
Highly charged ion beams 
applied to fabrication of 
Nano-scale 3D structures

Sadao MOMOTA
Kochi University of Technology



Prospect of microscopic
structures

Semiconductor
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2D 3D
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Application of 3D structures

ex. 3-Axis Accelerometer

Analog Devices Co.

20 µm

•MEMS 
Micro Electro Mechanical System 

• Biochip
•Mold
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•MEMS 
Micro Electro Mechanical System 

• Biochip
•Mold

ex. Pattern transfer
10nm diam. & 60nm pitch

SiO2/Si PMMA

S.Y. Chou et al. 
J. Vac. Sci. Technol., B15(1997)2897

100 nm

Introduction 2

Application of 3D structures
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To be developed

1. High precision/controllability in 
vertical direction 

2.Efficient and simple process

3.Small-size facility

Fabrication process with
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Hopeful candidate

Ion beams
because 
1. Small angular struggling
2. High reactivity
3. Controllable range

Introduction 4
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Highly Charged Ion (HCI) beams
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✓remarkably high reactivity
✓extension of Rp
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because of 
✓remarkably high reactivity
✓extension of Rp

Highly Charged Ion (HCI) beams

Introduction 4

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

IB litho. & swelling process

Hopeful candidate



• Kinetic energy
Ekin. ~ q

EPot. of Ar ions

http://www.dreebit.com/en/highly_charged_ions/data/

0.01
2

4
6

0.1
2

4
6

1
2

4
6

E P
ot

. (
ke

V)
12840 q

Ar1+

0.015keV

Ar9+

1 keV

Energy of HCI beams

E = Ekin.  + EPot.

HCI beams 1

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

http://www.dreebit.com/en/highly_charged_ions/data/
http://www.dreebit.com/en/highly_charged_ions/data/


• Kinetic energy
Ekin. ~ q

• Potential energy
EPot. ~ q2.8

EPot. of Ar ions

http://www.dreebit.com/en/highly_charged_ions/data/
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ex. Nano-diamonds created in HOPG 

Appl. Phys. Lett. 79 (2001) pp. 3866, T. Meguro et al. 

sp2 -> sp3

Enhanced irradiation effect
- Additional energy deposition
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ex. 40Arq+ on Si, V=100 kV

Extension of Rp
- Higher accelerability
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ex. 40Arq+ on Si, V=100 kV

Extension of Rp
- Higher accelerability
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Si

100 keV 1,000 keV

~100 nm

~1000 nm

1+ 10+

HCI beams 3



Stencil mask

Sample

IB lithography
IB lithography 1

• Irr. of Ar-beam
Modification of material

• Etching by BHF/HF
Difference in etching rate

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China



• Irr. of Ar-beam
Modification of material

• Etching by BHF/HF
Difference in etching rate

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

IB lithography 1

IB lithography



• Irr. of Ar-beam
Modification of material

• Etching by BHF/HF
Difference in etching rate

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

IB lithography 1

IB lithography



• Irr. of Ar-beam
Modification of material

• Etching by BHF/HF
Difference in etching rate
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Etching process of SOG
• Ar1+: 90 keV, 6.3x1013 ions/cm2 
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Etching process of SOG
• Ar1+: 90 keV, 6.3x1013 ions/cm2 

200

150

100

50

0

D
ep

th
 (n

m
)

200150100500
Eching time (sec)

200

150

100

50

0

D
ep

th
 (n

m
)

200150100500
Eching time (sec)

I II III

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

IB lithography 2

Rev. Sci. Instrum. 79 (2008) 02C302, S. Momota et al.



