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DLFDU 2 b, () AsfHEFER1T. 1.3 HOFSRAROTEICKHE L TW5D,
(2015 £)

1.

Frequency dependence and assembly characteristics of silver nanomaterials tr
apped by dielectrophoresis, R. Kataoka, H. Tokita, S. Uchida, R. Sano, H.
Nishikawa, Journal of Physics Conference Series 646 (2015) 012005. (% 15)
VT NIV T T T4 KDFHERE T — 2R LT 3 IRoTak EIKENRR, &
ERUR. P L ﬁmfz BRI EE A, 135 %%, No.9, 548-552 (2015).
(% 16)

. Development of embedded Mach—Zehnder optical waveguide structures in pol

ydimethylsiloxane thin films by proton beam writing, W. Kada, K. Miura, H.
Kato, R. Saruya, A. Kubota, T. Satoh, M. Koka, Y. Ishii, T. Kamiya, H. Nis
hikawa, O. Hanaizumi, Nucl. Instr. Meth. Phys. Res. B348, 218-222 (2015).
(% 18)

Development of microbeam technology to expand applications at TIARA, T.
Kamiya, T. Satoh, M. Koka, W. Kada, Nucl. Instr. Meth. Phys. Res. B348,
4-7 (2015). (k1)

(2014 4F)

5.

Fabrication of polydimethylsiloxane microlens arrays on a plastic film by pr
oton beam writing, H. Kato, J. Takahashi, H. Nishikawa, J. Vac. Sci, Techn
ol. B32, 06F506/1-4 (2014). (*3)

Construction of a 300-keV compact ion microbeam system with a three-stag
e acceleration lens, Y. Ishii, T. Ohkubo, T. Kojima, T. Kamiya, Nucl. Instr.
Meth. Phys. Res. B332, 156-159 (2014). (% 1)

Fabrication of fine imaging devices using an external proton microbeam, T.
Sakai, R. Yasuda, H. likura, T. Nojima, M. Koka, T. Satoh, Y. Ishii, A. Os
hima, Nucl. Instr. Meth. Phys. Res. B332, 238-241 (2014). (1)

(2013 )

8.

10.

11.

12.

Application of proton beam writing for the direct etching of polytetrafluoroet
hylene for polydimethylsiloxane replica molding, H. Nishikawa, T. Hozumi,
J. Vac. Sci. Technol. B31, 06F403-1-4 (2013). (%6)

Enhancing proton beam writing system with auto scanning software and stage
movement, T. P. Nguyen, R. Teshima, T. Hasegawa, H. Nishikawa, Microele
ctronic Engineering 102 (2013) pp.12-17. (3k4)

Control of Refractive Index of Fluorinated Polyimide by Proton Beam Irradia
tion, Y. Arai, Y. Ohki, Keisuke Saito, and H. Nishikawa, Jpn. J. Appl. Phys.
52 (2013) 012601/1-5 (5 pages). (%18)

Fabrication of curved PDMS microstructures on silica glass by proton beam
writing aimed for micro-lens arrays on transparent substrates, K. Saito, H. Ha
yvashi, H. Nishikawa, Nucl. Instr. Meth. Phys. Res. B306, 284-287 (July, 201
3). (k1)

Fabrication of micro-prominences on PTFE surface using proton beam writin
g, A. Kitamura (Ogawa), T. Satoh, M. Koka, T. Kobayashi, T. Kamiya, Nucl.
Instr. Meth. Phys. Res. B306, 288-291 (July, 2013). (6)
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13.

Fabrication of Micropatterns on Teflon Surface by Proton Beam Writing and
Nitrogen Ion Beam Irradiation, A. Kitamura, T. Satoh, M. Koka, T. Kamiya,
T. Kobayashi, Trans. Mat. Res. Soc. Japan 38[1] 101-104 (2013). (=k6)

(2012 4F)

14.

15.

16.

17.

18.

19.

20.

21.

Visualization of focused proton beam dose distribution by atomic force micro
scopy using blended polymer films based on polyacrylic acid, M. Omichi, K.
Takano, T. Satoh, T. Kamiya, Y. Ishii, T. Ohkubo, M. Koka, W. Kada, M.
Sugimoto, H. Nishikawa, S. Seki, Journal of Nanoscience and Nanotechnolog
y 09/2012; 12(9):7401-4. (*1)
Microprocessing of Arched Bridge Structures with Epoxy Resin by Proton Be
am Writing, K. Takano, A. Asano, Y. Maeyoshi, H. Marui, M. Omichi, A. S
aeki, S. Seki, T. Satoh, Y. Ishii, T. Kamiya, M. Koka, T. Ohkubo, M. Sugim
oto and H. Nishikawa, Journal of Photopolymer Science and Technology, Vol.
25, No.l (2012) pp.43-46. (k1)
Fabrication of Concave and Convex Structure Array Consisted of Epoxy Lon
g-Nanowires by Light and Heavy Ion Beams Lithography, K. Takano, M. Su
gimoto, A. Asano, Y. Maeyoshi, H. Marui, M. Omichi, A. Saeki, S. Seki, T.
Satoh, Y. Ishii, T. Kamiya, M. Koka, T. Ohkubo, and H. Nishikawa, Transact
ions of Materials Research Society of Japan, Vol.37, No.2 (2012) pp.237-240.
(1)
Fabrication of Poly(9,90-dioctylfluorene)-Based Nano- and Microstructures by
Proton Beam Writing, Y. Maeyoshi, K. Takano, A. Asano, H. Marui, M. Om
ichi, T. Satoh, T. Kamiya, Y. Ishii, T. Ohkubo, M. Koka, W. Kada, M. Sugi
moto, H. Nishikawa, A. Saeki, and S. Seki, Jpn. J. Appl. Phys., 51 (2012) p
p.045201/1-045201/4. (1)
Ion-Beam-Induced Luminescence Analysis as Diagnostic Tool for Microstructu
re Patterning on Diamond by Proton Beam Writing, W. Kada, A. Yokoyama,
M. Koka, K. Takano, T. Satoh, T. Kamiya, Jpn. J. Appl. Phys. 51 (2012) 06
FBO7 (5 pages).(*11)
Immobilization of a single intact liposome onto a peptide-modified glass micr
owell, Y. Kasuya, K. Tsukamoto, D. Yamada, K. Matsumura, Chemistry Let
ters, 2012; 41(10) pp.1191-1192. (*8)
Optical counting of trapped bacteria in dielectrophoretic microdevice with pill
ar array, S. Uchida, R. Nakao, C. Asai, T. Jin, Y. Shiine, H. Nishikawa, Int
elligent Automation and Soft Computing, Vol.18, No.2, (2012) pp.165-176.
(*%13)
Fabrication of Polymer Optical Waveguides for the 1.5-um Band Using Focus
ed Proton Beam, K. Miura, Y. Machida, M. Uehara, H. Kiryu, Y. Ozawa, T.
Sasaki, O. Hanaizumi, T. Satoh, Y. Ishii, M. Kohka, K. Takano, T. Ohkubo,
A. Yamazaki, W. Kada, A. Yokoyama, T. Kamiya, and H. Nishikawa, Key E
ngineering Materials Vol.497 (2012) pp.147-150. (*18)

(2011 4F)

22.

Electroforming of Ni mold for imprint lithography using high-aspect-ratio PM
MA microstructures fabricated by proton beam writing, Y. Tanabe, H. Nishika
wa, Y. Seki, T. Satoh, Y. Ishii, T. Kamiya, T. Watanabe, A. Sekiguchi, Micr
oelectronic Engineering, Vol.88, Issue 8, (August 2011), pp.2145-2148. (= 16)
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23. Microbeam complex at TIARA: Technologies to meet a wide range of applic

24.

2

5.

ations, T. Kamiya, K. Takano, T. Satoh, Y. Ishii, H. Nishikawa, S. Seki, M.

Sugimoto, S. Okumura and M. Fukuda, Nucl. Instr. Meth. Phys. Res. B 269,

No.20 (October 2011) pp.2184-2188. (*1)

Fabrication of silica-based three-dimensional structures by changing fluence us
ing proton beam writing, R. Tsuchiya and H. Nishikawa, Transactions of the

Materials Research Society of Japan, Vol.36, No.3, (September 2011) pp.325-
328. (x1)

Nano-micro Processing of Epoxy Resin Systems by lon Beam Lithography w
ith Multiple Energies and Species, K. Takano, T. Satoh, Y. Ishii, M. Koka, T.
Kamiya, T. Ohkubo, M. Sugimoto, H. Nishikawa, S. Seki, Transactions of t
he Materials Research Society of Japan, Vol.36, No.3 (September 2011) pp.30
5-308. (*1)

26. Design of a compact focusing lens system with short acceleration tube at 30

1

0 kV,

Y. Ishii, T. Ohkubo, T. Kojima, T. Kamiya, Nucl. Instr. Meth. Phys. Res. B 269, 2193—
2196 (2011). (*1)
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(2

015 £)

Proton beam writing on a removable negative-tone resist as a mother for Ni

electroplating, The 41st Micro and Nano Engineering (MNE2015), H. Nishi
kawa, J. Takahashi, Y. Ishii, T. Kamiya, Paper No.Tue-A-p50 (Sep. 21-24, 2
015). (¢ 16)

Proton beam writing on polyvinylidene difluoride films for high-aspect-ratio
micro-structuring, H. Matsuoka, H. Hayashi, H. Nishikawa, H. Koshikawa, Y.
Mackawa, The 59th International Conference on Electron, Ion, and Photon
Beam Technology and Nanofabrication (EIPBN2015), Paper No. P07-03 (Ma

y 26-29, 2015). (*7)

Frequency dependence and assembly characteristics of Ag nanomaterials trap
ped by dielectrophoresis, R. Kataoka, H. Tokita, S. Uchida, R. Sano, H. Nis
hikawa, Paper No.P1.03, Electrostatics 2015 (12-16 April, 2015). (% 15)
Robust Micro Identification Marking on FPC Surface, Hidetaka Hayashi, Ryo
Sano, Hiroyuki Nishikawa, EcoDesign 2015, paper No.C5-4 (December 3, 20
15). (21)
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8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

(Invited Talk) High-aspect-ratio micro-fabrication by proton beam writing, H.
Nishikawa. Y. Ishii, and T. Kamiya, 27th International Microprocesses and
Nanotechnology Conference (MNC 2014), Paper No. 6A-5-2 (November 4th-
7th, 2014). (%22)

Local Refractive-Index Changes in Polydimethylsiloxane Induced by Proton
Beam Writing Aimed for Optical Waveguides, H. Kato, A. lkeda, H. Nishik
awa, R. Saruya, W. Kada, K. Miura, O. Hanaizumi, International Union of
Materials Research Societies- The IUMRS International Conference in Asia 2
014 (IUMRS-ICA 2014), Paper No. D1-026-002 (2014/8/26). (*18)

(Invited Talk) A flexible dielectrophoretic device with high-aspect-ratio pillar
arrays fabricated by proton beam writing, G. Ayugase, H. Nishikawa, H. T
okita, S. Uchida, T. Sato, Y. Ishii, and T. Kamiya, 14th International Confer
ence on Nuclear Microprobe Technology and Applications Book of Abstracts,
p.34 (July 7-11, 2014). (k14)

Development of embedded Mach-Zehnder optical waveguide structures in PD
MS thin films by proton beam writing, W. Kada, R. Saruya, O. Hanaizumi,
H. Kato, A. Kubota, K. Miura, T. Sato, M. Koka, Y. Ishii, T. Kamiya. H.
Nishikawa, 14th International Conference on Nuclear Microprobe Technology
and Applications Book of Abstracts, p.35 (July 7-11, 2014). (sk18)
Fabrication of PDMS micro-lens arrays on a PET film by proton beam writi
ng, H. Kato, H. Hayashi, H. Nishikawa, The 58" International Conference o
n Electron, Ion, and Photon Beam Technology and Nanofabrication, Paper N
0.P14-01 (May 27-30, 2014). (*3)
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(2013 4F)

21. Effects of the Height of Pillar Arrays Fabricated by Proton Beam writing on
the Trapping Capability of Bacteria by 3-D Dielectrophoresis, G. Ayugase,
H. Nishikawa, T. Sato, Y. Ishii, T. Kamiya, H. Tokita, and S. Uchida, 26% I
nternational Microprocesses and Nanotechnology Conference (MNC2013), 7P-
7-112 (Nov. 5-8, 2013). (% 13)

22. Micro—fabrication of polyimide films by proton beam writing, H. Nishikawa,
Y. Takeno, H. Hayashi, Y. Mackawa, 39th International Conference on Micro
and Nano Engineering, P-Fab—59 (1619 September 2013). (% 9)
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26. E R T O b v — MBI AR A U7 S S T R R T 7 e 2D FE | Sl T
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(2012 )

35. Effect of Pillar Structure in Dielectrophoretic Device on Trapping Characteristic of
Microorganisms, C. Asai, H. Tokita, T. Enjoji, S. Uchida, D. Terajima, H. Nishikawa,
SETAC (the Society of Environmental Toxicology and Chemistry) Asia Pacific 2012
Meeting, p. 267, 2P-8-9 (Sep. 2012). (¢ 13)

36. Microelectronic devices on polyimide substrate processed by Proton Beam, H.
Hayashi, Y. Takeno, H. Nishikawa, 13th International Conference on Nuclear
Microprobe Technology & Applications, O-39, p.50 (22-27 July 2012). (3¢ 2)

37. Micromachining of Polytetrafluoroethylene by Direct Etching Using Proton Beam
Writing, H. Nishikawa, S. Makita, Y. Harashima, 13th International Conference on
Nuclear Microprobe Technology & Applications, O-42, p.53 (22-27 July 2012). (
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H. Nishikawa, H. Hayashi, 13th International Conference on Nuclear Microprobe
Technology & Applications, P-67, p.140 (22-27 July 2012). (*3)
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BHNEXR

Fig. 1 The limitation of our current PBW system
(a) Illustration of pillar arrays on a cm-sized
substrate, where 200-mm squared areas
written by the electrostatic scanning were
stitched with an angle of inclination 6.
(b) Experimental results - 200mm-long simple
rectangles using the electrostatic beam
scanning are stitched one by one
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(a) (b)
(c) (d)
(e) (d)

Fig. 2 The basic concept of PBW

microfabrication system
a) Design in CAD software b) Transform from
CAD data to scanning pattern c) Fabricate
photoresist mold using the stage movement d)
Ni-plate e) Fabricate micro chemical chip using
imprint process d) Complete Micro chemical
chips
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Object's bounding Mesh

Triangle
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(2) (b) B
Checked mesh Pattern line C
%%§ fl A P

(d) (e) (c)
Fig. 3 Transformation Process from CAD data
to pattern data

a) Design the microstructure with CAD
software b) Save the CAD data in STL format
c) Create meshes that entirely cover the area of
the microstructure and select meshes that
expose the proton beam by the stage
movement. d) Map scan points e) Build
scanning pattern
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Fig. 4 Auto scanning software interface
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Tablel Stage speed and width of micro structure
(Width of design : 50um)

Left Center Right

[pm] [pm] [um]
4000pm/s 55.6 44.9 54.4
3000um/s 54.9 46.2 55.3
2000pm/s 55.6 48.5 56.0
1000pm/s 55.2 54.0 56.3
500pm/s 54.0 53.3 51.2
400um/s 55.1 54.2 54.5
300pum/s 55.5 54.7 55.3
250um/s 55.1 54.7 54.6
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(a)

(b)

(©)
Fig.5 Stage control verification on SU8 — resist
layer, thickness 15 micrometers, current 10pA,
stage velocity 50pum/s
a) Raster scan by the shuttle pattern of the stage
movement b) Raster & vector scan by the stage
movement c¢) Single shot
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Fig.6 Fabrication of the microstructure within
the centimeter range on SUS8, current 50pA,
stage velocity 250um/s

a) A microstructure inside a centimeter rectangle
b) A centimeter structure and an array of 6
micrometer-diameter pillars
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Proton Beam

Photoresist Ni substrate

(a) (b)
Plating Completed Ni molding
| I [ |
| |
(c) (d)
Ni molding Micro chemical chip
Thermoplastic polymer, PET
(e) (H)

Fig.7 Micro fabrication process using the Ni
molding for micro chemical chips

(a) Coat photoresist on the Ni substrate (b)
Fabricate micro structures using PBW (c¢) Ni-
plate (d) Remove the sacrificial resin and
complete the Ni molding (e) Imprint the
thermoplastic polymer using the Ni molding
(f) Complete Micro chemical chips
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Table 2 Width of the Master and the Ni molding

Master Ni molding
Width | Ave. 92.8 90.1
[nm]
SD 0.42 1.32
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Fig.8 Ni molding by the electroless plating

(a) Schematic diagram of the micro dispenser
chip (b) Peeling off Ni patterns of the
dispenser chip (c) Complete the Ni molding for
the dispenser chip (d) Silhouette of women (e)
Kanji for SIT (f) Ni molding for a micro
Japanese map
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Fig.9 Comparing Ni molding and the imprinted
pattern

(a)Ni molding observed by a confocal microscope
(b)Cross-section size of the Ni molding (¢)Imprinted
pattern observed by a confocal microscope (d)Cross-
section size of the imprinted pattern

Height [pumn]
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Table 2 Dimensions of Ni molding and PET

pattern
Ni molding | PET pattern

Height Ave. 24.1 24.0
[um]

SD 1.33 1.41

Width Ave. 95.6 95.8
[nm]

SD 1.21 1.29
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Fig.1 illustration of a

three-dimensional

Schematic
dielectrophoresis  device
equipped with a micro-fluidic channel with

built-in pillar arrays.
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Fig.2 Pattern of PBW for (a) a plastic mold for
the replication of a micro-fluidic channel with
built-in pillar arrays, and (b) a detailed pattern of
the center of the channel (circled area in Fig.2
(a)) for the pillar arrays. (square:8 um, pitch:20
pm)
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Fig.3 Confocal laser microscope images
of (a) replicated PDMS surface obtained by
heat treatment at 120 ‘C for 40 min. in the
of PDMS and (b) a
magnified image of (a).
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Fig.4 Confocal laser microscope images of
replicated PDMS surface obtained by heat
treatment in the curing process for (a) 20 min.
and (b) 60 min.
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Fig. 5 Averaged PDMS pillar height and
yield of undamaged pillar arrays as a
function of the curing time of PDMS at
120 C.

Fig. 6 Confocal laser microscope images of
replicated PDMS surface (a) without and (b)
with treatment using a fluorine-based mold
releasing agent.
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Fig. 7 Optical microscope images of (a) a
sealed glass plate with a PDMS film with a
micro-fluidic channel and built-in pillar
arrays, and (b) magnified image of pillar

arrays placed in the electrode gap.
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Fig.4. SEM images (a) and (b) of curved
surfaces of PDMS on silicon by PBW and the

surface profile (¢) development for PDMS film.
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by PBW and remaining thickness of PDMS on

silica glass (b) as a function of the fluence of
PB.
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Fig. 1 The limitation of our current PBW system

(a) Illustration of pillar arrays on a cm-sized
substrate, where 200um squared areas written
by the electrostatic scanning were stitched
with an angle of inclination 6.

(b) Experimental results - 200pum-long simple

the electrostatic beam

rectangles using

scanning are stitched one by one
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Fig. 2 The basic concept of PBW

Micro fabrication system
a) Design in CAD software b) Transform from
CAD data to scanning pattern c¢) Fabricate
photoresist mold using the stage movement d)
Plate photoresist mold with Ni and Fabricate
micro chemical chip using imprint process e)

Complete Micro chemical chips
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ARG, DoFEICE2@mT AT b
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E— AL DET AT M T —ERTE
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F A O ESMER FESU-8 3025 (MicroChem
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100nC/mm*) 217 > 7=,
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BERAREL TV DED ORMEZEE S 5%
B, BEEREIELZLETLY R MO
WHRELY EF 2905 FETHDL, K
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To 72, WITMeV Y 7 2 D IR E I T % 3& »»
L., @100y kD BT — 2 fERL L 7=,
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Spin Coating Irradiation Post Exposure Development
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DLIYANREDOR EZRALD,
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AR FE H25 4F FE R O B - #R 75 SO B o A
FLADHEAZLIVAT Y =7 b OFFEE A
BT L, RZEEICKD, PBRE T TO L
A NDORISHED E DGR AT O Z & 25 AlHE
2725, ZHIZX D PBWICE DE /5L 0 il
DIEMNZOBHBIC L EBITHbEN DS Z LI
72 %, PMMA R0 SU-8 % o0 BRI 72 L 20 2 b 4D
LN T — 2 OERME BT 5,

FHBIKIT ANA AHOET AT b EHREED
FERIZHB W T, MU RE0LEEIT) 2 LIT X
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HIERRTIENTER, MBONSRET
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BWEEEN DB 2D, 10w m LLFORKE T
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T, X v v 77 —BIMKD AT HL Y FH A
FOHEMMEEERLTWD, KO KR %2
MLT, 77— 2CBE LT, FHEIKET N A
A DEEREILE B LIEFFEICER D A TV D,

4. 2 WXER-FERKR

R, NG, RSB, FEIIZZ, v
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(T— D=ZRAEBEDHERE L

BRIFH
EREEH
FH TR
iERIEEH
BT I
iEREEH
BT IR
TRIFH
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VY =T N ZADEBUIZBWTAARTH D,

EHIIT, TNHEDNIVATT B P—F N
A ADEHBDILRED —DX, VT 77 b
LDWVEA T T U BT NVRTNAL ATH D,
AKT7T—=~IZBWTIE, MEAOEHZ X LF—D
AL R B B b 1B 9 (Proton Beam Writing,
PBW) # =Wt M 2 E e b 03 < v 12 A
T 5,

AWFZED HEIIZ, Z D PBW £l 2 BEfE L T

SRR EEA T 5 ZRooREEEE H L,
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E. R OFBEREES L - HIAM DR A G DE I
Eon, MELRLOKEEHWNET S,

2. IR E
2. 1 WEEBE
LR 3FBEIC W THED e,

(1) ¥SRERHL 3 5 PBW A AT BHERE (Vi A AT,
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IR KD BOSYEDFEA &2 1T 5

Q) ZRTEFEEER o R LT NNL IR
fE(ER, B, BRI, KA, AH)
(=R RMBEER S 27 ) % 8K L (H24
FETHE). LTI M, Q) oAFHH
PRI BERE ~ DG 72 =Wk T e R & B Y
LT, PBW LD EEMEICED 7 LF T
TR RAE N OMESL A2 1T 5, PBW THEHI L
RN X0 &R E S 5 72 OB EIT
ZRIH L, 4’/7)/%)/77746 X5
- AR e R ICEHAT 5, &5
kB Tat R - HEEE T N R AEBLE
THZEEZEME LT, ZRLEEET A
A xRNET D,

QBEETZOLEEHHI B0, s, A
JID

DT TTN, AT TR TI R
ANTBIEER, 77 A4 NEEX—Z LT 5
BMIEEOMSFEIEET IV« TR ERAEZRET
5, FEMEEETTVOEREXETLH S
2 A%, EKHE DM LA A GE R
PBW i 2R+ 5, ZHICkD,
NOT T NATIEHRLS, MBSV OBRE
MAEERATL LR TEEL Tyx
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BRI FAANE ORI 21T D o

H#h L

3. HEOETRR

LLFCiE, PBW & H W CERLL 723044 & Fl
LT AL ZA~DIEHELT, 7007
IVHEEKET ASA ZAOEREISH, 7%
TNIHT NA ZER D Z SOOI DV T
HT D,

3.1 BT7TARG NHES—OFEXTIE
ETDLXVITUNBFEXRITNARADIGHA

3. 1. 1 WHEEE
RAERMBEEoHAEHEICB WY TREESY
Br Kk OV B % & F 8 (HACCP:

Hazard

Analysis—Critical Control Point) FE D E
ABHEA TS, Lol BAITH) )5 RE
ELTHRICAA M TOARBERRE WD
ZL DEENBEANE AL EE>TND, *
. MEMRE S HGE, BeuET 5%
THEZHET L VS ZHERS 5 [1],
FREOMEIT T LT md M & 5 M & F
i 2 7= F & T o 5 E Kk B [2] (DEP:
dielectrophoresis) WiEH &N TW5, #FHE
VkEh & VLA — B R OFEERBL 2B W
T, FLFAEEICER S D ERMRE DT
C T, & A 23 & iﬁ_jjﬂ)%ih%ébx
HERMELF R T L2BLTH D,
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L HE® 3] (PBW: Proton Beam Writing) 2 X
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A ZADOBEMBEICE T —FIEZERS 52 LT,
BT HEESNIEE S s 3 RoLiEE
KENVT A AZHELTE=[4, 5], Lol
BRL, BT —RRBORIMERE T —DE T
AR MHARIZ E D EBE L £ 95 L Wo it E
WY, PBWOREENT (K1, 228K %
T3 ZIENE TR,

AR OHBWIL, 7 —0O@m7T A7 b
Lo BLOERLEET A7 My T
— BRI 5 2 5 ERETHZ L
Thbd, Tl KaA T AL ANRMEL X
NTWDHZENDL, KT T AR EICER
L7 3RITCHBIKENT N A A% ki, EH
PEIZHEILT- PET 7 4 L FIC/ERIL, 7L %
VITNTEE, AR X N OFEKRE)T A
2 aE 5,

B
B

3. 1. 2 EBRFE
(1) B7TARZ bl T —/ERM

7 AN M T —oERICIE, xR
DO REIEPERIE SU-8 3025 (MicroChem #:8Y) %
EH L7, Cr B2 — 2 LT 7 A
FEMIZAE > 2 — MEICTSU-8 ZE L. &
W &7 R WFZE T A A4 > BRES i 3% > PBW % &

TR (BE—A T 2 )LXF—3.0 MeV, B — A
A X 1.0um, R EFEIE 10 pA. HRH &

100nC/mm*) ZAT > 72, £ D%, (L7 HEMEEH
R OHNMEAEAE G LY A MIARR
B HOBMETH D PEB & 95°C, 3min. 4T
VW, B B % W (MicroChem #: # SU-8
Developer) IZi&i&E L. 2-propanol TYU » A L.,
VT — X — o h A E 7 BB (SEM, &
HERLERT B Shimadzu SSX-550) (2 J v 8142
1T-7,

HEE SRR X287 —ERFIRCTIX. L
RO & AARICHE, MBS X OEMHB L, IPA I
£2V A %D LR (F ¥ N—NIRE:40C,
J£77 12MPa) |2 T MR S ki - HoljedEE (L2
W A 4EHL SCDR4) & W =,

(2) FHHBEIKEIER
2.1 i CTHER LY T —f&T (4 X%

94

ARV E =128y FLFME LT, KR LE R
DRI R IBE (B .
coli K1 ATCC 11775) Z FHV  SYT09 (Molecular
Probes fE#) |2 Cv 7 = VU ERBEE R,
D-mannitol ¥WKIZIRAN, =040 HE L TIER L
TIRBIRE R 7 TR VA — I LD
D, B RPELE AL, BRI
KU RIGEHE OB IR A BE LT,

coli; Eschericia

B)Z VXV T NVEEBKENT N A AER

T LR T IVFHERBT N AFEKT T
NA ADEMITIT, FHEIKEZREZ NN D
BIEWRIZT DD, ZWHERETH 51k
A Y7 5 AX(ITO: Indium Tin Oxide) & M
WTe, AR VRV MERIE © OFPR-5000LB (3R
FUME L () #) 220 a— MEIZT
WA L7t . 1T0 % PET 7 4 L A EM X
YT BILORT IA A N —T DNRNE—
EEL~v A7 &ML UVERL (BH&E:12.5
mJ/cm®), g L=, Z0O%, IT0=yF 7
W (B by (BR) #4) (2 XY PET 7 4 /L A
o ITO iR Z B L 72,

(b) PEB:95C,

(a)PEB 72 L 3min.

[X| 3. PEB D |2 L 5 v T —ELHI D SEM 14

3. 1. 3 ERFERBIVEE

(1) BT A7 M T —1ERIER

2. 1. HiOFNEIZ TR LA SU-8 BT —D
SEM 8 % [ 3 12773, £7 . PEB O R % MGk
T 570, PEB OFMIC X DT —ERGE R
i L, 3(a) XV, PEBRLDOEAET
I E T —REOMESCEENR & 508 PEB
Z i U721 3(b) Tid, R v 7 —/FIN
TERlc & 7=,



Fo, KA RTEOICPEBAET Z & T
SU-8 D ARKE RO 23 ig e L, FERME A & T — &’
FAHMEL YV RELS 2D, LR ->T, PEB I &
LML MRECIKRTICEET ILERD 5,

— 3.5
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-
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4. PEBWRFHEE 2um DY T —DES
W52 B R

(a)height:45um

(b) height:70um

5. SU-8 Y T — ™ SEM 1% (Beam energy:
3.0MeV, fluence: 100nC/mm?>, PEB: 95°C,
3min., pillar diameter: 3.0um, pillar

pitch: 20 m)

5|2 PEB Z i LIER L7=@ 7 A7 Mk
B —0OSEMgZRT, M3Mb)DOmEmS 15um
DY T —Ti%, BERLE 7 —/INELNT
2N, XM5@BEVD) DOFEZ 45um, 70um D
S — BN TIE., I —EBICITICoN
RBE = PWKRL 72D T — =R O IE A B2
SNz, K2R LEELYicT e b
D SU-8 ~DIZF ARSI O L E 1Bk
NI 2707 ELN5,

L6 PEBZEL75E5TH . 5umn
BEFTEI—RMREEZHIKDO TP L, JrA

95

ROBERFIZAELHARERNICEID BT =D
WEE L, 22T, IPAICKDY v 2%OT
BIZBWT, REESOEM L 20 EE R
RED CO2 THEMfL WIRT 2 TREAEALL,
ZO/ME., M6lZrnT LHICHkMRY 7 —
R SIERTE R, £, 512 LT
WRE—URBGEOIKRT b2, BT —/FRMR
AT D, o, BERGZRIZEIDY X
DT, PEB & RO ZLLIEE (95°C, 3min. )
2L, MBECKTNRL, BT —I|2HE
ERTEDLZENAIETH S,

(a) &K H

(b) FEK X

X|6. AL ERIL 23/ E
Z — @ SEM 18 (Beam 3. OMeV,
150nC/mm?, height:

energy:
fluence: pillar
15um, pillar diameter: 2.0y m, pillar
pitch: 5pum, pressure in chamber: 12MPa,

temperature: 40°C).

(2) FHEIKBERER

X 3(b), KM5@BIOMICRLEE T —
S DRI DFHFEIKENT S 2% H O KIGHE
DEMEMERZ I L7z, X 7 12/ E 15um,
45um, BEY® T0um DT —%2FT 5%
VKBV T N A ATEERIN#E 15 43t o G
Meite A =7,



(a) 15um (b) 45um (¢) 70um

X 7. EREICHEINTERBE»D O®
Ot BA BRI K AE MR (V,r 60V, £
50kHz, flow 20ml/h, pillar

20 u m,

rate:

diameter: 3.0pum, pillar pitch:

concentration of £ co/i in D-Mannitol

solution: 4X10°% CFU/ml.)

X 7(a)BLOOD) Tix, BT —Eif (KF
) I S RIS CRIBE M E Sz,
X 8 (c) TIX FHAMNIC KB E B E# S g, v
T — AN HRIFIC T RGENHE ST,
Ik, vo—EyokE L L TERAE
EHET LT TR, Mz ZEH S 5%
ERboEBZLND, EEE. WA IaL
—va ik T —AMEOEE T3 5D 1
FREICHRECK TNAEL D Z L 2R LT,

X 8. ITO wBMHICIER L7 SU-8 EZ—D
K F BB

3) ZVvXVINTFT AL R

X 8 IO FIEIC CTERLEZ7 LT
VEEIKENT N 2D 110 EMRE ~D SU-8
v — R R 2R, AR E W T
FIFEBRIZ LY, ERT 7 AEBRITIER LT
NA A LFRBRIC, FEKET A 2L LTO
RN EREA R T 2 & s L7z,

%ﬁ-
=i
il
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HEIKE T N 2O EEREAIC T, PEB
BLOBERALBRO TRICEET AT b
e —2FERLEZ, MIRLEbIZET AN
7 M T —FRUCIEFICERRFIETH D
28, PEB O TR TIERFHME L W " F — VK
S RDIEICHET OIVEND D,

7 AN N T —%2FT 2 EKET
NAZADKIGEREMERTIZ, €7 -0/
MDRIGHWERICEETL2LEZOLNDDT,
BB ED T DICE T —ORFIRLHEED
BB L T,

TNNA 2O A X Mb, FefEEbIzm T,
PET 7 4 V& BIZT A ZAZ/ERL L, AN
IRERRE A MERE Lo, A RITHEN O F ik & 1E
DU RE FIEE T 5,

3.1 8inEsE TR
(1] BEA @S 5o EfEEHICEET
BHEEREIZOWNT

[2] H. A. Pohl, Dielectrophoresis,
Cambridge University Press (Cambridge,
1987)

[3] F. Watt et al., Materials Today, 30,
(2007) pp. 20-29.

[4] H. Nishikawa, The Institute of
Electrical Engineers of Japan, Vol. 128,
No. 7, (2008) pp.461-466

[6] Y. Furuta, et al., Microelectronic

Engineering, Vol. 86, (2009) pp. 1396-1400.



