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Abstract�—The ying height of magnetic heads in hard disk drives has been markedly reduced in
proportion to an increase in the recording density, resulting in a large head�–disk stiction. One of the
techniques for overcoming this problem is to use laser texturing. The laser can create bumps with a
typical height of 20�–30 nm and a diameter of 10 µm, although a small bump diameter is needed to
obtain better tribological performance. We therefore studied a precise bump diameter control process
with ultra-ne particles (UFPs) of SiO2 and a dry etching process. UFPs of 0.3 µm diameter were
coated on a disk surface by dipping or an ink-jet method and the surface was etched by oxygen. After
removing the UFPs, the bumps formed were measured to have a height of 10�–20 nm and a diameter
of 0.21 µm. The diameter was about the same as that of the UFPs.
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NOMENCLATURE

N rotation speed (r.p.m.)
p pitch of droplet (mm)
r distance from disk center (mm)
S circumferential speed (mm/s)

1. INTRODUCTION

In recent years demand has arisen for magnetic disks with greater capacity for use as
computer storage media and it is thus becoming necessary to increase the recording
density of these disks. Magnetic data is written by passing an electrical current
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through a magnetic head (made of a magnetic material) to produce a magnetic force
which alters the magnetic domains at a specic position in a magnetic material
formed on the magnetic disk. The magnetic data can then be read by passing a
magnetic head over the magnetic material to produce an induced electrical current.
In recent years, magnetoresistance effect devices, which read the magnetic data by
sensing changes in the resistance of the magnetic head, have become increasingly
commonplace [1].
To read and write high-density magnetic data recordings, it is necessary to

increase the magnetic head positioning precision and to confer the magnetic head
with a resolving power capable of dealing with the recording density. To do this
it is necessary to increase the performance of the magnetic element and reduce the
�‘ying�’ height of the magnetic head.
At present, magnetic recordings are usually produced using the contact start / stop

(CSS) method, whereby the device is started up with the head in contact with the
disk and the head ies a small distance above the disk in the data zone. Accordingly,
the head and disk must exhibit good adhesion-resistant and tribological characteris-
tics at device start-up and during normal operation. To obtain such characteristics,
the disks used hitherto have been made by applying microscopic bumps (texture)
with an average roughness of the order of 10 nm to an Ni�–P lm on a substrate
(disk), and forming a magnetic layer and a protective lm thereupon [2]. However,
since bumps are formed at the surface of the data zone by this method, it is difcult
to reduce the ying height of the head.
To solve this problem, methods have been devised and implemented whereby

microscopic bumps are formed in the disk�’s CSS zone by laser processing, while a
at magnetic layer and protective lm are formed in the data zone [3�–6]. However,
although the magnetic disks obtained by these methods have at data zones and are
thus suitable for reducing the ying height of the head, there is an anxiety that the
tribological characteristics may be impaired by instantaneous contact between the
disk and head when performing seek operations at low ying height. Furthermore,
as the head becomes more compact and lightweight, and its ying height decreases,
it is expected that bump proles of even smaller size will exist.
The authors have already developed a technique for arranging a single layer of

SiO2 ultra-ne particles (UFPs) with an average particle size of the order of 100 nm
on a glass substrate for use in UFP applications [7].
In the present research, we have studied methods for the formation of ne (sub-

micron) bumps over the entire surface of the disk and in the CSS zone by applying
ultra-ne SiO2 particles with suitable spacing onto a magnetic disk blank, and then
removing the UFPs after performing dry etching.
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2. EXPERIMENTAL METHOD

2.1. UFPs

The UFPs used in this research were chemically produced particles of SiO2 (man-
ufactured by Catalysts & Chemicals Ind. Co. Ltd.) of average particle size 300 nm.
These SiO2 UFPs were supplied as a dispersion in propylene glycol monomethyl
ether (PGME) and the same solvent was used to adjust the concentration of UFPs.

2.2. UFP application methods

Dip�–spin coating and ink-jet coating methods were used to apply the UFPs to the
magnetic disk.
As Fig. 1 shows, the dip�–spin coating method involves xing a 3.5 in. disk to a

spindle and turning it at constant speed while the spindle is moved vertically to dip
the blank in a coating solution in which the UFPs are dispersed. The disk is then
withdrawn from the coating solution and turned at high speed to achieve a uniform
application of the coating solution and to dry it off.
To apply the UFPs by ink-jet coating methods (abbreviated to IJP methods), we

used an on-demand process. IJP methods include a continuous process in which ink
is continuously sprayed out and is only deected when necessary, and an on-demand
process in which it is only sprayed out when necessary [8, 9]. The continuous
process is characterized in that the distance between the nozzles and the article being
coated can be made comparatively large, and in that it is also capable of coating
curved surfaces. Also, since the ink is deected by an electric eld in this process,
conductive ink is generally used. The dispersion of UFPs can be made electrically
conductive either by adding a surfactant to make the ionically conductive or by
adding UFPs that are electrically conductive. When a surfactant is used, it is
possible that the individually dispersed ultra-ne SiO2 particles may agglomerate
or that the equipment my be corroded by sodium ions and the like included in the
surfactant. On the other hand, when conductive particles are added, other problems

