was 5.0
uN. Table 1 shows the test conditions for the viscoelastic evaluation. To examine the
existence of PFPE, test points were located on both a hill and a valley, as shown in Fig. 4.
The hill and valley parts represent the surface roughness of a hard disk, the surfaces of hard
disks were observed before the evaluation of viscoelastic properties to measure the
amplitudes of the hill and valley regions. To determine the motion of PFPE on the wear test
area, viscoelastic properties were evaluated after the microwear test.
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Fig. 3. Schematic illustration of nanoindentation system with lock-in amplifier.

Specimen Heat treated and non-treated perpendicular type hard
disk

Test temprature 20-25 centigrade degree

Humidity 30 -40%

Tip Berkobitch diamond r =200nm

Load 10 - 50 uN

Load amplitude 5.0 uN

Frequency 300 Hz

Table 1. The evaluation conditions for the viscoelastic properties.

Valley

Fig. 4. Schematic illustration of evaluation of viscoelastic properties of hill and valley.
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3. Nanoscale mechanical and tribological properties of extremely thin films
3.1 Mechanical properties of extremely thin C-N films
3.1.1 XPS evaluation of modified surface of C-N films

CoCrTa magnetic disks were used as substrates for the fabrication of extremely thin C-N
films. The extremely thin C-N films were deposited on the CoCrTa magnetic disks in the
sputtering chamber of radio frequency (RF) reactive sputtering equipment, which was able
to supply an RF power of 13.56 MHz to both a target and a substrate. Two sets of C-N thin
films were prepared, one set by RF reactive sputtering and the other set by a complex
treatment (Miyake et al., 2006). The complex treatment, which involves plasma irradiation
(plasma-irradiated) and the deposition of C-N film, where the substrate was pretreated by
plasma irradiation and then treated by the deposition of a C-N film by RF reactive
sputtering (Miyake et al., 2006) was carried out to form complex C-N films. The depositions
of C-N and complex C-N films were performed by supplying N2 or No+He (helium) under a
pressure of 7 x 102 Torr and RF electric powers of 25 W on the substrate side and 300 W on
the target side to deposit a nitrogen-containing carbon film with high wear resistance as a
protective film (Cutinogco et al., 1996; Liu & Cohe, 1990; Miyake et al., 1994; White et al,
1996). The thickness of the C-N films was determined by controlling the deposition time.
The addition of He to the plasma atmosphere was to enhance the excitation process (Miyake
& Wang, 2004; Sugimoto & Miyake, 1989).

Both XPS and Auger electron spectroscopy (AES) were used to examine the elemental
composition and bonding of the film. Figure 5 shows XPS spectra of carbon (C) and C-N
films. A binding energy (BE) of 284.6 eV for the C 1s photoelectron peak in the XPS
spectrum of the carbon film was obtained (Fig. 5(a)). A conspicuous shoulder in the XPS
spectra on the high-energy side was observed in the XPS measurement of the C-N film (Fig.
5(b)), indicating the existence of C-N bonds (Miyake et al., 2006).

1500 1500
@)
0 : , : ; 0 : : : :
296 292 288 284 280 276 296 292 288 284 280 276
Binding energy (eV) Binding energy (eV)

(@) (b)
(a) XPS of carbon film
(b) XPS of C-N film deposited with complex treatment

Fig. 5. XPS spectra of carbon film and C-N film deposited by complex treatment.
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3.1.2 Nanoindentation hardness of C-N films

The indentation curves for the untreated sample and the C-N and complex C-N films
deposited in an atmosphere of N> or N>+He were obtained at a maximum applied load of
100 pN. In these tests, nanoindentation was performed perpendicular to the plane of the
coatings and each curve represents an average of ten measurements taken for each
specimen. As shown in Figs. 6(a) and 6(b), the maximum depths () of the 3-, 6- and 9-nm-
thick complex C-N films deposited in No+He were 5.2, 5.3 and 5.0 nm with residual depths
of 0.1, 0.2 and 0.1 nm, respectively. In the case of 3-, 6- and 9-nm-thick C-N films, the
maximum depths were 8.5, 8.1 and 7.1 nm and the residual depths were 3.8, 2.9 and 3.3 nm,
respectively, indicating that more plastic deformation occurred in these films.