3. 2 LY ILEREDTAOLY
X7 LA DR
3. 2. 1 WY E

WEOZ7LF TNy ba=7 2K
FENDHEIIT, T4y —hEnolz
TUFxR T NERASNFRT OB FELED
HEHINTWD, AHELT 0 A7 LA 130K
T AFEMR EIZHERE N7 VA Z B LOFRN
FFEEBELTWEN, 74 VA E~FET5E
FA L TELS B, FensT o
AT VANEBETEL [ ERKAET 4 AT
VAHZ 4 VA bR EEZIIRL, Ny
TANOIEBHRELTYA 7B LY AT LA
MEEINT~A, 7B LU X T 4 AOFREE
WHEINTWD[2],

ok, T IFUTIER B~ FHE
F 2T 2 Z & TRV S B 23 81 £7F &
nTwns, LrL, AHHRESINTND <A
7Ly R F T V—Ar— Vv A7 KD

V BT 7o — 2 X DA IES — %
%f%@B]%&ﬁ®7nﬁxf%é &R
T2 MAWZBWTHREN K-> TWD,

Z ORI LT, Foo 1T S MR
(Proton Beam Writing: LA F PBWIZ X B =&
TTMTHREZENL, R U AFrvaxd
VRO~ A LU AT LA T LF TN
B THDPET 7 4 Vb b~ ERIT 52 L %
HH & T %,

PBW &M LoD~ AT7 LAY Y

T3 7 4O~ ThHDH, WMEBRTHD
Fa A ME L THWSD D, B E T

B O @ W I8 T RE 72 g R0 MeV A — & —

DET R —ZHT 5 Z & T100 pm L X
Jb D £ R FEIN 73 AT HE 72 s8R0 i W i M 2 )

A LM BE~Om AN ARE R S8V T, 3
WIMITRL7a b & A ¥y 7icha BT
o5 [4],

AL TIL, LG e LTraxi
A (8i-0-Si) ZEFKLLTEHRINDA
e a9 28D PDMS (Poly dimethyl
siloxane) ZfEMH L7, PDMS (> VU 22— U #
N D —FETHNE « FedRyE - AR G PRI HE
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NTERERHDLZ Enn, A 7 vfifEkT N
AAZAOMEE LTS TWD, 5T
IR T, PBW I X W xR A M LT
DEMERTZLBIEZFAL VAT T A
HEWR b~~~ 270 Ly RIS LT
Hlelnd b,

3. 2. 2 ZEBRFE

PET 7 ¢ /L A PET 7 4 )L L ZEEM %2 iR
fii 2 7= ITO f+% PET 7 1 /L AT PDMS (Dow
Corning 8 SylgardIi84)#H FL., A
a— FEICEY 13 ;mOMEFEEZIER LZ, &
D%, RFOF LA EEE 7 L7
FARET e ¥ —NOEEMN#HLE (7
HIAH L MB-S100) 12 LD BE— A= R /L ¥ —1.0
MeV, B — A% A X 1.3 pum, REEIR 4 pA
DEMHETT e =LA RINEZITo 72, A
#% 1% THF (Tetra Hydro Furan) : CH2CN = 8:2
DEBIR 2 FHNTNEZ — B LT,
Bot. Bl oslist, i & L O EEMK
#5 (Nikon: ECLIPSE LV 100D). &% & 15
s ((BR) S ERT 8 Shimadzu SSX-550) |

HE S L — — B ME  (OLYMPUS: LEXT
0LS4000) & FH 7=,
3. 2. 3 EBRERBIUVEELR
(1) PDMS ~ PB B & K itttk
] B i PDMS AR L, 10 um £4

RNE = E BT 5 2 L TR (PB) FREHIC
D RISPEERAE L, B EEZ 1 ~ 100
nC/mm* £ CEALIEBEOMER LI2BIT D
PDMS @ iz &2 4 9 12773, ITO i+ & PET 7 ¢
JV 2 T PDMS IXFRE & 5 nC/mm? 7> 6 /X ¥
— UM S AL, B EICR LTS & 28
HEAICHENMLTWD Z Enbns, Bt
1 ~42nC/mm* £ CTELE T2 L & D ITOfF &
PET 7 4 /b A RIZHBIT D BIE/M R A2 10 1278
4, —J . PET 7 4 Vb ETIEHANZ — VTR
MR SN oT,



20
515 - .
) O 0003y
$10- @ﬁm ]
X .Y
(&)
2 5. oY
= 0
1 10 100
Fluence [nC/mmZ]
X 9. PET 7 4 /v, ITO 5} & PET 7 4 )b
A BB 5 PB R BEK A7

‘;'i‘:?mf'zh| B B &
= B B B B B &
A s B A B 8S
A2 B & @ A A &
A A & A A ('\ a
“ﬁl]pm E.’ﬂn(mm

Cmm® 12 nCimm?

4 nlsmm* 13 nC

~~ -

zﬂn(‘/nmr‘ 6.0 nC/mm? 5.0nChmn?
s 'r:".;'_iﬁ].ll}l'

(a) A& (SEM %) (b) 45K (SEM #)

10. BT 1~42nC/mm? (12315 5 1TO fF
PET 7 4 /L A T PB FRE IS 1E

PET 7 4 /b & ITO fF& PET 7 4 /L AN BT
PB BRI D RRE =N U JFRIA & L C.PB &t
L7ZBEOEROHTENE 2 55, SRIM & 3
22— a3y b7 a b PDMS B %
15 pm DRSS ETRATLH7ZO, 13 um D
PDMS & A if@is L C AR £ E TIF 14 5, IT0
P& PET 7 4 L AT TEHEBROL PET
T ANVAEHELSOT WD, EREE L PB
25 L7z PDMS MRIC & RFEDEM 3% 2 B
N, KB ODBERL, Bk —
UHRFIBEL I AREMER B X D,

(2) PDMS i~ A 7 v LV XD

ITO fif & PET 7 4 /b A EICTE VT, PDMS IX
PB HEST BT L CHUG % O FRIE & S D3RS0
DCET D, WhbWwLHT e LY A MO
g2 R L, ZORKEE2EN»LT, X
11 OXDICHEZERCTHE L, MU 5

98

2o CTHRG &AM EE 25 2 & ¢l
WERG Lic, v4 7 r LV X7 LA DK
EEEZM 12 1R T,

12 X0, 200 pm?fEBICHE T 16 HD
ERE 40 pm, &S 13 um OREDVE S DR
Mg A R T 5 2 &N TE T,

Fluence
13 nCimny

13 oCfomy’
11 nC/mn?
9 0C/mm?
7 nC/mm?
5 pCimm’

40 pm

WS B2 A (2 L 2 ity o A 0 T Ak

11.
O 1 18] 7 1%

(a) Z2f& (SEM) (b) HEK (SEM )

40 pm

)

(c) HimERRED T v 7 7 AL

12.  ITOf} % PET 7 4 L & EIZTERK
L7ZZPOMS#l~A4 7L v X T L A

BERBFICEE~A 7B LV AT LAD
A FEME

POMS fil~A 7 B L v X7 L A % 1 mm® %
WCAERL L, SRR RIS X D AEPENE & AT
L, E—LTRAF—1.0MeV, BE— LW AR
AELEE 4 pA DEMF T T, B 20
pm, M5 um, FBFE 1225 HO~A 7 0
LU AT A % | mm® SEHIBICER L7, 0
FHEREIE, A FOXTRTZENTE D,

DIXPRE &, SITHEmAE, T IXREER T
HoH, LV 125D~ 7L XT L

1.3 um,



AT, BHRE 1002 E T 50, ERE T,
BN Z = BOT 7% TREAST — 4
MR FEOREEZIT, 16342 Ba2EL,
B 13 IZfELT~A 7L vy X7 LA DO
FERERT,

(a) 4=fk (SEM &) (b) #LK (SEM 18)

X 13. Imm? FEIIC/ERL U 7~ 5 1225 A
OPMSHl<w (272 L X7 LA D SEM#

(a) % it 14 (b) 7 # — A AW

14, JeFBEMEE OB T L 2 EEEEM

15. POMSHl~ A 7oL X7 L AKX

DA A= 72" PBW

WER LIz~ 70 L X7 LA O

(3) i TR LIz ITOff & PET 7 4 /L A B
MEmfmEN~v A 7L e LTHET S,
ZRRFET 5 72 DI P BMEBE O ik (e
P THFIICLDERAR Yy OB
L7z, M 1427 +—HF Agi, O)IZ7 +
— N ABRDOBEM R T RT,

99

HFBEWBEOWEN NN RV T T+ —H A%
i oichbEs 2T, LUy RICKD &
HSINTEARY NREZBESTHENTET,
F72.7 PBW OXTFEERDAY v b (it 6
mm XEE 4 mm) ZOLFBAMBEOEZ RN O
A7l AN LTHELE 15 ICRT
oAy FhboEwmtiT~A 7Ly
RICEVFEBR L, MhInia XA —UB»E
bz, UEX VR L-dhmifEn vy X
WHEEZ AT L 2R LI,

3. 2. 4 fEw

PDMS @ PB FREFIZ 3515 5 PET 7 1 /L A, 1TO
f1& PET 7 4 )V AT H T D KIS HE 2 MREE L T2,
WM A AR 272 ITO £ & PET 7 4 /L |
IZFUNT PDMS DR H — I il D FE2h 1 722 [
EAmETL2Z a2 R L, IT0 & PET
7 4V @D PDMS O 7 T v 7y e B Rk
ZIE LT, s 2 Bk L7,

EHRBETHRICL D~ 7B L AT LA D
AEMZRIET 572012, 1 mm? fEIKIC 1225
EESRL L | 16 /3 FREE & A BRAY 72 RERH] PN IS PE Y
T&E, £, B L-MhmEEo Lo X
BEENIRBIOA A -V OREERICL
0 REAM L 7=,

3.2 HiDBEHR
[1] H. Y. Lin et al., Optics Express 16 15
1104-11051 (2008)

[2] C. Y. Wu et al., Optics Express 16 24
19978-19985 (2008)

[3] X. H. Zhang et al, J.
Technol 60 71-80 (2011)

[4] F. Watt, Mark B. H. Breese,

Sol-Gel Sci

A, A

Bettiol, and J. A. van Kan, “Proton beam
writing” , Materials Today 10, 20-29
(2007)

[5] R. Tsuchiya et al., Trans. Mater. Res.
36, 325-328 (2011)

[6] K. Saito, et al., Nuclear Instruments
and Methods in Physics Research B 306
284-287 (2013)

Soc. Jpn.



7) J. F. Ziegler et al., The Stopping and

Range of Ions in Solids, Pergamon Press,

New York (1985)

SEDEHE FR MXEER - RERRKR
4. 1 7&®ﬁu
LS5 a2 B L7 PET 7 4 b
L EOFHEKRET N4 AD PBW I X 2 1ERE;
WIZOWTIEE®BRR SV, 5%, 207

U X VT IVEEBIKE T N A A O L & iR
AT OO OERE LML, AT A X
ELTORIEEZIT- TITL,

EFl, PBV IZE D~ A7 L X7 LAD
FERRIZOWTIE, a7 vy ZE~DJR
MR+l L~ A 7 rL X
OHEBREL LA OV THRFT 5,

FROBRIT DT IS AL 24 FFEITEA
L7 ZRICFBIEFR S AT LA &2TEH L CiE
KT DZENTELEZLOTHY, 5% LR
EAEIEHL CORERIFIND,

4. 2 2 HRXELER-EIRRKR
4. 2. 1 EEfMfEHX

(1) H. Nishikawa, T. Hozumi, Application of

proton beam writing for the direct etching
of for

J.

polytetrafluoroethylene
polydimethylsiloxane replica molding,
Vac. Technol. B 31, 06F403 (2013)
(2) K. Saito, H. Hayashi, H. Nishikawa,

Sci.

Fabrication of curved PDMS microstructures
on silica glass by proton beam writing
aimed for micro—-lens arrays on transparent
substrates, Nuclear Instruments and
Methods in Physics Research B 306, 284-287

(July, 2013).

4. 2. 2 EFRMNEEEBESEBERR

(1) H. Nishikawa, T. Hozumi, Application of

Proton Beam Writing to a Direct Etching of
PTFE for PDMS Replica Molding, The 57th
International Conference on Electron, lon,

and Photon Beam Technology &

100

Nanofabrication, P01-02, May 28 - 31 (2013)
(2) Y. Koike, H. Hagiwara, T. Ogura, D. Aoki,
Y. Anzai, K. Seki, and H. Nishikawa, Micro
fabrication of Poly L Lacid using PBW and
Piezoelectric application, 39th
International Conference on Micro and Nano
Engineering, P - Fab - 58 (16-19 September
2013)

(3) H. Nishikawa, Y. Takeno, H. Hayashi, Y
Micro - fabrication of polyimide

by 39th

Maekawa,

films proton beam writing,
International Conference on Micro and Nano
Engineering, P - Fab - 59 (16-19 September
2013)

(4) G. Ayugase, H. Nishikawa, Y.
Ishii, T. Kamiya, H. Tokita, and S. Uchida,

Effects of the Height of Pillar Arrays

T. Sato,

Fabricated by Proton Beam writing on the

Trapping Capability of Bacteria by 3-D

Dielectrophoresis, 27th International
Microprocesses and Nanotechnology
Conference (MNC2013), 7P-7-112 (Nov. 5-8,
2013)

4. 2. 3 HEHHNES

(1) £HETFRICED PET 74 v A LD~
A7 L AT UAAERLUNEE Bk FHE
Wi Zz . AR~ A 78 - F L
L EM HSE v LYY
R A, TPM1I-D-3, (2013/11/7)

(2) Yo hre—2afiElcEs 7L 70
HEIKENT N A A DRI, SEEERE, 7)1 %
Z . PG, ERRPETE . A EORIT . MR E .
58 [l R I & 7S FHAFSE v R Y U A 1P-48
(2013/10/10)

(3) SMFBEMNIEIERICE T D7 T » 7 #ifl,

WO IER, LRI E, I EZ., B 74 BSH
Wy B Rk 2 G 2 18a-P1-2
(2013/9/18)

(4) ¥, WIEZ., NHE#. SR,
R T b= X0 ERIL 72 = RooHE
EIROFHEEIKEZET 5028, 2013 £ &



£ HFERKE. P-10 (2013/11/13)

(5) mfE E—. Ak B, Ak FHE. W) ZE
2. BT a b v — AHE 2R L7
ISR LG 7 n - AOM3, 2013 4 Jik
B AERORSE, P-11 (2013/11/13)

(6) JLFn&, WO IER, wEINZZ, 7k
VE— LMK DFHEREREAS~OERE NS —=
Y7 % 61 RIS AYEE AR LINERS
17p-PG1-8 (2014/3/17)

(8) EAH RN, Ik, ARBESL., =ik
KN, e ILE B R, A HRIT.
A SR, W)IZEZ, fERE | PBW AN T
IZ& D PDMS XML L7 LRy T s
B OBRFE . H 61 S MY F 2 FF il
2. 19a-PA1-28  (2014/3/19)

(9) IR R AL, NG, BB 7511222
v T —HIEHEKE T A A DE LA
BIAMELOE 7 —&E I OFE G 61 [k
MWE KB F A . 19p-E15-8
(2014/3/19)

101



0 N

R 25 FE SIT #4

ey 3

SR FREEICKS=

MEFMARARBRES

RTEEEZFIALI-LZTLT

»?\4K®%&~ﬁA&$UL% £ TFOHE
INA AT\ A
MEISH RN —
1. EH DEWFEFTE D,
PRI AN B 0 00 96 JR VT BR 2 AR 0 - PR % SEaFRLE LT, AFRICET D

S MR E LS, ARdBkEME
ERRMICHRHET 24 48 v v 7
HLZDOOEDTHY | B & 7 AR T
NIGSHBRF S T& /=, BIET TIZT DNA 7
LA F v FTITRESNDWNT NA AT
Bffizd#H Lz "M A —N8G L.,
Ampy s BERAGZEICCERMEINTE

D, 5B%ETETZODHOLHEN L HIE
NTPTHRIN5B,

NAF ' —OMEITERBEEYEIC
£ b FEALFEE (B EL) BLETH D,
TONA AFHOALFEREE (KO om A — &
—OREBIR) &, um A —FX—=TDOT A
AR EDOWMEBN T > TF RN ZABIER
ELTCOMEERET D, Hi (40

Y — OB I BB O W L Ll
DILERZBEWIZT 4 — KNy 7 LTAT I &
ERH D,

RS v — AHH
AW L7 v v 2%, A
7 AN SO R A RS T RE (R W R
WHHE)THOY, ~AZERBRE VT &
LARWEOERMToORITAES (B 1ER
Tua AL B T)EVNIREERB D, D
WM T 2T L0 2 o0k T 7L x
TN BEEIE, ST — OB
WIGHT 21Ch > THFICHERIZEH L b

(LLF PBW) %

;:- /\ﬁﬁ—‘*b 75)/)

102

JERRE 2 1) % e T )l ﬁﬂ%%%%ﬁ“(%é#ﬁ
R EARORIR, 2) :1'7 AN

7)/ﬁm“%@k®% oy 1 O PR
ML 22 8&%E LI,
%ﬂ%@ﬁ%%%;Omeﬁ%%@a

TEAWZRTHN, WTFhb A FF 7
NRAFH =L WVWo N AL FF A 2%
ER T 57O DK FiEE L THEN L,
METHELEHEELT D, ZNHDHA
T L% T ATFNAL ZADONA FHEDE
WO AmICEELT, KX X7 HE
DEREMATH AT IC D72 N 0 | EFE - Al FK Y
BORRBIIHELGTH DO TH D,

2. BAREE
H25 4 FZ o AJF 72 &
(23 TR RT,
D) N= LT VAT @7 4D
WIRHED 7 & 228\ T, H—ROER
K2 B CA RIS BLATELS L 72 b D % §5Y
ELTHERENT-2=—7 fEEEZ L D% 4L
74N THD, "= H AT 4D EH
DT — N —i 2 B0 ) FLAE 13 B LR E R &
BT 201 LT, WE OB A
I U oS X E @Ry 7 VRED
ANLETNVEEKRT L OICHEL TS (K 1),

RFEwm TR Z1) ., 2)



AR TIZ. DN I LT 4 VB ET A
2T A DI r b B — AREE
PBWZHWTEBIZMLT 5 &E2Mmid
Lo SEEIZBWTIERTEE O PLAGR Y £
fiz) . SU-8 1Zhnzx ., #H7=IC PC(R U I —ARx—
MW7 A A N=H AT 4 VA2 PBABRE L.
Blg 5 2R 2 FEAm L 72,

B LS EE L - FLERE D
1BOAFEFRICRA IR Eh =S FLERE

ERORFHE umTTHY,
BRSBTS R RABELTHE

K1 N A7 4NV AOBEBHEGE (L) &
ZORE (F)

2) a7 =7 UIFAKNOMRSN~ N 7 A
ELTHIl O b ORI 21T > TR Y |
Z O EWAERBURIE 2 B ML O 2 54 R
ELTHIAENTWS, ao—F 7 Lrol
IR & b S D T O ICBIERIC v BRI
LB EDBEANRKALNTEY, £
A RE o> 22 AR 2 B HE L 72 SO R0 T~
EALEE-TVD, M7 AT FTOREE
MLRLIWITM LR L3 5 PBRATIZC T

T =T OWMMNE — = TR AR R IR,
~A T a N F TN AMEREITOREE B
obTefEngs, AEEZIEICaT—F
VEOPBY YT T 4 —ICxT A REED
KAFTEIZ O WTHL NI T D Z E2FHE LT,

3. ETEOETRKR
N N=hr7 42D EEMELT PC 2H
WTED PB RS R A2 L7, PBILIELE
R EHW, ~2AZ7HMELT Cu Ay
(200-A, 400-A) & W5 Z & THRE R Z —
i, BlBLBL LTy IaRrx Ul
RIE#H, MK THREEZITO 2 & T, A
ZRE LI MR B G R 2K 2 12T,
By, AU —ARRr— DMK EN PB
MEHZ L ABAEENM & L THRET 52 & TH
VROBGERERTETHALTWER, B
ST B IEFRSFT AL X 0 b YA TE MK L T x
TR OMWE %R LT,

100um

M2 PCH=HALT7 ¢/L1L(PBRHNE: L
1000 nC/mm?*, F 200 nC/mm?) @ B4 % 5

PSSR 1L F 72 A ME I3 > TV R0 A,
PC DR BIE SN AEREEL CTERKL -



TIUHNMPERET DI LI & o THRMGEMHEIE
MR SNTZ ENEZBND, £z, Bl
BN —r DAy b7 APMIMELS ] ATENE
DEFIFERESI NI LEbRBRINT,

FAEA BRI B2 D T2 SRV 2 R T R R

Eieovra Xy ) R WA N RS
BlRfER Lo TWnD, Bk O MR
M- BGSEtE2 S oIckEbT 22T, &
DIRBIEDOB W TRARRICR D EE 26N
Do

PCIZPLAZ2 BT~ 2 & B AU TR 25 @& <

AN RERZ BT 2HEKE L TRHT 20
WKIH#ELTWL 2 EE25, SFERMLEEA
CHfb LM TomE 2 MAEbE
PCHED /N2 — = 7 Fikix, FATL TIT> T
WOHN=T LEEDOIEERT A 2L LTD
ISR & BAFICHEA T 2 & Rk D,

2) PBUVYIZIT74—%4T5aT7 =7 KL
L C AREEIfERK Typel 27 —47 v L1
Kyfras—~Fo o 2 BEAHERLIEZ,

Typel =2 T =5 3BT =7 THY
S HEOLEAMELIKT 2 KW= T —7
YTCh D, MAKGIREA T — 7 X 5 R 73
ElokoThHAMENREINTAK D27
— U Thb, TOED—KHRaT—F
IZHARKREEPER RS . NA A <=7 U T VHE
ELTHMEEEBEHONTARB (LI TN HE
WD, £ZTaF—7 (5% w/v) & 2REH
T& % glutaraldehyde (GA) (1% v/v) % & dp /K
Wik 20 pul 2107 2EREICF ¥ 2 M,

60 °C T 30 min MR S5 Z & TR L
oo ZOBAEE 4~5 ARV RS Z & THEE
20~30 uym DT —F U EESTL, ZOEE
A > 2 (BB & 30~85 um) T~ A7 L7z
‘iz 1.2 MeV iz L7271 h & 120~
1000 nC/mm? CTHA & L 7=, FREHZICHIKIZ L D
RIEF L OWEEIC L0 ATEsEar & b LBLG
BiTolz, D%, PtiIcks A4 ARy H
Vo 7w ATo e BICERMTE T HMKEE (SEM)

104

MW TMLEROBEZIToT2, £, K
ZOMILOLVRTZ I8 b—AIZ Lo Tl
BIHI 24TV, TR S OB BT o 72,
GARIN = 7 — 7 U T IR E S 0 DA 2 v
R L DB OGN ETe, = DRREIEDO R
WYEZMAKICIRIBESE D Z & THER LR E.
24 WL ERESETCHIEEAERITDZ L
EEW BICHET Lz, £ OREMEITZEHEE
DUETHY , ZLMEREEZPBIS L Bl 0 %
179 &, BRGTENL O SR FE A I 2SI S L AT i
kT 2RI THAY ETHELE,
WA GA RN 2 Z — 47 L fi~D PB IR %217 -
7o PB MU 12 3 X VBG4 O L FBEMEI I K
O SEM I K 2Bl R 2 X 3 12”7,

3 PBHEST 1% DType | =2 7 — 5 VOB 54
a,b,c) 120 nC/mm?, d, e) 1000 nC/mm?
a,d) BUEREI, b,e) BifE1%. c) bDSEME:

3LV | BBk OCATRI = 7 — 7 VIR
AL AR T DRV L I D T L DS HERR
Nz, Zhix, PBICK 2 EHEEAIC L - T4
EENDRINT-boEEZOND, £iZ
RGO £ d LM TR, ERLEZA v
Vath A RLIFE BT ILIERLE T,
WIZHRBEOBE NI L2 M THERO LB Z1T -
oo MUK THRE L2 =7 U IRICK L
72 DR (120~1000 nC/mm?) T PB MR & « Bl
BEITOWBIZE LT, KSR = T — 7 VI
EHERER 4R T,

Typel 27— I X 2@ EICB W TITIK
& (120 nC/mm*~) TH I LHRRITHER T



72 (1% 3b, ¢) 23, ARG = T — 5 o TIRIKR#HR
B CTIHEA ST (K 4a) 12 500 nC/mm? £ 3T >
LB S D (X 4b) #5 R G D LTz, BRMENE
ThsTypel 27 =7 F, DO LHAMHEE
TR SN D KERKEICL->T GA EDOK
SRS D 70 <L TR E AL D ARG R A A
— 5. MK T — 7 AT ARG RS S8
REND EFPHRIND, TORKE, PBREIC
Ko THREHENHIE SN D DI LT &
TREEE ORGSR T — 7 DJ7H
i@k%b%ﬁ%z%ﬂéo

4 PBRS# DMK DR = T — 57 VIEO BB
A ab,c) HBHE85 um, d) BB X 30 um

LLEDRERMNS, RG22 7 — 7 VIRICHT S
PB IR S & HAGH R O BELR IS oW TERR
7R mMEBREO NI, A% S BITIRE &M,
B S & Ak 5 2 & T 2 5 AR
AR T Lo AEEm L4 o2k
WTEDHEERALND,

: éifﬁ*(DEJrEZ’LU =, RXFERR -

AKEFEIZTIT-72 1), 2) DRFFERE B 0X
#m%h4ﬁ7A4X®%M&ﬁboémA

FERNR

TR $ % PB REHISE LM LD T
%, ZNFED GO PB RS OLFERYIG
BACP L THBAM R G, T3 RAE
AT TR VMR D LETH D,
S OWFFRIZ I TIX PB BAST - BLR L PR 72 &
DM EREAICET 22D LEAS
752 22 [ R AG B A TGN L & T BB IS 3 2 AL A
T OEHRZHEL T FETH D,

H>

A GRS R EIRM

Oy E RS, SRR E R A —Rk [T REHR
L UBER ST —T DY R — AENAE
E ARG VB T RN A AR LY R Y
7 A, 20039 A, AW =E

M, HINEZ, ff—pk T7e B
— LV T T T 4=l LDaT— O
AT 5 35 RIANA F~TFT VU 7 e 2013
BT HL HR

TRERIT . B S AN, A —m Th=
T4 b e IFHR L L A A R T
NOREFE ] 5 23 [8] H A MRS £ k=, 2013
F12 7. Bk

W ER. JNEEL, ARk TIEE B
BT L VEHBRYC T AXALT VE=T A
DEISCFE ] B AT R 94 FFH2.2014
FIA, LR

Sadaya Hosokawa, Kai Yoshida and Kazunari
“Preparation and Fluorescent
(IT1T1) Macro
-cyclic Schiff-base complexes as Probes in
The 8th SEATUC
Symposium, March 2014, Johor Bahru

Matsumura,

Properties of Lanthanides

biological Application,



TR 26 FE SITHREMAAMARREREE

ERGTFREEICE D=RTEE

e =

ET/N1T1RAD

B, MERIVEBEREIFOHE

[HFRKEE]
BRI¥H @I B2

(B HEE]
W —R (FE TR R4+ YR
XE HF (LR TN R FFIRAERR
Nt A (B IR GBS R EEARM R E BTG
=R BB (5 AL R = RIS RIEEA DI
M= (BFIHEH) BHFEBEAMENS /34 RIS
Esll BA  (BEI¥H) AVRTT TR RS
By BN (BT H ) A 7 E— LEHiBS
T R (BT H ) A 7 E— LEfiBIS
I R (BT PR ) REHRIEEIZ & BT/ ZRRGS
R @ (BHIR) F v E'S 1 —ERERS TS
KK B (BK - BIRMIR) KU —HT/ 1 RB%
mE (EEARE) FEAET/ A REAR
ED (BAHEE) I L D= RELBHELR
B0 i (RIETHH) KT 7 AN FIA RIS
# BE (BAHEA) BEED LT FETLOBE

1. @ 0.k - BT - ALER AR R AT 5 =

KT =7 MZBWTIE, KFEObL
DL Y DARFIZHIY | &= RV F— 5t
LW kI R BT E— AR b 3L
A 7 R— g SNIHRERDIT D T2 O 5E F
FERRICE Y e, BRI RO I &
bbb, XAF - F )T - MEEvwoiz

BERMEKICMM S DL W Ty e —F L.,

Fh 23 R ¥ B ATAE O B 7= 72 A& IS B D R e A
NI D,

ARWFFED BEIIX, EHEG B (Proton
Beam Writing, PBW)4kflfZBH¥E - BRfE L. %
HR7Z LU T AMBlOBRERER T o
AWK =k FWEEFEERT D, ZhiZ X

106

RICFTHEET A A AL, ETHZ L
TH - RBRFEET 2O ZRE HiET 5,
LD VA ) R_R—T a2 HEEL, AR
F TG O Fr 7= 72 Al 1T HL Y R T A & 2 HY
ToHEEBIC, WAEOLE - ZLX T 1 —
N T D RERBEICERT 5,
BRI, LT 27—~ &2#EL,
NETTFROEY, MY TE,

-
—

<T—% 1> EREFREBEICLSIFERDS
HFIHE=ZRTEZEBENDER

7m Y= METH, H23-25 EEEOM ., BLA
PBW %E & DR L O TR i 2 R HERE



YRR U7z, [RIWFIC H23-27 4EEE O[], [A 3 &
AEFHIICHB L, ¥¥ TV —HEREE
PRERARREICIR VLA TE . Zhic kv T8
T THEEBTHEOOPBVIZEL D B D
DL EBEMORREEZIT> T b, H25
FHICEA LB FRFERCHA AT LE
HWT, Br#RIC L b F 7 22 OGO W9t
AHEEL, PBVW O b DO AT LTOFR
FTHREBAMEEL TV D,

TR 2OZRAEBEBEDHERBE L T/A
AGABIUVBEETIZDHE

AT~ 0> H23-25 4F & B REFE I35 PBW A4
FHEZR 2 HeE L, PBYW MBI OV AR Z 1T
S72, H24 4EFEICE A L7z =Rt Ze i 1Ef
VAT LR ZRTEBEFER e R
ETNA AFEICB YA, S HITBEE
THOE e D =, H23-25 -, Z D
A NEENT HNL, T~ 1 O
BB iAm, FEET IV - TR %2R
L7,

FERBEMDOERDZD, BIE, FHN 84,
T8 LD T DA TR AR A AR L. WFSE A
HHEL TV 5D,

HRAREHFOTE (BTE—AEH) 7
Ry e NEMEEL, BERICEY EALTY
Ho T/ 1T, M- A (BE—LFE -
HlgE-FHD) BB/ (v A 7 afb BT N A R) |
R (% B 7 U —2EWEMN) 25, PBW IZ X
2H D5 0 EMEMOBHIICE D HA T
%o mIl Ul #iibs) I fic k277
2 S SME D RFIEICE Y fL A TV D,

T— 2 TIE, R Do XHEM) KA G
FEBE) L/NHL (LB (AR A3 & 4 2 ¥ K MEMS) |
KR OEF A 2), k- AHE - FR (A
FTFTNAR) BT, Z R R GRS
ntRETF AL AR HATND, 7
NA ZAREOBE IO G774 37N
A A) BLOM (L) NEBEEETYO
SRR RICE D LA TV D,

107

2. 1 (7—71) EXRBFRIEBEICXSFH
REGHEEHHE=RTEREEDER

KT —=<IZBWVWTIX, 5 »EZ@L T,

(1) PBWIC X2 b D3< Y EBEIR O
(2) BFHRIZL DT/ ERRKISEOHFR
DZODIEIZ DN THRET 2Rl T&E /e, LT,
26 fEEE L Z L BARRIZ /3 1 CTRE T,

2. 1. 1 FRR26EE

(DPBWIc X B b D3< v ARBEMOBZRE
(a) FH - BB (s, A @ BUA %
& (@JAEA) DML (EE., Hfkee) %
oM T 5, T—~2THLNIR- T2
HEEEM B R~ M TSR 2 IET 5,

(b) PBW & & B (V)I1, B A4 E MK
AL — LG, 70— Ry 7R, 7
2% ¥y BT U —HLERDEANDD DT i
FBRAEAT ). RRPHIEZERT H7-00=
Y RAT—va U EERET D,

@) BTFRRICT L DT 7 B RO R A
M) 2 B R R SOGFHI > A T A& AT
Zaxn

2. 1. 2 WR2TEE (BRKEE)
O (DB L@ D 2HIZHONWTLUTFOD
WY AT,
=REEEL TiLOHEDY
NDEREZ BT 5,
(1) Zotem 7 A7 bR (> 10005 1 7
PME, >3002 7 LK) #FEBTDHE— L%
A HIE E B R AN T D,
(2) TR ZREATHDORK[F Ttk
A(fRRE : ~1 7 u) &t THE—
LTAVEWET D,
(3) AR NN T oD 8L 2 B A BE O BOSHE 2 R
M HEBE L, N AT BE 720 A RHBE & B RE 1 2> ©
~ v BT T5,

REL, 7nyx’

2. 2 (T—V2) ZRTEEEOHERE
ETNARIEABLUBREIZDOHE
AKTF—< 2B WTIL,

(1) ¥Be R4 % PBW M BHER



Q=R EREEER o X LT A IR
1

Q) BERETZDLHENIE

D 3 HIZ DWW THFFERT I & HEdE L 72,

2. 2. 1 FR26EE
AFEEECORREEEX. BRKEETH
L TB3EE) a7 VEEET L - Tk
A BRI DR ET 24T - T2,
(DPBWIZ &5 b D5< Y EMEA DB F
(a) BHH - FIEBN (BB, AFH)
X¥— NR—XERWIZLD, ZERE - Pl
LWV o TEHEE DM TAEE Z B 5202 L, LIGA
<> EB i 72 &L HI IS IE v =R oon T8
fiit & LT o PBW OBEALMEZ MRGE L 72,
(b) PBW 2B (W), BAN. HR)
E—AL T4 ~OFHI%R - 74— KRy 7
FROEAN, BLOMERZ B FREEIC 7 —
RNy 7357 MO TRELITO 72,
KEAFHE 7 1t 2% BT 570 OMAEE
HAEE— LT A THAIAR REBRRE L7,

e b’ N %

(2) B F#RIT K 2 F 7 22 BOG HE oD BF 22 (AT
)

b 1R B N C OB ek e (57855
ERIGFIHI 27 ) 12k, BEER I O]

TRAVF—%HNRTA—=ZL L, ZORIEHE

E=F—T 5, FENICBTHH/737 A —
ZORIET ZRITN TREE~DZE 2Rt L
7=,

2. 2. 2 WR22THEE

A D (1)~ (3) ® 3HIZDW T, BLFOHf
JEIZHL Y AHTe,
REBEAEZ TRO#E b
DEREZ SR T 5,
(1) =W XWEFER T v 2 DML LT A
A AERE D FEBL (MAEWHET 1 A, Mg
SEET A R)

Q) A7V IV TTT 4 B
IAN, BANL—T Y FT AL AT BEAD
TR Z ST 5,

(3) ZHETZT L XV T NT A A ERE

REL, 7mavx7

L7

108

HMEEa LT FVEFEET L - TR (K
) DR

3. FEOETRKR

3. 1<7—7 1> KEXRBGFREEICLDH
BRIGEHEE=ZRTEEEDER
(DPBWIZ LB b D3 0 EBEHTORRE
(a) HH - HIEEAT (. A )
F— o F—AERICE D, LR - 2ol
EWV o TZED I LK EZ B 5202 L, LIGA
X EB i 72 &l 0 H AT IZ Ze vy = kool L
fir& LTo PBW OEMMEZRIELT7Z, T TIC
~A 7Ly REREMD ET D IR E
KO L TWDN, ko H 7 25
WORIRET, R T T AT v I 7 4 VA
(PET) LIZERC& 77z, ZhicL v, A7
O T N A R SR TERREET S A A~
@ PDMS #l= o1 7 1 L > X5 DM 72 e A
EoHEANICRBLESLZIHERE
(1), 2),6)  UF.43HDOHFEHREDES

TR JL

[Sxtis ],
(b) PBW SR EBAZE (W)l RA/I. RR)

E—AL T A ~DFHIR s 74— RNy
FHROBEAN, BELOME 5 % G # i
Ry 7457 F?ITF%%%%:??OKO
DT N— R T PBW 31 5 51 H il
Ae % Ak L\%%Eiﬁmﬁ%%ﬁffét
INETEREOCT T X IT IR
HW~BE ws) SHTOWEHE > 2T AT,
SHERVEE ns BREOT T UX T v
TEEANLT,

—J ., RKRTHE St R EFERT L0
BAE—LT A AR ZFHE L TV
B, Fr 7V —ERHRABBREFORE X T —
VETWT LD, KRN REEEZT D
O ORFRELZITV, F¥ T U —HK
DRATFERZEZIT O,

(2) BB & BT 22 KIS OB (Al
i)

b5 #RHR S T T oA iae (H25 4R EEE A
b T ORI > AT A) I2 kv, B
BERBIOPZRXALX—%2 T A= L 1L, Kt

7 —
H



WEE=F —F HHEEZ RFITHLA O PBW %
EICAI L7z, dtds L O X i s %
MAGDLEL, TOGBIEI AT AMEED T
DY T MY TREREEITV, FOEEE K
AEHTH D, KIS, JedT L TR 7 ) B i
TIARA BEE 2B\ T, PIXE Z W8T/
BLFHML P2 MZBWT, F R D5
D~y B TERERITL, T Ofa %%
MmO,

3. 2 (T—V2) ZRARBEEDHERR
ETNARERABLUVBEETIFD#E
(1) BRERI TS PBYW AMEHER (i, &
. KA. HR)

PRBEMEAT BHIE O = o THERRM (2 2,

ARG AR, TEENE . MR R SE) 21T o 7,
FEEE E COMITRRICHE DX A MEI
BOSHE Z R T2 7w FRBIE IS DWW TG
PEOPFEEIToT-, i, AHEEMEE L
THMHNLRY 7 vk =Y 7 (PVDF) DN
THZRH L [EREG)],

4 F%, PVDF OJEBEME TG Lo ettt o
P ~OISHIZHT 727 3 A 2 ~DELY HH A
ZiT-> T\ 5,

SRICFEEICB T D, Bl D HREER B
DOYRkOT-, Wi ) hiT28AN LT/
IURYy MEORKRZRFM LT, B X
OB LR ZTM L= F R &2RmL- Ly
A bz PBWICHEA L, INTHEZBRE Lz,
DR SRR &R RIET T R DR
ZhEZ T, SU-8 2 PDMS & W\ o 7= ERED B
LUVVAMEOBEGEEZT O L (B
EERED, DI .