Figure 1. Schematic setup for dip�–spin coating.
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arise such as the resulting conductivity being insufcient to cause a deection unless
a substantial quantity is mixed in, and agglomeration of the conductive particles and
SiO2 UFPs.
Although the on-demand process is restricted in that the distance between the

nozzles and the article being coated cannot be increased, it is characterized in that
it is largely unaffected by the properties of the ink. In the present research we
therefore conducted experiments with the on-demand process.
The ultra-ne SiO2 particles were applied to the substrate by spraying prescribed

parts of a disk-shaped substrate with the coating liquid for an arbitrary time while
turning the substrate at constant speed.

2.3. Evaluation of UFP adhesion and outward appearance

The adhesion of UFPs was evaluated with a scanning electron microscope (SEM;
Hitachi S-4000) and commercial PC-hosted image analysis/processing software
(Image Pro Plus; Media Cybernetics). An image of an arbitrary location was rst
obtained with the SEM and the image analysis/ processing software was then used
to calculate the ratio of the surface area occupied by the UFPs, this gure being
used as a measure of the adhesion of UFPs.

2.4. Formation of microscopic bumps and evaluation of their shape

Figure 2 illustrates the process used to form microscopic bumps on the substrate
surface. The magnetic disk substrates used here were constructed by plating or
sputtering a magnetic layer of nickel, chromium, cobalt or the like on an aluminum
substrate and then forming a protective layer of carbon (carbon overcoat layer)
thereupon by sputtering. The roughness of the outermost surface of this substrate
affects the recording density and the sliding characteristics between the magnetic

Figure 2. Process for forming microscopic bumps.
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head and substrate, so it must be processed with high precision �— normally to
within 1 nm or less.
The method used to form the microscopic bumps involves applying UFPs to the

surface as described in Section 2.2 and then performing dry etching (in oxygen gas)
using these UFPs as a masking material, after which the SiO2 UFPs are removed by
washing with pure water. The places where UFPs were present are not etched, so
peaked bumps of about 300 nm in diameter are formed.
The shape of the resulting bumps was examined by cross-sectional and surface

observations with the SEM.
During etching, there is the anxiety that the SiO2 UFPs may also be etched and

adhere to the magnetic disk. Therefore the surface of the disk after etching was
analyzed by electron spectroscopy chemical analysis (ESCA) using an SSX-100
made by SII.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Dip�–spin coating method

Figure 3 shows how the rotation speed of the disk affects the distribution of adhesion
coefcients. The mixing ratio of UFPs is 0.2 wt%. As one would expect, the
adhesion coefcient is higher at low rotation speeds and lower at high rotation
speeds. However, it is affected little by rotation speeds above 3000 r.p.m. On the
other hand, at a rotational speed of 1000 r.p.m., the surface distribution was such
that the difference in adhesion coefcients at the inner and outer peripheries was
0.7%, with the adhesion coefcient tending to increase toward the outer periphery.
This difference decreases as the rotational speed increases, becoming about 0.3%
at 5000 r.p.m. The dispersion solvent used here was PGME, which has a boiling
point of 120!C and a viscosity of 0.175 Pa·s. Accordingly, the evaporation rate
is relatively slow and a liquid lm remains directly after spin-coating under all

Figure 3. Adhesion coefcient of UFPs.
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conditions. In the present experimental method, since plenty of coating liquid is
supplied to the disk surface by the initial dipping, the liquid lm is thick and it can
thus be assumed that the UFPs are also adequately present therein. As the disk is
rotated from this state, the resulting centrifugal force causes the coating liquid to
migrate toward the outer periphery of the disk. At low rotation speeds of 1000 and
2000 r.p.m., the adhesion coefcient of the UFPs increases sharply at a position of
40 mm in the axial direction, i.e. 4 mm from the outer edge of the disk. On visually
observing the state of the coating liquid directly after the disk had been stopped, it
was found that a thick residue of coating liquid was left at the outer edge. It thus
seems that at low rotation speeds an excess of coating liquid cannot be shaken off
at the outside edge and is partially left behind, causing the adhesion coefcient of
UFPs to increase. At high rotation speeds, on the other hand, it seems that the excess
coating liquid is shaken off straight away and the drying rate is also increased so that
the difference in adhesion coefcient is relatively small. Also, if agglomerates of
UFPs are regarded as consisting of two or more particles clumped together, then
the ratio of agglomerate UFPs tends to decrease with increasing rotation speed as
shown in Fig. 4, although it changes little above 3000 r.p.m. This is thought to be
because the excess coating liquid is shaken off before the solvent dries out at higher
rotation speeds, as discussed earlier.
On the other hand, the wetting properties of the solvent on the magnetic disk