The hardness of the C-N and complex C-N films at the maximum applied load of 100 pN is
plotted in Figs. 7(a) and 7(b). The hardness of the complex C-N films is greater than that of
the C-N films. Moreover, the complex C-N films deposited in N>+He exhibit the greatest
hardness. The average hardness values of the complex 3-, 6- and 9-nm-thick C-N films
deposited in N; are 62.6, 31.9 and 34.1 GPa, whereas those of the 3-, 6- and 9-nm-thick
complex C-N films deposited in N>+He were 67.8, 63.8 and 63.8 GPa, respectively.

Figures 8(a) and 8(b) show the deformation energies of the C-N and complex C-N films. The
deformation energies of the films deposited in No+He were lower than those of the films
deposited in N,. Furthermore, the dissipated energy of the complex C-N films significantly
decreased with decreasing film thickness. It is considered that the elastic-plastic property of
the disks was improved by the complex treatment involving He addition, which explains
why the residual depth of the 3-nm-thick complex film was very small, the surface was
restored to the previous position to its previous position after unloading.

Figure 9 shows the modulus of dissipation as a function of nanoindentation hardness. As
shown in Fig. 9(a), the modulus of dissipation of the untreated sample was 90.7% with a
hardness of 15.6 GPa. The moduli of dissipation of the 3-, 6- and 9-nm-thick complex C-N
films deposited in N, were 25.0%, 39.9% and 52.8%, with hardnesses of 62.6, 31.9 and 34.1
GPa, respectively. However, as shown in Fig. 9(b), the moduli of dissipation of the 3-, 6- and
9-nm-thick complex C-N films deposited in N> + He were only 0%, 8.3% and 9% with
hardnesses of 67.8, 63.8 and 63.8 GPa, respectively. The 3-nm-thick complex C-N film had a
small modulus of dissipation and a high hardness compared with the other films.

The method most widely used to determine the hardness of materials is the quasi-static
indentation method. Since indentation hardness is essentially a measure of the plastic
deformation properties of materials and depends only to a secondary extent on their elastic
properties, the elastic-plastic deformation behavior of the films during indentation can be
observed to study the nanomechanical properties of a topmost coating as thin as the
monolayer of a substrate. In this study we considered the measured indentation hardness as
a composite hardness that is affected by the type of substrate used. Although this composite
hardness is derived from the impact with the substrate and cannot be regarded as an
absolute hardness value for films, it can be used to investigate the plastic deformation of a
topmost coating and a substrate by measuring comparative composite hardness values. For
this reason, we analyzed the elastic-plastic deformation energies of the films to further
understand their deformation properties. Although at higher indentation depths, the
composite hardness of a film and a substrate changes with indentation depth, it is thought

www.intechopen.com
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(b) Nanoindentation curves of C-N films deposited in Na+He

Fig. 6. Load and displacement curves of untreated, plasma-irradiated, C-N and complex C-

N films deposited in N2> and N>+He at 100 uN peak load.

that composite hardness is mainly determined by the topmost film on the substrate.
Therefore, the results of the indentation tests also show that the complex C-N films had
higher indentation hardness than the other films as well as good elastic-plastic deformation

properties.
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Fig. 7. Nanoindentation hardness of untreated, plasma-irradiated, C-N and complex C-N

films deposited in N> and No+He.
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Fig. 8. Measured dissipation and storage energies of untreated, plasma-irradiated, C-N and
complex C-N films deposited in N, and N>+He.
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Fig. 9. Modulus of dissipation vs indentation hardness of untreated, plasma-irradiated, C-N
and complex C-N films deposited in N> and No>+He.