(2) ZRTRBEER IR LT AL R
AREG@EZ, o, B/, KA, WH)

R ZReEEE LT, AR L YA B
(2 PBW 2 XV TR L 72 80 72 S0 TR 2 il
BT DA T OFEEKRET A ZAEHICH
RL MR OREMEREZ MR L, 21X,
PEKRBHIE L CE v T —AFHEIKET N1 A
IR BEMICHRECTH D720, EREED
B E DM L L bIT, BHIERENR BT G

109

E LB OME N ERE CE 2 EEHEN S
FlRixzw, 772 2F v 7 7 4 v 5 EORK
L7z, EREO&EWEES 7 X% v 7 Vi dEik
BT NA AL LTCHBEZED TS [HERR
ECNE

ARG LD 7 3 2 (A
F & MEMS, MiflalisE. EEEK, X
A FE) O—B L LT, PDMS IZBIT D it
JEPT R A FIAH LT, PBYV 12XV SR %
BERAL, AL <~ oY = =R
Ay FaekfELle [HEERRQ), (5), (10)],

Bic B & LT, iS22 A9 2
g R O =ZRoeERILEZ AN E LT,
HEKENC XD = RoeE R o E 2 75
L., ZORAEZITo - [AERE ), 2],
(3) MEETZFDLENHI GEA. WK, A
i)

BREMEI Z RS 7 7 A N EICHAET D
720 PBW 7t A DM E21T - 72, A
ETOMFT T, BWEMEM B 2 I 5
(Groove) % . #ft < (Thru-Hole) T & ¥V 3
4 5 .Groove-Trench-Hole (GTH) /& % £ &
Lz, SFEDRE, BEEOMEZ L VHEL
WD DD, T /R FIRINEIE. ©E., g
(LN REOHEBERELZEKR L, TNLOEH
BTG FRICE2FRE 22 Hn
WL & DO ERE 2 Rt Lo, F /2 ki1
N ERTTINE Y R S0 T e S RAY - g VY
BREME O A 21TV, BEEET Lo AT
AT 72 B M A 24T o 72,

Fo. REMMEOMEZ AN E LT, =
AT A DR ENLRBEEOMEET LIC
Ao EEFMMEZ BE Lo, BEEFAMm OB
RN, Bl Ic I 2R ERO
BENPDREEICEDLETCO L=V EY T ¢
WEEE 2D, BE, b L—3 7L 2GR
ik ~DIS M ZRE LT,

= 2
i T

-

4. HERUVES mXERRE - X
KR
4. 1 SEOMEAE

H26 % 5 HiBHOKRMIL 7 v v =7

STHRO



FAOER, 2 HOHEMEBOFMHIC L 5
AREHIEWT RS B GEBIIR NN, &
BT RXENDHD) Thotz, BWAFTRE L
T MRS & LT o ALY —Jg BRNIZ L
T, R EFEEOEHEZHMEICT L L &
XELTOMEREIZEID Vo Z 5 HY Hte
Tl RmEREITFLENRTEY, A%, —EOD
AR FE ST D M T,

4. 2 SHOMERRE

LLRIZ, ARBFZEEHE O ZFITICHB W T, Bb
MR HEREE BT 5,

(F7—~1) £RBGFmHEE (PBV) 2&5
FHESS R & ZRTEFREE DO EB
HRIBEICB T Xy ET ) —ERROR
fE. A LT ZHA L2 KRE A RS~
DODRYVMAEHEL TS, Fr T Y —HFEH
KROBEANZHTY, BAEY AT L EDFHNR
EC DD, EiEiEM L, 5%, Ko
RELICLYVFYET Y —EHAZITH,
(T7—<2) ZRLEEFHEOEEBREI L TN
A RSB LOBRETZOHE

I TP oENsIE, TEEE) v
FEOBENLET L, BUEILED, 4%
. EEEETET LV TH D CTHHEEZ VI
BHA L, TofHEZ ERICKRIET 2 2
MWRRETH D, TORDHIC, SFEELD T
J Ay RYy PMEORKITETF LT,

4. 3 HERRE
AREE 1T, EESEICBIT S 2 o

HbEO, R RBIOCHMAEZED Z L
MT&E, LT, B LEZITTHUIRERR LR
T, B LESIE. 3 EOMNFIERNE O EAT IR
DFEIR &S T D, KB T 0y =7 b O
FEHE TMAEM L TRT,

<HERER (EFH V) >

(1) of
microlens arrays on a plastic film by proton
beam writing, H. Kato, J. Takahashi and H.
Nishikawa, J. Vac. Sci. Technol. B 32, 06F506
(2014); http://dx.doi.org/10.1116/1.4900419.
<EHEzE (EHEdDV) >

Fabrication polydimethylsiloxane

110

(2)(Invited Talk) High-aspect-ratio
micro-fabrication by proton beam writing, H.
Nishikawa. Y. Ishii, and T. Kamiya, 27th
International Microprocesses and

Nanotechnology Conference (MNC 2014), Paper
No. 6A-5-2, (November 4th-7th, 2014).

(3)
Polydimethylsiloxane Induced by Proton Beam

Local Refractive-Index Changes in
Writing Aimed for Optical Waveguides, H. Kato,
A. Tkeda, H. Nishikawa, R. Saruya, W. Kada, K.

Miura, O. Hanaizumi, International Union of

Materials Research Societies- The IUMRS
International  Conference in Asia 2014
(IUMRS-ICA 2014), Paper No. DI1-026-002
(2014/8/26).

(4)(Invited Talk) A flexible dielectrophoretic

device with high-aspect-ratio pillar arrays

fabricated by proton beam writing, G. Ayugase,
H. Nishikawa, H. Tokita, S. Uchida, T. Sato, Y.
Ishii, 14th

and T. Kamiva, International

Conference on Nuclear Microprobe Technology
and Applications, Book of Abstracts, p.34 (July
7-11, 2014).

(5) Development of embedded Mach-Zehnder
optical waveguide structures in PDMS thin films
by proton beam writing, W. Kada, R. Saruya, O.
Hanaizumi, H. Kato, A. Kubota, K. Miura, T.

Sato, M. Koka, Y. Ishii, T. Kamiya. H.
Nishikawa, 14th International Conference on
Nuclear Microprobe Technology and

Applications Book of Abstracts, p.35 (July 7-11,
2014).

(6) Fabrication of PDMS micro-lens arrays on a
PET film by proton beam writing, H. Kato, H.
Hayashi, and H. Nishikawa, P14-01, The 58th

International Conference on Electron, Ion, and
Photon Beam Technology and Nanofabrication
(May 27-30, 2014).

<ERER EFELL)>

(7) T/ RFERWZEm T AR b o
ERA~OEEMEA G, L E, KFERE, P8I
B H2ETE VT ho =7 X FRER



K%, 16P1-7 (2015/3/16).

8) AV 7wl =V F KM~ DW 1R
L DB SO e )| I/~ /1 | S S L S G S N
Jef, g HERR. 2B 62 BN B F S
PR S, 11a-B2-7 (2015/3/11).

)= eHEEFEIKE T A 22 Hnice
BT MEEOSLARTE R B BRI RFE R AL
NH g, B E, FE)I 22 2 62 Al A
W OB R F PG & . 13p-D5-9
(2015/3/13).

(10) £ R+ — AT X% PDMS & fi5
WEBSE A A > F 2 7 FTOFE ) BT,
A ORK, INAE B TR M. =i X,
InE v g L TR BB A RAT.

A E, W) Kz, R B 62 BL
A B = & Z= 5 I 5 3 & 13p-P10-2

(2015/3/13).
(11) B, MBE, FEilZEZ, F k1%
WML 7z SU-8 DG K 20Tz B
I 2 AHFSE 5 57 [ B B il 185 5 5 5 = (SICE) |
F—=HFA X Ry vary ) -~A47nm
FHREIE O 7= DA A2 B — KNI & FEAf
No. 2D07-2 (2014/11/11).

(12) FHEKENC L D &R T 7 ME O IREL
B ORMBERE, RrE A, N, Ve,
N7z % 75 BEUS AL 2 19p-A3-15
(2014/9/19).

4. 4 VURTVUL - FZESEOERBRNR.
A F—Fy bTOABRRNE

() ZvX v 7 NVEETHRE L ¥ —TU =
TH A MTBT HMETES) & RO AR,
http://www.flex.ae.shibaura-it.ac.jp
(2Q)20144EJEF /) -~ 7B BV R AE (2014
£ 40 230~25H0, N¥T7 0 apik) 12T
[CHTERE~A 70T ) aryy—3T A)
SE O #— & L THIE,

(3) nanotech2015 (JIXE v 7% A . 2015
F1H2H~30H) I TEHLERE~A
smat)aryy—v7 Al BEOER X
— L LTHIE,

(4) 7 LF TR A v 2 — T e

-
—

111

(ZT% 8 [8] PBW W82 LL T 0@ v BifE L
77

T N E—ATAT 4T EEDINH
—AF U E—AICKDH LW O AR —
- HEE : 2015453 H 25 B (/K) 13:00-17:00
< ST s BERS R LE N AE & v N X, B
T#XEE 2F £ BMA—v (T376-8515
AETRAET 1T H S FH 1 5)
A=/ A AVN

VIl ZEz (CZLR) .
wHFgE Y v Z — Wi
A RAT R 1HE) . /B PBW %
B3 H 100keV /NS F v ~A 7 E
— L ZEE OB E — AR OME /M

3. MR EM R XA e
R IR 3D N B UK A A B AR o
[BH %8
4. HZA B (BRR), 1A EAICLD
fEdm IR TS EREERO 7 + b
Sx v RICE X DHE

5.0ME ¥ (BB KRT) . A4 R
G A 00 BRO 77 5% BH 36

6. #k FE (CZH LK), PBW BB <H L
RES""%5 300}

7.EA BRK (BEKRT) . £HEFEv—
LIMTAZ L %5 PDMS AN @ASE R A >
F o 7R DK

T LRI

L.
ES
2.
i



0 N

R 26 FE SIT 4

ey 3

SR FREEICKS=

MEFMARARBRES

RTEEEZFIALI-LZTLT

»?\4K®%&~ﬁA&$UL% £ TFOHE
INA AT\ A
MEISH RN —
1. EH DEWFEFTE D,
PRI AN B 0 00 96 JR VT BR 2 AR 0 - PR % SEaFRLE LT, AFRICET D

S MR E LS, ARdBkEME
ERRMICHRHET 24 48 v v 7
HLZDOOEDTHY | B & 7 AR T
NIGSHBRF S T& /=, BIET TIZT DNA 7
LA F v FTITRESNDWNT NA AT
Bffizd#H Lz "M A —N8G L.,
Ampy s BERAGZEICCERMEINTE

D, 5B%ETETZODHOLHEN L HIE
NTPTHRIN5B,

NAF ' —OMEITERBEEYEIC
£ b FEALFEE (B EL) BLETH D,
TONA AFHOALFEREE (KO om A — &
—OREBIR) &, um A —FX—=TDOT A
AR EDOWMEBN T > TF RN ZABIER
ELTCOMEERET D, Hi (40

Y — OB I BB O W L Ll
DILERZBEWIZT 4 — KNy 7 LTAT I &
ERH D,

RS v — AHH
AW L7 v v 2%, A
7 AN SO R A RS T RE (R W R
WHHE)THOY, ~AZERBRE VT &
LARWEOERMToORITAES (B 1ER
Tua AL B T)EVNIREERB D, D
WM T 2T L0 2 o0k T 7L x
TN BEEIE, ST — OB
WIGHT 21Ch > THFICHERIZEH L b

(LLF PBW) %

;:- /\ﬁﬁ—‘*b 75)/)

112

JERRE 2 1) % e T )l ﬁﬂ%%%%ﬁ“(%é#ﬁ
R EARORIR, 2) :1'7 AN

7)/ﬁm“%@k®% oy 1 O PR
ML 22 8&%E LI,
%ﬂ%@ﬁ%%%;Omeﬁ%%@a

TEAWZRTHN, WTFhb A FF 7
NRAFH =L WVWo N AL FF A 2%
ER T 57O DK FiEE L THEN L,
METHELEHEELT D, ZNHDHA
T L% T ATFNAL ZADONA FHEDE
WO AmICEELT, KX X7 HE
DEREMATH AT IC D72 N 0 | EFE - Al FK Y
BORRBIIHELGTH DO TH D,

2. BAREE
H26 4 £ o AJF 78 &t
(23 TR RT,
D) N= LT VAT @7 4D
WIRHED 7 & 228\ T, H—ROER
K2 B CA RIS BLATELS L 72 b D % §5Y
ELTHERENT-2=—7 fEEEZ L D% 4L
74N THD, "= H AT 4D EH
DT — N —i 2 B0 ) FLAE 13 B LR E R &
BT 201 LT, WE OB A
I U oS X E @Ry 7 VRED
ANLETNVEEKRT L OICHEL TS (K 1),

RFEwm TR Z1) ., 2)



A TIE . DN DT 4V BT NA
AIEHAT D bIc 7 e b e — Ak
PBM) ZHWTEBITMETSZ L2ty
Do SEEIZB W CIERIMERETT > 72 PC(R Y
—ARF—R)/PSGHRY ZAF L )foN= A
T4V AITHRT D PBN N T & L0 s BT
LD DOWEENET 7 U L— FE ) ~— DRI
R ERE LT,

B DFFLEEAE L F-FLE D
1BOARARFRICRABICRIISh 2L ERE

EEOBRER X um T THY.
ERSEE P KRBT TEE

M1 N AT 4V LDOREEFDER

2) a7 =7 UIAKNOMRSN~ N 7 A
&L THIRD - b OB 21T > TR D |
Z O EWAERBURIE D B L O 2 54 R
ELTHIHENTWD, a7 —=F 7LDl
PR 2 [ b S D T2 O IR RIC v AR
L DBBHEEDOEANRALNLTEBY, £
R o> Z2 B 48 & B HE L 7= Boi R oim T~ o
ERLEE-TVD, M7 AT FTOREE
MLRLIWITM L AR L3 5 PBRATICTa
T OWMMRY — = T RAREIC AR,
AT a N F TN AMEREIROREE b
bTEHiffsng, REEZaI—FUE
BENN=h 7 bz /ER L. PBW O
EREIT AL EFHE LT,

—

3. FTEOETINER

1 XATRLIAND PCN=I LT 4
VB EPSNZ LT 4V ADOER AT o T,
PC ™"=J &7 4V 2% PC & PC:Ethlene
oxide-modified bisphenol A diacrylate (%

77U Lr—F§K) =4:1, 3:1, 2:1 o7/ =~

113

oAV AR, PS N= A AT 4 L A PSR
REMET 7 U L— bk =2:1, 1:4, 1:5P7an
WV DRI 2 S E M AME N 2 oR 3
L-g-phosphatidylethanolamine (DOPE) 7 &
0 ARV DRI 2N R T2 A T A BRI F
¥ A b L72f%., W 0. 8mL/min O & i 28 &
(80790%) MR X fF1F, 7/ m AR/ LEEKET
LI TN LT 4 VA EERLE, 20
%, LB, AR 1 BEMEE (SEM) & H
WTBLEZ1T - T,

F . PCITHEBE LT /) ~—Tdh D ek
T U VL—hEBEREAELEANAZDLT 4V,
PS ICRIARICHEBEET 7 U L— R ZRA LT
N INT 4V L H K 21T T,

X 2 Bétet: 7T 7 ) L— NRESNN=H A
7 4 v ARG (5 400 £5) (a)
PC:HEREMET 7 U L— ~=4:1, (b) 3:1,

(¢) 2:1, (d) PS:#metE7T 27 VU L — |
=2:1, (e) 1:4, (f) 1:5
X 2@a, b, c k9 PC: 7T L

— k=41 =D LT 4V EERT S 2
EMTEDLN, ENLLEBERET 7 U L— R
DB E L 72D EHAMER IV, N=T A
WIEOERIBEN /NS D2 Enbnd, —
J5. Fig.4d, e, £ XV PSHmEM7 7 U L —

R CIEPSIBEBEMET 7 U L — h=1:4 £ THA
PEDOE NN AT VAR5 2 &0
TEDHZ VMR INTZ, > T, PSILPC
L0 bHEESET 7Y L— N OHEBEERRL,
LV OWREET 7V L—MERASHET
NNEALT AN FRT L2 ENRTEDL D
EMRENTZ,

FR S B 1000 nC/mm®> TD PCN=H L7 4 )L
L& PCREREMET 7V L— bk (PC:REREMET 2
UL —h=4:1)"=H AT 4 )L AOD PB RS #%
DHBGFEREZRFI LI, PCN=H A7 )L A



B IR x L CIREAL S AR b L, JER
FHEAL SRR L, 3 AR O RE — o PMERLE
N5 FEREMET 7 ) L— k2B A L7- PC RERE
W77 Vb — b= A7 0V AL REERIC R
TR OVEE 2R, ¥ 7 — & O Maos i
BEREMEE ) ~— DRI L v L,
TAFDOEmWINTHEZSES Z LT HKR)H-
7=,

=N

3 PS-block-PB-block-PS ¥gEME T 7

UL —hN= N7 40 5 OBURHER
a5t & 100nC/mm® 1) BHIREF & fi5=R
400 {5 ) dOERR fEE 400 5

— )5, PSHEREMET 7 U L— b= AT ¢
Jb 5T 100nC/mm? TR AR DR — v 5
HTEMTE, N=h AEEEMRE LIRS
—VEAERIY S LN TE 2, BETAETIC PC
ERRIC A= A RIC LT A v — AR
W LT, KEEoBEREEZERT L L
WXV, MR E T = OREEZ 2 2 %)
REe/orZ entiksZ & bR LI,

PSIZMzCHRY 7F L PB)EDE LD
HHEAEIKTH 5 PS-block-PB-block-PS #hE
T 7V L—bN=B LT 4 5B RERIC
100nC/mm?2 TR BRI DB — L %155 Z LN
Tx72(M3), 2oLV A MEE, BEES
N DRETE A AR U LE T BRI /IR RS IS )
G LTeay h T ANDOHDRF RS — %

114

HBoHZENTER,

UEFEOHENS, oD AN= LT 1)
LZxtT 5 PB HRAHZ L D kML o A%
MEIEL2ZLIZLY PBWHWW 7 LF T
TNTNRAZADIGHMEEZ®mD DL ENTED
EFZEZTWD,

2) PB BBHICKDNRNF —=0 T HITHI VTR
P& LT, 27— &2zt
Poly (DL-lactic acid) (PLA) D> N=h AH 7 4
NAEDFEERE L, 1 28X, KSR
a7 =7 MK TEREBRA S =V EIA
To IR, PLA @ 7 v m RV AR & 5 S
PE &I VE A % x4 L-a -Phosphatidylethanol
amine (DOPE) ® 7 v v 7KV ARHR % N 2 T2 ¥
WRAEER U=, 2 25H X, fRHER/ K iE =
7=z 11 OFE THKICEBERA S
— NV EMZT-EHRIZ, PLA & DOPE D& 7 v 1
RV LR ZE MA TR A FR LT, BB
DR 2 LEtk, 7 aak/V A THERLTE
WRZ IR & Lz, SRR Z 777
AR EICHF ¥ A ME, JitE 0.8L/min. O &
HEZ25(80790%) AR & {1, Z oAk Lk
RESEDLZ LTI LT VN EERIL
o BONTEN=ZT LT A NBITaT—F
N BEBINTEZ EZ2HRBT D729
Picrosirius Red Stain Kit (e faj) TH L,
N R OV BB IS TR LT, Yt fif
B NZ DT 4N DTN ENIZ Cu v — b
A v ¥ ak~ A7 L LT PB WK
(2007800nC/mm?) Z 47\u~, 25%7 =T K &
fiKkz 911 TIRG LEEWKT 2 0MEELD
AR X D W 24TV WIEEAL 2 RE L,

B a1ToTo, £ D%k, 65 K OVHEO BEMEE
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Normalized Remaining Film Thickness
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XRD A7 kLD 24l
ERABEZRD D720, Ti0 ([ZX4 5 PVP H

BEIRO mol REZ L, kR lor
fBlz oW THF 21T 7. Bi/Ti Hix 10%Bi
WL 72D X DI L.

[ 3 121X PVP DR A HeBI o X #R B 47 &
FEREZRT. ZOKED PVP ORAICE D FH
PFIEEDOEZE L WELRA LN TEY, #ib
b & c Bl mPEDRED RN H D Z & 1R
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BRI I T DR F o i ammmL, o
ERLE L TCHHT R ALX =0/ ¢ f@fl ek
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WL 72/ 5, TR R e Z2 M3 E T,
FEmEEOEINPFRE SN Z EDRFETH
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L.
UbEofER+vEEx, 777 DHEKTD
PVP ¥SHN & 50% 3 e ChH & L, 7 e b v
— LBRHHC X DN T o KR E=1T - 7=,
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ATl £ TIToR L7= PVYP BNIC & 5 BIT JEJi
WZBWT, @7 AT MM T 21T 5 72912
7a b= AR EIT ol R IREITR
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AIFEICBWTHEH L7 e b E—2A0
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O EIZ EEMREERT D2 EITLY, M
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—
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#

AREATEOREE AT SR Y AR (PLA),

Bz Y LA E (PLLA) 1Z%f L C, lum LA
TOMMMLTOERBNRD LTS, itk
FEr—YrEe—2NT, BEE2HNTWSH T
D lum A —F — O THEE O EH NN # T H
7. Kﬁﬁ%ﬁ‘/VHfi %Efi?"m ky b —
LHiE (PBW) % PLA I L, Bigik e L
“CT/%“Y*YE@%J?JI/\E):&“G, Fsiah!
(HESIF 5 20 DL, BUEEFR 10s BLF) T
lym A — X —OMITIEEOFEHRZ HIFT. *
7=, PLLA [Ty @ W R B AR (370 BT

TEES T 10pC/N) ZFFOZ ENHMBN TV D.

AHFSE1EL, PBW & 7= PLLA O #CGHIIN T o
R OBRR L EEREEZFH LT A
A (F 2R OEEB, MR T NA R, T 4 IVH
%) OERBEZHMET 5.

2. MIREFE

ARUFIEHRE I FOEB IZIHh > TED .

1) PBW (Z J:éPLLA@ﬁ(fHUJDI@W RED
AK7w vl FBPEMT 2 PBW & X

500keV~1MeV DIIE XL F —ThHhD. %

Z T, IMeV O = R/ ¥ — CTHE &L L

b, 7V AKREKR (FIZ 30%IRET
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MES I VHEEETIFOMHE
LEE(C L DEFMEAR) LEEREOHMMT

N A

FT=TIRIK) T PLLA OXEE O & WO s T
FMERETD.
2) JEMEAE I O W EEE R A2 FF O PLLA O 4

RR 5 V5

PLLA %# 7 1 u kL AIRIRICIED LT, F v
A N7 4V BB XD PLLA O RRA R 23 7] RE
RThHDHZ ERHEEIN TS, £/, PLLA
CIEEME G 2 DA & U C il AE AL B A3
—ODHETHDH, AW TIEL 10[pC/N|D [+
BHENG O D IR SREDORE 21T 5 .
3) 3D 7'V v # &% M= PLLA OEE

¥ )

PBW |2 & 2 #CHE AN 13 A Aif o = &5 % PLLA
AREHER FE & L CEVRMIEEED 3D 7Y
VEEHWTEEBMEPLA 7 4V ADRRIE I IE
DHBFNEITH 3D TV U H DT 4T A ME
BAENMENZ ED PLA VWL TED,
KWFFETIX 3D 7V Z D~y KOBE)HE
ZHIf L CIEEM PLA OERR &M 2 3 %E L.

PEFE B

3. FTEOETIKE

3-1. PBRFICLIBHMRELMMEMIBERE
BHRBIZL > THERINDED TOKIGIC
IRBEOMAL, RN H Y, PBW IZ XL 5 PLLA

DRIE, SRELHIENETH L. BRI

X, PB % PLLA ICHH 3252 LT, |y #
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FREOEESCHANEZ D, ZOWEES
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TAAF TR, e h i X —H
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kL CEREZ R L TWVD.
3-2. EEM PLLA 7 4 LLDERAE

7 4 v 2iREHT, Riik @ PLLA(0.1g)% 7 1
2R A(ImMDICERSEL. 208K, AES
a—MEBXUOF Y AN T 4V AEZHNT
oM EZRBZ 9. Ay 32— FETIE, Si &
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Hum)T 5. F ¥ X M7 ¢ /L L7ETIX, PLLA
BRI a kL A EK400um O X
D7 ANEER/RLNDLLIICY Y — L kI
LiAte. WL 02 7 ok AL, [IED
B 2B <72z 24 Bl RIRZEA P Thx
WA SED. 20K, RKEE T 170CH &
W 120CICRRE LT HIRE T 10 38 LV
MmEt%, 2m L CHFME, a7 1AL
L7z, Bhm¥ 7 ik, KRKERE T 80°C THl
R L W TEME, 7=—V v 7L
RIS TWD . R, MO FNEE K 2 12
R
3-3. EEM PLLA 7 4 JLLDEEE

PLLA O JEEMEIL Iy F O b EE & B a) B
DEWE s, mWEEERG LI, £EE
Pk PLLA 7 « /b A O IEAR 530 5 {573 Bl 72
EHESNTWAS. Z O OARBFZE T E
EERESHELT, OTAHAHEEE 5~50([1/s]D
MC S[1/s] 3 D& b &, 4% 8B CHEff L et %
L7 4 Vb PR LA b E 2 ]E LT,
ZLTCOTHRHELEEM PLLA 7 4 L LD
fEmibE L OB AERE L. AL E %K
W 5 72T R & E A R | & (Differential

122

scanning calorimetry : DSC)Z Hl\ 7. X 3 123k
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%DOC =—M - Cx100 (1)
*AH ;= 939 1 (PLLA 1235075 100 % Gk o i)

AN HFOT HEEIZ LV EPLEEE L
7-REIORERLEEZ RO, OTHHEE L O
B 2 G~ T

4|2 PLLA O OT WL &L E &
FHBAIZDWTaRT. K4 kv, 2TOOT A
HWEICHBWT PLLA O EiEmibE Th D
60% AT ZDREREHTDENTE. £0
ERZS S r_75>mb\kﬁﬁbfmfkaafljr%%fﬁ
TAHZENTEDLILAMRTEI., Z Ok
RO R 72 O AEE L 25[1/s] THDHZ
ERMERTE 20T, ZHLBEO IR TIX
O B B 25[1/s] THEI L7277 4 L & W
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3-4. BEMtE PLLA 7 4 JLL®D PBW Z ALV

MMM TEE

S, RS, Bl SE72 PLLA 0 7 L%
PBW 2EE I THIE N Y — DA I 72
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700, 1000 (nC/mm?)? FR & & CTHH 23 2 72
Sl B, BLBIKR(T V=T K 30%)H 1
S5oMHEBRIBES .

K TR E L CAERRE 7K
BSEM)ZEH L, M2 —r OBlE %k
7ol £72, PLLA ~® PB R &M
XD T 7 — U =B EARGR IG5 6 B FH(FT-
IR)ZHNWTHFBEOEIER TS, K
6.(A)~(MIZHMENNL T BILORT 4 LA
PBW TYIERI L7z “HM” IO “HR" N
2 — D SEM B a4~ 7. BUERATDOIEEE ON
V7 () CIERRI R oy O — Sk ZDR, 7 4 b
ATy F U TN LD NE — TR D
MENT. Tk, PB AL T O MISH KA
DOYIMFIZ L > CKRFE L IZZOMDOIK S T &
RENIEEL, BEEZOEWNCLY SVLY T
AN, 74V ATEZy TN
HELEEBEZOND. 2, BBEZEOM T
EALT7M)ED ST 4 VAP R TH -
7-. BElIfE PLLA 7 4 /LA~ PB MRHHIZ LV

Rk L= A% — 1 6(a), (b)& T,
6 (IXBGRTOBEBR THY, MEHORE
Mell CMZE SR TX 5, X 6 (b)ITiX, Bl
BroBEBERT, ZhET, EHORHS
WHRETOBGRRIL S S H o722, Emib
T4 TIERHEICERE R TE LD
BRI 2 10 2 IC k< $5 2 & THIILKE
DI & R T E o, BUERFR A E VDI,
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Abstract. For rapid and accurate fabrication of industrial products, the development of
effective technique to manipulate and assemble nanomaterials is essential. In the present work,
we investigated the dielectrophoretic behavior of silver nanoparticles and nanowires at various
driving frequencies and voltage amplitudes, and examined three-dimensional assembly of the
nanomaterials using dielectrophoretic devices with microstructures. The collectable range in
frequency for nanoparticles and nanowires was from 10 kHz to 1 MHz. In particular, the
aggregation shape of nanowires was changed against driving frequency. The bunch of
nanowires was bridged between pillars of dielectrophoretic device. When the applied voltage
was turned off, the trapped nanowires were entirely released. In pit type device, trapping of
nanoparticles was observed in outermost pits of array. The aggregates of nanoparticles were
directly fixed to the bottom electrode.

