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The planarization of the bit-patterned surface using gas cluster ion beams (GCIBs) was studied. By applying the features of gas cluster
ions, such as low-energy irradiation and surface smoothing effects, it is possible to carry out effective smoothing of a patterned surface.
We fabricated a dot pattern on the Si substrate as a model structure for bit-patterned media by electron beam lithography and inductive
coupled plasma etching. A carbon overcoat covered the Si dots. On Ar-GCIB irradiation at an acceleration voltage of 20 kV, the Si
dots with a diameter of 150 nm were planarized. The required ion dose for planarization was � ��

�� ions/cm�. The cross-sectional
transmission electron microscope images showed that only the carbon overcoat layer was planarized without a change in the structure
of Si dots. Etching depth of the overcoat increased linearly with the ion dose, indicating good reproducibility of the method with precise
control of residual thickness.

Index Terms—Gas cluster ion beam (GCIB), hard disks, ion-beam applications, smoothing methods.

I. INTRODUCTION

D ISCRETE track media (DTM) or bit-patterned media
(BPM) have been studied extensively to realize high

areal recording density of hard-disk drives [1]. Unlike in the
case of conventional continuous media, it is necessary to pla-
narize DTM or BPM surfaces to maintain flying stability of the
slider [2]. Chemical mechanical polishing (CMP) is one of the
techniques used for planarization. However, this is not a dry
process; therefore, it is not suitable for the fabrication of DTM
or BPM.

To overcome the shortcomings of this planarization tech-
nique, we studied gas cluster ion beams (GCIB) surface
processing [3]. Gas cluster ions are aggregates of thousands of
gaseous atoms or molecules. In contrast to atomic or molec-
ular ion beams, when a GCIB bombards a target surface, it
induces lateral motion of sputtered atoms. This lateral motion
smoothens the surface and is referred to as “lateral sputtering”
[4]. Besides its efficiency in surface smoothing, GCIB has
a very low energy-per-atom count (as low as several elec-
tronvolts/atom), which makes it a low-damage process for
magnetic materials [5]. By employing various gases, the GCIB
process has been used for industrial applications, such as
ultra-shallow doping [6], thin-film formation [7], low-damage
etching, and elemental analysis [8]. However, the targets in the
aforementioned applications were mostly plain (flat) surfaces;
the surface-morphology evolution by GCIB irradiation of the
patterned surface has not been studied extensively. Recently,
we reported the surface planarization of line and space pattern
on the carbon overcoat by using Ar-GCIB [9]; however, the
use of GCIB has not been demonstrated on a bit-patterned
surface. In this study, we demonstrate surface planarization of
a BPM-like structure using Ar-GCIB.
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II. EXPERIMENTS

Fig. 1 shows a schematic diagram of the GCIB system. Neu-
tral Ar-cluster beams were produced by supersonic expansion of
gas through a conical nozzle and subsequently ionized by elec-
tron bombardments. The acceleration voltage used was between
5 kV and 30 kV. Atomic Ar ions (monomer ions) in the accel-
erated ion beam were removed by a permanent magnet due to
their small mass. As a result, only Ar cluster ions with heavy
mass were extracted. When Ar was used as the source gas, the
cluster ion beam current was 200 A at the acceleration voltage
of 20 kV.

Fig. 2 illustrates the experimental procedure. In this study, the
bit patterns were fabricated on Si substrates, which were used
as an alternative to magnetic material. This fabrication was car-
ried out by electron beam lithography (F5112+VD01, Advantest
Corp.) and an inductive-coupled plasma etching process. The in-
tervals between the dots and the depth of the bit pattern were 150
nm and 15 nm, respectively. Then, the carbon overcoat (COC,
50 nm in thickness) was deposited on the bit-patterned Si.

These dot-patterned surfaces were irradiated with the
Ar-GCIB. The acceleration voltage was 20 kV, and the ion
doses changed from to ions/cm . After
Ar-GCIB irradiations, the surface morphologies were observed
with an atomic force microscope (AFM, Dimension 3100,
Veeco Instruments) in tapping mode. The dimension of the area
under observation was 1 1 m .

In addition, the cross-sectional images of dot-patterned
samples obtained by using the transmission electron micro-
scope (TEM) were also investigated. For TEM observations,
samples were prepared by coating Al, C, and W films on the
dot-patterned surface as protection layers. Subsequently, the
substrates were sliced into 1000-nm-wide samples using a
focused ion beam (FIB, FB2000A, Hitachi-Hitec). These sam-
ples were observed by using a field emission TEM (FE-TEM,
JEM-2010F, JEOL) at 200 kV. The etching depth of COC was
measured with a spectroscopic ellipsometer (UVISEL, Horiba
Jobin Yvon) across the flat area of the samples. To study the
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Fig. 1. Schematic diagram of the GCIB irradiation system.

Fig. 2. Experimental procedure of planarization of the bit-patterned surface
using GCIB.

etching depth, the acceleration voltages of the Ar-GCIB used
were 10 and 20 kV, and the ion dose was changed from
to ions/cm .