Etching process of SOG
• Ar1+: 90 keV, 6.3x1013 ions/cm2 
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• Ar1+,9+, E = 90 keV

Reduction of etching time
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Enhanced fabrication depth
• Ar1+,9+, E = 90 keV
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Enhanced fabrication depth
• Ar1+,9+, E = 90 keV
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Irradiation of Arq+

• V = 60 kV
E = 60 ~ 540 keV
     1+     9+

• Cu-Mask (43×43 μm)

Ar4+

240 keV, 1.3x1015 ions/cm2

120 min. in 46 mass% HF

In case of Si

Appl. Surf. Sci. 253 (2007) pp. 3284, N. Kawasegi et al. 
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• Ar1~9+ on Si
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• Ar1~9+ on Si
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• Ar1~9+ on Si

Defect
Ion range
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Just first step

Appl. Surf. Sci. 253 (2007) pp. 3284, N. Kawasegi et al. 
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Growing swelling structure
- MD simulation J. Appl. Phys. 106 (2009) 044910, S. Satake et al. 

Swelling effect 1

6.52 x 1014 ion/cm2

4.02 x 1014 ion/cm2

2.99 x 1014 ion/cm2
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Growing swelling structure
- Experimental results
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Growing swelling structure
- Experimental results
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Energy dependence

•Arq+ on Si 
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Energy dependence

•Arq+ on Si 

S. Momota, Nano-S&T, Oct. 23-26, 2011 @Dalian, China

Swelling effect 3

50 keV
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Control of swelling height

Expansion 
rate

Depth of 
expanded layerx

Fluence
Element Energy = q x V
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Swelling effect 4



Conclusions
Possibility of HCI beams
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  IB litho.
  Swelling process
  sputtering, NH

and further 
  higher precision
  crucial application
  theoretical research



Conclusions
Possibility of HCI beams
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examined
  IB litho.
  Swelling process
  sputtering, NH

and further 
  higher precision
  crucial application
  theoretical research

•Microscopic 
simulation
  Molecular dynamics

•HC ion source
  ECRIS, EBIS
  higher intensity/q
  lower cost



Thank you for your 
attention.
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Collaboration with
  Tokyo Univ. of Sci.
  Toyoma Univ.



Appendices



HCI beam facility

Prod. of HCIs

Separation of q

Rev.Sci.Instr. 75(2004) pp. 1497, S. Momota et al.



• Irradiation of Arq+

• q = +1∼9
• 90 keV
• Cu-Mask (43×43 μm)

•Wet etching 
• BHF (HF, NH4F)

• Surface profile
• Optical microscopy 
• Profilometer

Surface profile

Depth

X (μm)

D
ep

th
 (n

m
)

In case of SOG

observed by Alpha step

Ion beam lithography



• Irradiation of Arq+

• q = +1∼9
• V = 60 kV 

E = 60∼540 keV
• Cu-Mask (43×43 μm)

• Etching
• 46mass% HF

• Surface profile
• AFM

Ar4+

240 keV, 1.3x1015 ions/cm2

Tetch. = 120 min.

In case of Si

Appl. Surf. Sci. 253 (2007) pp. 3284, N. Kawasegi et al. 
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Sputtering rate
Sputtering

nin nout

Emitted atoms! ! noutS = ! ! ! ! ! ! ! ! =
Irradiated ions! !  nin



1.Irradiation of Arq+

• q = +1∼9
• 100 ~ 900 keV
• Number of irradiated ions (A)

2.Meas. of mass before/after 
irradiation 

• Number of sputtered Ag atoms (B)

Measurement of S
Sputtering

(B)S = (A)



Sputtering rate vs. q
Sputtering



Nano hardness
Nano hardness



Nano hardness
Mod. of mechanical 

properties
the weakening of the crystalline ‘‘skeleton’’ able to
absorb the stress. When the stress becomes too
large and the strength of the remaining crystalline
matrix too weak, the collapse of the crystalline
part takes place, destroying the long-range order
in the crystal. Consequently, a rapid increase of
the backscattering yield in axial direction is
observed.

