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The demand for higher areal densities in hard disks requires a lowering of the magnet-
ic spacing between heads and media.  To achieve this, the flying height of the slider
and the thickness of the slider and media overcoats must be lowered.
To fly a slider stably at low altitude, the media surface must be as smooth as possible.
However, some degree of surface roughness is beneficial because it keeps the head
from adhering to the disk when at rest.  Reducing the contact area between the head
and disk is the most suitable way of lowering the stiction force.  This can be achieved
by adding contact pads to the air-bearing surface, resulting in what we call a stiction
free slider (SFS).  On the other hand, overcoat thickness must be reduced while main-
taining the durability and anti-corrosion properties.  In this paper, we first focus on the
material and tribological properties of sputtered hydrogenated amorphous carbon films,
which are currently used for the overcoats of thin film media.  Then, we describe the
PCVD technique for the next generation of overcoats.  Finally, we describe a tetrahe-
dral amorphous carbon overcoat deposited by filtered cathodic arc deposition, which
will be used in the future.

1. Introduction
In the 1990s the areal recording density of

hard disk drives (HDDs) grew at the remarkable
rates of 60% to 100% per year, and it is expected
to increase further in the 21st century.  Magnetic
devices such as giant magnetoresistive effect
(GMR) heads and low-noise thin film magnetic
media, mechatronics, and signal processing tech-
nologies have been improved, but the principle of
magnetic recording necessitates the reduction of
spacing between heads and media to increase the
areal recording density.  The size of the magnetic
spacing is the flying height of the head plus the
thickness of the head and media overcoats.  There
are many head-disk interface technologies to se-
cure stable flying at a low fly height; however, we
focused on the SFS and the overcoat for thin film
media.

To fly a head safely at a low flying height,
the surface roughness of the disk must be low-

ered, but this also increases the stiction force.  To
reduce the stiction force, sophisticated texturing
schemes have been employed to introduce topog-
raphy on the disk in a highly controlled manner.
However, the conventional CSS (Contact Start
Stop) method, which is the combination of a slid-
er with a crown shaped ABS (Air Bearing Surface)
and a mechanical textured disk surface, cannot
prevent a high stiction force, which can result in
a disk spin-up failure.  Alternatives to the con-
ventional CSS method are laser zone texturing,1)

a ramp load technology,2) and a padded slider.3),4)

Fujitsu has developed a padded slider, called a
stiction free slider (SFS), and has applied it to all
HDD products since the fall of 1997.

The overcoat thickness of the slider and
disk surface is currently around 6 nm.  Nitroge-
nated and hydrogenated amorphous carbon films
(a-C:N or a-C:H) made by DC magnetron sputter-
ing have been widely used as the overcoats for
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disks, because of their superior tribology and cor-
rosion resistance.5)  However, the thickness of
overcoats must be further reduced while maintain-
ing their durability and anti-corrosion properties.
Therefore, plasma chemical vapor deposition
(pCVD) and ion beam deposition (IBD) have re-
cently been applied as alternatives to sputtering
deposition because of the higher hardness and
coverage of the films they create.6)-8)

However, within a few  years, the thickness
of overcoats is expected to be around several na-
nometers, and it is not clear if these films will
continue to provide their excellent performance.
Filtered cathodic arc (FCA) deposition shows
higher wear resistance and high anti-corrosion
properties, and it will probably be the next-
generation deposition technique for an ultra thin
disk overcoat.

This paper reviews our state-of-the-art
stiction free slider and diamond-like carbon (DLC)
overcoat technologies for sliders and disks.

2. Stiction free slider
2.1 Stiction phenomena

The stiction of the head-disk interface can
be modeled in terms of the effect of the menisci of
the liquid between the slider and disk surfaces.
Mamine et al. proposed that there are two dis-
tinct regimes of stiction behavior: the flooded
regime and the toe-dipping regime.  These two
regimes are characterized by differing levels of
“fill” in the interface and so depend on the mean
separation, h, and the liquid film thickness, t.  The
flooded regime occurs when t > h, and the toe-dip-
ping regime occurs when t < h.9)

In the toe-dipping regime, the stiction force
F is given by:

F = N*4πR γ cosθ (1),

where N is the number of liquid mediated asperi-
ties between slider and disk, R is the curvature of
asperity, γ is the surface tension of the liquid, and
θ is the contact angle of the liquid to the slider

and disk surface.  In the flooded regime, the force
is given by:

F = S γ cosθ / h (2),

where S is the area of the liquid junction between
the slider and disk. Liu et al.  proposed another
region called the excessive lube regime.10)  In this
region, the stiction force is given by:

F = S γ cosθ / r (3),

where r is the radius of curvature of the liquid’s
meniscus.