1. Introduction

Nanomaterials have high reactivity and applicability to various objects, since their specific interfacial
area is large. The characteristics have been used to improve the performance of coloring materials and
cosmetics. Nanomaterials have been also applied to new electronic devices such as high-functioning
sensors and specific-shape microelectrodes [1-3]. Furthermore, nanowires and carbon nanotubes were
examined for wiring parts of nano-circuits [4]. For rapid and accurate fabrications of above industrial
products, the establishment of effective scheme to manipulate and assemble nanomaterials is essential.

Electrical handling by dielectrophoresis (DEP) is a powerful technique of bottom-up process for
particulate manipulation. DEP is a phenomenon that the particles under non-uniform electric field
migrate along the gradient of electric field. It is possible to control the particle behavior easily and
rapidly, since DEP force strongly depends on the electric field gradient and driving frequency [5]. In
fact, TiO, NWs were collected on the gold plate by DEP, and the formation products were available
for sensor electrodes to detect organic vapors [6]. We fabricated three-dimensional DEP (3D-DEP)
devices with dielectric pillars by proton beam writing [7] and succeeded in high concentration of
bacteria around pillars. However, the suitable conditions of DEP trapping have not been understood
well for variously-shaped nanomaterials.

In the present work, we investigated the frequency dependence of the trapping number and
collected configuration for silver (Ag) nanoparticles (NPs) and nanowires (NWs). Moreover, we
examined the trapping and release operation of Ag NWs around pillar array of DEP device. We also
discussed the influence of voltage amplitude and polarity on the assembly state of Ag NPs using a pit
type DEP device.

Content from this work may be used under the terms of the Creative CommonsAttribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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2. Materials and Method

We prepared Ag NPs of 100 nm in diameter, and NWs of 60 nm in diameter and 10 pm in length
(Sigma-Aldrich). 20 mg of NPs and 2-20 pl of NWs were suspended each by distilled water. The
measurements of conductivities of NPs and NWs were 0.41 mS/m and 0.19 mS/m, respectively.

The DEP device consists of basal plate with microelectrodes, cover plate with microchannel and
device holder. Figure 1 shows photographs of the electrode configurations. Interdigitated electrodes
were fabricated by deposition of indium tin oxide (ITO) on silica substrate. The electrode width is 110
pm and gap length is 10 um. With respect to 3D-DEP devices, dielectric pillars were formed in a 200
pum of gap area between electrodes. The diameter, height and pitch of pillar were 3 pm, 10 pm and 24
pum, respectively. The pit type DEP device has ITO plate electrodes and silicon spacer of 500 um in
thickness. Polymethyl methacrylate pits were deposited on the bottom electrode. The diameter, depth
and pitch of pit were 4 pm, 10 pum and 10 pum, respectively.

The suspension was delivered into the channel using a peristaltic pump (PSMO050DA, Advantec)
for interdigitated plate and pillar type DEP devices. Only the suspension in pit type DEP device was
filled using micropipettes. The applied voltage was supplied to the electrodes by a function generator
(AFG3022, Tektronix). The collected state of nanomaterials was observed with a microscope (LV-
100DA, Nikon) with CCD camera (DXM1200C, Nikon).

3. Results and discussion

3.1. Frequency dependence of dielectrophoretic trapping for nanomaterials

We investigated collecting characteristics of Ag NPs at various driving frequencies f from 1 kHz to 10
MHz as is shown in figure 2. Here, the voltage amplitude V, was 15 V,, and flow rate ¢ was 10 ml/h.
Trapping of the particles did not occur at 1 kHz and 10 MHz. In collectable frequency region between
10 kHz and 1 MHz, the NPs were firstly trapped in the gap and then were chained each other. This
reason is that electric field was generated locally at trapped particles in upstream part. The thickness of
chain gradually increased with frequency.

Flow

Figure 2. Dielectrophoretic trapping of Ag nanoparticles at various frequencies.

In the case of NWs (figure 3), the collectable frequency region was same as that of NPs. However,
the frequency dependency of collected shapes was different from that of NPs. At a 10 kHz of
frequency, NWs are collected in a straight line on the gap. In addition, small aggregates were observed
in the center of electrode. The wires were arranged as a netlike appearance on overall electrode at 100
kHz. Up to 1 MHz, they were parallelized along the gaps. Gierhart ez al. showed that the collection
amount and shape of NPs depend on the frequency change of direct and mutual DEP forces Fpgp [8].
In addition to the above reason, the balance of AC electroosmosis between microelectrodes [9] and
external flow would influence the distribution of Ag NWs in the present system. The numerical
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simulation of particle dynamics, however, should be required for quantitative and morphological
assessment.

Flow
Figure 3. Dielectrophoretic trapping of Ag nanowires at various frequencies.

3.2. Numerical analysis of DEP force in 3D-DEP devices

With an electromagnetic field solver (COMSOL Multiphysics 4.4), we calculated the special
distribution of electric field E (figure 4). Here, V, was normalized to be 1 V. In the pillar type, £ at 5
pum height distorts at boundary of pillar and medium. £ around nearest pillars from the electrodes was
about 1.6 times as large as that around central pillars. Fpgp at center and edge were 3.7x10"" N and
2.9x10™"° N, respectively. These results suggested that bridging of NWs would occur from pillars near
the electrodes. In the case of pit type at 12 pm height from the bottom, outer pits had stronger £ than
inner pits, although the direction of E was parallel to pits. Since the present pitch of pits was narrow,
the influence of nearest pits on distortion of £ became large. Fpgp of inner and outer pits were
2.2x10"® N and 2.5%10™" N, respectively. The force ratio of inner and outer was one tenth compared
with pillar type. The present numerical evaluations should be useful for voltage control of assembly
process in 3D-DEP devices.

(a) (b)

Figure 4. Spatial distribution of electric field. (a) pillar type and (b) pit type.

3.3. Trapping and release operations of nanowires using pillar type DEP device

On the basis of above findings, we tried the condensation and release operations of NWs using pillar
type DEP device. Figure 5 shows the temporal behavior of Ag NWs between pillars. V, was 10 V,,, f
was 100 kHz and ¢ was 10 ml/h. NWs were collected only around pillars. After 30 min, the wires were
bridged between the pillars and weakly-bind chains were formed. When the applied voltage was
turned off, the NWs were rapidly released from pillars. In the case of over 10 V,,, the collected wires
aggregated each other and the large aggregates broke some pillars.

Figure 5. Temporal behavior of trapped nanowires in pillar type DEP device. (a) 5 min and (b) 30 min.
3.4. Assembly of nanoparticles using pit type DEP device

To explore effective assembly of nanomaterials, we investigated the voltage dependency of Ag NP
trapping in pit type DEP device. Figure 6 shows the collecting states of NPs at 100 kHz. When V, was
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10 V,,, the particles were not collected anywhere. At a voltage of 20 V,,,, they were focused in
outermost pits at 30 min. However, the bunch of particles grew up to dendritic outside the pit within 1
min, if ¥, was raised up to 30 V,,,. The suitable threshold of ¥, was 20 V under the present condition.

(a) 0V, (b)10 Vi : (cg)'20'V;,,'” ’ (d) 30V, )'

£ & : : 00 f:

Figure 6. Voltage dependency of Ag ﬁanope.trticle trapping in p1t type DEP device.

Moreover, we examined superposition of DC offset bias on AC driving voltage to transport NPs
equally around every pit. As is shown in figure 7, the collectable points at 1 V bias were randomly
observed in inner pits, although the total collection amount was rarely different from that without bias
voltage. On the other hand, we obtained thin film of Ag particles on overall of pit array within 1 min
by changing the polarity of offset bias. This film was not dispersed even if the applied voltage was
turned off. They was then retained its shape even if explored in air.
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Figure 7. Influence of offset voltage on ]jEP assembly. (a) 1.0 V at 90 min and (b) -1.5 V at 1 min.

4. Conclusion

We investigated DEP characteristics and effective assembly of Ag nanomaterials using various
microelectrodes. The trapping number of NPs depended on applied frequency. In particular, the
collecting shape of NWs changed because of their large dipole moment. Using pillar type device, we
succeeded in high concentration and rapid release of NWs around pillar. Also, we evaluated the
voltage dependency for NP assembly and specified effective value of AC applied and DC bias
voltages in pit type device. In the nearest future, we will fabricate functional nanostructures by DEP
assembly on the basis of above information of control parameters.
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Embedded structures

A focused 750 keV proton microbeam was used to fabricate an embedded Mach-Zehnder (MZ) optical
waveguide in a polydimethylsiloxane (PDMS) film for interferometer application. The sample position
was precisely controlled by a mechanical stage together with scanning microbeam to form an embedded
MZ waveguide structure within an area of 0.3 mm x 40 mm. The MZ waveguides with core size of 8 pm
was successfully embedded in PDMS film at a depth of 18 um by 750 keV proton microbeam with flu-
ences from 10 to 100 nC/mm?. The MZ waveguides were coupled with an IR fiber-laser with a center
wavelength of 1550 nm and evaluated by using the transmitted intensity images from an IR vidicon cam-
era. The results indicate that the embedded MZ waveguide structure in PDMS achieved single spot light
propagation, which is necessary for building optical switching circuits based on polymer MZ waveguides.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Proton beam writing (PBW) is a powerful technique that
enables the efficient fabrication of micro- or nano-structures on
various materials [1-3]. Two- or three-dimensional micrometer-
sized structures with high aspect ratios have been fabricated from
poly(methyl methacrylate) (PMMA) [4,5] and SU-8 [6,7] for a wide
range of applications. Also, there is increasing interest in develop-
ing optical components for integrated circuit structures in fields
such as optical fiber telecommunications [8]. PBW can be used to
fabricate micrometer-sized optical devices and much research
has focused on performing various optical functions with light
propagated through waveguide structures [9,10]. In our previous
study, we developed thermo-optic switches with Mach-Zehnder
(MZ) waveguide structures fabricated from PMMA to accomplish
optical switching device in a flexible polymer material [11,12].
The PMMA-based MZ waveguide had an on/off ratio of 9.0 dB
and a switching power of 43.9 mW, which is lower than for con-
ventional silica-based switches [13]. However, the light extinction
ratio still required improvement. Alternative substrate materials
with better optical properties and advances in the device struc-
tures are necessary.

* Corresponding author. Tel.: +81 277 30 1793.
E-mail address: kada.wataru@gunma-u.ac.jp (W. Kada).

http://dx.doi.org/10.1016/j.nimb.2014.12.041
0168-583X/© 2014 Elsevier B.V. All rights reserved.

In another avenue of research, several studies have been con-
ducted on various micro-devices made of polydimethylsiloxane
(PDMS) [14-17]. PDMS is a flexible silicone rubber with good
transparency and optical properties. Optical devices with micro-
lenses [18] and waveguide structures [19,20] have been fabricated
using focused microbeams. There are also prior works which had
investigated relationship between the beam fluence and the
changes in material structure of PDMS [21,22]. The device charac-
teristics of the MZ waveguide-based thermal optical switch pre-
sented in our previous work [11-13] may improve if the whole
structure were embedded in PDMS thin film. In the present study,
we produced a millimeter-sized MZ waveguide structure in a
PDMS film by a focused 750 keV proton microbeam. The light
propagation for different excitation modes were evaluated by IR
laser transmission images through the PDMS MZ waveguides irra-
diated at different fluences.

2. Materials and methods
2.1. Proton beam writing for large-scale waveguide patterning

Fig. 1 shows a schematic illustration of the PBW pattern of an
MZ waveguide. The pattern was created by symmetrically coupling
two Y-junctions with a small overlap to ensure the optical through-
put. The core structure of the waveguide had a line width of 8 um
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to propagate the light in a single mode [11]. The distance between
the two arms of the MZ waveguide was approximately 300 pum and
the branching angle was set to 2° to obtain a low branching loss
[12]. The single-mode light propagation through MZ waveguide
was simulated and then evaluated by proto-type of the waveguide
fabricated on PMMA with an upper cladding cover layer, as shown
in previous work [13].

A PBW processing system on a 3 MV single-ended accelerator at
the TIARA facility of the Takasaki Advanced Radiation Research
Institute of the Japan Atomic Energy Agency was used to fabricate
the waveguide [23,24]. The whole beam-scan area was controlled
by an electrostatic deflection scanner with a maximum area of
800 x 800 um. Additional movement of the sample was accom-
plished by using a 2-axis movable vacuum stage (Canon precision,
movable range of 40 mm with precision of 20 nm) as a sample
holder. A small hole was made on a sample holder and a beam
dump (Faraday cup) connected with picoammeter was placed
behind the sample. The beam current was observed by Faraday
cup before and after the PBW procedure to obtain precise beam
current. Continuous measurement of beam current through sample
holder was also placed to notice the fluctuation on beam during
irradiation. The total fluence of the proton microbeam was calcu-
lated from the integrated electrical charge per unit area (nC/
mm?). Computer-assisted software controlled the exposure time
and position at which the target was irradiated [25,26]. The diam-
eter of the proton microbeam was estimated from a secondary
electron image of a copper mesh taken before each irradiation
experiment. The system was also capable to obtain secondary elec-
trons, particle-induced X-ray emission, and ion luminescence anal-
ysis during irradiation [27].

2.2. Experimental procedure

The PDMS films were made by mixing a base polymer with the
commercially available cross-linker, SYLGARD184 (Toray Dow
Corning). A volume ratio of base polymer to cross-linker of 10:1
was used, and the mixture was spin-coated on a supporting silicon
wafer (40 x 20 x 0.5 mm). The PDMS was cured at room tempera-
ture and kept in air for 1 day before being irradiated. The thickness
of the PDMS film was evaluated as approximately 30 pm with a
laser microscope (LEXT OLS4000, Olympus). The PDMS sample
with a supporting silicon wafer was fixed on an aluminum plate
and irradiated with the proton microbeam. No solution etching
was performed before or after irradiation with the proton micro-
beam. Both edges of the PDMS film were cut to allow introduction

Cosine-curved S-bend

/ w~8 um

Overlapping area

~20 mm ~20 mm ————

~40 mm

PDMS(40 mm x 20 mm x 30 um)

laser input transmission light
—

Silicon Substrate

waveguide (core)

Fig. 1. Schematic of the MZ waveguide design used in PBW process with a focused
proton beam.
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of the laser and transmission of the output light signals from the
waveguide. Supporting silicon wafer was also able to be removed
and flexible MZ waveguides embedded in the PDMS film was easily
obtained after the irradiation. The MZ waveguides in PDMS film
were coupled to a fiber laser (ECL-210, Santec) with a center wave-
length of 1550 nm and evaluated by using the transmitted inten-
sity images obtained from an IR vidicon camera (C2741-03,
Hamamatsu Photonics). The different excitation modes were gen-
erated by changing incident angle of IR laser input toward PDMS
MZ waveguides.

3. Results and discussion
3.1. Modification of PDMS film by proton beam writing

Fig. 2 shows an optical microscope image of the PDMS films
with an embedded MZ waveguide structure. The Y-junction and
straight-line structures were well formed with no major distortion
through the whole area of irradiation (40 x 20 mm). The desired
line width of the light propagation waveguide was determined to
be 8 um with a laser microscope for samples fabricated by scan-
ning proton microbeam with typical diameter of 1 pm® which
was evaluated by secondary electron image.

3.2. Embedded waveguide structures

The embedded structure in PDMS was formed using protons
from the terminal of a single-ended accelerator, with the proton
energy precisely controlled to be 750 keV to 1 MeV. The structure
was embedded at depths of 18 and 25 um for the 750 keV and
1 MeV protons, respectively, as it predicted by the Stopping and
Range of Ions in Matter (SRIM) calculations [28]. Fig. 3 shows the
transmission image of 1550 nm laser light for the PDMS sample
modified with 1 MeV protons. The surface region was identified
in image in situ by introducing weak stray light from the top of
the PDMS surface. The result indicated that waveguide with the
intended configuration were successfully embedded, but with
1 MeV protons the transmitted light had asymmetric distribution.
The distance from the bottom surface of PDMS film to the wave-
guide core might affected to the light propagation. Proton micro-
beam with energy of 750 keV was therefore employed for MZ
waveguide fabrication embedded in PDMS film.

3.3. Optical throughput of Mach-Zehnder waveguide

Fig. 4 shows schematic of the optical transmission evaluation
system for MZ waveguide/interferometer embedded in PDMS film.
The transmission images of waveguides fabricated at different
beam fluences were compared with different excitation conditions
by changing the incident angle of laser as shown in Fig. 5. The
propagated light produced a single spot for the waveguide fabri-
cated at a beam fluence of 100 nC/mm?, whereas light leakage
formed multiple spots for the waveguide fabricated at 40 nC/
mm?. The results indicated that the embedded structure formed
at a fluence of 100 nC/mm? in PDMS achieved single-mode light
propagation.

The thermo-optic switching properties were also examined by
attaching a small titanium filament less than 2-pm-thick to the
PDMS based MZ waveguide fabricated at 100 nC/mm?. Transmis-
sion images of the same PDMS MZ waveguide were compared with
and without heating the titanium filament (Fig. 6). Light transmis-
sion was disrupted by applying a bias voltage to the filament elec-
trode. The main light beam was distorted but restored after the
certain voltage was removed. The length of the titanium filament
attached to the PDMS could not be estimated accurately, thus the
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Fig. 2. Example of optical microscope image of embedded MZ waveguide structures in PDMS film.
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Fig. 3. Evaluation the embedded MZ waveguide depth by (left) SRIM calculation and (right) the transmission image of 1550 nm laser-light through the PDMS sample.
Example of the waveguide fabricated by 1 MeV protons was obtained with an IR vidicon camera. The surface region was identified by weak stray light.

transmission image
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Fig. 4. Schematic of the optical throughput evaluation system for PDMS-based embedded MZ waveguide. Different excitation conditions were generated by changing
incident angle of fiber laser light. Position of the waveguide was controlled by 3-dimensional precision stage.

amount of the power transferred to the sample could not be mea- interferometer optical switch. The heater structures designed for
sured in this configuration. However, our preliminary results sug- MZ interferometers [29,30] is required to be optimized and attached
gest that the PDMS waveguide could be used as an MZ to the devices for the evaluation of its energy consumption.
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750 keV H*with beam fluence of 40 nC/mm?

750 keV H' with beam fluence of 100 nC/mm?

Fig. 5. Comparison of transmission images through the PDMS-based MZ waveguide fabricated with beam fluences of (a),(b) 40 and (c),(d)100 nC/mm?. Propagation mode of
the IR light through the MZ waveguide was examined by using images obtained under different excitation conditions. Stray light generated multiple spot in image (a) and (b).
Single-mode propagation was evaluated by the single light spot on the image obtained under the different excitation conditions (c) and (d).

Fig. 6. Preliminary results for interferometer function on the PDMS MZ waveguide with a titanium filament. Light transmission was disrupted by applying voltage to the
filament. Heat transfer to the sample was not measured, but light transmission was recovered by removing the voltage from the filament.

4. Conclusion

In this study, an embedded MZ optical waveguide was fabri-
cated in a PDMS film using PBW. The waveguide was fabricated
by precise control of both beam scanning and mechanical move-
ment of a 2-axis movable stage. IR transmission through the
embedded MZ waveguide structure was successfully obtained with
a core size of 8 pm without extra clad attachment. Single light spot
propagation through large-scale MZ waveguide was well examined
with the device fabricated at beam fluence of 100 nC/mm?. The
high brightness of the main light propagation and the limited sur-
rounding stray light in the transmission image suggest that this
PDMS waveguide could produce superior quality optical switches.
Further improvements, including the development of the heater
structures on the PDMS MZ waveguides, are required to establish
MZ interferometers based on PDMS.
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Herein, we review the last half decade of progress in ion-microbeam technology and applications at the
Takasaki Ion Accelerators for Advanced Radiation Applications facility. Materials were microanalysed
with the light-ion-microbeam system by combining micro-particle-induced X-ray and y-ray emission,
nuclear-reaction analysis and micro-ion-beam-induced luminescence to analyse elements, including
light elements such as lithium, boron or fluoride, and also their chemical states. For microfabrication,
we used particle-beam writing and techniques of maskless patterning to processes materials without
etching. The goal was to develop optical, magnetic or other new types of microdevices with both
light-ion and the heavy-ion microbeam systems. In addition, techniques were developed to monitor in
real time every individual ion injection by using an efficient scintillator or a thin diamond particle
detector in both heavy-ion and high-energy heavy-ion microbeam systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The history of ion-microbeam technology began in the 1970s
with the advent of proton microbeams, which were first used for
local elemental analysis at mesoscopic length scales [1,2]. Since
then, the applications of this technology have developed remark-
ably across numerous fields in science and technology, such as
biomedicine, materials science, semiconductor-device engineering,
geology, environment and archaeology [3-13]. In addition, tech-
niques to focus ion beams have also seen much improvement, to
the point that the highest spatial resolution is now on the order
of several tens of nanometres [14]. While the majority of ion-
microbeam systems focus light ions, such as protons or helium
ions, heavy ions can also be used in the same manner in a micro-
beam. Heavy-ion beams are typically applied to study the effects
of radiation on semiconductor devices or in biological cells by
using the single-ion-hit technique, which exploits the diversity of
the irradiation effects [15,16].

Micro-particle-induced X-ray emission (micro-PIXE) using a
heavy-ion microbeam offers the interesting possibility of high
energy resolution, as demonstrated by Mokuno et al. who used
wavelength-dispersive X-ray spectroscopy to detect chemical
effects with high sensitivity [17].

Research and development in ion-microbeam technology and
applications at the Takasaki Ion Accelerators for Advanced
Radiation Applications (TIARA) facility at the Takasaki Advanced

* Corresponding author.

http://dx.doi.org/10.1016/j.nimb.2014.12.047
0168-583X/© 2014 Elsevier B.V. All rights reserved.

Radiation Research Institute of the Japan Atomic Energy Agency
has been ongoing since 1990. To expand the variety of applications
for ion-beam analysis and to fabricate mesoscopic-scale systems,
we have maintained three different types of ion-microbeam sys-
tems, which were connected to a 3 MV single-ended accelerator,
a3 MV tandem accelerator and an azimuthally-varying-field cyclo-
tron (K = 110), as summarised in our previous paper [18]. The pres-
ent paper summarises progress in several technologies, mainly
concerning the end stations. This is followed by examples of new
applications from the past half-decade.

2. Microbeam systems at TIARA

The configuration and performance of the three microbeam sys-
tems have not changed significantly since they were installed at
TIARA. However, the end stations have been modified to meet
the advanced requirements for analysing new samples, fabricating
new structures or testing new types of devices or living samples.
More applications now deal with environment or life sciences,
which have come to be the main fields for such applications,
reflecting the demands of ecology, health and safety.

2.1. Light-ion-microbeam system

The light-ion-microbeam system was designed for the in-air-
micro-PIXE system to analyse small biological samples attached
to thin polymer films. These films also serve as vacuum windows
and initially have a diameter of 1 mm [19,20]. Depending on the
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application, the target might have to be under vacuum: the beam
energy loss in a window material reduces the energy resolution
of scanning transmission ion microscopy. However, for three-
dimensional elemental analysis, PIXE computed tomography
(PIXE-CT) requires that the target be irradiated with a beam that
has not traversed a window (a ‘windowless’ beam). Therefore, for
service inside the vacuum, we developed a target stage that
includes a rotation stage [21]. Now with the ordinary system, bio-
medical applications are more practical; for example, the analysis
of erythrocyte elements in chronic hepatitis C patients treated with
interferon and ribavirin [22], elemental analysis of lung-tissue par-
ticles and intracellular iron content of alveolar macrophages in
pulmonary alveolar proteinosis [23] and fluorine analysis of
human enamel around fluoride-containing materials under differ-
ent pH cycling [24]. This system was also used to develop materials
for Li-ion batteries, in particular, to obtain the distribution of Li in
the electrode by means of particle-induced y-ray emission (PIGE)
and nuclear-reaction analysis (NRA) combined with micro-PIXE
[25]. For example, we analysed the positive electrode of a Li-ion
battery by positioning a thin film in front of the sample to simulate
in situ lithium depth profiling [26].

In these types of applications that use PIXE or PIGE, the stan-
dard setup allows elemental distributions in the sample to be
obtained; however, no chemical information related to those ele-
ments can be obtained. Recently, however, Kada et al. have devel-
oped a system based on ion luminescence combined with ordinary
micro-PIXE that allows the distribution of the chemical state on the
sample surface to be measured from the visible-light emission in
accordance with elemental distribution [27]. By using ion-lumines-
cence microscopic imaging and spectroscopy (ILUMIS), aerosol
particles can be analysed and their origins can be estimated [28].
In addition, the system is also used for proton-beam writing
(PBW), which was developed in collaboration with the Shibaura
Institute of Technology [29]. For the practical use of PBW, the
end-station was equipped with an X-Y in vacuo stage driven by
ultrasonic motors. The stage-control system was originally
designed to manipulate targets with a very high precision to
expose areas larger than 10 mm? by using microbeam scanning.
Using this system, Miura et al. attempted to draw large-scale pat-
terns in order to change the optical parameters of a 40-mm-long
polymethylmethacrylate sample and obtained a working Mach-
Zehnder interferometer thermo-optic switch [30]. In another
study, by utilising localised energy deposition as a thermal load
form, Kitamura et al. demonstrated that microbeam irradiation
introduces unique morphological changes in fluorinated polymers
with extremely low thermal conductivity [31-33].

Microbeam patterning irradiation can be performed effectively
by monitoring ion luminescence (IL) signal, which indicates change
of crystal structure or the chemical state of the target material. By
the microbeam irradiation of a diamond film, Kada et al. measured
the IL related to graphitisation [34].

2.2. Heavy-ion microbeam system

The heavy-ion microbeam system and the single-ion hit tech-
nique were established for fundamental studies of single-event
phenomena (SEP) induced when various heavy particles are
injected into a semiconductor device with a basic diode structure
[35-38]. Recently, charge-transient spectroscopy was performed
by using alpha particles from a radiation source and the heavy-
ion microbeam for characterising transient charge collection in a
device and to evaluate any defects induced in the crystal by the
radiation. This technique was used to study the characteristics of
silicon carbide (SiC) or diamond, which are wide-band-gap semi-
conductors, for next-generation highly efficient power devices
[39-42]. For these studies, the end station was modified to allow
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the temperature of the semiconductor specimen to be varied over
a wide range from 240 to 350 K [43].

Note that ion microbeams can cause changes in the physical
properties of materials in minute, clearly localised regions. The
degree to which irradiation changes the physical properties, such
as the optical or magnetic properties, depends on the linear energy
transfer of the beam in the material

2.3. High-energy heavy-ion microbeam

On the high-energy heavy-ion microbeam system, accurate
beam positioning and the single-ion-hit system were established
using the same concept as for the tandem accelerator. A high-
energy system was required to study of the effect of long-range
ion interactions on semiconductor devices or biological cells under
an ambient atmosphere (i.e. with the sample outside of the vac-
uum system and irradiated through a thin window). For cell irradi-
ation and SEP studies, another collimation system was used, which
gives a hit accuracy of over 10 pm for each ion [43]. Because main-
taining a small spot size is difficult for light ions, such as carbon,
because of the larger scattering at the collimator edge as compared
with heavy ions, a special system is required to improve the reso-
lution beyond 10 pm without causing scattering.

Forming a microbeam requires high-quality beams from accel-
erators: the intensity must be stable and the beam must have high
brightness and a low energy spread. Stability is not only required
for the total beam intensity I, but also for its distribution in
phase space for the lateral direction I(x, X', y, y'), where x, X, y, y’
are phase-space coordinates with the origin at the beam centroid.
Furthermore, high intensity in the finite region around the origin,
which is used to form the microbeam, is required for high bright-
ness. In microbeam focusing, the beam-energy spread AE/E of
the accelerator is directly related to the chromatic aberration.
Therefore, the accelerator itself is the part of the microbeam tech-
nology. Although a cyclotron is suitable to obtain various high-
energy heavy-ion beams, it is difficult to obtain such a high-quality
ion beam from a cyclotron because it is a radiofrequency accelera-
tor. TIARA undertook some advanced research and development to
overcome the problems associated with forming microbeams from
cyclotron beams. For example, the techniques of flat-top accelerat-
ing and the beam-phase control were developed to confine the
beam-energy spread AE/E to a minimum value on the order of
10~ [44]. In addition, the beam-phase-bunching effect, which also
reduces AEJE of the beam from an AVF cyclotron, was studied
briefly both theoretically and experimentally [45,46]. Because a
cyclotron with external injection has very complicated beam optics
in its central region, the beam transport must fit the central region
of the cyclotron. For example, Kashiwagi et al. developed a beam-
monitoring system to visualise the beam emittance in accordance
with the acceptance of the system [47].

2.4. Single-ion-detection system

In the single-ion-hit technique, developed for both heavy-ion
and high-energy heavy-ion microbeam systems, a key problem is
how to detect every single ion injected into a sample for studying
SEP or cell irradiation. For SEP studies that use a semiconductor-
device sample, a single-ion signal can be obtained if an ion injected
into the sensitive region generates charges that can be corrected at
the device electrode. For biological applications or for nanostruc-
turing by single-ion hits, the sample should be thin enough for
the injected ions to penetrate so that the ions may be detected
behind the sample. However, if the beam exit window simulta-
neously serves as the single-ion detector, it is perfect for irradiation
of biological cells under ambient conditions. We tried to use thin
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membranes to detect each single-ion that traversed it; however,
such membranes can also act as secondary-electron emitters. Pre-
viously, a polycrystalline diamond membrane was tested as a sin-
gle-ion detector [48,49]. Secondary-electron emission was studied
to determine if it could serve for ion detection by using an electron
multiplier or microchannel plate. Note, however, that unless sec-
ondary-electron detectors are placed in a very high vacuum, they
suffer easily from noise originating from dark current that results
from the residual gas. Maintaining a high vacuum inside the
end station is usually difficult because of the low evacuation con-
ductance of an end station of a microbeam-lens system. Another
solution consists of a high-efficiency scintillation detector; how-
ever, this would require perfect darkness around the end station.
Conversely, if this problem is clear, a further possibility exists for
position-sensitive detection, which would be provided by an addi-
tional microscope and high-sensitivity CCD camera system rather
than just a photon counter. Along these lines, Satoh et al. tested
a system based on a CaF,(Eu) scintillator and obtained high detec-
tion efficiency and position-sensitive accuracy [50]. However, for
sufficient efficiency, this method still requires that the scintillator
be set behind the sample.

We are now trying to use thin diamond membranes to detect
each single ion that traverses it. Diamond has high mechanical
strength and is also a semiconductor material, which means that
it can serve as a transmission-type particle detector and a vacuum
window to extract the ion beam into the air. We showed that a
monocrystalline diamond membrane can serve as a high-efficiency
transmission-type particle detector; this was performed within an
international collaboration with Croatia and France, with the goal
being to develop a position-sensitive detector [51,52]. Analysis
via the ion-beam-induced charge (IBIC) effect by using a proton
beam is also an effective tool to determine the characteristics of
semiconductor device [52,53].

3. Summary

For microanalysis of materials, we developed the methods of
micro-PIXE, micro-PIGE and micro ion-beam-induced lumines-
cence, which may now be used simultaneously on the light-ion
microbeam system at TIARA. These techniques expand the range
of possible analyses to include the analysis of the chemical state
of elements within a sample. For micro-fabrication, we developed
the PBW techniques of maskless patterning on materials without
etching, which now constitutes a new tool fabricating microde-
vices. This research was done not only on the light-ion-microbeam
system but also on the heavy-ion-beam system. Furthermore, the
single-ion-hit technique was used primarily to study the ion-
induced charge response in various semiconductor devices or to
analyse the effects irradiation on individual cells. Such an applica-
tion requires a technique to monitor every individual ion injection
in real time, which improves the reliability and efficiency of the ion
irradiation. We are also beginning the development of an efficient
scintillator and a high-sensitivity camera for studying an addi-
tional implementation of a thin-film-type particle detector.
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Fabrication of polydimethylsiloxane microlens arrays on a plastic film

by proton beam writing
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This paper reports the fabrication of polydimethylsiloxane (PDMS) microlens arrays (MLASs) on a
5-13 um-thick PDMS layer on polyethylene terephthalate (PET) films using proton beam writing
(PBW). The PBW is performed with a focused 1.3 um beam with an energy of 1.0 MeV. The
sensitivity of the PDMS layer on an indium tin oxide (ITO)-coated PET film is improved compared
to that on a bare PET film. The arrays of the PDMS microlenses with diameters of 20 yum and a
height of 4.5 um are fabricated by changing the proton beam fluence. The ITO layer on the PET film
provides substrate conductivity for PDMS and the transparency required for flexible optofluidic
devices. The patterning of 35 x 35 MLAs is demonstrated in an area of 1.0 x 1.0mm?® within
16 min. The PDMS MLAs can be transferred to a Ni mold by electroplating and are then duplicated
by ultraviolet imprint lithography on PET films. © 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4900419]

I. INTRODUCTION

Proton beam writing (PBW) has the potential to be a ver-
satile tool for deep microfabrication using high-energy
(~MeV) protons. Compared with conventional techniques
such as electron beam lithography and focused ion beams,
the unique features of PBW provide the capability for deep
micromachining up to 100 um and high reactivity with vari-
ous materials.'™

Siloxane, possessing a main backbone of Si-O-Si link-
ages, has excellent material properties, such as optical
transparency and chemical resistance. There have been
reports on the use of PBW on siloxane layers such as
hydrogen silsesquioxane (Fox-16, Dow Corning)> or spin-
on-glass (ACCUGLASS512B, Honeywell).6 However,
because these are originally intended for interlayer dielec-
trics for microelectronics, they are too thin (<1 um) for
applications as optical components. Polydimethylsiloxane
(PDMS), which is commercially available as a silicone
elastomer kit (Sylgard 184, Dow Corning), can form a
thicker layer (>10 um). We have previously reported low-
contrast, negative-tone PDMS features on silicon” and
silica glass® by PBW, demonstrating the smooth, curved
microstructures possible with PDMS that is ideal for optical
elements.