3.1.3 Microwear test for C-N films

Figures 10 and 11 show the wear depth dependence of the films on the number of scanning
cycles. Wear tests were performed by applying a load of 15 pN for 1, 5 and 10 scanning cycles.
The results indicate that the wear resistance of the disks was improved by the C-N and
complex C-N film coatings. In addition, the wear resistance of the films deposited in N>+He
was greater than that of the films deposited in N». The wear of the 3-nm-thick complex C-N
film deposited in N>+He was negligible compared with that of the other films.
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Fig. 10. Microwear dependence on number of scanning cycles for plasma-irradiated, C-N
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Fig. 11. Microwear dependence on number of scanning cycles for plasma-irradiated, C-N

and complex C-N films deposited in No+He.
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Figures 12 and 13 show cross-sectional profiles of the wear marks generated on the plasma-
irradiated substrate and the substrates coated with 3-nm-thick C-N and complex C-N films.
The normal force used for the image traces was 2 nN and the load used for the wear test was
10 pN. The results show that wear was 2.5 nm deep for the plasma-irradiated sample, 6.0
nm for the C-N film and 3.0 nm for the complex C-N film deposited in N. In the case of
the films deposited in N>+He, the wear was significantly lower, the wear was 2.0 nm deep
for the plasma-irradiated sample, 4 nm for the C-N film and 0 nm for the complex C-N
film. In addition to high indentation hardness, the C-N film exhibited excellent wear
resistance owing to the plasma irradiation treatment in the presence of He. It is
considered that the extremely thin C-N film had superior wear resistance because of its
graded composition.

S

Wear depth (nm)

S

0 Scan size (nm) 3000

(a) Nitrogen plasma irradiation (wear depth 2.5 nm)

(]
(e

Wear depth (nm)

o)

0 Scan size (nm) 3000
(b) C-N sputtering (wear depth 6.0 nm)

o)

o Wear depth (nm)

0 Scan size (nm) 3000
(c) Complex C-N film (wear depth 3.0 nm)

Fig. 12. Cross-sectional profiles of microwear of plasma-irradiated, 3 nm C-N and complex
C-N films deposited in N.
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Fig. 13. Cross-sectional profiles of microwear of plasma-irradiated, 3 nm C-N and complex
C-N films deposited in No+He.

3.2 Nanometer-scale mechanical properties of extremely thin protective DLC films

3.2.1 Surface analysis of DLC films

Extremely thin protective DLC films were deposited on Si (100) wafers by FCVA (ta-C)
and ECR-CVD (Hyodo et al., 2001; Miyake et al., 2009; Robertson, 2008; Yamamoto et al.,
2000, 2003). The target thicknesses of films were 0.8, 1.0, 2.0, 5.0, and 100 nm, where the
film thickness was adjusted by changing the deposition time. The properties of these DLC
films such as their structure, composition and actual thickness were evaluated using

Raman spectroscopy, transmission electron microscopy (TEM) and AES (Miyake et al.,
2009).
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Fig. 14. Raman spectra of (a) 100-nm-thick FCVA-DLC and (b) ECR-CVD-DLC films.

Figure 14 shows the Raman spectra of DLC films with a thickness of 100 nm prepared by
FCVA and ECR-CVD. The spectra show that the FCVA-DLC (ta-C) film contained a large
number of sp® bonds than the ECR-CVD (a-CH) film (Ferrari, 2002; Lemoinea et al., 2007;
Miyake et al., 2009).

From the cross-sectional TEM images and AES depth profiles of FCVA and ECR-CVD-DLC
films of various thicknesses, the actual thicknesses of the extremely thin films were
evaluated. The AES spectra of the top surfaces of the 1-nm-thick DLC films are shown in
Fig. 15. For these films, according to the AES analysis of the surface, C is the main
component with small amounts of O and Si, and no significant differences between the
FCVA-DLC and ECR-CVD-DLC films were observed.
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Fig. 15. AES spectra of top surfaces of 1-nm-thick FCVA and ECR-CVD DLC films.
The actual thicknesses of the 100-nm-thick DLC films were obtained by TEM and AES. The
depth profiles were shown in Fig. 16.The FCVA-DLC and ECR-CVD-DLC films had actual

thicknesses of 107 and 97 nm and their densities were 3.3 and 1.9 g/cm3, evaluated by
Rutherford back scattering (RBS), respectively (Miyake et al., 2009).

3.2.2 Nanoindentation properties of DLC films

The nanoindentation curves of FCVA-DLC and ECR-CVD-DLC films with a thickness of 100
nm are shown in Fig. 17. The indentation depth of the ECR-CVD-DLC film was greater than
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Fig. 16. AES depth profiles of 100-nm-thick DLC films.