surface are a crucial factor in uniformly applying the UFPs to the disk surface.
We therefore performed measurements using an automatic contact angle measur-

ing device based on Wilhelmy�’s method (an ST-1S-PCIC; Shimadzu Seisakusho).
In addition to PGME, measurements were also obtained with ethanol and n-butanol,
which are the solvents normally used for UFPs. The immersion rate of the at plate
used for contact angle measurement into the solvent was xed at 20 mm/min. In
practice, the disks were coated by bringing them up to a rotation speed of 200 r.p.m.,

Figure 4. Inuence of disk rotation for ratios of agglomerate UFPs.



Forming microscopic surface bumps with ultra-ne particles 105

dipping them in the solvent, lifting them out again and then turning them at high
speed.
Although these contact angle measurements were made under different conditions

to those of the actual coating process, it is possible to quantitatively evaluate the
wetting properties between the carbon lm and each solvent at the outermost surface
of the disk. As Table 1 shows, the measured results show that PGME has a smaller
advance angle and sweepback angle than the other solvents, which means it has very
good wetting properties on the magnetic disk surface (with a carbon lm deposited
by DC sputtering).
Figure 5 shows an SEM photograph of UFPs applied to the surface of a disk

rotating at 3000 r.p.m. The 300 nm SiO2 UFPs �— which have a good particle size
distribution �— were found to be adhered more or less uniformly.

Table 1.
Dynamic contact angle

Advance Sweepback
angle (º) angle (º)

PGME 2.0 �–

Ethanol 13.5 5.9

n-Butanol 15.0 11.7

Figure 5. SEM photograph of UFPs on the disk surface.



106 Y. Endo et al.

3.2. Ink-jet application process

3.2.1. Multi-nozzle application. To conrm the feasibility of using the IJP
method to apply UFPs to a disk-shaped substrate, we rst conducted multi-nozzle
application tests. In ordinary printers, when broad strips are printed, the printing
is controlled so that ink is sprayed simultaneously from multiple nozzles. Here
we performed a test in which application was performed at constant rotation with
the width of the application zone set to 3 mm. For the applied liquid we used a
suspension of 0.5 wt% SiO2 UFPs (average particle size 300 nm) in PGME.

Figure 6. Photograph of disk surface with UFP coating.

Figure 7. SEM photographs of UFPs on the disk surface.
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As the photograph in Fig. 6 shows, it was possible to apply particles in a circular
band about 3 mm wide. This region of adhered UFPs was observed by SEM and, as
shown in Fig. 7a, although some of the particles are agglomerated at the boundary
between the coated and uncoated parts, the rest of the particles were found to be
adhered in a more or less uniform distribution in the central part as shown in Fig. 7b.
These results demonstrate the feasibility of applying UFPs by the IJP method. In

general, the diameter of the IJP nozzle tips is of the order of tens of microns, so it
can be assumed that the 300 nm UFPs will not clog the nozzles. One possible cause
of agglomeration at the edge of the applied region is as follows.
After the coating liquid sprayed from the IJP nozzles has formed a uniform

wetting lm, the UFPs are xed to the substrate as the solvent evaporates and dries
out. The evaporation and drying out are thought to be fastest at the edges of the
applied region.
In the wetting lm of a two-phase mixed system of particles and liquid, it is known

that lateral capillary forces arising from surface tension act between the particles so
as to pull them together as the liquid evaporates and the thickness of this wetting
lm becomes less than the particle size [10, 11]. It is thus conjectured that as soon
as the wetting layer thickness at the edge of the applied region has become less than
the particle size, the particles present there are rst xed to the substrate and the
neighboring particles are drawn toward these particles by lateral capillary forces,
causing agglomerations to occur. It is also difcult to control the process so as
to achieve a constant adhesion coefcient of UFPs in regions where overlapping
occurs after the substrate has completed a full revolution. To avoid such problems
we therefore implemented a single-nozzle application method.