Microlens arrays (MLAs) are important optical elements
for charge-coupled device imaging and liquid crystal display
projection to achieve efficient light coupling. Previous litho-
graphic techniques used to produce MLAs have involved
multiple steps using UV lithography® or PBW (Ref. 10) to
produce cylinder arrays followed by reflow via heating to
form the convex-shaped surface. Polymer microlens replica-
tion has been also reported by using proton beam-fabricated
Ni stamps.'' The use of PBW has several advantages, allow-
ing the user to directly write and control the curvatures

®Electronic mail: nishi@shibaura-it.ac.jp
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simply by changing the fluence. The use of grayscale lithog-
raphy, which is a technique exposing a low-contrast photore-
sist with gradients of fluence to control the surface topology,
has been reported on other types of resists (e.g., SU-8 and
ma-N) with PBW.'? However, a smooth surface suitable for
optical elements has not been achieved. Fabrication of
smooth convex lenses using compaction of the PDMS has
been reported using PBW with a fluence of ~10'° jons/cm?
of 2.0 MeV protons."?

Polydimethylsiloxane can find many applications in
optics because it is homogeneous, isotropic, and optically
transparent to wavelengths from UV to the visible regions."*
Because PDMS is a biocompatible material, PDMS optics
can be easily integrated into microfluidics as optofluidics."
Moreover, if MLAs can be made on plastic films, the excel-
lent features of this technique can be further exploited for
the widespread use of optofluidics. Therefore, the develop-
ment of PDMS micro-optics on plastic films may open up
new optofluidics applications. From a practical point of
view, the combined use of imprint lithography with PBW
should be considered for large area patterning to compensate
for the drawback of the serial writing of PBW.

In this study, we report the fabrication of PDMS MLAs on
flexible films using PBW. We show that PBW can be used as
a direct-write, grayscale lithography technique for PDMS on
a transparent conductive layer on a flexible film. An imprint
lithography technique using an Ni electroplated mold fabri-
cated from the PDMS master is also demonstrated.

Il. EXPERIMENT

The PDMS elastomer can be obtained through a commer-
cially available Sylgard 184 kit (Dow Corning Corp., USA)
by mixing its base polymer and crosslinker in a volume ratio
of 10:1, and subsequently curing the elastomer by heating
(e.g., 60°C for 2h)."* For PBW, we used only the base poly-
mer of the Sylgard 184 kit to make the PDMS layer by spin

© 2014 American Vacuum Society 06F506-1
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coating. As previously reported,”® the cross linking of the
base polymer can occur due to energy deposition by proton
beam without the crosslinker, leading to a negative-tone
reaction. The PDMS film layers were spin coated with a
thickness of 5-13 um on the bare and indium-tin-oxide
(ITO)-coated polyethylene terephthalate (PET) (V150L-
OFME, Nitto Denko Corp., Japan, thickness: 150 um). The
spin speed was fixed at 8000 rpm, while the spinning time
was varied as 30, 60, and 210 s to obtain PDMS thicknesses
of 13, 10, and 5.0 um, respectively. After spin coating, the
thickness of the PDMS film was measured by a spectro-
scopic reflectometer (Nano Calc-2000, Mikro Pack,
Germany).

The PDMS layer on the ITO films was exposed to a pro-
ton beam with a beam energy of 1.0 MeV focused down to
1.3 um using the beamline installed at the Center for
Flexible System Integration, Shibaura Institute of
Technology, Japan. The beamline is equipped with a doublet
quadrupole lens system to focus the proton beam from a 1.0
MYV single-ended accelerator. The projected range of
1.0 MeV protons into the PDMS is estimated to be 26 um by
stopping and range of ions in matter simulation,'® which
means that the protons penetrate through the PDMS layer
and stop inside the 150 um-thick PET film. After exposure to
the proton beam, the PDMS layer was developed by a solu-
tion of tetrahydrofuran—~CH3;CN (8:2) at the temperature of
60 °C for 2 min.

Fabrication of the MLAs was performed using the low-
contrast feature of the PDMS base polymer of Sylgard 184
to the proton beam, as previously reported.® The proton
beam fluence was increased as the beam was moved from
the edge to center of the circles to form the convex shape of
the microlens, as will be described later. The surface charac-
terization of the PDMS was performed by a scanning elec-
tron microscope (SEM, Shimadzu SSXS550, Japan) and a
confocal laser microscope (CLMS, Olympus OLS4000,
Japan) to obtain information about the surface features and
profiles. We coated the surface with Au via sputtering to
ensure the presence of conductive and reflective surfaces
necessary for SEM and CLMS, respectively. The refractive
index of the irradiated and nonirradiated PDMS was meas-
ured by a spectroscopic ellipsometer (SCI FilmTek2000,
USA).

The sample was then electroplated with Ni to transfer
each convex shaped surface of the PDMS MLAs as a mother
into a concave-shaped patterned mold. A nickel sulfamate
bath was used for the Ni electroplating with a seed layer of
Au that was sputtered on the PDMS on silicon. The electro-
plating was performed at a cathode current density of
40 A/m? at 40°C, as is described elsewhere.!” The composi-
tion of the electrolyte was a solution of 1 mol/l nickel sulfa-
mate [Ni(SO3NH,), 4H,0] and 0.5 mol/l boric acid (H;BO3)
in water. The UV imprint was performed using an imprint li-
thography system (LithoTech Japan, LTNIP-5000, Japan) on
a UV-curable liquid resist (Toyo Gosei Co., Ltd, PAK-01,
Japan) that was dispensed on the PET film. The UV exposure
was made at a fluence of 200 mJ/cm? with an applied pres-
sure of 500 N/cm? for 10s.

J. Vac. Sci. Technol. B, Vol. 32, No. 6, Nov/Dec 2014

145

06F506-2

lll. RESULTS AND DISCUSSION

A. Contrast curves of the PDMS on PET films with and
without an ITO coating

To obtain the contrast curve of the PDMS layers either on
the PET film or on the ITO-coated PET film, we expose
10 um-wide square areas of PDMS with 1.0 MeV PBW with
different fluence values up to 6.3 x 10'? jons/cm?®. After de-
velopment and coating with Au, we observe the PDMS sur-
face by SEM and measure the height of the patterned
structures by CLMS. For the PDMS on the PET film without
an ITO coating, we are unable to observe any PDMS struc-
tures after development.

Figure 1(a) shows the SEM image of structures obtained
by PBW arrays of 10 um-wide squares on the PDMS on an

Fic. 1. (a) SEM image of the structures fabricated by 10 um square arrays
(6 x 7) written by 1.0 MeV PBW obtained for 13 um-thick PDMS layers on
ITO-coated PET films at various fluence values equivalent to a surface
charge density from 1 to 42 nC/mm? in steps of 1.0 nC/mm?. (b) Contrast
curves obtained by plotting the height of the PDMS structures formed after
resist development as a function of 1.0 MeV proton beam fluence. The data
for PDMS layers on a bare PET film (triangles) and on an ITO-coated PET
film (circles) are compared.
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ITO-coated PET film obtained using proton beam surface
charge densities from 1 to 42 nC/mm? in steps of 1 nC/mm?,
which is equivalent to fluence values of 0.63-2.6 x 103
ions/cm?. We can observe a negative tone feature with a sen-
sitivity lower than a fluence of 6.3 x 10'? ions/cm? (10 nC/
mm? in the surface charge density), which is comparable to
typical negative-tone resists such as SU-8.'® We also notice
in Fig. 1(a) the presence of a less-defined edge, or droplet-
shaped PDMS patterns, for fluences lower than 4 x 10'2
ions/cm?”. This feature will be used to achieve smooth sur-
face PDMS profiles using grayscale lithography with just a
few fluence value steps.

Figure 1(b) compares contrast curves by plotting the
height of PDMS structures formed on the bare and ITO-
coated PET film. As described above, the 13 um-thick
PDMS layer on the bare PET film cannot be patterned up to
a fluence of 6.3 x 10" ions/cmz, though the PDMS on the
ITO-coated PET exhibits a much improved sensitivity at flu-
ences less than 6.3 x 10'* ions/cm?. This is consistent with
our previous study® showing that the effective sensitivity of
PDMS on a silica substrate can be improved by increased
surface conductivity. The increased conductivity of the PET
substrate can suppress the charge build-up of both the PDMS
layer and the PET substrate. Thus, we ascribed this result to
the suppression of some interactions of charges built up in
the PDMS layer with those in the PET substrate, both of
which are good insulators. More detailed study is needed to
clarify the interactions between the PDMS layer and the
PET substrate in terms of the charge build up during proton
beam irradiation.

Figure 2 shows the contrast curves obtained for three dif-
ferent PDMS film thicknesses. It should be noted that the
thickness values from 5 to 13 um follows almost the same
curve at the fluence of 0.63-6.3 x 10'? ions/cmz, with a rela-
tively lower contrast, as previously reported.® The contrast y
is estimated from Fig. 2 to be 3.3, 1.9, and 1.3 for a thickness
of 5, 10, and 13 um, respectively. These low-contrast values

Fic. 2. Contrast curves obtained for different thickness of PDMS on ITO-
coated PET films obtained by plotting the height of PDMS structures after
resist development as a function of proton beam fluence at a beam energy of
1.0MeV.
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obtained for the ITO-PET film are almost consistent with
those in the range of around 1.3-2 reported for silicon and
Au-coated silica.® This indicates that we can perform gray-
scale lithography of PDMS independent of the film thickness.

B. MLAs on PET films

Using the negative and low-contrast features of the
PDMS by PBW, we can create curved structures by gray-
scale lithography, as previously reported.® In addition, if the
substrate materials are transparent we can use the curved
structures as MLAs. Therefore, ITO-coated PET is ideal as a
flexible substrate for the PDMS MLAs.

Here, we demonstrate the fabrication of MLAs on the PET
film. Figure 3 shows the fluence map of PBW with a beam
size of 1.3 um on the 5 um-thick PDMS layer on an ITO-
coated PET film to produce a microlens with a diameter of
20 um. Concentric circles are written by changing the proton
beam fluence values in a range of 3.1-5.0 x 10'? ions/cm?,
which is equivalent to a surface charge density of 5.0-8.0 nC/
mm? as determined based upon the contrast curves, to obtain
the height of a microlens up to 4.5 um in Fig. 2.

Figure 4(a) shows an SEM image of 4 x 4 array of PDMS
microlenses with 20 yum diameters fabricated on the ITO-
coated PET film. Smooth PDMS surfaces suitable for MLAs
are obtained. It is interesting to note that the smooth surface
can be formed by grayscale lithography with just four levels
of fluence, as shown in Fig. 3. As noted in Fig. 1(b), the suc-
cess to realize such a smooth surface in just a few levels of
grayscale is supported by the presence of the dropletlike fea-
ture observed for the low fluence region in Fig. 1(b). If the
PDMS prepolymer is underdosed and is not sufficiently
cross-linked to form rigid structures, the PDMS prepolymer
can reflow to extend outside the area exposed to the proton
beam. The surface profile obtained by CLMS is shown in
Fig. 4(b), where a diameter of 20 um and a height of 4.5 um
is observed. The radius of curvature of 13.5 um is in good
agreement with the profile of the PDMS microlens surface.

To estimate the throughput of the MLAs by PBW using
our system, we have written more than a thousand
(35 x35=1225) PDMS MLAs ina 1.0 mm? area on the PET
film. At a beam current of 4 pA with a beam size of 1.3 um,

Surface charge

2
o density (nC/mm )
N
3 um 8.0
20 pm| - 7.0
6.0
_\-/ _______ 5.0

Fic. 3. PBW fluence map for MLAs with diameter of 20 um with a height of
4.5 um. Concentric circles with diameters of 20, 14, 8, and 2 um are written
by 1.0 MeV PBW, each at a fluence equivalent to a surface charge density of
5,1,1,and 1 nC/mmz, respectively. The accumulated surface charge density
at each circle sums up to 5, 6, 7, and 8 nC/mm?, as illustrated on the inten-
sity chart.
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FiG. 4. (a) SEM observation of 4 x 4 arrays of the microlenses with diameter
and height of 20 and 4.5 um, respectively, fabricated on the ITO-coated PET
film by PBW at 1.0 MeV. (b) The surface profile of the microlenses meas-
ured by CLMS (solid line) is compared with a radius of curvature of
13.4 um (hollow circles).

we are able to write 35 x 35 MLAs, as shown in Fig. 5(a),
within ~16 min.

Using the refractive index n of 1.38 as measured by
ellipsometry and a radius of curvature R, of 13.4 um, we can
estimate a focal length of f=R./(n—1)~35.1 um for the
MLAs in Fig. 5(a). Taking into account the value of the focal
length, we obtain multiple images of the letters “PBW”
through each microlens, as shown in Fig. 5(b). Here, an
image of the letters PBW is made by a transmitted illumina-
tion of an optical microscope (NIKON LV100) of a stencil
mask with the letters written in a rectangle area of 4 X 6 mm.
The image of the PBW is divided into multiple images by
each microlens on the ML As placed on the sample stage and
then observed by an objective lens of the microscope.

It is quite important to assure a homogenous distribution
of the refractive index to control the focal length, f, of the
micro lenses by the radius of curvature, ... According to Ref.
13, a significant compaction of PDMS at the end of the range
is expected by 2MeV PBW with fluence values from 10" to
10" jons/cm?. This can cause refractive index changes
owing to increased density, as reported for polyimide.'
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Fic. 5. (Color online) (a) SEM image of 35 x 35 arrays of PDMS micro-
lenses with a diameter of 20 um in a 1.0mm? area fabricated by PBW at
1.0MeV. (b) Optical microscope image of the multiple images of the letters
PBW through the 35 x 35 MLAs. Insets show the magnified images.

However, in this fabrication technique for the PDMS MLAs,
we use only the ion tracks rather than the end of the range
and, because the fluence of 3.1-5.0 x 10'? ions/cm? used for
the fabrication of these MLAs is 1-2 orders of magnitude
smaller than those discussed in Ref. 13, we do not expect
any significant refractive index changes at the ion track
where the PDMS crosslinking occurs. In fact, our refractive
index measurement shows that the refractive index change
of the irradiated PDMS is less than 10~* for the fluences of
3.1-5.0 x 10'? ions/cm?>. Therefore, we expect that the re-
fractive index of the microlenses fabricated by PBW is ho-
mogenous over the entire area.

C. Fabrication of Ni mold from the PDMS master

A replication technique using imprint lithography is
essential to improve the throughput of the large area
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Fic. 6. SEM images of (a) an electroplated Ni mold fabricated from the
PDMS MLA mother on silicon, which was patterned with diameters ranging
from 25 to 40 um and a height of ~9 um, and of (b) a UV-imprinted surface
of the UV photoresist PAK-01 on the PET film.

patterning to compensate for the slow serial writing process
of PBW. Here, we apply an imprint lithography technique to
fabricate PDMS MLAs. Shown in Fig. 6(a) is an Ni electro-
plated mold taken from the PDMS MLAs with different
diameters. The PDMS layer is resistant to the Ni electroplat-
ing bath and we obtain a Ni mold with concave shape, as
shown in Fig. 6(a). The smooth UV-imprinted surface using
the UV photoresist PAK-01 is obtained, as shown in Fig.
6(b). The difference of the diameters of each UV-imprinted
microlens in Fig. 6(b) with those of each corresponding
concave-shaped Ni mold in Fig. 6(a) is within a few percent.

IV. SUMMARY AND CONCLUSIONS

We report a method to fabricate curved microstructures
for MLAs on an ITO-coated PET film using PBW. The

06F506-5

MLAs can be fabricated using the low-contrast feature of
PDMS to the proton beam. We demonstrate that the ITO-
coated PET film is an ideal flexible platform for the use of
PBW to fabricate optical components such as MLAs. A
smooth PDMS surface suitable for MLAs is obtained by
grayscale lithography using just four levels of proton beam
fluence. The successful fabrication of 35 x 35 array of
PDMS microlenses with diameters of 20 um and a height of
4.5 um by PBW in a 1.0mm? area is achieved in a reasona-
ble amount of time (~16 min).

The flexibility of the plastic film offers the opportunity
for optofluidics in a variety of applications, including bio-
chips and wearable devices. The PBW using MeV-energy
protons offers the unique capability of micromachining
curved surfaces for MLAs using a variety of materials such
as PDMS. We also show that MLAs can be fabricated in a
cost-effective way by PBW combined with Ni electroplating
and imprint lithography.
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Microbeam

Hydrogen ion microbeams were experimentally formed at beam energies below 150 keV using a 300-keV
compact microbeam system that was constructed at the Japan Atomic Energy Agency. This paper is a pre-
liminary report on the performance of the three-stage acceleration lens used in the compact microbeam
system. This system consists of a three-stage acceleration lens and a plasma-type ion source. Since the
three-stage acceleration lens was designed to simultaneously accelerate and focus the ion beam, the
compact microbeam system is only about 1-m high and can be placed in a small experimental room.
To evaluate the effectiveness of the three-stage acceleration lens, experimentally measured beam sizes

are compared with theoretically calculated ones. The calculated and measured beam sizes were consis-
tent within 10%. This shows that the three-stage acceleration lens is effective as a focusing lens for form-

ing microbeams.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Proton and helium ion microbeams of several hundred keV are
based either on medium energy ion scattering (MEIS) [1] or Ruth-
erford back scattering (RBS) and are used in studies of inner struc-
tures of samples at micrometer resolutions. Such ion microbeams
are also used in the microfabrication, based on proton beam writ-
ing (PBW) [2,3], of photoresists with depth profiles ranging from
several micrometers to several tens of micrometers. These ion
microbeams are generally produced by a microbeam system hav-
ing a total size of over 4 m [4,5]; the system consists of an electro-
static accelerator, a beam transport line, and a focusing lens
system. However, such a large size is an obstacle to installing a
microbeam system in a general experimental room; therefore,
compact ion microbeam systems are needed because they can be
used in research and development applications of microbeams in
universities and industries. One proposed way to reduce the size
is to vertically connect the three elements, the liquid metal ion
source, accelerator, and focusing lenses, in series [6]. Such a micro-
beam system was developed as an expansion of a focused ion beam
system; however, because a metal ion source was used, samples
can be damaged by the large sputtering effects of metal ions and
residual metal ions that occur as impurities in samples. Another
proposed system was to merge an accelerator tube and a beam

* Corresponding author. Tel.: +81 27 346 9654.
E-mail address: ishii.yasuyuki@jaea.go.jp (Y. Ishii).

http://dx.doi.org/10.1016/j.nimb.2014.02.051
0168-583X/© 2014 Elsevier B.V. All rights reserved.

transport line [7], though the maximum acceleration voltage of
this system was higher than those of the abovementioned systems.
In both of these proposed systems, further size reductions are lim-
ited because the accelerator is separated from the focusing lens
system. Therefore, to reduce the size of ion microbeam systems,
we propose an acceleration lens that serves not only as a beam
acceleration device but also as a focusing lens.

A 300-keV compact ion microbeam system with a three-stage
acceleration lens and a duoplasmatron-type ion source [8], hereaf-
ter called the compact microbeam system, is being developed step-
by-step at the Japan Atomic Energy Agency (JAEA). The system,
which is placed in air, is designed to produce ion microbeams of
several hundred keV. The three-stage acceleration lens consists of
a two-stage acceleration lens with two pairs of acceleration lenses
of several keV [9], as shown in the upper part of Fig. 1, and a third
acceleration lens of 300 keV [10]. This compact microbeam system
has the potential to increase ion microbeam energy and reduce
beam size by improving demagnification when a new third accel-
eration lens, with a higher voltage of 300 keV, replaces the present
one in the future.

In this paper, we report results from preliminary studies on per-
formance of the three-stage acceleration lens in the constructed
compact microbeam system by comparing theoretically calculated
and experimentally measured hydrogen ion microbeam sizes for
beam energies below 150 keV. The beam energy was selected to
form stable microbeams without electric discharges in the
compact microbeam system. In the experimental design of the
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Fig. 1. Schematic of the compact microbeam system. The two-stage acceleration lens and the three-stage acceleration lens were developed in a previous study. Scales in this
figure are not realistic. Ultra-high molecular weight polyethylene (UHMWPE) was used as an insulator. In the third acceleration lens, the high voltage was applied by adding

an insulation gas (SFg) between the lateral side of its lens and UHMWPE.

hydrogen microbeam formation, microbeam sizes were theoreti-
cally calculated to be between 140 and 150 keV by computing
demagnifications and focal lengths using the computer code of
Munro [11]. Based on the experimental design, a minimum beam
size of 17 um was experimentally formed at an acceleration volt-
age of 143.78 keV. Additionally, beam sizes were formed by chang-
ing the acceleration voltages around 143.78 keV. The theoretically
and experimentally formed microbeam sizes are consistent in the
range 17-25 pum within 10% of their beam sizes. The results of
the beam-size comparison demonstrate that the three-stage
acceleration lens works effectively as a focusing lens to form
microbeams.

2. Brief description of constructed compact microbeam system
and its experimental design

The compact microbeam system consists of a duoplasmatron-
type ion source and a three-stage acceleration lens. The compact
microbeam system occupies a small space, as shown in Fig. 1, by
vertically connecting the ion source and the three-stage accelera-
tion lens in series. The duoplasmatron-type ion source is a dedi-
cated source that generates beam energies of several hundred eV
with spreads in beam energy within 2 eV. Since the three-stage
acceleration lens is a compact lens that serves not only as an accel-
eration tube but also as a focusing lens, the total height of the com-
pact microbeam system is only about 1 m. A photograph of the
compact microbeam system is shown in Fig. 2 together with a
high-voltage power supply (300 keV) and a vacuum chamber.

As shown in Fig. 1, the three-stage acceleration lens is com-
posed of a two-stage acceleration lens plus a third acceleration
lens. The two-stage acceleration lens was developed at the JAEA;
it has a demagnification of over 1000, as demonstrated by forming
a 160-nm hydrogen ion beam at about 50 keV [12]. The third accel-
eration lens, with a high-voltage gradient of over 3 keV/mm, was
designed because an image point was formed at the outside of
its lens and demagnification of over 1 was obtained. This voltage
gradient was experimentally demonstrated in [9]. Based on
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calculated relations between demagnification and working dis-
tance, the third acceleration lens is placed 300 mm downstream
of the two-stage acceleration lens.

To evaluate the sizes of formed microbeams, a beam-size mea-
surement system [13] is placed downstream of the third accelera-
tion lens, as shown in Fig. 3. Beam currents are changed by shifting
a natural diamond knife-edge across the microbeam diameter; the
knife-edge has a tip with a radius of curvature of 100 nm or less.
Beam currents are measured using a precise Faraday cup in the
beam-size measurement system. Beam sizes are estimated from
measured beam currents using a fitting method.

Experimental formation of the microbeam was designed for an
acceleration voltage of the third acceleration lens below 150 keV;
at these voltages the compact microbeam system operated stably
without electric discharges. Using the Munro code to compute lens
parameters of the acceleration lenses, the position of images at
around 145 keV was found to be 83 mm (the so-called working dis-
tance) downstream of the third acceleration lens.

To obtain theoretical beam sizes before starting experiments of
microbeam formation, parameters for theoretical beam sizes, such
as no-aberration beam size, divergence angle, working distance,
and spherical and chromatic aberrations, were calculated using
the lens parameters for the acceleration lenses obtained from the
Munro code between 140 and 150 keV. In these calculations, we
used the geometric arrangement of lenses in the three-stage accel-
eration lens as shown in Fig. 1. Given and calculated values of lens
parameters are listed in Table 1.

The beam size, without aberrations at the image point, was
calculated by dividing the object size by the total demagnification
obtained by multiplying the separate demagnifications of the three
acceleration lenses; this beam size is represented by dma.g. The
beam size (dmag), spherical aberration (d*?), and chromatic aberra-
tion (d") were almost constant at 17.1, 0.4, and 0.6 um, respec-
tively, in the voltage range of the third acceleration lens listed in
Table 1. The increased beam size (dj,), which occurred at the
distance between the image position formed by the three-stage
acceleration lens and the knife-edge placed at the working distance
of 83 mm, was calculated by multiplying its distance by the
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Fig. 2. Photograph of the compact microbeam system with a high-voltage power supply (300 keV) and a vacuum chamber placed next to it. The system is placed in air in a

typical size laboratory.

Fig. 3. Schematic of the beam-size measurement system. The beam current is
changed by shifting the knife-edge at an image point and was measured by an
accurate Faraday cup.

Table 1
Lens parameters for calculation of beam sizes at the image position.

Two-stage Third acceleration
acceleration lens
lens
Object size (pm) 200 36
Injection voltage (keV) 0.6 17
Acceleration voltage (keV) 17 Changed from 100
to 200 keV in steps of 5 keV
Voltage stability of power 1x107° 1x10°°
supply
Diaphragm (mm) 0.3 1
Calculated beam size (pum) 36 Beam size depended on

acceleration voltage

" Calculated values.

divergence angle at its image point. The increased beam size is
plotted in Fig. 5. The theoretically calculated beam size (D) was ob-
tained using the following equation:

D= \/ (dmag)” + (d5p)2 + (a!c“)2 + (din)*.

Theoretically calculated and measured beam sizes are compared in
Fig. 6.

3. Results of experimental beam size measurements and brief
theoretical considerations

Using the beam-size measurement system, the beam currents
changed by shifting the knife-edge were measured as a function
of the knife-edge position. The relation between beam current
and knife-edge position is taken to be an error function in an inte-
gration of a Gaussian when the ion distribution in the beam is as-
sumed to be Gaussian. Under this assumption, the beam size is
defined to be the length corresponding to full-width at half maxi-
mum (FWHM) of the error function fitted to the measured beam
current.

Hydrogen ion microbeams were experimentally formed at
acceleration voltages below 150 keV after stabilizing the beam cur-
rent by a worming-up operation of the ion source for over 3 h.
Voltages applied to the ion source and the two-stage acceleration
lens were experimentally adjusted to form a minimum beam size
at the knife-edge position; those voltages were maintained at con-
stant values during the experiments. The minimum ion beam size
in this study was experimentally obtained at 143.28 keV from
repetitive measurements of ion beam sizes by finely changing
the voltage of the third acceleration lens between 140 and
150 keV. By fitting the experimentally measured beam currents
to the error function, the minimum ion beam size was estimated
to be 17.2 £0.5 um at 143.28 keV, which corresponds to FWHM
of its error function, as shown in Fig. 4(B). Two other beam sizes
of 25.0+ 0.4 pm and 21.7 £ 0.4 um were also experimentally ob-
tained at 141.78 and 144.78 keV, as shown in Fig. 4(A) and (C),
respectively. These were obtained by changing the acceleration
voltages of the third acceleration lens relative to the minimum
beam size. These three beam sizes are plotted, with error bars
based on the fittings, in Fig. 6 (filled circles) as a function of the
acceleration voltage of the acceleration tube. The error bars in
Fig. 6 cannot be looked clearly because they are small.
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Fig. 4. Relationship between knife-edge position in the beam-size measurement system and beam current measured by the Faraday cup. Measured beam currents are
represented by acceleration voltages of the third acceleration lens at (A) 142.87 keV, (B) 143.27 keV, and (C) 144.28 keV. The data were fit to the error function (Erf) based on a

Gaussian. The beam sizes were defined as the FWHM of Erf.

Fig. 5. Increased beam size as a function of acceleration voltage. The increased
beam size was calculated by multiplying the divergence angle at the image point by
the difference between the knife-edge position and the working distance.

Fig. 6. Experimentally measured (filled circles) and theoretically calculated (solid
line) beam sizes as functions of acceleration voltage of the third acceleration lens.

The beam sizes at 143.28 and 144.78 keV were consistent
within the error bars. However, the measured and theoretically
calculated beam sizes at 141.78 keV differ by about 10% over the
error bar. In this study of the effectiveness of the three-stage

152

acceleration lens, this difference is not large because the theoreti-
cally calculated beam sizes were obtained by assuming the spread
in beam energy was due only to voltage instabilities in the high-
voltage power supplies and to the beam divergence angle on the
object side of the geometrical configuration shown in Fig. 1. That
is, a 10% difference between the theoretically calculated and
experimentally obtained beam sizes is acceptable here. Therefore,
from Fig. 6, estimated and calculated beam sizes were consistent
within 10% for the range 17-25 um. This demonstrates that the
three-stage acceleration lens performed as designed for a focusing
lens.

4. Summary

A compact ion microbeam system was constructed to produce
an ion microbeam of several hundred keV. A three-stage accelera-
tion lens system was assembled by adding the third acceleration
lens developed in [9] to a two-stage acceleration lens. The experi-
mentally formed and theoretically calculated beam sizes were
compared in the range 17-25 um. This comparison showed that
the theoretical and measured beam sizes were consistent within
10%, and the three-stage acceleration lens performed properly to
form microbeams.
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Application of proton beam writing for the direct etching of
polytetrafluoroethylene for polydimethylsiloxane replica molding

Hiroyuki Nishikawa® and Takashi Hozumi
Shibaura Institute of Technology, 3-7-5 Toyosu, Koto-ku, Tokyo 135-8548, Japan

(Received 23 May 2013; accepted 3 September 2013; published 19 September 2013)

A direct etching phenomenon of polytetrafluoroethylene (PTFE) is reported via 1.0 MeV proton
beam writing. With a fluence level of more than 0.9 uC/mm?, direct etching of the PTFE is
observed using a scanning electron microscope. The decrease of CF, and CF; bonds in the PTFE
composition is also observed using Fourier-transform infrared analysis, which indicates that the
decomposition of the PTFE is involved in the direct etching process. With increasing proton beam
fluence levels up to 9.6 uC/mm?, the depth of the micromachining increases to around 55 um,
which is larger than the predicted range of 16.5 um for 1.0 MeV protons incident on PTFE.
Coupled with heat treatments in vacuum or in air at temperatures of more than 200 °C, holes with
smooth sidewalls and a smooth bottom surface are obtained. Polydimethylsiloxane replication of
square patterns down to 5 um wide and with a height of 16 um has been demonstrated. This direct
PTFE etching technique may open new possibilities for micromachining PTFE molds by proton

beam writing for polydimethylsiloxane replica molding. © 2013 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4821650]

. INTRODUCTION

Polytetrafluoroethylene (PTFE) is widely used in many
applications as a typical fluoropolymer' with superior chemi-
cal, mechanical, and thermal durability. However, it has
been difficult to micromachine the PTFE since it cannot be
chemically etched due to its chemical resistance. Therefore,
standard photolithographic techniques cannot be applied for
microfabrication of the PTFE. On the other hand, direct etch-
ing techniques have been reported using high-energy radia-
tion and ions such as x-rays (2—12 keV),>’MeV ions in
vacuum or various atmospheres (1-4 MeV; proton, oxygen,
and neon),”® and low-energy ions using focused ion beams
30kV; Ga™).”

Proton beam writing (PBW)® is a direct write technique
with unique capabilities for fabricating deep, high aspect ra-
tio microstructures of various materials.”'® Replication tech-
niques including soft-lithography'' and Ni mold fabrication
for imprint lithography'? have been reported, which have
overcome the difficulties of low throughput typical of the se-
rial proton beam writing process.

The PBW process typically involves a wet etching pro-
cess for development after the exposure. However, high as-
pect ratio microstructures such as pillar arrays can be
damaged when the pillars stick to each other due to capillary
forces during the drying process after development.
Therefore, if the wet etching process can be avoided by
means of a direct etching reaction, we can prevent sticking
and offer the flexibility available using a fast, direct-write,
dry etching process. From a practical point of view, the dry
etching process using an MeV proton beam (PB) is promis-
ing since etching rates as high as ~2.6 um/sec at 200°C
have been reported for PTFE using high-energy radiation.”

YElectronic mail: nishi@sic.shibaura-it.ac.jp
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In this report, we investigate the capability of PBW to
direct-etch PTFE, especially as it relates to the creation of
polydimethylsiloxane (PDMS) replica molding for the fabri-
cation of biochips and microfluidics. For this reason, we will
focus on applying the direct-etching process to fabricate
PTFE molds with smooth sidewalls and bottom surfaces suit-
able for the replication process.

Il. EXPERIMENT

The samples used in this study were commercially avail-
able PTFE substrates (1.0 mm-thick, SANPLATEC Corp.).
The PBW was performed using a dedicated proton beam
writer installed at the Center for Flexible System Integration,
Shibaura Institute of Technology. The proton beam with an
energy of 1.0 MeV was focused down to the size of 2.0 um
and was electrostatically scanned at a beam current of ~80
PA over square areas (5x5-60x60 um?) on the PTFE film in
a vacuum of 10 °~10> Pa. The fluence of the proton beam
varied from 0.30 to 9.6 uC/mm?>. After exposure to the pro-
ton beam, heat treatments were performed either in a vac-
uum <5.0 x 107* Pa or in air, at temperatures from 100 to
300 °C for 30 min.

The PTFE surface was examined using a confocal laser
scanning microscope (CLSM, OLYMPUS LEXT4000) and
a scanning electron microscope (SEM, SHIMADZU, SSX-
550). We also measured the Fourier-transform infrared (FT-
IR) spectra of the proton beam-scanned surface using FT-IR
microspectroscopy (JASCO, MFT-2000).

The replica molding was performed using a mixture of
PDMS prepolymer and a curing agent, which are both com-
mercially available from Dow Corning (Sylgard 184). The
mixture was cast in the PTFE mold and cured at 150 °C for
11 min until it successfully cross-linked. The PDMS replica
was then peeled from the PTFE mold for surface observation
using a CLSM and SEM.