In the toe-dipping regime, N is inverse-
ly proportional to the surface roughness and
proportional to the thickness of the liquid
(i.e., lubricant).11),12)  Therefore, the stiction force
is proportional to d/Ra, where d is the thickness
of lubricant and Ra is the average roughness of
the disk.  In the flooded regime, h depends on the
roughness of the disk and the stiction force is high-
er than the stiction force in the toe-dipping regime.
The geometric considerations show that r is pro-
portional to the lubricant thickness.  In the
excessive lube regime, the stiction force decreas-
es with the lubricant thickness.  Our experimental
results shown in Figure 1 agree with these theo-
retical considerations.
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2.2 Stiction free slider (SFS)
The SFS has four oval pads on the air

bearing surface (ABS), as shown in Figure 2.
These pads are made of DLC and are formed by a
photolithography technique.  Figure 3 shows the
SFS fabrication process.  Si (adhesion layer), DLC
(ABS overcoat), Si (etching stopper layer), and
DLC (pad layer) films are sequentially deposited
onto an Al2O3TiC bar that is cut from a wafer af-
ter a Read/Write element process.  In this study,
DLC films were deposited by electron cyclotron
resonance-chemical vapor deposition (ECR-CVD)
and Si films were deposited by sputtering.  A pho-
toresist film was coated onto the DLC film
(Figure 3 (a)) and the surface was irradiated with
ultraviolet (UV) light through a photomask of the
pad pattern (Figure 3 (b)).  The non-irradiated pho-
toresist was dissolved in a development step to form
the mask pattern.  The DLC and Si films without
the resist mask pattern were removed by reac-

tive ion etching (RIE) of O2 and CF4, respective-
ly (Figure 3 (c)).  Pad fabrication was completed
by removing the irradiated resist with acetone
(Figure 3 (d)).  Finally, the ABS was fabricated
into a Guppy with no crown.13)

Figure 4 shows the stiction force as a func-
tion of the pad area for disks with Ra = 1.2 nm
and a 2.0 nm thick lubricant.  The stiction force
seems to increase linearly with the pad area.  The
stiction force was caused by a meniscus force in-
duced via liquid mediated contact between the two
surfaces in the toe-dipping regime.  The number
of liquid mediated contacts between the pads and
disk is assumed to be proportional to the pad area.
Figure 5 shows the stiction force versus pad
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Figure 2
Stiction free slider.
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SFS fabrication process.
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height for a pad area of 0.009 mm2, disks with a
2.8 nm Ra, and a 1.5 nm thick lubricant.  The stic-
tion force increases sharply when the pad is below
a critical height of about 25 nm.  This stiction force
avalanche is explained by the following model.14),15)

When the pads rest on the disk, lubricant redis-
tribution has to occur in order to maintain
equilibrium between the capillary pressure inside
the menisci and the disjoining pressure of the lu-
bricant film outside the menisci.  The liquid
lubricant film is drawn from the surrounding area
to join the menisci.  In this case, the meniscus
height of equilibrium is 25 nm when the Hamak-
er constant is assumed to be 1.5 × 10-9 J.  If the
pad height is lower than the menisci height at the
equilibrium point, the lubricant fills the gap be-
tween the ABS and disk and the stiction force
increases drastically.

The pad wear after 100 000 CSS cycles as a
function of the surface roughness is shown in
Figure 6.  The pad area was 0.009 mm2 and the
lubricant thickness was 2 nm.  The pad wear in-
creased slightly with the surface roughness, but
is negligible.  We have confirmed that the wear of
a pad area of 0.003 mm2 was also negligible.  These
good results were achieved by lowering the ap-
plied load,16) optimizing the deposition conditions

of DLC films for pads,17) and specially tailoring
the disk surface.  After 100 000 CSS cycles, there
was no visible wear on the disk surface.  Conse-
quently, we can conclude that the SFS pads are
durable enough for practical use.

Figure 7 shows the stiction force versus sur-
face roughness of a disk with a lubricant thickness
of 2 nm and pad areas of 0.003 and 0.009 mm2.  In
the case of the SFS with a pad area of 0.009 mm2,
reducing Ra down to 0.7 nm does not affect the
stiction force.  However, when Ra reaches 0.5 nm,
the stiction force begins to rise sharply.  In the
case of the SFS with a pad area of 0.003 mm2,
even when Ra is reduced to 0.25 nm there is only
a small increase in stiction force.  These results
are accurately simulated using Li and Talke’s
model.11)

The SFS shows an excellent CSS perfor-
mance on a surface roughness of 0.3 nm, which
provide the flattest possible artificial surface.
Therefore, we can conclude that SFSs have a high
potential to reduce the stiction force on the smooth
surface of disks.