1000

that of the FCVA-DLC film. The FCVA-DLC film mainly exhibited elastic deformation.
However, the ECR-CVD-DLC film exhibited greater energy dissipation at the same
indentation load (Farhat et al., 1997; Miyake, 2003). The nanoindentation hardnesses of the

DLC films deposited by FCVA and ECR-CVD were 57 and 25 GPa, respectively, at a 40 pN
load. This high hardness of the FCVA-DLC film is similar to the reported hardness of 59
GPa for a 100-nm-thick FCVA-DLC film deposited under similar conditions (Shi et al., 1996).
The density of our FCVA-DLC film was as high as 3.3 g/cm3, nearly equal to the previously
reported density of 3.37 g/cm3 (Shi et al., 1996). Under our deposition conditions, the actual
hardness of the films, regardless of the effect of the substrate, can be obtained. The FCVA-
DLC film exhibited excellent resistance to nanometre-scale plastic deformation.
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Fig. 17. Nanoindentation curves of 100-nm-thick DLC films.

The nanoindentation curves of the films with a target thickness of 5 nm are shown in Fig. 18.
In the nanoindentation loading curves of both DLC films, points of inflection (arrows in Fig.
18) can be observed when the indentation depth exceeds the film thickness. The points of
inflection correspond to the onset of nanometer-scale plastic deformation of the thin films
due to damage to the surface. Hardly any difference between the nanoindentation curves of
the extremely thin DLC films deposited by FCVA and ECR-CVD was detected. It was
difficult to evaluate the hardness of the DLC films with a thickness of a few nm by this
nanoindentation test owing to the effect of the substrate (Lemoine et al., 2004).

0 5 10 15
Nanoindentation depth, nm

Fig. 18. Nanoindentation curves of various 5-nm-thick DLC films.

3.2.3 Nanowear properties of DLC films

Figure 19(a) shows the method used to evaluate nanowear and Fig. 19(b) shows cross-
sectional profiles of the Si(100) substrate. Wear of nearly 3 nm depth and protuberances with
a height of 1 nm were observed. The nanowear and cross-sectional profiles of 2- and 1-nm-
thick DLC films are shown in Figs. 20 and 21, respectively. Wear of approximately 3-5 nm
was observed in the ECR-CVD-DLC film. In contrast, no wear of the FCVA-DLC film can be
observed in Figs. 20(a) and 21(a).
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These DLC films are extremely thin. Therefore, atomic-scale defects in the film affect the
nanowear properties. The density of the FCVA-DLC film was higher than that of the ECR-
CVD-DLC film. The ECR-CVD-DLC film contained a hydrogen terminated carbon network.
Therefore, plastic deformation was more easily caused by friction stress in the ECR-CVD-
DLC film than in the FCVA-DLC film. However, as shown in Fig. 22, the wear depth of the
0.8-nm-thick FCVA-DLC film increased rapidly with the number of sliding cycles and is
similar to those of the ECR-CVD-DLC film and Si surface. The 0.8-nm-thick FCVA-DLC film
did not exhibit superior nanowear resistance.

The nanowear depth dependence on the number of sliding cycles for various DLC films is
shown in Fig. 23. The wear depths of 1- and 2-nm-thick FCVA-DLC films were extremely
low, less than 1 nm even after 20 sliding cycles of diamond tip scanning, as shown in Fig.
23(a). In contrast, the wear depths of 0.8-, 1- and 2-nm-thick ECR-CVD-DLC films were
nearly 1 nm after one sliding cycle and exceeded the their film thickness after a few sliding
cycles, as shown in Fig. 23(b). These results reveal the variation of wear resistance among
these extremely thin DLC films and the superior and excellent wear resistance of FCVA-
DLC films compared with ECR-CVD films.

18 18
16 16 'l
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14 14 \
E12 E12
£ £
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Fig. 23. Nanowear depth dependence on number of sliding cycles.