© 2013 American Vacuum Society 06F403-1
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lll. RESULTS AND DISCUSSION
A. Direct etching of PTFE using a proton beam

Figure 1 shows SEM images of the PTFE surface exposed
to PBW with different proton beam fluences. At fluence lev-
els above 1.2 uC/mmz, etching of the PTFE surface is
observed in the 30 x 30 um? area exposed to the 1.0 MeV
proton beam. When the fluence increases to 2.4 ,uC/mmz, we
observe direct etching of the hole down to a depth of
~16 um, which corresponds to the predicted range into the
PTFE of 1.0 MeV protons estimated by stopping and range
of ions in matter (sriv) simulations.'® The PTEE surface is
etched further with fluences of more than 2.7 uC/mm?, with
the bottom surface etched deeper with increasing fluence. In
addition, the sidewall roughness increases with increasing
fluence values up to 4.8 uC/mm>.

At fluence values of more than 5.1 uC/mmz, the linear
edge of the square holes is becoming well defined, but the
sidewall roughness is still large [Fig. 1(b)]. The deep bottom
surface of the hole is not clearly observed by SEM for these
high fluence levels, as seen in Fig. 1(b).

These observations indicate that the direct etching of the
PTEE surface is possible by PBW. However, the etched hole
with very rough sidewalls suggests that the direct etching
mechanism in this procedure is not straightforward and may
involve processes in addition to radiolysis induced by the
1.0 MeV protons.

Fic. 1. SEM images obtained of the PTFE surfaces exposed to different flu-
ence levels of the 1.0 MeV proton beam scanning an area of 30 x 30 um?.
(a) A low fluence level of 0.34.8 uC/mm2 and (b) a high fluence level of
5.1-9.6 uC/mm>. The numbers represent the fluence levels of the proton
beam in units of uC/mm?.
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B. Observation of the inner surface by PDMS
replication

To observe the bottom surfaces of the etched holes inac-
cessible with SEM, we make PDMS surface replicas from the
PTFE exposed to the PBW. Figures 2(a) and 2(b) show SEM
images of the PDMS replicas, which are mirror images of the
PTFE surfaces shown in Figs. 1(a) and 1(b), respectively.

The replicated PDMS structures show the etched PTFE
holes as protrusions. In Fig. 2(a), the square structures with
relatively smooth, flat surfaces are observed with fluence
levels up to 2.4 uC/mm?, which is consistent with the direct
SEM observation in Fig. 1(a). However, at fluence levels of
more than 2.7 uC/mm?, the squared side edge is blurred and
the protrusion grows higher with tapered sidewalls. This
trend is even more clearly observed at the high PB fluence
level of more than 5.1 uC/mm?.

C. Depth as a function of PB fluence

In Fig. 3, we plot the depth of the etched PTFE surface,
as estimated from the height of the replicated PDMS struc-
tures in Fig. 2, as a function of the PB fluence. An etching
depth of up to 55 um is achieved at the PB fluence level of
9.6 ,uC/mmz, which is more than the range of the 1.0 MeV
protons into the PTFE predicted by simulations. We also

Fic. 2. SEM images of the replicated PDMS surface obtained from the
PBW-etched PTFE surface shown in Fig. 1. Note that the PDMS surface is
the mirror image of the layout shown in Fig. 1 for (a) low fluence levels of
0.3-4.8 uC/mm? and (b) high fluence levels of 5.1-9.6 uC/mm? of the
1.0MeV proton beam. The numbers represent the fluence of the proton
beam in units of uC/mm?.
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FiG. 3. Depth of the direct etching of the PTFE as a function of the 1.0 MeV
proton beam fluence levels as estimated using the PDMS replica in Fig. 2.
The abrupt transitions in the plots are indicated by arrows consecutively
numbered from 1 to 4.

note that there are some discontinuities in the plots, as indi-
cated by the arrows in Fig. 3.

At the transition from 0.9 to 1.2 uC/mm2, the first discon-
tinuity of the depth level is observed in the plot in Fig. 3.
This is consistent with the SEM images of the PTFE surface
in Fig. 1(a) showing the transition from a slight swell on the
surface to a hole. At the transition from 3.0 to 3.3 uC/mm?, a
crater can be observed to suddenly appear at the bottom of
the etched hole [Fig. 2(a)], causing the second discontinuity
in the Fig. 3 plot. The third and the fourth transitions are not
as evident in the SEM images of Figs. 1(b) and 2(b) com-
pared to the first and second discontinuities.

The abrupt transitions of the etching depth in Fig. 3 suggest
that direct etching of the PTFE involves a process which
causes swelling of the PTFE surface and a subsequent blowup
of the swelled surface. One possible cause of the swelling is
an accumulation of gaseous species below the surface pro-
duced by the decomposition of PTFE induced by the 1.0 MeV
protons. The buildup of this decomposition gas is predicted to
be highly likely at the depth of ~16.5 um for 1.0 MeV pro-
tons, where the deposited energy would be localized.

Direct etching of PTFE has been previously reported using
high-energy radiation sources such as x-rays and using low
energy, heavy ion irradiation with a low penetration depth,
but such a stepwise etching has never been reported.”’ Since
the energy deposition induced by these radiation sources is
rather localized at the surface, the stepwise etching process is
unlikely to occur due to them, in contrast to the above-
mentioned etching mechanism of PTFE by PBW.

D. Fourier-transform infrared microspectroscopy

Figure 4 shows the FT-IR spectra obtained for the PTFE
surface exposed to the 1.0MeV proton beam at a fluence
level of 1.5 uC/mm?. Before exposure to the 1.0 MeV proton
beam, two peaks at 1152 and 1213cm ™' corresponding to
CF, stretching modes are observed. While these two bands
practically disappear after exposure to the proton beam, two
703 and 778cm ' peaks arising from amorphous CF,
appear.'® Therefore, we can assume the residual material
observed on the directly etched surface in Fig. 1 is amorphous
CF, produced by the decomposition of PTFE. As previously
reported,’ the primary mechanism of the decomposition of
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FiG. 4. FT-IR spectra obtained from the PTFE surface before (solid curve)
and after (dotted curve) exposure to the 1.0 MeV proton beam with a fluence
level of 1.5 ,uC/mmz.

PTEE is not a thermal one, but is instead radiolysis due to
high electronic energy deposition by MeV light ions.'

E. Effects of heat treatments

In order to obtain a PTFE mold with a smooth surface
suitable for PDMS replication, we examine the effects of the
postexposure heat treatment on the roughness of the etched
surface. Figure 5 shows the SEM images of the PBW-etched
PTFE surface (PBW fluence of 3.0 ,uC/mmz) without heat
treatment [Fig. 5(a)] and with heat treatments of different
temperatures [Figs. 5(c) and 5(d)]. The surface profiles of
the etched holes are also obtained by CLSM and plotted in
Fig. 5(e).

In Fig. 5(b), residual material remains at the edge and
sidewalls after a heat treatment at 100°C for 30 min.
However, with heat treatments at more than 200 °C we obtain
a smooth side edge and sidewalls, as shown in Figs. 5(c) and
5(d). Taking into account the data in Fig. 4, the surface struc-
tures can be drastically improved by the removal of the amor-
phous CF, on the PTFE surface using a postexposure heat
treatment at temperatures of more than 200°C in vacuum. A
similar surface cleaning effect is also observed with a thermal
treatment in air (data not shown). Figure 5(e) shows the pro-
files measured by CLSM across the center of the 30 X
30 um? square areas obtained after the heat treatments at dif-
ferent temperatures. The steep sidewalls are formed and
angled at 81° and 87° to the bottom surface after the heat
treatment at 200 and 300 °C, respectively. The best depth pro-
file with an almost vertical sidewall of 87° [Fig. 5(d)] can be
attributed to the more efficient cleaning obtained during heat
treatments at the higher temperature of 300 °C.

We can conclude that a PTFE mold with smooth side-
walls and a smooth bottom surface can be achieved by direct
etching using PBW, when coupled with a postexposure ther-
mal treatment at temperatures greater than 200°C. This
offers new possibilities for a PTFE direct-etching process
using PBW, with the capability to produce a PTFE mold that
can provide high aspect ratio microstructures.

F. Replica molding using the PTFE mold

To confirm that the etched PTFE can be used as a mold
for PDMS replication, we fabricate a PTFE mold by using
PBW combined with the postexposure thermal treatment
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Fic. 5. SEM images of the PTFE surface scanned using 1.0 MeV PBW (flu-
ence level of 3.0 ,uC/mmz) (a) without heat treatment and with postexposure
heat treatments at (b) 100°C, (¢) 200°C, and (d) 300 °C for 30 min in vac-
uum (5.0 x 1074 Pa). (e) The surface profile as measured across the center
of the 3030 um? square areas using a confocal laser scanning microscope.

mentioned in Sec. III E. Figure 6(a) shows an SEM image of
the mold with 5-60 um-wide square patterns exposed to
PBW with different fluence levels ranging from 0.9 to
2.1 uC/mm?. The postexposure thermal treatment is per-
formed at 300 °C in air. As expected, we are able to obtain a
PTFE mold with a clear side edge and smooth sidewalls.

Figure 6(b) shows the replicated PDMS surface obtained
using the mold in Fig. 6(a). We are successful in obtaining
the 5-60 um-wide square PDMS microstructures with a
height of ~16 um, specifically by using the mold formed
using PBW at a fluence level of 0.9 uC/mm?* We can
observe that the holes etched at fluence levels of more than
1.2 uC/mm? produce PDMS structures with steps, which are
more clearly observed for the smaller sized holes. As dis-
cussed in Sec. III C, the formation of these step features on
the PDMS can be explained by the stepwise etching process
of PTFE where the bottom surface is etched deeper with
increasing fluence of protons.

For high-quality PTFE molds that can produce PDMS
replicas with higher aspect ratios, we must clarify the key

J. Vac. Sci. Technol. B, Vol. 31, No. 6, Nov/Dec 2013
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FiG. 6. (a) SEM image of the PTFE mold fabricated using a 1.0 MeV PBW
at fluence levels of 0.9, 1.2, 1.5, and 2.1 ,uC/mmz, which are indicated by the
numbers in units of xC/mm?. The post exposure heat treatment is performed
on the PTFE mold at 300 °C in air. (b) The SEM image of the PDMS surface
replicated from the PTFE mold shown in (a).

parameters involved in the direct etching process to mini-
mize the formation of steps introduced thereupon.

IV. SUMMARY AND CONCLUSIONS

We study the effects of PBW exposure upon the PTFE
surface. Direct etching was observed after exposure by
1.0MeV PBW. Detailed observations of the PTFE surface
directly and observations using PDMS replica molding
reveal the direct etching process involves surface swelling
and blowup, which is caused by the buildup of PTFE decom-
position gas.

With increasing proton fluence levels up to 9.6 uC/mm?,
we achieve direct etching depths up to ~55 um, which is
larger than the predicted range of 16.5 um for 1.0 MeV pro-
tons incident upon PTFE. The surface roughness is improved
after postexposure thermal treatments at temperatures greater
than 200 °C due to the removal of the remaining amorphous
CF,. With a PB fluence level of 3.0 uC/mm? and by using
postexposure annealing at 300°C, we obtain 30x30 pm?

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jvb.aip.org/jvb/copyright.jsp
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square holes with a depth of 32 um and with smooth and
almost vertical (~87°) sidewalls.

Using a PTFE mold with a depth of 16 um fabricated
using PBW direct etching and combined with the postexpo-
sure thermal process, we demonstrate PDMS replica mold-
ing of square features with sizes from 5 to 60 yum wide and
with a height of 16 um.

These results demonstrate the flexibility of direct etching
of PTFE using PBW. For a PTFE mold with higher aspect
ratios, further improvements are necessary to suppress the
formation of the steplike features associated with the two-
step, direct etching process characteristic of PBW.
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Proton beam writing (PBW) is known to be a powerful tool with unique advantages for microfabrication.
In order to solve remaining problems and bring the PBW technology to a new level of applications, we
propose a microfabrication system based on a PBW that makes fabrication of microstructures in an area
only a centimeter large possible. We combined XY-stage control and electrostatic scanning to eliminate
the area restrictions of our previous PBW system, and included a feature for importing CAD (Computer
Aided Design) data which enables faster and more accurate development of complicated structures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Proton beam writing (PBW) is a direct-write lithography tech-
nique, which uses a focused MeV proton beam to fabricate micro
components [1]. Compared with other direct processes such as elec-
tron beam lithography [2] or laser direct-write techniques [3], the
PBW technique has unique advantages. First, because of the high
difference in mass between proton and electron (mp/m. ~ 1860),
the protons are less scattered than keV electrons that have the same
penetration depth. As a result, the proton beam can offer a method
of fabricating high aspect ratio microstructures with smooth and
straight side surfaces [4,5]. Secondly, since the energy of the proton
beam is controllable, PBW is a very promising technique for fabrica-
tion of complicated three-dimensional microstructures [6]. Further-
more, the PBW technique makes the fabrication and modification of
many kinds of materials possible [7-9], and hence has the potential
as a direct-write technique to produce sub-micron high aspect ratio
structures for wide ranges of materials. These advantages over other
lithography techniques indicate that the PBW can serve as a versa-
tile tool for rapid prototyping using a variety of materials without
the need for expensive masks.

We focused on the PBW technique as a prototyping tool for micro
chemical devices. In the course of our trials, we found that there still
remain some problems in fabrication of micro chemical devices
when using the dedicated PBW system that we had been developing
at the center for flexible micromachining, Shibaura Institute of
Technology, since 2008. These problems include the narrow scan-
ning range being limited to approximately 200 square micrometers
and the low design property of beam scanning patterns. The original
system had an electrostatic beam scanner to write arbitrary pat-

* Corresponding author. Fax: +81 3 5859 8211.
E-mail address: m710508@shibaura-it.ac.jp (T.P. Nguyen).

0167-9317/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2012.02.015

terns and the current writing software had been intended to stitch
these patterns one by one to write whole structures with dimen-
sions in the centimeter range. However, this requires assuring the
quality of the whole of a written structure such as the connectivity
problem, and the orthogonality of X-Y directions, of each pattern
that arises from scanning hardware. The limitation of our current
PBW system is shown in Fig. 1. Fig. 1(a) illustrates a PBW of pillar
arrays using negative-type SU-8 resist on a cm-sized substrate,
where 200-mm squared areas written by the electrostatic scanning
were stitched with an angle of inclination 6 due to the connectivity
and the orthogonality of the electrostatic scanning. Fig. 1(b) shows
that 200-mm long rectangles are stitched one by one to write a 1-cm
long rectangle. Two hundred millimeter long rectangles lean about
1° in consequence of the electrostatic scanning.

In this paper, we propose a method of enhancing our current
PBW system with auto scanning software and stage movement
to solve these problems and of bringing the superior characteristics
of the proton beam to micro chemical devices.

2. Proposed proton beam writing system

We were able to completely solve the low design property of
the current PBW system by introducing the powerful design envi-
ronment of CAD (Computer Aided Design). With the designing flex-
ibility of CAD software, designing is no longer a problem in our
system. We will then combine the stage movement and electro-
static scanning to solve the narrow range problem.

2.1. Concept of the proposed PBW microfabrication system

The proposed micro fabrication system includes four main
parts, which are shown in Fig. 2. First, we design microstructures

158


http://dx.doi.org/10.1016/j.mee.2012.02.015
mailto:m710508@shibaura-it.ac.jp
http://dx.doi.org/10.1016/j.mee.2012.02.015
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee

T.P. Nguyen et al./ Microelectronic Engineering 102 (2013) 12-17 13

Fig. 1. The limitation of our current PBW system. (a) Illustration of pillar arrays on a cm-sized substrate, where 200-mm squared areas written by the electrostatic scanning
were stitched with an angle of inclination 0. (b) Experimental results - 200 mm-long simple rectangles using the electrostatic beam scanning are stitched one by one.

Fig. 2. The basic concept of PBW microfabrication system. (a) Design in CAD software. (b) Transform from CAD data to scanning pattern. (c) Fabricate SU-8 mold using the

stage movement. (d) Fabricate micro chemical chip using stamping process.

on 3D-CAD software (Fig. 2(a)). Here we use 3D-CAD software
“Pro/Engineer” (Parametric Technology Corporation) that provides
users with a convenient designing environment, where the de-
signed data is saved in STL (Standard Triangulated Languages)
[10]. Since the STL format is the most popular and supported by
most CAD software, the proposed system accepts data from many
sources. Moving to the next step in Fig. 2(b), we transform the CAD

159

data to pattern data, which is used on a PBW machine; this trans-
formation process will be discussed later in the next section. In the
third step in Fig. 2(c), we expose the resist layer (typically SU-8) on
a substrate to fabricate a mold using stage movements in the XY
plane perpendicular to the proton beam, while the proton beam
is either fixed or electrostatically scanned. Finally in Fig. 2(d), the
written patterns on resists were developed and the microstructure
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is subsequently used as a mold for use in the stamping process to
produce the microchips (see Fig. 3).

2.2. Data transform process

The process for transforming the CAD data to the pattern data is
shown in Fig. 4. A microstructure is designed and the CAD data is
saved in STL format, as shown in Fig. 4(a). STL files consist of a tri-
angular facet representation of the surfaces of a microstructure
(Fig. 4(b)). Since the surface of the microstructures is only divided
into triangles, the number of triangles in the STL files depends not
on the size of a microstructure but on the complexity of it shape.
The more complicated the shape of the structure, the more trian-
gles are needed. We use the information in the STL file to transform
the CAD data to pattern data for stage movement. STL is a repre-
sentation for 3D CAD objects, however the writing space of proton
beam is restricted to 2D and the third dimension perpendicular to
the beam is defined by the thickness of the resist layer. Therefore,
we selected the triangles in the XY plane to build the writing pat-
tern, which is the 2D projection of the 3D object along the ion
beam direction. The triangles in the XY plane are selected easily
by checking the normal vector in the direction of the beam. After
that, we create meshes that entirely cover the area of the micro-
structure and select meshes that expose the proton beam by the
stage movement. The size of each rectangle depends on the spot
size of the proton beam (we determine temporarily that the size
of a rectangle is 2 x 2 square micrometers). To determine meshes
that expose the proton beam, we compare the position of every
mesh with every triangle using the cross product. Fig. 4(c) shows
the fundamental idea of applying the cross product to detect
whether mesh P is inside a triangle ABC. Starting with a group of
three vectors (AB,AP,AC)

V1 =AB x AC
V1' = AB x AP
In the above formulas, two vectors Vland V1’ are parallel with

the Z axis because the triangle ABC and mesh P are all in the XY
plane. In addition, corresponding to the right hand rule, vectors

V1 and V1’ have the same direction if mesh P and vertex C are
on the same side of vector AB, and vice versa, mesh P and vertex
C are not on the same side of vector AB if the direction of vector
V71’ is different from the direction of vector V1. Also, the relation-
ship between the directions of V1 and V1’ is figured out from their
dot product. If they have the same directions, the dot production
will return a positive value, and vice versa. We repeat these calcu-
lations with the two remaining groups (CA, CP, CB) and (BC,BP,BA)
to detect the position of the mesh within a triangle as follows:
Mesh P is inside the triangle ABC

V1.Vl >0

V2.V2' >0

V3.V3' >0

Mesh P is outside the triangle ABC.
V1.-V1' <0

V2.V2' <0

V3.V3' <0

Mesh P is on the boundary of triangle ABC.

V1-V1'=0
V2.V2' =0
V3.V3' =0

After checking all meshes, the remaining meshes represent the
shape of the microstructure, as shown in Fig. 4(d). Mapping from
triangles of the STL file to squares of mesh only gives exposure re-
gions, so that scanning patterns by the stage movement are created
using position data at the edge of remaining mesh regions. For
example, as shown in Fig. 4(e), the raster scan by the stage move-
ment is created to fill up the exposure regions. Also, it is difficult to
map an irregularly shaped object with an acute apex or a circular
shaped object because of digitization. However, since the stage
makes it possible to move along oblique lines or circular lines
smoothly, it is important to create scanning patterns without a
zig-zag scan using position data at the edge of remaining mesh

Fig. 3. PBW system at the center of flexible micro machining, Shibaura Institute of Technology.
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Fig. 4. Transformation process from CAD data to pattern data. (a) Design the microstructure with CAD software. (b) Save the CAD data in STL format. (c) Create meshes that
entirely cover the area of the microstructure and select meshes that expose the proton beam by the stage movement. (d) Map scan points. (e) Build scanning pattern.

regions. We also developed a software which provides a user-
friendly graphical interface (Fig. 5), thus the transformation pro-
cess can be manipulated easily even by non-experts.

3. Experimental results

We demonstrated PBW using the proposed system without the
electrostatic beam scanning to verify the stage movement. We
chose base conditions to fabricate the SU-8 resist layer (thickness:
15 um) on the glass as follows: Irradiation dose D = 100 nC/mm?;
irradiation area S=2 x 2 um?; and current A = 10 pA. These basic

parameters determine the irradiation time T and the velocity V of
the XY stage can be calculated by the Eqgs. (1) and (2).

D

T= g5 = 40ms (1)
X
V:T: 50 pm/s (2)

where T is the irradiation time; V is the velocity of the XY-stage; and
X (=2 um) is the width of the exposure area. Also, a XY-stage
(085256-US12C, Canon Precision Inc.) equipped with a ultrasonic

Fig. 5. Auto scanning software interface.
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Fig. 6. Stage control verification on SU8 - resist layer, thickness 15 um, current 10 pA, stage velocity 50 um/s. (a) Raster scan by the shuttle pattern of the stage movement.

(b) Raster & vector scan by the stage movement. (c) Single shot.

motor drive system and ball screws for the slider mechanism of
each axis was used. The range resolution of each slider mechanism
is 25 nm.

We performed experiments to solve the wavy shape problem of
the lateral face by applying a vector scan. With only the raster scan,
the final productions show a somewhat wavy shape on the side
edges, as shown in Fig. 6(a). The wavy shape in X-axis direction
is dependent on the shuttle pattern of the stage movement. Also,
on the side edges in the Y-axis direction, the electrostatic scanning
and the stage in X-axis direction are fixed and the stage in Y-axis
direction is only moved based on a PID controller. In view of the
range resolution and the axis direction of the stage movement,
the wavy shape problem in Y-axis direction is not associated with
the stage movement, but with the beam energy fluctuation at the
accelerator. Since this is beyond the scope of this paper, we will
not discuss this issue further in detail. On the other hand, when
we applied both the raster and vector scans, the lateral face of
the microstructure became smooth, as shown in Fig. 6(b). We con-
sidered that the double exposure to vector scans averaged the irra-
diation dose of the beam. Moreover, Fig. 6(b) shows the very high
accuracy of the stage in fabrication of a square, while the slight dif-
ference in the X and Y width of ~1 pm can be explained by the
somewhat deformed ellipsoidal shape and spot size of the beam
(see the beam pattern in Fig. 6(c)).

Finally, we demonstrate the fabrication of an SU-8 mold with
patterns including both centimeter-sized structures by the pro-
posed method and micrometer-sized structures by the beam scan-
ner. Fig. 7(a) shows the success in writing a cm-long rectangle
using the stage movement and the mm-long rectangle using the
beam scan. Fig. 7(b) shows the success in writing cm-long simple

lines using the stage movement and the dots in micrometer using
the beam scan. After the centimeter-sized structure was fabricated
using the stage movement while the beam position was fixed, the
spot of the proton beam was precisely and automatically posi-
tioned by means of stage movement, the micro component within
a 200 um-square area was fabricated using the beam scanner.
Therefore, we completely solved the stitching problem in fabricat-
ing the centimeter-sized microstructures. The experimental results
show the great potential of the PBW technique in developing cen-
timeter-scale microstructures that play very important roles in
many fields, such as micro sensors and micro fluidic chips. With
our experience in micro devices [11], improvements of the system
for our dedicated proton beam writer are underway to bring the
superior characteristic of proton beams to a new generation of mi-
cro chemical devices.

4. Conclusion

We proposed enhanced PBW software with the capability of
importing standard 3D-CAD formatted pattern data and control-
ling stages to write microstructures within the centimeter range
area. The method of data conversion from the 3D-CAD format
to fit the stage movement system was discussed. We also con-
firmed the performance of the proposed software in terms of its
quality and size when using an SU-8 mold for micro chemical
devices.

Application of the proposed system to the fabrication of
working cm-scale devices is in progress. In addition, beam scan-
ning and blanking features will be added to further improve the
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Fig. 7. Fabrication of the microstructure within the centimeter range on SU8, current 50 pA, stage velocity 250 um/s. (a) A microstructure inside a centimeter rectangle. (b) A

centimeter structure and an array of 6 pm-diameter pillars.

quality of the written structures and writing speed. During these
processes, we will also improve the flexibility of our PBW system
by widening the input data source to other popular data formats.
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To clarify the feasibility of controlling the refractive index of a polymer by proton beam irradiation, we irradiated 1.0 MeV protons to a fluorinated
polyimide film. Before and after the proton irradiation at a fluence between 1 x 10' and 7 x 10'® cm~2, the film surface was scanned by a
profilometer. It was found that the depth of a dent, which increases with fluence, was induced by the irradiation. The refractive index of the ion-
irradiated region was calculated using the Lorentz—Lorenz equation, substituting the depth of the dent and the projected range of the protons.
When the fluorinated polyimide was irradiated at a fluence of 7 x 10'® cm=2, the refractive index increased by about 3.3%, which agrees with the
increment in refractive index measured by spectroscopic ellipsometry. The increment in refractive index (0.21%) induced by the irradiation of
protons at the fluence of 1 x 10'> cm=2 is comparable to the value (0.35%) observed when protons were irradiated to SiO, glass at a similar
fluence. Therefore, it is reasonable to assume that the ion irradiation to a polymer can be a good method for fabricating a high-performance
polymer-based optical waveguide. © 2013 The Japan Society of Applied Physics

1. Introduction

In recent years, the optical communication network has
increased its transmittable capacity very rapidly at a rate of
more than 1 digit in 10 years."” One of the key technol-
ogies realized thus far is wavelength division multiplexing
(WDM),” which multiplexes multiple optical signals with
different wavelengths on an optical fiber. It requires various
waveguide-type optical control devices to control multiple
optical signals.>*® Moreover, optical control devices must be
able to handle signals in the form of light, without changing
them to electric signals, in order to realize high-speed optical
communication. For that purpose, a technology that can
be used to control the refractive index of waveguide-type
devices is very important. To realize high-capacity optical
communication, the number of wavelengths multiplexed in
one optical fiber must be increased. However, the number of
transmittable wavelengths in an optical fiber is limited by
various reasons, such as the dispersion of the fiber. There-
fore, the signal rate must be increased. However, a further
increase in the signal rate above 10 Gbps has problems
related to the polarization of light, such as polarization
mode dispersion, polarization-dependent loss, and differen-
tial group delay.””'? Therefore, it has become important to
control the polarization of light. In this regard, the authors
paid attention to the facts that the polarization of light in
a silica-based optical fiber can be controlled using the
anisotropy of the refractive index or birefringence of silica,
which can be realized by the irradiation of ions.'*~!”

In this research, we examined whether a similar
anisotropy can also be realized in polymer-based optical
fibers. Polyimides, which are extensively used polymers in
the electronics and aerospace industries because of their
superior dielectric properties and high thermal stability,'®
are promising for wafer-scale optical waveguide intercon-
nects. However, pure polyimides are inferior in optical trans-
parency at the wavelengths of 1.3 and 1.55 um required for
optical telecommunication because of harmonic absorption
in C-H bonds. In this regard, a fluorinated polyimide with
C-F bonds has a superior optical transparency and a low
optical loss at these wavelengths. Therefore, we irradiated
protons to the fluorinated polyimide.

012601-1

2. Experimental Procedure

As mentioned above, the sample examined in this research
is a fluorinated polyimide, and we used a copolymer of
two of its compounds. One is a compound of 2,2-bis(3,4-
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA)
and 2,2'-bis(trifluoromethyl)-4,4’-diaminobiphenyl (TFDB),
while the other is a compound of 6FDA and 4,4-di-
aminodiphenyl ether(oxydianiline) (4,4'-ODA). The molar
composition ratio of the former and the latter is 3 : 2, giving
the chemical structure shown in Fig. 1, where the ratio x is
0.6. Films of 8 um thickness were prepared by spin coating
on a single-crystal silicon wafer with a size of 1 x 1cm?.

The irradiation of H* ions or protons with an energy of
1.0MeV was carried out using a proton accelerator at the
Center for Flexible System Integration in Shibaura Institute
of Technology. The cross section of the proton beam is
2 x 2um?, and protons were irradiated by scanning the
beam at a fluence of 1 x 10"~7 x 10'cm™2 to a square
area of 1 x 1 mm?. The projected range of protons with an
energy of 1.0MeV was calculated to be 20um using
SRIM2008,'” and the fluorinated polyimide layer thickness
was determined to be 8 um, as mentioned above. Therefore,
we irradiated the protons through a polyimide film used as
an energy degrader with a thickness of 16 um so that the
protons could stop around the center of the sample.

After the ion irradiation, the surface profile was compared
between the irradiated and nonirradiated areas with a surface
profilometer (ULVAC Dektak 6M). The refractive index was
also compared between the irradiated and nonirradiated
films with a spectroscopic ellipsometer (SCI FilmTek2000)
and a halogen lamp. Furthermore, in order to investigate the
structural changes induced by the ion irradiation, Raman
spectra were measured with a spectrometer (Renishaw inVia
Reflex) and X-ray photoelectron spectra (XPS) with an
ULVAC-PHI spectrometer (VersaProbe WS).

3. Results and Discussion

Figure 2 shows the surface profiles obtained for the films
irradiated by 1.0 MeV protons at various fluences. Dents,
which were not observed before the proton irradiation,
clearly appear. This finding indicates that the ion irradiation
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Fig. 2. Surface profiles after the H" irradiation at fluences of
1 x 10" cem™2 (a), 3 x 10¥ em™2 (b), 1 x 10" ecm™~2 (c), and
7 x 10" cm™2 (d).

induces densification. The maximum depth of the dent
observed for each sample is shown on the left vertical axis
in Fig. 3 as a function of fluence. The depth increases
monotonically with an increase in fluence.
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Fig. 3. Maximum dent induced by the H* irradiation as a function of
fluence and incremental ratio of refractive index calculated using the
Lorentz—Lorenz relation.

Generally, a crystalline material has a higher density
than its amorphous counterpart. Therefore, when the crys-
talline material is irradiated by ions, its density decreases
and its volume increases.”” On the other hand, in the case of
an amorphous material, the density of which is originally
lower than that of its crystal, the ion irradiation induces
densification.'*”'” This should also be the case for polymers.
In addition, in the case of polymers, chemical bond scission
is induced by the ion irradiation, which should enhance
densification.?" For these reasons, the dents shown in Fig. 2
were formed as a result of densification at the irradiated
fluorinated polyimide surface. In this regard, the increase in
refractive index induced by the dent in the ion-irradiated
region can be calculated by the following Lorentz—Lorenz
equation,??

2 2
pn— D) AV 0
6n Vv

where n and An are the refractive index and its increment,
and V and AV are the volume associated with the increase
in refractive index and its increase, respectively. Here,
AV/V was assumed to be equal to AL/L, where L is the
projected range of ions and AL is the maximum depth of the
dent.

In the case of the proton irradiation at a fluence of
7 x 10'° cm™2, the maximum depth of the dent observed is
320 nm, as shown in Fig. 2(d). On the other hand, when the
ion energy is 1.0MeV, the ions penetrate the sample to a
depth of 4.0 um, since we used the 16 um polyimide film
to decelerate the ions, as mentioned above. The refractive
index of the unirradiated fluorinated polyimide is 1.547,
as shown later in Fig. 4. By substituting these values into
Eq. (1), An becomes 0.053 and the increased ratio An/n
becomes 3.4%. The increased ratio of the refractive index
was similarly calculated at other fluences, and the results are
shown on the right vertical axis in Fig. 3. Figure 4 shows the
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refractive index and its increased ratio as a function of
fluence, actually measured at 1550 nm by ellipsometry. The
results shown in Figs. 3 and 4 agree with each other quite
well.

The increment in refractive index (0.21%) induced by
the proton irradiation at a fluence of 1 x 10" cm™? is com-
parable to the value (0.35%) reported for SiO, glass®
irradiated with protons at a similar fluence. Therefore, it is
reasonable to assume that the ion irradiation to the polymer
can be a good method for controlling the refractive index for
the fabrication of a high-performance polymer-based optical
waveguide. Furthermore, the increment in refractive index
(3.3%) induced by the irradiation of the fluence of 7 x 10'®
cm~2is extremely large. Moreover, as mentioned above, the
maximum depth of the dent observed is 320nm. This is
much smaller than the average clad size of an optical wave-
guide, which is at least tens of wum. Therefore, the surface
dents are not a problem in optical transmission.

Figure 5 shows Raman spectra observed for the samples,
to which protons were irradiated at various fluences. Note
that Raman spectroscopy, as well as XPS, which will be
discussed later, was carried out at the fluence of 1 x 10"
cm™? or higher, where we can specify the ion-irradiated
area on the sample surface. The presence of three peaks at
1378, 1620, and 1787 cm™~! reflects the chemical structure of
the polyimide, since they are considered to be due to C-N
stretching in the imide group, C—C stretching in the aromatic
ring, and the carbonyl group, respectively. Note that a sharp

peak at 520cm~' comes from the Si substrate. Since the
intensities of Raman peaks vary owing to various factors,
all the spectra were normalized by the height of the peak at
520 cm~!. The three peaks at 1378, 1620, and 1787 cm™! are
very clear when the sample was not irradiated or the fluence
was below or equal to 5 x 10" cm~2, while they disappear
when the fluence was 1 x 10'® cm~2 or above. When fluence
was higher than 1 x 10'®cm~2, broad shoulders appear at
1345 and 1580cm™'. These two shoulders are assigned to
graphitic carbon.?*"?” Therefore, the Raman spectra clearly
show that proton irradiation breaks chemical bonds in a
fluorinated polyimide.