3.2.2. Single nozzle application. We investigated the single-nozzle application
method in a process whereby the disk is rotated at constant speed while the nozzle
is moved at constant speed in the radial direction.
Figure 8 shows an optical micrograph of the case where spraying was performed

under the following conditions: IJP nozzle drive frequency 4.5 kHz, rate of radial
motion 5 mm/s, substrate rotation rate (n) 600 r.p.m. and application position
(distance r from the center) about 20 mm. Under these conditions, the droplets
are individually separated and their size is about 150 µm. Since the hole diameter
at the nozzle tip is about 50 µm, the droplets spread out by about 3 times. Also,
the pitch (p) between droplets in the tangential direction was about 280 µm.
At r = 20 mm, the tangential velocity (S) is S = 2r!n = 1256.6 mm, so
S/p = 1256.6/0.28 = 4.48 " 103 (s#1), which more or less matches the drive
frequency of 4.5 kHz. This conrms that the coating liquid was sprayed at a set
frequency.
The rotation speed n such that S/0.15 = 4.5 " 103 at which the droplets just

overlap to form a uniform wetting lm can thus be calculated as n = 5.37 r.p.s.
(or 322 r.p.m.). Also, the condition for just overlapping in the radial direction can
be calculated according to the rotation rate and the radius of the coating location.
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Figure 8. SEM photograph of one-droplet coating with one nozzle.

Figure 9. Distribution of adhesion coefcient of UFPs.

Assuming a substrate rotation rate of 322 r.p.m. and a coating position (r = 20 mm),
it is 0.8 mm/s. In practice, it is predicted that a uniform wetting layer will be more
readily formed with a slight degree of overlap.
Figure 9 shows the variation of UFPs adhesion coefcient when coating was

performed over the radius range 0.5�–3.0 mm with a substrate rotation rate of
320 r.p.m. and a movement speed of 0.5 mm/s based on the above investigation
results. Figure 9 clearly shows that the UFPs were adhered more or less uniformly
except at the position 0.5 mm from the outer circumference. Figure 10 shows
a SEM photograph of the coated/uncoated boundary at the outer circumference
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Figure 10. SEM photograph of the boundary part between coated and uncoated areas.

part. As Fig. 10 clearly shows, no agglomerations of UFPs can be seen at all.
This is thought to be because the solvent evaporates and dries from the inside as
the application position is moved toward the outer perimeter while continuously
spraying the application liquid, so that the lateral force acting on the UFPs in the
wetting lm acts toward the inside.

3.3. Contamination with silicon at the substrate surface

In this method of research where minute bumps are formed on the magnetic disk
using the UFPs as a mask, the SiO2 UFPs are also etched to some extent during dry
etching and it is feared that contamination may occur due to this adhering to the
surface of the magnetic disk. Contamination with silicon is thought to considerably
impair the sliding characteristics. We therefore analyzed the magnetic disk surface
after etching by ESCA. The results are shown in Fig. 11. In the wide scan spectrum
of Fig. 11, carbon and oxygen were detected, but silicon was below the detection
threshold. To make a more detailed study with regard to silicon, we measured the
narrow scan spectrum of Si2p. As the results in Fig. 12 show, small quantities were
rst detected after 15 extended integrations. Table 2 shows the quantitative detected
element composition. Carbon (C1s) and oxygen (O1s) were found to constitute 86
and 13.3 at%, respectively, whereas Si2p was only detected at 0.3 at%, which is
close to the noise level of the equipment.
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Figure 11. Wide-scan spectrum.

Figure 12. Narrow-scan spectrum.

Table 2.
Chemical analysis of disk surface (at%)

C1s O1s Si2p

86.0 13.3 0.3

3.4. Shape of minute bumps

Figure 13 shows a SEM photograph taken after the SiO2 UFPs had been removed.
Since the etching depth, i.e. the depth of the bumps, was set at just 15 nm they are a
little difcult to see, but the bump diameter was about 210 nm, which is smaller than
the UFPs size (300 nm). This is thought to be because when etching with oxygen
gas, the oxygen gas was able to get underneath the UFPs forming the mask.

4. CONCLUSION

We have studied a method for the formation of microscopic bumps on the surface of
a magnetic disk using SiO2 UFPs as a mask and have claried the following points
as a result:
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Figure 13. SEM photograph of the bump shape formed on the disk surface.

(1) It is possible to apply SiO2 UFPs of particle size 300 nm to the surface of
a magnetic disk with a more or less uniform adhesion coefcient by using a
coating solution in which the particles are dispersed in a PGME solvent.

(2) By performing dry etching on a disk coated in this way, it is possible to form
minute bumps of diameter 210 nm and height 15 nm in the carbon protective
lm.

(3) The contamination of the disk surface with silicon in this process is within
0.3 at%.

(4) When ink-jet application is performed using a dispersion of SiO2 UFPs, an on-
demand process which is affected little by the liquid properties is suitable.

(5) By employing an ink-jet process in which the coating liquid is sprayed from
a single nozzle while turning the substrate at a constant rate and moving the
nozzle in the substrate radial direction, it is possible to apply 300 nm SiO2
UFPs more or less uniformly over an arbitrary region.
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