3.3 Micro-tribological properties of heat treated PFPE lubricant
3.3.1 Heat treatment of PFPF lubricant

Perpendicular hard disks with and without heat treatment were used as specimens in our
study. PFPE lubricant was coated on these disks. Heat treatment was performed for 15 min
at 100°. The lubricant thickness of the untreated hard disk was 1.1 nm and that of the disk
with heat treatment was 0.95 nm. The roughness of the disks both with and without heat
treatment was found to be 0.4 nm Ra.
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3.3.2 Resonance of transducer system

To investigate the viscoelastic properties of the hard disks, it is necessary to know the
resonance of the tip indenter system. Figure 24 shows the amplitude and phase lag of the
indenter tip when the tip is free of contact. The diamond indenter tip was vibrated at 1-300
Hz. The resonance frequency was found to be approximately 130-140 Hz. Physical
parameters such as the spring constant, mass and damping coefficient of the transducer
system were evaluated based on the relationship between amplitude and vertical motion of
the indenter tip, as shown in Fig. 24. The spring constant was found to be 209 N/m, the
mass of the system was 262 mg and the damping coefficient was 0.049 kg/s.

-l Amplitude
—O— Phase lag

200

150
F

[E—Y
-
S

-

Amplitude, nm

N
-
Phase lag, degree

8
6 0
4 Spring constant: 209 N/nm
Mass of systems: 262mg -50
2 Damping coefficient: 0.049kg/s
0 -100

0 50 100 150 200 250 300
Frequency, Hz

Fig. 24. Relationship between amplitude and vertical motion of indenter tip.

3.3.3 Nanoindentation hardness of PFPE coated disks

Figure 25 shows quasi-static nanoindentation curves obtained from the hardness test with a
20 N load. As shown in Fig. 25(a), the maximum indentation depth in the hill of the
untreated disk was approximately 6.0 nm and that of the heat-treated disk was 4.0 nm. The
maximum indentation depth of the hill was greater than that of the valley, as observed in
Figs. 25(a) and 25(b). As shown in Fig. 25(c), for both disks, the hardness in the valley was
higher than that on the hill. As a result, the nanoindentation hardness of the hill of the heat-
treated hard disk was 8.0 GPa and that of the valley was 14.0 GPa. It is clear that the
hardness of the hard disk was increased by heat treatment.
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3.3.4 Viscoelastic properties of PFPE lubricant

Figure 26 shows the viscoelastic properties of untreated and heat-treated disks. The storage
modulus of the hill of the untreated disk surface was larger than that of the valley at all loads.
The storage moduli of the valleys were more variable than those of the hills as shown in Fig.
26(a). On the other hand, for the heat-treated disk, the storage modulus of the valley part was
larger than that of the hill part. The storage modulus of both the hill and valley increased after
heat treatment. These results are consistent with the results for the nanoindentation hardness.
The loss modulus of the valley part of the untreated disk surface was larger than that of the hill
part, as shown in Fig. 26(b). Moreover, the loss modulus of the heat-treated disk exhibited the
same tendency as that of the untreated disk surface. As shown in Fig. 26(c), tan § for the valley
part of the untreated disk surface was larger than that for the hill part. Tan & for the hill part
and valley part of the heat-treated disk surface has the same behavior as that for the untreated
disk surface. These results are related to the quantity of lubricant in the valley part.

3.3.5 Viscoelastic properties of PFPE lubricant after microwear test

To determine the motion of PFPE by sliding testing, the viscoelastic properties were
evaluated in the hill and valley parts by a microwear test. Surface and cross-sectional
profiles of the heat-treated and untreated disks under a load of 30 uN are shown in Fig. 27.
The wear depth of the untreated disk surface was about 3.5 nm, while that of the heat-
treated disk was about 3.0 nm. The microwear properties depended on the load. The same
tendency was observed for the wear volume. Figure 28 shows the results of the microwear
test of untreated and heat-treated disk surfaces. The wear depth of the heat-treated disk was
decreased by heat treatment for all applied loads. This finding is consistent with the results
of the quasi-static nanoindentation tests.

Figure 29 shows the storage moduli of the wear and nonwear parts. As shown in Fig. 29(a),
in the hill part of the untreated disk surface, the storage modulus of the wear part was
different from that of the nonwear part. However, in the hill part of the heat-treated disk,
the storage modulus of the wear part was markedly different from that of the nonwear part.
As shown in Fig. 29(b), the changes in the storage modulus of the wear part of the untreated
surface disk were greater in the valley part than in the hill part. In the case of the heat-
treated disk, the storage modulus of the wear part exhibited much greater fluctuations in
both the valley part and the hill part than those of the nonwear part.