Figure 6 shows XPS spectra observed for proton-
irradiated samples. The C 1s spectrum shown in Fig. 6(d)
consists of several peaks. Therefore, we attempted to
separate each component. Figure 7 shows the results of
peak separation carried out for the spectra observed before
and after the proton irradiation at a fluence of 7 x 10'®cm=2.
Here, the black solid curve in each figure denotes the experi-
mentally obtained C 1s spectrum after the data scatter most
likely due to noise was eliminated, and the red dashed curves
are Gaussian-fitted peaks. Furthermore, the blue dotted curve
represents the sum of the dashed curves. It is shown that the
C Is spectra before and after the proton irradiation can be
resolved into four peaks at about 291, 287, 285, and 284 eV.
Note that the small remainder seen in Fig. 7(a) at around
289-290eV is the shakeup component with m electronic
orbitals. It has been reported that the XPS peaks at about
291, 287, and 284 eV correspond to the C ls ionization
energies of trifluoromethyl carbon [referred to as C(CF3)],
carbonyl carbon [C(C=O0)], and phenyl carbon [C(Ph)],
respectively.”® As for the peak at 285eV, there are two
candidates. One is phenyl carbon bonded with nitrogen
[C(Ph-N)], and the other is carbon bonded to a fluorine atom
[C(CF)].?® Table I shows the change in atomic content
induced by the proton irradiation at a fluence of 7 x 10'®
cm~2, calculated from the spectral intensities. Upon the
proton irradiation, the F and C(CF;) contents decrease
drastically and the N content decreases slightly. On the other
hand, the C(Ph-N) content increases. Assuming that the
285eV peak is mainly due to C(CF), Table I indicates that
the proton irradiation detaches F to a large extent and N to
some extent, leading to graphitic structures.
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Fig. 5. (Color online) Raman spectra obtained before and after the H' irradiation.
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Fig. 6. (Color online) XPS spectra obtained before and after the H™
irradiation: (a) N 1s; (b) O 1s; (c) F 1s; (d) C 1s.

According to Ref. 29, the propagation loss in the 1.55 um
band in a fluorinated polyimide waveguide does not increase
when a diffraction grating was fabricated by synchrotron
irradiation, and the reason for this was attributed to the high
glass transition temperature of the material. If this is the case
for the present proton irradiation, the loss increase would
also be acceptably small.

4. Conclusions

To demonstrate that ion irradiation to polymers can be a
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Fig. 7. (Color online) C 1s XPS spectra obtained before and after the H*
irradiation. The black solid curve and four red dashed curves represent the
spectra obtained experimentally and fitted Gaussian curves, respectively.
Blue dotted curve represents the sum of the dashed curves. (a) Before and
(b) after irradiation at a fluence of 7 x 10'® cm=2.

Table I. Change in atomic content induced by the H* irradiation at a
fluence of 7 x 10'® cm~2 (normalized by the content of each atom before
the irradiation).

C(Ph-N)
C(Ph) or
C(C-F)

After irradiation 1.00 1.88 1.16 0.11

C(C=0) C(CF;) N (6] F

0.86 1.25 0.07

good method for fabricating optically functional devices,
protons were irradiated to a fluorinated polyimide. The depth
of the dent and the refractive index increase monotonically
with fluence. The incremental ratio of the refractive index
calculated using the Lorentz—Lorenz relation and that meas-
ured by ellipsometry agree with each other quite well. The
increment in refractive index (0.21%) induced by the proton
irradiation at a fluence of 1 x 10'> cm™2 is comparable to
the value (0.35%) observed when protons of similar fluence
were irradiated to SiO, glass. Therefore, the ion irradiation
to the polymer can be a good method for fabricating a high-
performance polymer-based optical waveguide. Further-
more, the increment in refractive index (3.3%) induced by
the irradiation at the fluence of 7 x 10' cm~? is extremely
large. Furthermore, Raman spectra clearly show that proton
irradiation breaks chemical bonds in fluorinated polyimide,
and XPS measurement indicates that the proton irradiation
detaches F to a large extent and N to some extent, leading to
graphitic structures. On the basis of these analysis results,
these structural changes involving densification should
induce an increase in the refractive index following the
Lorentz—Lorenz equation.
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ABSTRACT

Polydimethylsiloxane (PDMS), a type of silicone rubber, has excellent material properties such as flexibil-
ity, optical transparency and biocompatibility. Therefore, it can offer possible applications in the field of
microfluidics as flexible micro-optical components, when they can be formed on transparent materials
such as silica glass. We performed proton beam writing (PBW) (with 1.0 MeV beam) on PDMS micro-
structures with curved surface on silica glass. We found that 13-pum thick PDMS films on silica glass
are sensitive only for proton fluences above 600 nC/mm? in contrast with the sensitivity of 4.0 nC/
mm? when using a silicon substrate. Based on the hypothesis that the effective sensitivity was lower
due to the electric charging of silica glass surface during PBW, we coated the silica glass surface by Au
sputtering. As a result, we were able to observe the formation of PDMS on the Au-coated silica glass at
a much lower fluence of 2.0 nC/mm?. Arrays of curved PDMS structures with a height of 13 pm and diam-

Microfluidics

eter of 40 um have been fabricated on a semi-transparent Au-coated silica glass.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Among various lithographic techniques, proton beam writing
(PBW) is a unique technique for 3D micro-fabrication by direct
writing using a focused beam of MeV protons. The PBW has been
reported to be useful for the fabrication of high-aspect-ratio mi-
cro-structures and prototyping of devices; moreover, it is applica-
ble to a wide range of materials [1-3].

In recent years, there has been strong demand for 3D micro fab-
rication techniques for optical components in integrated circuits
and packaging technology. Also, device flexibility is an important
issue in order to achieve high-density packaging and range of
applications. Particularly, flexible micro-optical components are
required for microfluidic systems, which enable variable transport
and sensing operation on liquids. Further application areas includ-
ing biochip readers require micro-lens arrays, which are com-
pletely tunable and beam shaping for optical switching [4,5].

Polydimethylsiloxane (PDMS) is a flexible silicone rubber with
good transparency and biocompatibility. The PDMS has widely
been used as a basic material in the field of microfluidic devices
[6]. The use of siloxane type resists such as hydrogen silsesquiox-
ane, (HSQ, Fox-16, Dow Corning) [7] or spin-on-glass (SOG, ACCU-
GLASS 512B, Honeywell) [8] have been reported and originally

* Corresponding author at: Dept. of Electrical Engineering, Shibaura Institute of
Technology, 3-7-5 Toyosu, Koto-ku, Tokyo 135-8548, Japan.
E-mail address: nishi@sic.shibaura-it.ac.jp (H. Nishikawa).

0168-583X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nimb.2012.12.032

developed as thin (<1 pum) inter layer dielectrics for microelectron-
ics. On the other hand, the PDMS can be formed as a thick layer
(>10 pm) patterned by PBW using compaction [9] or by PBW and
subsequent wet etching process [10]. In the latter technique, the
PDMS behaves as a negative resist with a feature suitable for a
grayscale lithography, where the thickness of the exposed and
developed PDMS gradually increases with fluence. The grayscale
lithography technique has also been reported when using PBW in
other resists (SU-8 and ma-N resists) [11].

Using a superior feature of PDMS as an optical material, several
reports have been published on micro devices made of PDMS such
as lenses, waveguides, or microfluidics devices using UV lithogra-
phy, [12-15] or PBW [10,16-19]. Fabrication of convex lenses
[16,17] using compaction of the PDMS has been reported using
PBW with relatively high fluences up to 1.5-2.0 uC/mm? of
2.0 MeV PB. Other techniques to form the curved surfaces involve
a lithography and subsequent processing steps such as reflow by
heating [13], or replication using an electroplated Ni mold [18],
an AZ4620 mold by UV proximity printing [14,15], and a SU-8
mold by PBW [19]. Since we can control the curvature of the PDMS
micro lenses by just changing the proton fluence within relatively
low values [10], the present results provide us with more rapid and
flexible means to obtain micro-lens arrays on various substrates,
when comparing with other previously reported techniques.

For applying this PDMS feature to the production of micro-lens
arrays integrated into micro-channel devices, we must form the
PDMS microstructures on a transparent substrate such as silica
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glass, which is another basic material for microfluidics. Therefore,
the formation of the PDMS structures on transparent substrates
should be further investigated.

In this study, aiming at application of the PDMS microstructure
by PBW as optical components integrated to microfluidics, we
studied the formation of PDMS structures on various substrates
with different properties such as silica glass, silicon and thermal
oxide on silicon. We also report fabrication of PDMS curved surface
structures on silica glass for micro-optical components such as mi-
cro-lens arrays.

2. Experimental procedures

PDMS materials can be obtained through the commercially
available Sylgard 184 kit (Dow Corning) by mixing its base polymer
and crosslinker in a volume ratio of 10:1 and cured at 125 °C for
20 min [20]. However, we have used only the base component of
the Sylgard 184 that was spin coated for 60 s at 8000 rpm onto var-
ious substrates those including silica glass, low-resistivity (100)
silicon (1.0-20 Ohm cm), or 100-nm thick thermal oxide on silicon
substrate. In our PBW process no curing process was needed nei-
ther before nor after the development, since the PDMS prepolymer
was crosslinked just by irradiation of PB [10]. The thickness of the
PDMS film on silicon was estimated to be 13 pm by a spectroscopic
reflectometer (Nano Calc-2000, Mikro Pack). The curved surface of
the micro-lens was measured using a confocal laser microscope
(OLYMPUS, LEXT OLS4000).

The PBW was performed using a proton beam writer (Kobe
Steel Corp., MB-S1000) at beam energy of 1.0 MeV with a beam
size of 1.0 x 1.0 um and beam current of 1.5 pA. After exposure
to the 1.0 MeV proton beam, the PDMS films were developed with
a solution of THF-CH5CN (8:2) for 2 min. at temperature of 60 °C.
The PDMS surface was observed by a scanning electron microscope
(SEM, Shimadzu, SSX-550).

3. Result and discussion
3.1. Comparison of the PDMS sensitivity to PBW on various substrates

Fig. 1 shows a SEM image obtained for PDMS films on silica
glass, which was scanned with 4 x 6 arrays of 10-pum squared pat-
terns with proton beam (PB) at various fluences from 470 to
700 nC/mm? in steps of 10 nC/mm?2. The squared pattern was not
visible at fluences lower than 600 nC/mm?. Above this threshold,

Fig. 1. A SEM image of a PDMS film on silica glass after development which was
scanned with 4 x 6 arrays of 10-um squared patterns by proton beam fluence from
470 to 700 nC/mm?.

170

PDMS film thickness gradually increased up to 13 pm with increas-
ing PB fluence.

To compare the PDMS sensitivity with PBW, the PDMS thick-
nesses obtained on silica glass, silicon and 100-nm-thick thermal
oxide on silicon substrates were plotted as a function of the PB flu-
ence (see Fig. 2). The result shows a clear difference between these
substrates. The PDMS on silicon substrate was produced at fluence
above 4.0 nC/mm?. The PDMS on thermal oxides on silicon started
to be formed at similar fluence as well, with thickness gradually
increasing up to 600 nC/mm?. From these observations, it is clear
that the silica glass or the thermal oxide (SiO,) on silicon sub-
strates affect the sensitivity to PBW. Since both substrates are typ-
ical insulators they are easily charged when subjected to high
energy particles such as electron beam (EB) [21] and PB, we can
here assume that the effective sensitivity of the PDMS is deter-
mined by the surface conductivity of the substrate. Actually, charg-
ing effects in EB lithography are well known to produce errors in
the patterning placement [22].

3.2. Behavior of PDMS on Au coated silica glass substrate

In order to test the hypothesis of the above mentioned charge
effect, we examined the behavior of the PDMS during PBW on silica
glass substrates sputter coated with different Au thicknesses from
5.7 to 13.5 nm. Fig. 3 shows a SEM image obtained for PDMS films
with 13.5-nm thick Au coating, which was scanned with 6 x 6
arrays of squared patterns with PB at beam energy of 1.0 MeV by
changing PB fluence from 1.0 to 36 nC/mm? in steps of 1.0 nC/
mm?. The results demonstrated that squared patterns were
produced with fluences above 2.0 nC/mm? and that the thickness
of PDMS structures gradually increases with increasing fluence.
This indicates that the PBW fluence at which the negative type
reactions occurs is reduced from 600 to 2.0 nC/mm? just by adding
a conductive Au coating on the silica glass surface.

In principle, the sensitivity of the material cannot be affected by
the substrate, since the cross-linking of the PDMS should occur by
the energy deposition of the 1.0 MeV protons when traveling
through the 13-pm thick PDMS film. Therefore, we consider that
the effective sensitivity changed due to the charging of the insulat-
ing silica glass substrate. Fig. 4 shows the thickness of the obtained
PDMS structures plotted as a function of the 1.0-MeV PB fluence for

20
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== 100-nm thick thermal oxide on Si
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Fig. 2. Remaining PDMS thickness as a function of a fluence of PB at 1.0 MeV and
after development obtained for different substrates such as silica glass, silicon
substrate, and 100-nm thick thermal oxide on silicon.
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Fig. 3. A SEM observation image of a 13-pm thick PDMS on a 13.5-nm thick Au-
coated silica glass substrate after exposure and development as a function of PB
fluence from 1.0 to 36 nC/mm?. A pattern of 6 x 6 arrays of 10-um squared area of
the PDMS were exposed by PBW at 1.0 MeV.
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Fig. 4. Remaining film thickness as a function of the fluence of PB at 1.0 MeV
obtained for the PDMS on silica glass coated with different thickness of Au coating.

different Au coating thicknesses over silica glass. The effective sen-
sitivity of the PDMS clearly increased with increasing thickness of
the Au coatings from 5.7 to 13.5 nm. In Table 1, we summarize the
sensitivity and contrast of these samples that can be extracted
from Fig. 4. These data indicate that the formation of PDMS struc-
tures is affected by the surface conductive layer rather than by the
surface chemistry. This is also consistent with the fact that 100-nm
thick thermal oxide substrate shows lower sensitivity than silicon,
but still higher sensitivity than silica glass substrate as shown in
Fig. 2.

Table 1 also shows that the contrast of the PDMS on the thinner
Au-coated silica glass is closer to the PDMS on the silicon substrate.
We expect that the PDMS on the Au-coated silica glass can be used
for the fabrication of the micro lenses, since the low contrast is
good for grayscale patterning, as we have reported for PDMS on sil-
icon substrate [10].

Table 1
The sensitivity and contrast of PDMS to proton beam writing obtained for silica glass
with different coatings.

Substrates Sensitivity (nC/mm?) Contrast y

Silicon 5 1.34
Au (5.7 nm)/silica glass 4 1.44
Au (10.4 nm)/silica glass 3 1.70
Au (13.5 nm)/silica glass 2 1.96

Fluence

High 12 nC/mm?

10 nC/mn?

8.0 nC/mn?
6.0 nC/mm’
4.0 nC/mm?

2
Low 2.0 nC/mm

Fig. 5. A fluence map of PBW at 1.0 MeV to produce curved surface of a 13-um thick
PDMS on silica glass substrate coated with 5.7-nm thick Au.

Fig. 6. SEM images of the curved surfaces of PDMS on silica glass coated with 5.7-
nm thick Au fabricated by PBW at beam energy of 1.0 MeV by varying beam fluence
from 2 to 12 nC/mm?.

3.3. Micro-lens arrays made of PDMS on Au-coated silica glass

As shown in Figs. 3 and 4, the height of PDMS microstructure on
Au-coated silica glass substrate changed continuously with
increasing PB fluence. Such a behavior is similar to that reported
for PDMS on silicon [10]. Compared with a grayscale lithography
reported for SU-8 and ma-N [11], a smooth surface was obtained
thanks to the feature of PDMS suitable for the grayscale lithogra-
phy shown in Fig. 4. We can apply this feature to produce curved
PDMS microstructures on transparent silica substrate such as mi-
cro-lens. The curved surface was designed by increasing PB fluence
gradually from the edge to the centre, as shown in Fig. 5. We were
then able to observe the formation of curved PDMS microstructure
arrays with a height of 13 um and a diameter of 40 pum on semi-
transparent Au coated silica glass, as shown in Fig. 6. Here, for bet-
ter transparency (as high as 60%) a thin Au layer of 5.7 nm was
used for the fabrication of micro-lens arrays rather than using an
Au thickness of 13.5 nm with a transparency of 50%.
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Fig. 7. Optical microscope images (transmitted light mode) of micro-lens array
made of PDMS on silica glass coated with 5.7-nm-thick Au.

Fig. 7 shows optical microscope image observed in transmitted
light mode, where concentrated light features are observed due to
the focusing of light at the centre of each lens. Thus, we were suc-
cessful in making a curved microstructure of PDMS on semi-trans-
parent silica glass, where we improved the effective sensitivity of
PDMS on insulating substrate by Au coating. The cause of the
dependence on substrate conductivity is still unknown, but charg-
ing at the interface between PDMS and substrate is the most plau-
sible factor, due to a repulsive electrostatic force between the
substrate and microstructures. In fact, the projected range of
1.0 MeV protons into 13-pm thick PDMS on silica glass is esti-
mated to be about 15 pm by SRIM simulation [23]. Therefore, the
charging of silica glass substrate just underneath the PDMS struc-
tures can be significant, since the PDMS can be also insulating
materials after cross linked.

Based on these observations, the conductive surface on silica
glass is necessary to fabricate PDMS micro-lens arrays. The use of
transparent conductive oxide such as indium tin oxide (ITO) on sil-
ica glass is underway to obtain better optical transmittance for fab-
rication of micro-lens arrays by PBW, instead of using the Au
coating.

4. Conclusion

We studied the behavior of PDMS on silica glass during PBW
with a 1.0 MeV beam and compared with the results when using
different substrates with different surface electric conductivity.
Although the effective sensitivity to the beam fluence of the PDMS
on silica glass was found to be significantly lower than the one
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attained with a silicon substrate, improved sensitivity was
achieved when coating the silica glass substrates with an Au con-
ductive layer. Using this technique with a semi-transparent
5.7 nm thick Au-coating on a silica glass, we were able to produce
curved PDMS structures with a height of 13 pm and diameter of
40 um, and observe the light transmission typical of spherical
shaped structures such as micro-lens.
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Polytetrafluoroethylene (PTFE) is a typical fluoropolymer and it has several desirable technological prop-
erties such as electrical insulation, solid lubrication etc. However, the conventional microstructuring
methods have not been well applied to PTFE due to its chemical inertness. Some effective micromachin-
ing using synchrotron radiation or ion beam irradiation has been reported. In this study, we create micro-
prominences by raising the original surface using proton beam writing (PBW) without chemical etching.
A conical prominence was formed by spiral drawing from the center with a 3 MeV proton beam. The body
was porous, and the bulk PTFE below the prominence changed to fragmented structures. With decreasing

writing speed, the prominence became taller but the height peaked. The prominence gradually reduced in
size after the speed reached the optimum value. We expect that these porous projections with high
aspect ratio will be versatile in medical fields and microelectromechanical systems (MEMS) technology.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polytetrafluoroethylene (PTFE), (-CF,-CF,-),, is an important
material for biochemical and medical tools, and microelectrome-
chanical systems (MEMS) because of its remarkable properties
such as high chemical stability, bio-inertness, electrical resistivity
and weathering resistance. However, its applications area ham-
pered in many cases because of its poor wettability and adhesion
property with other materials [1]. In addition, microstructure fab-
rication had been difficult since there is no suitable solvent for
chemical etching of the polymers to perform wet bulk microma-
chining [2]. Even if the conventional structuring methods for elec-
tronics and microtechniques (e-beam, laser and lithography) were
used, the desired structures were not formed [3,4]. Recently, some
effective techniques using synchrotron radiation (SR) [2,5] or ion
beam irradiation [2,6-11] were reported, taking advantage of the
sensitivity for ionizing radiation. Especially by a keV ion beam irra-
diation, the micro-protrusions are formed in high density at the
surface [8-11]. The techniques used an erosion of PTFE due to ther-
mal heating and degradation [12]. Therefore, there is still no tech-
nique of fabricating a microstructure on the initial surface of the
sample. In this study, we achieved this fabrication using proton
beam writing (PBW). PBW is a direct-writing process that uses a
focused beam of MeV protons [13-15]. It does not require a mask
because the beam is scanned across a sample [13]. The high-energy
protons (e.g. 500 keV-3 MeV) penetrate deep into the materials

* Corresponding author. Tel.: +81 27 346 9350; fax: +81 27 346 9690.
E-mail address: ogawa.akane@jaea.go.jp (A. Kitamura(Ogawa)).

0168-583X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nimb.2012.11.033

with a minimal amount of surface disruption and deposit energy
at the end of their range. The depth of the proton penetration into
the materials is controlled by the acceleration energy, typically
ranging from several tens of micrometers to a hundred microme-
ters. PBW has been demonstrated in some high aspect ratio struc-
tures with smooth vertical walls in a relatively thick PMMA and
SUS8 resists [12,15-18].

Our idea is to create a microstructure at a PTFE surface by a
morphological change from the inside of the sample using a MeV
proton beam. In this paper, we report the result of morphological
change on PTFE surface only by PBW with controls of the writing
path and the writing speed. The writing areas were observed by
a scanning electron microscopy (SEM).

2. Experimental

PTFE sheets with 500 pm thickness (Nichias Corp.) were chosen
as the irradiation material. Before irradiation, the sheets were
cleaned with ethanol and dried in air. The sheets were subjected
to the scanning of the 3.0 MeV focused proton beam from a 3-
MV single-ended accelerator placed at the TIARA facility of Takasa-
ki Advanced Radiation Research Institute, JAEA [19]. The proton
beam was focused down to about 1 pum?, which was measured
using a secondary electron image of a copper mesh before each
irradiation experiment. The beam position was controlled by two
16-bit digital-to-analog converters, two pairs of high voltage
amplifiers and two pairs of electrostatic deflectors with a beam
blanking system [19]. The maximum size of the writing field was
800 x 800 um? and one bit corresponded to 12 nm, which was
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Fig. 1. Schematics of the writing paths; (a) one-way raster, (b) back-and-forth
raster, (c) spiral from the center and (d) spiral to the center, respectively.

50 um

50 um

(b)

50 um 50 um

(d) (©

Fig. 2. SEM images of morphologies formed by a 3 MeV proton beam written in
different paths at a PTFE surface. These writing paths of (a), (b), (c) and (d)
corresponded to them of Fig. 1(a), (b), (c) and (d), respectively.

174

small enough for 1 m microbeam. The beam current was typically
200 pA. The fluence was controlled by an exposure time and the
beam current. The writing pattern was a closed circle of 50 pm
in diameter, and the four different types of the writing path were
chosen as shown in Fig. 1. Two of them were one-way or back-
and-forth of the raster (Fig. 1a and b), and the other two were spir-
al paths from/to the center (Fig. 1c and d). The proton fluence was
controlled by a writing speed, which varied between 20 and
1000 pmy/s. The surface morphology of the samples was observed
with a SEM (TM3000, Hitachi High-Tech. Corp.) after the surfaces
were coated with a layer of gold using a plasma coater (JFC-1600,
JEOL).

3. Results and discussion

Fig. 2 shows the morphologies at the PTFE samples written by a
3 MeV proton beam in each paths. These writing speeds and flu-
ences were 40 pm/s and 3.1 ions/cm?, respectively. The writing cy-
cle of the one-way raster writing was twice (Fig. 2a), but these of
the other cases were once. As shown in Fig. 2, a micro-prominence
was formed when the proton beam was written spirally from the
center (Fig. 2¢). The prominence was 250 um in height and the
shape of bottom corresponded to the writing pattern. The SEM
images of the inside and the under part of the prominence are

10 um
(@)
Top surface
\
Back surface 25 pm

(b)

Fig. 3. SEM images of (a) the inside of the micro-prominence shown in Fig. 2(c), and
(b) the cross-section of its under part, which was the cross-section of the PTFE
sample.
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Fig. 4. SEM images of morphological change on different writing speeds. The writing speeds and the fluences were (a) 1000 um/s and 1.2 x 10'2 ions/cm?, (b) 200 um/s and
6.2 x 10'? ions/cm?, (c) 100 um/s and 1.2 x 10'3 ions/cm?, (d) 50 um/s and 2.5 x 103 ions/cm?, (e) 40 um/s and 3.1 x 10'® ions/cm?, (f) 30 um/s and 4.2 x 10'% ions/cm? and

(g) 20 um/s and 6.2 x 103 jons/cm?, respectively.

Fig. 5. Mechanism for the morphological changes in the PTFE surface written by a MeV proton beam.

shown in Fig. 3. Fig. 3b was the cross-section of the PTFE sample.
These SEM images revealed that the body had a porous structure
and the inside of the sample was also fragmented only under the
prominence.

Fig. 4 shows the morphological changes on the various writing
speeds. The writing paths were single spirals from the center, and
their fluences were different as a function of the writing speed. The
first morphological change was swelling of the writing area at the
speed of 1000 um/s (Fig. 4a). When the speed decreased to
200 pumy/s, the tall foam was appeared on the surface (Fig. 4b).
The structure became taller, and sharpened gradually with
decreasing the writing speed (Fig. 4b-e). At the speed of 40 um/s,
the height reached the peak (Fig. 4e). As the speed was reduced
furthermore, the prominence became small (Fig. 4f) and finally
the written areas were caved after swelling (Fig. 4g).

The mechanism of the morphological change is shown in Fig. 5.
When the PTFE surface was exposed to a focused 3 MeV proton
beam, the protons traveled along a straight line with some trans-
verse fluctuation [13]. The range of the protons is approximately
88 pum in PTFE according to the Stopping and Range of lons in Mat-
ter calculation (SRIM-2006), and the protons transferred their en-
ergy in a sharp peak toward the end of their range, which is
known as a Bragg peak. Along the proton trajectories, many atoms
are given localized energies that exceed the bond breaking ener-
gies and it lead to degradation and cross-linking of PTFE molecules
with emission of small molecules as gas [6,20,21]. The gases are
fluorocarbon compounds of CF, CF,, C;F; and C,F; [22-24]. As the
trajectories in the PTFE were softened and the gases were gener-
ated, the volume expanded and it was ejected toward outside of
the sample as if bubbling up. In the case of the spiral writing from
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a center, the proton beam energy was rapidly deposited near the
center of the circle. As the irradiation position moved away from
the center, the writing circumference became longer. Since the
energies given to the atoms were lower and the amount of the gen-
erated gases was smaller, the volume expansion was decayed grad-
ually toward the circumference. Therefore, the volume expansion
started from the center of the circle and the conical prominence
was formed. When the energy deposition exceeded a certain level,
the gas was released in bursts with making holes. In the other writ-
ing paths, the raised structures did not form.

One of the applications of raised micro-prominences would be
biomaterials. An expanded PTFE (ePTFE), which is porous, is im-
proved in cell adhesion properties by ion beam irradiation and it
is already used for artificial dura matter [24,25]. Since the micro-
prominences formed by MeV protons are also porous and irradi-
ated by ion beam, cells would be able to attach on the sides of
the prominences. Therefore, the surface-formed porous micro-
prominences will realize a three-dimensional structure, which
can attach cells selectively.

4. Conclusion

We created porous micro-prominences on the original PTFE sur-
face using PBW. To fabricate a conical structure, the writing path
was restricted to only the spiral from the center. The writing speed
also had the best value for creating the tallest prominence. In this
study, this height reached 250 um at the speed of 40 um/s. The
prominence was formed by the volume expansion of the PTFE sam-
ple, which was induced by softening of the bulk and gas genera-
tion. This formation process was very unique for PTFE surface.
Because the projections had porous structure and the other area
was not damaged, they would be attractive for medical fields and
MEMS technology.
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Abstract

A simple and sensitive sub-micrometer scale method for visualization of the dose
distribution of a focused proton beam (FPB) was developed, taking advantage of the
formation of a bulky cross-linked structure induced by FPB irradiation of a common
polymer and cross-linker, polyacrylic acid - N,N'-methylene bisacrylamide, blend film
surface. The irradiated part of the film swelled as a peak, and the height of swelling
increased with increasing FPB fluence. The film was used as a proton beam-sensitive
polymer film by analysis of the irradiated film surface using atomic force microscopy. The
method was successfully applied to confirm the FPB pattern. Typical misaligned spot shape
of FPB gave clear 3-dimensional structures, and the half-solenoidal nanostructures are

visualized clearly by use of crescent shaped beam.

Key words: Focused Proton Beam, Dose Distribution, Atomic Force Microscopy,

Polyacrylic Acid, and N, N’-methylene bisacrylamide
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Focused proton beam (FPB) has attracted growing interest in cancer radiation therapy,
because FPB is expected to deliver a precise and larger dose in the Bragg peak with high
energy to the interior of small deep-seated tumors compared with traditional radiation
therapy including charged particle radiation, which is often accompanied by skin
inflammation and mucositis."” Accuracy of the beam position and fluence are essential to
achieve pin-point attack on tumors without damage to peripheral cells. Spatial dose
distributions released by incident particles have been simulated using sophisticated
calculation codes based on experimental dosimetry data for conventional ionization
chambers and radiochromic films. Presently, poly-diacetylene based radiochromic films are
widely used to evaluate the dose accuracy in radiation therapy.”® The film responds to
ionizing radiation by changing from colorless to blue and the dose distribution can be
evaluated at micrometer scale. However, it is difficult to measure the distribution with
sufficiently high spatial resolution to the cell-size level, in addition to taking as long as
several hours to obtain visualized images after stabilization of the chemical changes
induced by the irradiation.

High energy particles have also been a powerful tool used to fabricate materials at the
nanometer level, and the relatively high momentum of individual particles secure their
tracking in the materials, so that more precise pattern fabrication with an ultra-high aspect
ratio can be achieved than that with conventional probes such as electron and photon beams
used in the semiconductor industry.”'® Focusing of the beam into nanometer spaces is the
key factor to determine the precision of a fabricated pattern, and rapid quantitative analysis
of the focused beam size has often been realized by collecting images of the secondary
electrons knocked out from the well-defined patterns. The average focusing size is

statistically and simply examined using this technique; however, the shape and precise
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structure of the single beam spot are difficult to visualize, despite being a key parameter for
quality control of the fabricated pattern.

We have recently reported the fabrication of uniformly sized nanowires using the
single particle nanofabrication technique (SPNT).''"® High-energy charged particles are
used to fabricate nanowires along their trajectories as they penetrate into polymer films, and
a non-homogeneous cross-linking reaction is induced in a nanometer scale cylindrical area.
Etching of irradiated samples with organic solvents to remove the non-cross-linked
polymer affords isolated nanowires. The potential of SPNT to fabricate polymer materials
with the energy released by a single charged particle could offer visualization of dose
distribution with an intrinsically high spatial resolution.

A magnetic lens is often used to focus charged particles into a micrometer-sized spot.
The condenser optics have been designed to focus into a circular spot; however,
misalignment of the charged particle trajectory leads to deformation of the spot shape.
Typical deformation patterns obtained when focusing with a condenser lens system are
crescent and kidney shaped, and the former is often accompanied with sub-micrometer
structures. FPB with a fine structured spot can be applied to fabricate polymeric materials
with nanometer-scale structures by combination with the SPNT.

Here, we report a method for the detection of dose distribution using atomic force
microscopy (AFM) analysis without the need for an etching process, which employs a
common polymer and cross-linker, polyacrylic acid (PAA) -N,N"-methylene bisacrylamide
(MBAAm), blend film as a proton beam-sensitive polymer film. Deformation of the beam
spot via misalignment of the optics has been successfully used to fabricate thin polymer
films into half-solenoidal structures.

PAA-MBAAm blend films were prepared on a silicon wafer by drop-casting an

4
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ethanol solution of 1 wt% PAA with various MBAAm contents (PAA/MBAAm = 100/0,
95/5, 90/10, 80/20). The thickness of the films was adjusted to 2 um and confirmed using a
stylus surface profiler. Irradiation of the films was conducted using a proton beam with an
energy of 3 MeV from a light ion microbeam system connected to a 3 MV single-ended
electrostatic acceleratort.'® Lines and spaces were patterned by shifting the spot irradiation
with change in the fluence from 0.5 x 10° to 6.2 x 10’ ions / um® and controlling the
exposure time. The beam current was fixed at 3.5 pA.

Patterns were observed on the film surface using optical microscopy for MBAAm
contents over 10 wt%, whereas patterns on films with the MBAAm content under 5 wt%
were almost invisible. To examine the morphology of patterns on the film surfaces at the
sub-micrometer scale, film surfaces with 10 and 20 wt% MBAAm were observed using
AFM (Fig. 1). In both cases, the irradiated part of the film swelled as a peak.

To examine the chemical change by FPB irradiation, Fourier transform
infrared-attenuated total reflectance (FTIR-ATR) spectra of the irradiated part of the films
were measured after etching with ethanol (Fig. 2a). The IR peak at 1710 cm™ was assigned
to the C=O0 stretching mode of the non-ionized carboxyl group in PAA. The IR spectra were
very similar to that for a PAA-MBAAm gel produced from PAA and MBAAm by radical
cross-linking under UV irradiation. Thus, it is most likely that FPB generated radicals, after
which the radical cross-linking reaction of PAA and MBAAm proceeded. The formation of
bulky and rigid cross-linked structures in the irradiated part resulted in swelling of the film
surface, as shown in Figure 2b.