3. Mechanical properties of irradiated ceramics

3.1. Hardness and Young modulus

In early stages, the studies of the mechanical
properties of irradiated ceramics were focused on
the search of process parameters that lead to the
increase of the hardness of the irradiated layer.
However, most of experimental results pointed to
softening and decrease of the Young modulus of
irradiated ceramics. An example of this type of
experiments is presented in Fig. 3, which shows
the variation with the fluence of the amount of dis-
order, of the nanohardness and of the Young
modulus for an Ar-irradiated sapphire crystal.
One notes the following features: the nanohard-
ness of the surface layer gradually decreases with
the irradiation fluence; the Young modulus re-
mains quite stable as long as the layer remains
crystalline and drops down rapidly when the irra-
diated layer becomes amorphous. A comparative
study of the mechanical properties of irradiated
zirconia and spinel made by Sickafus et al. [17] evi-
denced a close relation between the decrease of the
Young modulus and the onset of amorphization:
in irradiated ZrO2, which is amorphization resis-
tant, the Young modulus remains almost un-
changed, even at the highest irradiation fluences,
whereas in spinel amorphization leads to a strong
reduction of the Young modulus.

A decrease of the Young modulus can be re-
garded as a reduction of the elastic properties of
a material which, consequently, starts to behave
as a plastic solid. This irradiation-induced plastic-
ity is shown in Fig. 4, which presents Atomic
Force Microscopy (AFM) images of the indents
made (with a Berkovitch indenter) on the surface
of alumina ceramics, before (Fig. 4(a)) and after

(Fig. 4(b)) irradiation with 320 keV Kr ions. One
can note the presence of plastic flows near the bor-
ders of the indent made on the surface of the irra-
diated sample. The high plasticity of the irradiated
layer was confirmed by the almost vertical unload-
ing part of force-depth plots [18].

3.2. Friction properties

In numerous applications the wear resistance of
oxide ceramics is good enough for life long opera-
tion. However, an important limitation of the use
of ceramics is their high friction coefficient. Due
to their exceptional temperature and corrosion
resistance, ceramics are frequently used in parts ex-
posed to extreme environmental conditions: high
temperature, corrosive environment, vacuum or
human body fluids. In the situations listed above
the standard solution of problems related to high
friction forces, such as the use of liquid lubricant,
is excluded. The method of choice would thus be
to modify the surface properties of the material
in order to induce a significant reduction of
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Fig. 3. (a) Accumulated damage and (b) nanohardness and
Young modulus measured for Ar-irradiated sapphire crystals.

114 J. Jagielski et al. / Nucl. Instr. and Meth. in Phys. Res. B 240 (2005) 111–116Ar-irradiated sapphire crystal

Nucl. Instr. and Meth. B 240 (2005) pp. 111, 
J. Jagielski et al.

• IB-induced modification 
of crystal structure
 →!Nano-hardness
! Young modulus etc.

• HCI beams enhances 
modification?



• Nano-indentation meas.
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Ref.  S.A. Pahlovy, Ph.D Thesis, Kochi Univ. of Tech., 2008

Charge state dep. of 
modification of NH

Nano hardness



NANOGAN by PANTECHNIK

Microwave

Gas

• e- with high E
 acceleration by ECR process

• confinement of ions
 Mirror mag. field Mag. field

ECRIS (ECR ion source)

Ion source for HCIs : 1

http://www.pantechnik.fr

http://www.pantechnik.fr
http://www.pantechnik.fr


• e- with high E
 e--beam (~10µmφ, >10keV) 
produced by electron gun

• confinement of ions
 Trapped by ele. field induced 
by electrodes and e--beam

EBIS (Electron beam ion source)
dresdenEBIS by DREEBIT

Ion source for HCIs : 2

http://www.dreebit.com/

http://www.pantechnik.fr
http://www.pantechnik.fr


• e- with high E
 Heated by intense laser

• confinement of ions
 No fields for confinement 
because of high density of e-

ILIS (Intense laser ion source)
At present no industrial products, 

but in future ...

http://www2.gpi.ac.jp/JSPF/JAEA%20ion/JAEAion.html

Ion source for HCIs : 3

http://www2.gpi.ac.jp/JSPF/JAEA%20ion/JAEAion.html
http://www2.gpi.ac.jp/JSPF/JAEA%20ion/JAEAion.html