2.3 Advanced stiction free slider
The spindle motor in an HDD rotates backward

just before it completely stops.  When a disk is ro-
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tated backward, the slider tips backward so that the
trailing edge area contacts the disk.  A large, low-
profile meniscus could form in this area and cause
excessive stiction as shown in Figure 8 (a).  A quick
estimation using a model of the flooded regime
suggests that the maximum stiction force could
exceed 9 gf.  To prevent spreading lubricant over
the area on the trailing edge, a shallow groove was
fabricated near the edge as shown in Figure 8 (b).

The effect of the groove was experimentally
examined by measuring the stiction force after
rotating the spindle backward.  SFSs with 6 nm-
depth-grooves were selected for controlled tipping
tests on a lightly textured media lubed to a thick-
ness of 0.8 to 1.6 nm.  The test results are shown
in Figure 9. For the SFSs without grooves, the
stiction force after backward rotation increased

with the lubricant thickness.  However, the stic-
tion force for the grooved SFSs remained  low even
with the thicker layer of lubricant.

We applied the grooved SFS technology to a
new ABS for ultra low flying heights as shown in
Figure 10.18)  The advanced SFS technology al-
lows the CSS solution to be extended to the
head-disk interface as a prominent alternative to
the ramp road technology, thereby breaking the
stiction barrier on an ultra smooth disk for over
100 Gbit/in2 recording.

3. DLC overcoat
3.1 Sputtered DLC overcoat

Today, all rigid disks are made using thin-
film technology, particularly the sputtering
process.  A magnetic film sputtered on a smooth
surface cannot withstand friction, wear, and cor-
rosion by itself.  Several materials other than
amorphous carbon films, SiO2, and ZrO2 have been
studied and used for the overcoats of thin film
disks.19),20)  However, sputtered amorphous carbon
films have recently been applied to thin-film me-
dia in general because sputtered amorphous
carbon films and magnetic films can be deposited
successively by the sputtering process and
display superior tribological and anti-corrosion
properties.21),22)
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The a-C film is usually deposited by DC mag-
netron sputtering using a graphite target in pure
argon gas.  The a-C:H and a-C:N film are deposit-
ed by reactive sputtering using a graphite target
in a mixture of argon and hydrogen/methane or
in pure nitrogen.  Incorporating hydrogen or ni-
trogen into amorphous carbon film hardens the
film, thus increasing its durability.  Typical Ra-
man spectra of a-C, a-C:N, and a-C:H are shown
in Figure 11.  The main features of these spectra
are the D and G bands characteristic of all amor-
phous carbon forms.  The bands can be analyzed
quantitatively using a computer program to re-
produce the data as the sum of two combinations
of Gaussian and Lorentzian lines.23)  The position
Γi, the line width ωi, and the intensity for each
line are used as fitting parameters.  The values
for the parameters obtained in the Raman analy-
ses are listed in Table 1.  A decrease in the Id/Ig
ratio and the downshifted D and G line position
was observed as nitrogen or hydrogen was incor-
porated into the films.  These results suggested
that the structural changes were caused by the
incorporation of hydrogen or nitrogen.

3.2 Plasma CVD DLC overcoat
a-C:H films deposited by pCVD or IBD meth-

ods are now being applied to thin-film media as
overcoat films.  We have been studying an a-C:H
film deposited by hot-filament pCVD using tolu-
ene as a precursor material.24)  This deposition
system consists of two hot-filament cathode elec-

trodes, two anode electrodes, and two bias grids
in a stainless steel chamber.  The substrate is held
outside the plasma, between two bias grids.  Hot
filament electrodes emit thermal electrons to dis-
charge monomers.  The plasma is generated
between the cathodes and anodes, and bias grids
remove ions from the plasma.

The chamber was first evacuated to a pres-
sure of 1 × 10-3 Pa by a turbo-molecular pump.
First, the substrate surface was cleaned using hy-
drogen plasma.  Then, toluene (C7H8) was introduced
into the chamber at a pressure of 0.03 Pa.  AC pow-
er for the cathodes and the DC voltages for the
anodes and bias grids were then applied for depo-
sition.  The film thickness was controlled by
controlling the integrated ion current at each bias
grid.

The relationship between the bias voltage and
the chemical structure is shown in Figure 12.  The
bias voltage was varied from -250 to -1250 V.  The
hydrogen content in the film was determined by
measuring the amount of carbon-hydrogen bond-
ing using Fourier transform infrared spectroscopy
(FTIR).

Id/Ig dramatically decreased at a bias volt-
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Table 1
Parameters of Raman spectra in Figure 11.
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age of -250 V and -500 V.  The hydrogen content
in the film decreased as the bias voltage increased.
Increasing the substrate bias increased the ener-
gy of the precursor ions moving into the substrate
surface, increasing the ion bombardment.  The
increases in ion bombardment induced the forma-
tion of sp3-bonded carbon and dehydrogenation in
the film.  These results suggest that increasing
the bias voltage increased the microscopic dia-
mond structure in the film, which in turn
increased the hardness of the film.