III. RESULTS AND DISCUSSIONS

First, the morphology of the bit pattern prior to irradiation
with the Ar-GCIB was observed. Fig. 3(a) shows the AFM
image of the as-patterned sample. The cross-sectional height
profiles measured along the horizontal line indicated in the cor-
responding AFM images are also shown below these images.
In Fig. 3(a), the dots with a diameter of 150 nm are clearly
observed. The peak to valley height was 19.5 nm. The Ar-GCIB
irradiations were performed on this surface at an acceleration
voltage of 20 kV. Fig. 3(b)–(d) shows the AFM images of the
surfaces with a top view after Ar-GCIB irradiation at an ion
dose of and ions/cm , respectively.
In the image obtained at the ion dose of ions/cm ,
although the shape of the dots is unclear, their outlines are
observed. With increasing ion dose, the outline of the dots ap-
pears to diminish and the surface finally flattens. The required
ion dose of Ar-GCIB irradiation for surface smoothing was
almost the same as that required for smoothening of line and
space-patterned surfaces at the same acceleration voltage [10].
On studying the dependence of surface smoothing by Ar-GCIB
irradiation on the pattern width, it was found that surface
smoothing using GCIB was more effective for smaller patterns
( 200 nm) than larger ones [10]. Since the dot diameter of
BPM is expected to be several tens of nanometers, the use of
GCIB is suitable for the planarization of these patterns.

To study the inner structures of the bit patterns, their
cross-sectional images of these samples were also studied.

Fig. 4 shows (a) TEM images of the sample before irradia-
tion, (b) after Ar-GCIB irradiation at an ion dose of
ions/cm , and (c) ions/cm , respectively. The dark
region at the bottom indicates the crystalline Si substrate,
and the bright region indicates the COC. The topmost layer
is the protection coating (Al, C, and W) that was deposited
for TEM sample preparations. As observed in Fig. 4(a), the
structure on the surface of COC is almost identical to that of
the patterns on the Si substrate. On Ar-GCIB irradiation at
an ion dose of ions/cm [Fig. 4(b)], the prominent
dots on the surface were sputtered preferentially, and a very
shallow recessed area was observed. With an increasing ion
dose to ions/cm [Fig. 4(c)], almost no dot pattern
was observed on the COC surface. Therefore, after Ar-GCIB
irradiation at the acceleration voltage of 20 kV, there was
no change in the structures of the Si patterns, preserving the
original patterns. Since the GCIB transfers its kinetic energy
mainly near the surface area, only the surface structure of the
sample was modified. Further, it should be noted that from the
cross-sectional TEM images, the etching depth required for
surface smoothing was found to be less than 20 nm. Compared
to the initial value of the peak-to-valley height of the bit pattern
(30 nm), this etching depth is considerably small. Therefore,
we can conclude that very effective (low material consumption)
surface smoothing is possible by using Ar-GCIB irradiations.
For BPM, the required thickness of COC on a magnetic layer
would be several nanometers. Although the thickness of the
COC was very high in this experiment, the etching depth can
be easily controlled by varying the ion dose of the Ar-GCIB.

Fig. 5 shows the dependence of the etching depth of the COC
on the ion dose of the Ar-GCIB. The acceleration voltages were
10 kV and 20 kV. The etching depth was measured over the
flat COC surface. The etching depth of the COC linearly in-
creased with the ion dose. It is known that oxygen cluster ions
enhance the etching rate of the COC compared to the Ar cluster
ions by almost one order of magnitude. By controlling the ion
dose and the reactivity of GCIB, very precise depth control
can be achieved. In fact, precise thickness control for the fre-
quency filter or thin films on 200-mm wafers using this approach
has been already demonstrated in device manufacturing. In this
study, the process time of Ar-GCIB irradiation at an ion dose
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Fig. 3. AFM images and cross-sectional height profiles of bit–patterned samples before and after Ar-GCIB irradiations. The ion doses were changed from ����

to �� �� ions/cm , acceleration voltage was 20 kV, scan area of AFM images was 1 �m� 1 �m. (a) Before irradiation. (b) Ar-GCIB, �� �� ions/cm . (c)
Ar-GCIB � � �� ions/cm . (d) Ar-GCIB � � �� ions/cm .

Fig. 4. Cross-sectional FE-TEM images of bit-patterned samples before and after Ar-GCIB irradiations. (a) Before irradiation. (b) After Ar-GCIB irradiation
� � �� ions/cm . (c) After Ar-GCIB irradiation � � �� ions/cm .

Fig. 5. Ion dose dependence of the etching depth of the carbon overcoat using
Ar-GCIB at acceleration voltages of 10 kV and 20 kV.

of 5 10 ions/cm was less than 30 s (20 20-mm square
samples). By employing reactive cluster ions, throughput of the
process can be significantly improved.

IV. SUMMARY

In this study, the planarization of Si substrates with a dot
pattern was demonstrated using GCIB for its potential use in
fabricating BPM. Although the samples were not actual bit-
patterned magnetic materials, Si substrates with dots pattern
(150 nm in diameter) with COC were successfully planarized
by using Ar-GCIB. Since GCIB modifies only the regions near
the surface, the bit-pattern structures below the COC were pre-
served. The required etching thickness for surface planarization
of COC was considerably small. Thus, the use of GCIB offers
efficient thickness control, which is an advantage for the pla-
narization of DTM or BPM.
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