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We studied Ar gas cluster ion beam (GCIB) planarization effect on patterned surfaces refilled with Cr, Ta and SiO�. The patterns of 20
nm in depth were fabricated on Si substrate by using electron beam lithography and CHF�-reactive-ion-etching. The bit pattern pitches
and the height of peak-to-valley were 150/200/300/400 nm and 20 nm, respectively. Then, refilling materials were deposited 30 nm in
thickness on the patterned substrates. The test samples were irradiated by Ar-GCIB and the resultant surface profiles were measured by
atomic force microscopy. Acceleration energy for a cluster was 20 keV. The dose was set from � ��

�� to � ��
�� ion/cm�. Although

there was a difference in the dose, the patterns disappeared clearly by irradiating GCIB. The reduction rate of peak-to valley height
decreased with decreases of the pattern pitch. We indicated that GCIB irradiation is effective for the planarization of patterned surface
refilled with Cr, Ta, and SiO�.

Index Terms—Gas cluster ion beam, patterned media, planarization.

I. INTRODUCTION

A PATTERNED medium is one of the excellent candidates
to overcome the limitation of an increase in density of

magnetic disks. Recorded spins will interfere with next ones due
to their thermal stability and to achieve high recording density
such as over 1 Tbit/in , bits must be discretely separated [1]–[3].
However, because the indented surface of bit patterned media
(BPM) make head-slider flying instability, the media need flat
surfaces as well as conventional nonpatterned disks. Soeno et
al. demonstrated refilling the grooves of magnetic thin film by
depositing of SiO . Subsequent ion milling of the extra SiO
resulted in flat patterned media [4]. Nunez et al. indicated that
diamond-like carbon (DLC) is a efficient refilling material in
terms of mechanical behavior for head-slider stress by using
finite-element-method simulation [5].

On the other hand, a gas cluster ion beam (GCIB) technology
has been developed as a novel smoothing technique [6], [7].
Our group proposed GCIB planarization for refilling nonmag-
netic materials, and we demonstrated planarization of patterned
DLC [8]–[10]. GCIB can planarize only surface in depth several
nm without ion-damaging inside of the magnetic film. However,
we have not studied the planarization of other nonmagnetic ma-
terials than DLC. In terms of compatibility with the magnetic
layer, nonmagnetic materials other than DLC can be better can-
didates to refill the grooves. In this study, we studied Ar GCIB
planarization effect on surfaces using patterned test samples re-
filled with Cr, Ta ,and SiO . For the demonstration of planariza-
tion of them, we used patterned Si substrates as an alternative to
magnetic material.
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Fig. 1. Schematic of experimental method.

II. EXPERIMENT

A. GCIB Apparatus

In the GCIB system, neutral Ar cluster beams were formed
by supersonic expansion of high pressure gas through a nozzle
and skimmer. Subsequently, the neutral clusters were ionized by
electron bombardments and accelerated to 20 keV. In this study,
the clusters formed 3000 atoms at maximum in the distribution.

B. Experimental Method

Fig. 1 shows a schematic of an experimental method. The
bit patterns were fabricated on Si substrates by electron beam
lithography and CHF -reactive-ion-etching (RIE). The bit pat-
tern pitches and the height of peak-to-valley (P-V) were 150/
200/300/400 and 20 nm, respectively. Then, Cr, Ta, and SiO
as refilling materials were deposited 30 nm in thickness on the
patterned substrates by magnetron sputtering.

These dot patterned surfaces were irradiated by the Ar GCIB.
The dose was set from to ion/cm . After
GCIB irradiations, the resultant surface profiles were measured
by an atomic force microscopy (AFM, Dimension 3100, Veeco
Instruments). The dimension of the area under observation was

m .

III. RESULTS AND DISCUSSIONS

We compared the surface roughness of samples before and
after GCIB irradiation. Fig. 2 shows the AFM comparison of the
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Fig. 2. Cr surface profiles and AFM images before/after GCIB (pitch: 150 nm,
dose: � � �� ion/cm ).

Fig. 3. Ta surface profiles and AFM images before/after GCIB (pitch: 150 nm,
dose: � � �� ion/cm ).

surface roughness of the sample with the dot pitch of 150 nm re-
filled with Cr before and after irradiation with an ion dose of

ion/cm . The dot patterns with 19 nm depth were clearly
obliterated by GCIB. Average roughness (Ra) after GCIB was
decreased from 6.5 to 1.2 nm. In this study, we aim to study the
pitch dependence of GCIB planarization effect. Therefore, we
stopped irradiation when the samples with 150 nm pitch pat-
tern were disappeared. Therefore, we have confirmed that the
roughness improvement was saturated. Further irradiation will
be carried out in the future.

In the same way, Figs. 3 and 4 show the comparison of the
samples refilled with Ta, SiO before and after irradiation with
ion doses of and ion/cm . The dot patterns
were disappeared and Ra was decreased.

Fig. 5 shows the dependence of Ra on the ion dose of GCIB.
We once had studied samples refilled with DLC, thus the data
of DLC was used as a reference of refilling material. Because
Ar-GCIB has the physical sputtering effect, the sputtering yield
by cluster ion is proportional to the reciprocal of the sublimation
energy of target atoms [11]. The sublimation energy depends on
the binding energy of the atom and the condition of film. Dif-
ference of the sublimation energy made difference of the pla-
narization rate.

Fig. 4. SiO surface profiles and AFM images before/after GCIB (pitch: 150
nm, dose: � � �� ion/cm ).

Fig. 5. The dependence of Ra on the ion dose of GCIB.

TABLE I
ETCHING DEPTH AS IRRADIATION WITH ION DOSES OF �� �� ION/CM

Table I shows the data about etching depth as irradiation
with ion doses of ion/cm on plain films. Because
the refilling materials were deposited 30 nm in thickness on
the 20-nm-height dot patterns, the shortest distance between
the bottom of Si surface and the top of dot was 10 nm. After
irradiating with ion doses of ion/cm , the plain films
of Cr, Ta, and SiO were etched less than 10 nm. Therefore, we
consider that the refilled materials still remain on the patterned
samples as irradiation with each ion doses.

Fig. 6 shows the pitch dependence of Ra attenuation rate at
the wavelengths of the dot pitches, which are defined as rates
of the amplitudes after GCIB divided by those before. The
reduction rate was higher at high density track pitch. Patterned
media will be used in high density recording region with
track pitch of under 150 nm. Therefore, GCIB planarization is
assumed to be useful especially for the narrower dot region of
patterned media.
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Fig. 6. Pitch dependence of Ra attenuation rate (dose: ���� (Cr), ����

(Ta), �� �� (SiO ), and �� �� (DLC) ion/cm ).

IV. CONCLUSION

We studied Ar GCIB planarization effect on patterned sur-
faces of Cr, Ta and SiO as refilling nonmagnetic materials
for bit-patterned media. Dot patterned surfaces of Cr, Ta, and
SiO , which were fabricated by depositing on patterned Si
substrates, were successfully planarized by Ar GCIB. The
planarization rate depended on the sublimation energy of target
atoms. As GCIB planarization is effective for small size of
structure below 150 nm, it is a suitable planarization process for
patterned media. We resulted that GCIB irradiation is effective
for the planarization of patterned surface refilled with Cr, Ta,
and SiO .
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