The increased hardness of the film enhances
durability.  As shown in Figure 13, the durability
of the film increased linearly with the film hard-
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Bias voltages vs. film properties.

ness.  Durability was measured by a pin on disk
tester.  The spherical surface of the pins (1 mm
surface curvature radius) was made of Al2O3-TiC
ceramic.  The sliding speed was 0.3 m/s, and the
applied load was 0.1 N.  The test was conducted
on an 8 nm thick film without lubricant and in
ambient atmosphere.

Figure 14 compares the durabilities of a
pCVD film deposited under the most suitable dep-
osition conditions and a sputtered a-C:H film.  The
durabilities of both films increase with film thick-
ness.  The pCVD films displayed a greater
durability than the sputtered film, particularly at
thicknesses below 8 nm, where there is a marked
drop in the durability of the sputtered a-C:H film.
The greater durability of the pCVD appears to
originate from the increase in hardness.  The
pCVD film enables us to reduce the overcoat thick-
ness of the magnetic disks and thus reduce
magnetic spacing and ensure a higher recording
density.

3.3 Filtered Cathodic Arc Deposition DLC
overcoats
The schematic diagram of an FCA deposition

system is shown in Figure 15.25)  Pure graphite is
used for the cathode target.  Carbon ions are pro-
duced from a cathode spot by arc discharge
between the cathode target and anode.  Although
electrons, macro-particles, and neutrals of carbon
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are simultaneously produced, a magnetic filter
removes the macro-particles and neutrals, so only
carbon ions and electrons reach the substrate.  The
deposition system also has an ion gun which can
be used for surface cleaning before deposition and
for nitrogen doping into the film.

Figure 16 shows the Raman spectra of a tet-
rahedral amorphous carbon (ta-C) film prepared
by FCA and an a-C:H film prepared by pCVD.  The
thickness of these samples is the same.  The typi-
cal spectrum of an a-C:H film has a G-band peak
around 1550 cm-1 and a D-band peak around
1350 cm-1.  The G-band peak is due to the move-
ment of sp2 carbon to the graphite plane, and the
D-band peak is due to disorder in the graphite
structure.  In the ta-C film, the G-band peak in-
tensity is low and no significant D-band peak is
observed.  The background noise caused by the

polymeric structure in the film is also low because
FCA deposition is a hydrogen-free process.  These
results show that the ta-C film contains a large
amount of sp3 bonding compared with the a-C:H
film.  The shapes of the spectra are not changed
when the arc current and cathode coil current are
varied.  The deposition rate increases with arc
current.  The hardness of these films has been
measured at about 26 GPa and it does not show
any dependence on the arc current or the cathode
coil current.

The nanowear properties were measured
using an atomic force microscope (AFM) with a
sharp diamond tip.  The test was performed at
10 µN using 12 scans over a distance of 10 µm.
Figure 17 shows the results of a nanowear test.
The residual depth of the nanowear pattern is
10 nm on the sputtered film and 2 nm on the pCVD
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Raman spectra of a C:H and ta-C films.
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AFM images of nanowear patterns.
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film.  However, no nanowear pattern can be ob-
served on the FCA film.  This shows that ta-C films
have a high wear resistance compared with a-C:H
films made by sputtering and pCVD.

The amount of Co ions on the carbon surfac-
es, which were exposed to hot and humid
conditions for several tens of hours, was measured
by time of flight secondary ion mass spectroscopy
(TOF-SIMS) as shown in Figure 18.  Cobalt in
magnetic recording films migrates through tiny
holes, perhaps as small as a few nm in diameter,
in the carbon films.  These holes allowed an elec-
trochemical corrosion system to be established
when moisture was present at the holes, which
accelerated the deterioration of the magnetic film.
The amount of Co ions increased as the film thick-
ness decreased.  However, Co ions on the FCA
carbon film were much smaller than those on sput-
tered and pCVD films.  This shows that the
anti-corrosion properties of FCA carbon films are
superior to those of other films.

FCA carbon films have superior durability
and anti-corrosion properties to CVD carbon films
and can safely be used in smaller thicknesses to
achieve higher recording densities.

4. Summary
The areal densities of commercial HDDs will

increase at a rate of 100% per year and exceed

100 Gbit/in2 in a few years.  In this paper, we pre-
sented two state-of-the-art technologies: the
advanced stiction free slider (SFS) and the dia-
mond-like carbon (DLC) overcoat.

Advanced SFSs offer excellent control of the
apparent head-disk contact area and can reduce
the stiction force on ultra smooth disks.  Filtered
cathodic arc (FCA) DLC overcoats show excellent
durability and anti-corrosion properties.  These
novel techniques have an excellent potential to
overcome the tribological obstacles and thus en-
able ultra-high density recordings.
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