The loss moduli of the wear and nonwear parts for the heat-treated and untreated disks are
displayed in Fig. 30. As shown in Fig. 30(a), for the untreated disk and the heat-treated disk
surfaces, the loss moduli of the wear part in the hill are similar to those of the nonwear
parts. Similarly, for both the heat-treated and untreated disk surfaces, the loss moduli of the
wear part in the valley were different from those of the nonwear part.

Figure 31 shows tan § for the wear part of the heat-treated and untreated disk surfaces. In
the hill part of the untreated disk surface, at loads of 10-90 uN, tan § for the wear part and
nonwear part were the same. However, for the heat-treated disk, at higher loads of 70-90
uN, tan & for the wear part was smaller than that for the nonwear part, and tan § in the
valley part exhibited the same tendency in the hill part. It is considered that PFPE lubricant
was present on the wear part. On the other hand, it is thought that tan & for the heat-treated
disk surface was lower than that for the untreated disk surface because the PFPE lubricant
was solidified and removed during the sliding test.
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Fig. 27. Surface and cross-sectional profiles of untreated and heat treated disk surfaces.
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4. Conclusion

In this chapter we reported the present status of research on the nanomechanical evaluation
of ultrathin films using AFM for hard disk applications. As stated, nanomechanical
evaluation involves the evaluation of nanoindentation hardness, surface deformation
properties, nanoscale wear properties and nanotribological properties.

Extremely thin nitrogen-containing carbon (C-N) films with thicknesses of 3, 6 and 9 nm
were prepared as a protective overcoat on CoCrTa magnetic disks and their
microtribological and micromechanical properties were evaluated by AFM. It is clear that
both the nanoindentation hardness and microwear resistance of complex C-N films were
significantly improved by complex treatment and He addition. The 3-nm-thick complex C-N
films exhibited excellent wear resistance compared with other films, resulting from their
graded composition. The effect of the deterioration of the layer generated by plasma
irradiation on the magnetic spacing was negligible since a plasma-irradiated layer had a
thickness of less than 1 nm. In contrast, the effect of the complex treatment on the
mechanical properties of C-N films was significant.

According to the results of AFM, the nanoindentation hardnesses of the 100-nm-thick DLC
films deposited by FCVA and ECR-CVD were 57 and 25 GPa, respectively, at a 40 uN load.
Hardly any difference between the nanoindentation curves of extremely thin DLC films
deposited by FCVA-CVD and ECR-CVD was detected, although it was difficult to evaluate
the hardness of the DLC films with a thickness of a few nm by this nanoindentation test. In
contrast, nm wear tests were successfully used to evaluate the surface of the extremely thin
DLC films after wear and to clarify their mechanical properties. The wear depths of 1- and 2-
nm-thick FCVA-DLC films were extremely low, less than 1 nm even after 20 sliding cycles.
However, the wear depth of the 0.8-nm-thick FCVA-DLC film increased rapidly with the
number of sliding cycles similarly to the result for a Si substrate. The wear depths of the 0.8-,
1.0- and 2.0-nm-thick ECR-CVD-DLC films were nearly 1 nm after one sliding cycle and
exceeded the film thickness after a few sliding cycles. These results reveal the variation of
wear resistance among these extremely thin DLC films and the superior wear resistance of
FCVA-DLC thin films.

The microtribological properties of heat-treated disks were investigated using the force
modulation method with SPM. In the quasi-static nanoindentation hardness test, the
hardness of the hard disk was found to increase after heat treatment. The evaluation of
the viscoelastic properties showed that tan & for the valley part was higher than that for
the hill part. The microwear depth and volume of the disks were decreased by heat
treatment. This is consistent with the result of the quasi-static nanoindentation hardness
test of the heat-treated disk. Lubricant present on the heat-treated disk was removed by
sliding under high loads. AFM plays a vital role in the nanomechanical evaluation of
ultrathin films used for hard magnetic disks. It is possible to evaluate the
micromechanical and microtribological properties of such ultrathin films and to apply
these evaluation methods in future works.
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