Figure 3 shows the relationship between the irradiation fluence and the height of
swelling, as estimated from AFM, for 10 and 20 wt% MBAAm films. The height increased

with increasing fluence, and reached a maximum for both the 10 and 20 wt% MBAAm
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films; there was little difference in the maximum height of the 10 and 20 wt% MBAAm
films. The swelling height reached a maximum due to lack of PAA as a reactant. In the case
of the 10 wt% MBAAm film, the fluence can be estimated from the height using the
proportional range. These results clearly indicate that the PAA-MBAAm film can be used
to evaluate dose distribution of FPB irradiation at the sub-micrometer scale.

MBAAm is a cross-linker for the cross-linking reaction by FPB and it is a part of the
cross-linked product structure; therefore, the 20 wt% MBAAm film had a greater response
to FPB than the 10 wt% MBAAm film. Thus, films with high MBAAm content should be
used for evaluation of lower fluence irradiation, while keeping the fluence within a
dynamic range. Furthermore, it is expected that increase of the PAA-MBAAm film
thickness would reduce the roughness of the film due to suppression of free volumes by
MBAAm. The visualization method of FPB was applied to check the alignment of the FPB.
A non-precise FPB was irradiated on a blend film with 20 wt% MBAAm, as shown in
Figure 4a, and an optical microscope image of the film surface was obtained and is shown
in Figure 4b. To evaluate these patterns at the sub-micrometer level, the beam patterns of
areas ¢, d, e, and f in Figure 4b were analyzed using AFM. Crescent-shaped patterns were
observed in all areas. Furthermore, all the patterns were different from one another (Fig.
4c-f), which clearly indicates misalignment of the beam. AFM analysis of the irradiated
surface resulted in a simpler, more accurate method than traditional radiochromic films.
The cross-linking density in the MBAAm film shows a clear dependence on the current
distribution in a beam spot with a crescent shape, and lower density was observed at both
ends of the crescent shape. This is clearly confirmed by the 3-dimensional structure of the
crescent shape with lower height at the points, which suggests a higher degree of

dissolution of the non-cross-linked polymer molecules. The patterns shown in Figs. 4c-e
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strongly suggest that 3-dimensional half-solenoidal structures can be produced by
optimization of the step interval for spot beam scanning; fine half-solenoidal structures are

presented in Fig. 4f.

In conclusion, a simple and sensitive method was developed for visualization of the
dose distribution of FPB at the sub-micrometer scale. This is the first report on the
visualization of FPB dose distribution that takes advantage of the chemical change and
formation of a bulky cross-linked structure induced by FPB irradiation on the surface of a
proton beam-sensitive polymer film. The combination of a common polymer and
cross-linker as the proton beam-sensitive polymer film is effective for rapid evaluation of
the dose distribution of FPB irradiation at the sub-micrometer scale. Single beam spot
deformation with fine structures was successfully applied to fabricate MBAAm films into
3-dimensional patterns with sub-micrometer spatial resolution, which suggests FPB could

be a powerful tool for nanometer-sized fabrication.
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Figure Legends

Fig. 1. AFM images of line and space patterns formed on PAA-10 wt% MBAAm (left) and
PAA-20 wt% MBAAm (right) films using a 3 MeV FPB at fluence of (a) 0.5x10°, (b)
2.1x10°, (c) 3.1x10°, (d) 4.7x10°, and (e) 6.2x10° ions/um?. The scan areas were 20x20
pm?.

Fig. 2. (a) FTIR-ATR spectra of the FPB irradiated part of the film after etching with
ethanol (top) and PAA-MBAAm film under UV irradiation (bottom). (b) Schematic
diagram of the swelling mechanism for PAA-MBAAm film by FPB irradiation-induced
cross-linking reaction.

Fig. 3. Relationship between increase of the height and fluence for PAA-MBAAm films
with 10 (o) and 20 wt% (e) MBAAm.

Fig. 4. (a) Graphic of exposure radial line patterns. (b) Optical microscope images of radial
line patterns formed using a 3 MeV proton beam without beam alignment. AFM images of

areas c (c), d (d), e (e), and f (f) in 4b. The scan areas were 20x20 pm®.
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Fig. 1. M. Omichi, et al.
Visualization Method for Dose Distribution of Focused Proton Beam Coupled with Atomic

Force Microscopy Using Common Polymer Film
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A new and direct nano-microprocessing technique for poly(9,9’-dioctylfluorene) (PFO) films using proton beam writing (PBW) based on the cross-
linking reaction of the polymer without a cross-linking agent was proposed. Not only the surface morphology but also structure size and shape on
PFO films can be controlled from the nanometer to micrometer scale by adjusting the fluence of incident protons. Fabrication of three-dimensional
PFO structures with an aspect ratio of 12 was successfully demonstrated by PBW with the adjustment of fluence at 3.5 x 10° ions/um?.

© 2012 The Japan Society of Applied Physics

1. Introduction

Poly(9,9’-dioctylfluorene) (PFO) is an attractive class of
m-conjugated polymers with electronic conductivity and
high photoluminescence quantum efficiency.!™> Microproc-
essing techniques for PFO films have been developed for
optical and electronic devices such as light-emitting diodes,
photovoltaic cells, and field-effect transistors.*> Recently,
the direct formation of polymer nanostructures has been
studied using single-heavy-ion-induced cross-linking reac-
tions, which is known as a single-particle nanofabrication
technique (SPNT).%'9 The energy of heavy ions was set on
the MeV order in SPNT processes, in which the electronic
stopping power is dominant in the linear energy transfer
(LET) despite the negligible nuclear stopping power. Cross-
linking reactions along an ion trajectory are promoted by
knocked-on secondary electrons, and the cross-links are
distributed radially from the trajectory, leading to a very low
density of cross-links for the polymer molecules at the
nanostructure surfaces, such as one cross-link per polymer
molecule.®” Thus, the properties of polymer nanostructures
are almost similar to the intrinsic properties or are enhanced,
although the value of LET is large enough for the complete
deformation of the polymer structure in the inner (core) part
of trajectories.'” The formation of nanostructures based on
PFO by a single incident ion is expected to be applicable
to optoelectronic devices and provides some anisotropy,
periodicity, and quantum size effects. However, the use of a
mask has been indispensable for the control of the position
of nanostructures on a substrate fabricated by SPNT.
Although the LET of a proton beam is smaller than that of
heavy ions, proton beam writing (PBW) using a focused
proton beam with an energy in the range of 1-5MeV has
been expected to be a unique tool for direct and deep
microprocessing at high aspect ratios.'>! For a polymer
target, cross-linking reactions or chain scission reactions are
induced along the ion trajectory. When a polymer becomes
insoluble in organic solvents via the efficient cross-linking
reactions, some structures are formed on the patterned part
after the development. In this work, the relationship between
the fluence and the beam-induced chemical reaction in PFO

*E-mail address: seki@chem.eng.osaka-u.ac.jp
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films has been investigated in order to fabricate PFO-based
nano- and microstructures by PBW.

2. Experimental Procedure

PFO films with a thickness of 10 um were fabricated by
drop-casting of 4 wt % PFO solution onto a Si substrate that
was exposed to UV/O3 to remove organic contaminations
from the surface. The 4 wt % PFO solution was prepared
by dissolving PFO (number-average molecular weight, M,,
6 x 10* g/mol; purchased from Sigma-Aldrich) in toluene
without a cross-linking agent. The thickness of the PFO
films was confirmed using a stylus surface profiler. PBW
at an energy of 3MeV was performed using a light ion
microbeam system connected to a 3MV single-ended
electrostatic accelerator at Takasaki Ion Accelerators for
Advanced Radiation Application facility (TIARA) of JAEA/
Takasaki.'” The proton beam was focused on an area of
approximately 1 x 1um? in the horizontal and vertical
directions. The current of the proton beam was adjusted to
be from 4 to 10 pA by measuring with a Faraday cup at the
sample position. Line-and-space patterns were patterned by
shifting the spot irradiated of fluences from 1.0 x 10* to
2.0 x 10® ions/um? by controlling exposure time.

After the writing, the surface of the PFO films was
observed by optical microscopy and atomic force microsco-
py (AFM). The patterned PFO films were developed by
dipping and stirring in toluene for 20 min, and then dried at
room temperature. The fabricated structures were observed
by AFM and scanning electron microscopy (SEM) at an
acceleration voltage in the range from 2 to 15kV without
metal coating to avoid the electrical charge up.

3. Results and Discussion

At postwriting, the writing traces were observed optically
on the film surface at fluences of 1.0 x 107 ions/um? and
higher, as shown in Fig. 1. The traces became clear
with increasing fluence. Under the fluence of 1.0 x 107
ions/ um2, the traces were almost invisible. By AFM, it was
confirmed that the surface morphology changed slightly at
the patterned area. The topographic and phase images of the
film surface are shown in Fig. 2 in the left and right panels,
respectively. The phase images of the patterned area were
different from those of the nonpatterned area. This indicates

© 2012 The Japan Society of Applied Physics
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Fig. 1. Optical photographs of line and space patterns patterned by 3MeV proton beam writing at the fluences of (a) 1.0 x 107, (b) 2.0 x 107,

(c) 1.0 x 10%, and (d) 2.0 x 10® ions/um?.

Fig. 2. (Color online) AFM images of patterns fabricated by 3 MeV
proton beam writing with line-and-space patterns at fluences of

(a) 1.0 x 10%, (b) 1.0 x 107, (c) 2.0 x 107, (d) 1.0 x 10%, and

(e) 2.0 x 10% ions/um?. The images in the right panels are phase images
corresponding to the topographic images in the left panels. Arrows indicate
patterned areas.

that the viscoelasticity of the patterned area changed via the
cross-linking reactions of PFO upon proton beam irradiation.
Taking into account the phase images and topographic
images, the patterned parts at fluences of up to the 2.0 x
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Fig. 3. Relative surface levels at postirradiation with 3 MeV proton beam
at various fluences. Relative surface level is defined as the difference in the
height of the patterned area from that of the nonpatterned film surface
(convex, positive value; concave, negative value).

107 ions/um? appeared convex, while those at fluences of
over 1.0 x 10® ions/um? appeared concave. The convex or
concave trace in a section has an arc shape. The relative
surface levels measured from AFM images were plotted
against fluence, as shown in Fig. 3. Relative surface level is
defined as the difference in height of the patterned area from
that of the nonpatterned film surface (convex, positive value;
concave, negative value). In the case of a fluence lower than
1.0 x 10% ions/um?, the relative surface level increased up
to 2nm, and the ratio of the extent of film thickness was
0.02%. By contrast, the level decreased at a fluence higher
than 1.0 x 10® ions/um?. The decrease was 22nm at 2.0 x
108 ions/um? and the ratio of the extent of film thickness
was —0.22%. Taking into consideration the change in mor-
phology at postwriting, the density of cross-links is expected
to be low up to the fluence of about 1.0 x 107 ions/um?.
The patterned parts increased slightly in volume following
the irradiation. At a fluence of over 1.0 x 107 ions/um?2,
the density of cross-links is expected to increase with
the progression of the cross-linking reaction. Compaction
occurred owing to the enhanced cross-linking. However, the
compaction ratio of the patterned area under the fluence of
1.0 x 10® ions/um? is too small to provide the optical traces
directly in the present case. The cross-linking reaction of
the conjugated backbones bearing strong near-UV chromo-
phores has been reported to considerably decrease the molar
extinction coefficient with spectral red-shift, leading to the
contrast of relative reflective indices of the patterned areas
to those of the nonpatterned areas. This case is observable

© 2012 The Japan Society of Applied Physics
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Fig. 4. (Color online) AFM image of cylindrical structure fabricated by
3MeV proton beam writing at the fluence of 1.0 x 10* ions/um?.

by optical microscopy of the latent patterns prior to the
development procedures.'>!®

After the development, structures were produced on
the substrate for all samples. The structures were clearly
observed by AFM and SEM without the electrical charge
up, because of the intrinsic semiconducting properties of
the patterned PFO. Cylindrical structures were observed in
the case of writing at the fluence of 1.0 x 10* ions/um?, as
shown in Fig. 4. PBW was performed by 0.5-um-pitch spot
irradiation. The proton beam penetrating into the PFO film
gives its kinetic energy to a limited cylindrical area along its
trajectory, leading to the formation of insoluble structures
via cross-linking reactions of PFO.%® At a low fluence, the
cross-linking reactions required for gelation were induced at
the limited central part of the spot. Therefore, the interspot
areas were dissolved during the development procedure,
resulting in the formation of cylindrical structures. Isolated
cylindrical structures were knocked down on the substrate,
and two-dimensional (2D) images are observed in the figure
under the fluence of 3.5 x 10° ions/um?. The wall structures
were formed at fluences of 3.5 x 10° ions/um? and higher.
Figure 5 shows the laying and/or bending wall structures
formed by PBW with line-and-space patterns. Owing to
the complicated folding between the wirelike structures, the
sizes of the structures could not be measured at fluences of
3.5 x 10% ions/um? and lower. The wall thicknesses were
(a) 1.2 and (b) 1.4 um, which were larger than the beam size.
On the other hand, the heights were (a) 7.6 and (b) 7.1 um,
which were smaller than the film thickness. The aspect ratios
(h/t) are (a) 6.3 and (b) 5.1.

From these observations, the cross-linking reactions rather
than chain scission reactions were considered to be induced
along the proton trajectory, and the irradiated parts became
insoluble in the solvent owing to the gelation of PFO. The
nonpatterned part dissolved in the solvent and was removed
from the substrate, and the cross-linked parts remained and
formed on the substrate. During the development, the struc-
tures were swollen by toluene used as the development
reagent.'”'® Then the structures attached to the neighboring
structures or were deposited on the substrate owing to the
surface tension from toluene generated during drying. Wall
thickness, height, and aspect ratio measured from SEM
images were plotted against fluence (Fig. 6). Wall thickness
increased with fluence. The proton-beam-induced cross-
linking reactions spread widely with increasing fluence,

045201-3

Fig. 5. SEM images of fabricated structures by 3 MeV proton beam
writing with line-and-space pattern at fluences of (a) 1.0 x 107 and
(b) 2.0 x 107 ions/um?.
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Fig. 6. Size of the PFO walls changed the fluence of 3 MeV proton beam.
The aspect ratios (c) for fluence were estimated from wall thickness (a) and
wall height (b).

resulting in the increase in thickness. On the other hand, wall
height decreased with increasing fluence. The density of
cross-linking is expected to increase with increasing fluence,
resulting in the decrease in height owing to the volume
compaction of PFO. This is the case that results in the
negative slope of the aspect ratio as a function of fluence.
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Fig. 7. SEM images of fabricated type structures by 3 MeV proton beam
writing with Arabic numerals patterns at the fluence of 3.5 x 10° ions/um?.

At the fluence of 3.5 x 10° ions/um?, the wall structures
having small widths were successfully fabricated; however,
the structures were knocked down during development
owing to their low mechanical strength. Thus, using support
structures such as grids and round structures, we attempted
to fabricate standing structures with high aspect ratios.
Fabrication of type structures, which were traced hand-
written Arabic numerals, was demonstrated by vector scan-
ning of the proton beam to adjust the fluence at 3.5 x 10°
ions/um?, as shown in Fig. 7. During the development, the
structure was softened and bended, but standing upward due
to supporting structures, such as corner, cross-shaped, and
ring-shaped structures. The aspect ratio of the type struc-
tures was reproduced to be 12. Thus, not only the surface
morphology but also structure size and shape on PFO films
can be controlled from the nanometer to micrometer scale
by adjusting fluence. Overhang or bridgelike structures can
also be fabricated by changing beam energy (range of the
particles in the media) to adjusted processing depth.'*>”

On the other hand, optical index in the patterned area
was considered to increase with increasing density of cross-
links. Excessive induction of cross-linking is supposed to
affect the conductivity of PFO, although it was reported that
polysilane-based structures fabricated by heavy ion irradia-
tion maintain their intrinsic conductivity.!” The simulta-
neous modification of physical properties and formation of
3D structures will be possible by PBW. The application of
nano-microprocessing of PFO films with PBW to functional
organic materials in the new optical and electronic devices
is expected. Investigation of the optical properties and con-
ductivity of the fabricated PFO structures is needed.

4. Conclusions

For the PFO films prepared without a cross-linking agent,
PBW was performed systematically at various fluences in
order to fabricate the designed structures with sizes from the
nanometer to micrometer scale. The surface morphology
of PFO films can be controlled by adjusting fluence. It
was found that the patterned areas of PFO films became
insoluble in solvent. The structures were formed through the

045201-4

development processes, with the nonpatterned area removed
by toluene exposure. The size of the structures can also
be controlled by adjusting fluence, taking account of the
relationship between fluence and the insoluble region. By
patterning at the fluence of 3.5 x 10% ions/um?, the three-
dimensional PFO structures with the aspect ratio of 12 can
be produced.
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An in situ diagnostics technique for proton beam writing (PBW) on chemical vapor deposition (CVD) diamond was newly established by
developing a method of monochromatic ion-beam-induced luminescence (IBIL) analysis. As a compact optic system of IBIL analysis, a couple of
optics including a monochromator and a photon counting photomultiplier were installed on the microbeam line of a 3 MV single-ended accelerator.
Changes in the crystal structure of single-crystal CVD diamond were continuously monitored by observing the decay of IBIL at a wavelength
related to them. Two-dimensional microscopy images of IBIL were also clearly visualized as patterns on diamond in the postprocess of PBW with
the same experimental setup. The total fluence of the proton microbeam was well linked to the photon count of IBIL for the fabrication of
micrometer-sized carbonized layers in the CVD diamond crystal. © 2012 The Japan Society of Applied Physics

1. Introduction

As a wide-gap semiconductor material, diamond has
advantages over other new semiconductor materials such
as silicon carbide owing to its excellent electrical, mechan-
ical, and optical properties together with its good thermal
stability and high radiation resistivity.!? It has attracted
much interest in the expansive research field dealing with the
applications of these semiconductor devices using diamond.
Radiation detectors using diamond have been extensively
researched for many years to observe «-rays and high-
energy ionized particles.*® Recent studies have shown
interest in the fabrication of position-sensitive detectors,
especially those with a thin diamond film.>~” These position-
sensitive detectors are ideal but are beset with difficulties in
the fabrication of their electrodes, especially when a spatial
resolution of 5-7 um is required. Techniques for the precise
patterning of multiple detector electrodes are under devel-
opment with various microscale fabrication techniques.

Proton beam writing (PBW) is quite unique direct
processing technique using an ion microbeam that enables
the fabrication of micro- and nanostructures on a material
that is not easily processed by normal chemical processes.®”
Several researchers have reported on the development of
three-dimensional micrometer-sized structures on SU-8 with
high aspect ratios.'” Over the past years, there have been
some papers on the use of ion beam implantation on
diamonds. Several researchers have also reported on the
fabrication of microstructural carbonized layers used as
electrodes in diamond, while others have shown the
fabrication of layers with different reflection indexes
employed for optical waveguides using focused ion beam
irradiation.'"'” The fabrication of two-dimensional (2D)
microstructures as electrodes of radiation detectors made of
diamond might be effectively carried out using ion beam
irradiation operated by the PBW microprocessing tech-
nique.'*1»

The parameters in processing microstructures onto con-
ventional lithographic materials have already been well
investigated through the observation of samples, using an
atomic force microscope (AFM) or secondary electron
microscope (SEM) after etching processes. However, for

*E-mail address: kada.wataru@jaea.go.jp
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bulk diamond, the irradiation parameters including ion
fluence have not yet been well estimated. The ion fluence
required to modify the crystal structure of diamond can also
be calculated using several simulation codes, but it is ideal to
estimate irradiation effects for the formation of micrometer-
sized modification in PBW experimentally while considering
the actual conditions of irradiation.

To investigate the effects on and the damage induced by
ion impact to diamond, several researchers have observed
visible luminescence induced by ion impact.'®!” It has been
reported that ion-beam-induced luminescence (IBIL) pro-
vides information on the crystal structure of bulk targets
in terms of intensity and wavelength.'®!? IBIL with a
wavelength of approximately 500nm was found to be
related to the crystal structure of chemical vapor deposition
(CVD) diamond, and to its decay to the damage induced
in the target.’%?" The relationship of IBIL to the crystal
structure of diamond will be lost when bonds of carbon
atoms are broken up on ion impact, thereby forming
microscopic changes in the crystal. According to these
results, we may be able to investigate PBW on diamond by
observing the changes in IBIL.

With the above motivation, an IBIL analysis system
using a proton microbeam is developed on the same beam
line for PBW processing. A compact optic system was
installed in the PBW system.”” The microbeam irradiation
experiment was carried out for the investigation of micro-
scopic structural changes in diamond. A direct observation
technique for PBW was investigated to analyze the intensity
and distribution of IBIL under different total irradiation
fluences for the patterning of CVD diamond.

2. Materials and Methods

2.1 Proton beam writing system

The processing system for PBW has been developed on a
3 MV single-ended accelerator placed at the TIARA facility
of Takasaki Advanced Radiation Research Institute,
JAEA.? 1t focuses a proton microbeam with a diameter of
about 1 um, which was estimated from a secondary electron
image of a copper mesh taken before each irradiation
experiment. A picoammeter and a current monitor were
connected to a beam dump (faraday cup) and used to observe
beam current. The total fluence of the proton microbeam was
calculated from integrated electrical charges per unit area
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Fig. 1.
microstructural patterning on diamond.

(pC/um?). Computer-assisted software controls the exposure
time, current, and irradiated position of the target. The whole
beam-scan area was controlled by an electrostatic deflection
scanner with a maximum area of 800 x 800 um?.

The irradiation target was fixed on an aluminum plate
placed on a 2D mechanical stage in a vacuum chamber. The
position of the beam was controlled by changing the X- and
Y-axes of the stages and applied voltages on the electrostatic
beam scanner electrodes.

Several research studies of this PBW system for the
fabrication of nano- and microstructures on photoresist
targets such as poly(methyl methacrylate) (PMMA) or SU-8
have been performed.”” High-aspect-ratio micrometer-sized
structures were successfully generated on polymers by high-
energy proton impact.”>?® These effects on the materials
were clearly observed after the postprocedure of wet or
dry etching. In contrast, in this study, we attempt direct
writing on diamond without any pre- or post-processes to
fabricate carbonized microstructures. An electrical-grade
single-crystal CVD diamond wafer with the dimensions of
2.6 x 2.6 x 0.3 mm? from Element Six>” was employed as
the target material for PBW. Visible luminescence was
expected to be emitted from the CVD diamond crystal
during the irradiation. Thus a compact optic was developed
for the observations.

2.2 IBIL analysis system

A new analysis system for IBIL was installed on the ion
microbeam line of the PBW system with very simple and
compact optics, as shown in the schematic diagram in Fig. 1.
Conventional analysis techniques using an ion microbeam
are also available on the same microbeam line, but generally,
they cannot obtain the changes in the crystal structure of
diamond with a beam current of approximately several
picoamperes.?3>)

The optics of the IBIL consists of an aspheric collimator
lens (Ocean Optics 84-UV-25), an optical-fiber vacuum
feed-through (Ocean Optics VFT-600-VIS-275), a mono-
chromator (Optometrics Mini-Chrom), and a photon-count-
ing unit consist of a photomultiplier (HPK R7400P). This

06FB07-2

(Color online) Schematic drawing of IBIL system combined with the proton beam writing system on 3 MeV single-ended accelerator for

optics is available for obtaining photon signals with a
wavelength range from 300 to 650 nm. The mean optical
throughput of the monochromator was calibrated using a
standard lamp. The detection efficiency of the whole optics
for IBIL was assumed to be approximately 20% from the
optical throughput of the monochromator, the geometrical
efficiency of the lens, and the quantum efficiency of the
photomultiplier.”? It does not have a high efficiency,
however, the basic function of the IBIL system was well
characterized with a high intensity of IBIL from CVD
diamond.

3. Results and Discussion

As expected, orange IBIL was observed from CVD diamond
when a 3MeV H™ microbeam was irradiated onto the target
with a current of approximately 100pA. A highly intense
luminescence was first observed even with general charge
coupled device (CCD) cameras and decayed very quickly as
irradiation progressed. Then the measurements of IBIL were
performed in two different steps: (1) continuous observation
of IBIL in PBW and (2) IBIL imaging of PBW patterns
during postirradiation of PBW in CVD bulk diamond crystal
using the same microbeam probe of 3MeV H*.

Micrometer-sized PBW patterns were drawn on CVD
diamond using the proton microbeam with a scanning
area of 800 x 800 um?. The total fluence was controlled
by changing the irradiation time of the proton microbeam
with a fixed beam current of 100 pA. The number of IBIL
photon signals was counted in each time division after the
irradiation was started. Then, the whole area of interest was
scanned with a beam current under 1 pA to obtain an IBIL
image of PBW patterns on diamond.

3.1 Continuous observation of IBIL

During PBW patterning, IBIL photons were continuously
observed with a photomultiplier in the photon-counting
mode. The intensity of this luminescence was strongly
damped during the irradiation. The decay in the pulse height
distribution of monochromatic IBIL at a band of approxi-
mately 500 nm was obtained, as shown in Fig. 2. The photon
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Fig. 2. (Color online) Decay trend of IBIL continuously measured in the
pulse height spectrum of IBIL photon counts at the specific wavelength of
diamond a-band emission.

counting rates of the PBW patterned area were changed to
8500, 1000, and 100cps by changing the total fluences
to 0.1, 1.0, and 10 pC/um?, respectively. This is clearly seen
in the relationship between the IBIL count and the total
fluence, as shown in Fig. 3. This linear correspondence
between the photon count of IBIL and the total fluence
plotted on a logarithmic scale showed us that the intensity of
IBIL can be used as an indicator of the total fluence
introduced in the area of interest.

3.2 IBIL imaging of PBW patterns on diamond

2D IBIL images were then obtained in the postirradiation of
PBW. Figure 4 show the IBIL and optical microscopy
images of the PBW pattern with circles and lines with total
fluences of 0.1, 1.0, and 10 pC/um?, respectively. The decay
of IBIL was obtained during PBW. Thus, the images of IBIL
can reveal the pattern of the structure with a contrast of
photon counts. For the IBIL observation, the beam current
was limited to under 1 pA to prevent damage to the patterns.
Every circular pattern in PBW was well visualized from the
result of IBIL imaging shown in each figure. It represents
different contrasts of circular patterns with different total
fluences.

An optical image of the patterns was also obtained by
optical microscopy. Patterns of circles and lines for fluences
of 1.0 and 10 pC/um? were observed, but not for a fluence
of 0.1pC/um?. PBW processing was observed as visible
changes in the crystal when the total fluence reached 1.0 pC/
um?, which corresponds to an IBIL count rate of
approximately 1000 cps.

Another PBW irradiation procedure was carried out with a
test pattern of jigsaw-puzzle-like shapes, as shown as the
example in Fig. 5. From the resulting optical image, the
irradiation was successfully printed on a CVD diamond
wafer at the same scale. The irradiation process was
executed with a 3MeV proton microbeam with a total
fluence of approximately 1.0 pC/um?. Figure 6 shows two-
dimensional IBIL images obtained with three different sizes
with resolutions of 100 x 100, 200 x 200, and 800 x 800
um? and with scanning spot resolutions of 0.78, 1.56, and
6.25 um/pixel, respectively. This test pattern was designed
to simulate a practical case of process using shapes including
straight lines and quadratic curves. The results of optical
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Fig. 4. (Color online) Images of test patterns of lines and circles with
optical microscopy image and expanded IBIL images of each circle:

(a) PBW test pattern of lines and circles with different total fluences,

(b) Optical microscopy image of the test pattern of lines and circles, and
(c) Expand IBIL images of the circles in the test pattern with different total
doses.

imaging and IBIL imaging were obtained assuming that a
single pixel of test patterns was well designed on the
diamond with vertical and horizontal sizes of approximately
50 um, the same as that of pattern designs.

3.3 Comparison of result with calculation result of TRIM
code

The structural change of diamond occurs when atoms of the

crystal are displaced by the irradiation of protons that cause

© 2012 The Japan Society of Applied Physics

197



Jpn. J. Appl. Phys. 51 (2012) 06FB07 W. Kada et al.
= ___ 3MeV Hinto Diamond
2 b
g Lol |
€ 10 L
Pl E
5 | |
& o1 F| |
c ' E a |
2 E
2 001 . |
3 |
2 o0 L |
0 25
50 75
Range d[,um] 100
Fig. 5. (Color online) Optical microscopy image of 2D test pattern of
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(Color online) IBIL images of the test pattern of PBW on

damage to the bonds, thus causing a marked decrease in
luminescence, observed only in the irradiated area. From the
experimental result, the formation of irradiated layers was
observed by optical microscopy when the IBIL image
showed contrast in photon-counting signals under 1000 cps
with a total fluence of approximately 1.0 pC/um?. The depth
of the PBW patterns was approximately 45 um according to
the focal point of the optical microscopy image shown in
Fig. 7. This matched the end terminal of energy-deposition
distribution known as the Bragg peak in the figure of the
calculation result of the Monte-Carlo code of TRIM.>”
The TRIM simulation was also used for the estimation of
the fluence needed for the modification. The number of
vacancies created in diamond was estimated to be 24
vacancies/ion, using the code with a full cascade collision
model. If the modification of the crystal structure of diamond
occurred only with the displacement of the carbon atoms of
the crystal, the total fluence should have been approximately
1.5nC/um?, which is the fluence required to generate a
single displacement in each crystal structure of diamond
distributed in the cylindrical volume of the ion range. Then
we treat the linear energy transfer (LET) on the crystal as
thermal energy to break the bonds of atoms, the displace-
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optical microscopy images with focused point at corresponding depths.

ment energy of which was found to be 28 eV. The crystal
change occurs with 10° bonds/ion by dividing the LET of
3MeV H' by the energy threshold in the Bragg peak region.
From this calculation, the requirement of total fluence drops
to approximately 25pC/um?, which is similar to the
experimental result shown in the region covered by the
relation in Fig. 3. From the comparison of the experimental
results with the calculation results, it is assumed that the
crystal structure of diamond should be proportionally
changed with the energy transfer of ion-electron collisions
and should not be related to ion-atomic collisions or the
displacement of atoms in crystals.

4. Conclusions

A new in situ diagnostic and observation technique for PBW
on diamond was developed by installing a simple optic
system of IBIL in a microbeam facility of the single-ended
accelerator at TARRI, JAEA. The luminescence induced by
a proton microbeam was continuously observed during PBW
on diamond. 2D IBIL imaging of patterns on diamond was
achieved during PBW using a 3MeV proton microbeam.
The results suggest that IBIL signals are strongly related
to the irradiation area of the proton microbeam. Thus the
proposed technique would be an effective tool for the
diagnosis of PBW on diamond.
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OPTICAL COUNTING OF TRAPPED BACTERIA IN DIELECTROPHORETIC
DEVICE WITH PILLAR ARRAY
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ABSTRACT— The development of rapid, accurate and simple screening system is essential in
actual processes for large-volume water treatment from a standpoint of recent strict regulations. In
the present work, we newly produced a dielectrophoretic device with three dimensional
microstructures and sophisticated microchannel to trap and detect bacteria efficiently. We measured
the luminous area and intensity of stained bacteria in the gap between electrodes, and estimated the
number of trapped bacteria quantitatively. The dependence of the trapping efficiency of bacteria on
flow velocity was also discussed.

Key Words: dielectrophoresis, microdevice, bacteria, pillar array, proton beam writing, fluorescence
spectroscopy

1. INTRODUCTION

Recently, serious biological problems have been remarkable such as the spread of infection diseases
and the contamination of water sources because of the emergence of drug-resistant strains of bacteria.
Therefore, further strict control has been required for water quality. The world health organization (WHO)
has revised the guideline of water-drinking quality to take account of new developments in risk assessment
and management [1]. However, the inspection standard requires significant increase in the frequency of
bacterial detection. It is certain that the development of rapid, accurate and simple screening system is
essential in actual processes for large-volume treatment system. Instead of conventional biological methods
with culture-based colony counting, various new techniques have been developed such as optical,
electrochemical, and biochemical methods [2, 3]. In particular, an electrical scheme applying
dielectrophoresis (DEP) is one of most attractive methods. DEP is a phenomenon of electrokinetics, i.e., the
motion of a neutral particle under non equivalent electric field [4]. DEP is available to detect bacteria by
counting the number of bacteria connected in series from the edge of electrode. The quantitative value per
minute was defined as dielectrophoretic collection rate [5]. Then, Talary and Pethig performed the optical
detection of bacteria in the gap between electrodes [6]. Moreover, Alsopp ef al. [7] and Suehiro et al. [8]
measured the electrical impedance between electrodes for quantitative estimation of bacteria in suspension.
Although DEP methods have realized rapid and simple detection of bacteria mentioned above, DEP force
decreases significantly with an increase in the distance from electrode. It is because that the distortion of
electric field weakens far away from the electrode. Thus, we have fabricated high-aspect pillar array in the
gap between electrodes of a DEP microdevice using proton beam writing (PBW) [9] and verified that
trapped bacteria could be multilayered through numerical and experimental approaches [10, 11]. In the
present work, we newly produced a DEP device combining the three dimensional structures with
sophisticated microchannel. For the device, the flow rate in trapping area of bacteria was also accurately
controllable. Thus, we measured the luminous area and intensity of stained bacteria in the electrode gap,
and estimated the number of trapped bacteria quantitatively. Moreover, we discussed the dependence of the
trapping efficiency of bacteria on flow velocity.

2. MATERIALS AND METHOD

2.1 Bacteria and chemicals

In order to investigate the collection characteristics of microorganisms in the present DEP device, we
adopted Escherichia coli (E. coli). E. coli were cultured on a standard agar medium during 24 hours at 35
degree Celsius. Next, the bacteria were purified twice by centrifugal separator (CN-2060, HSIANGTALI).
The separation condition per one process was 6000 rpm x 10 min. In addition, the bacteria were stained by
a fluorescence reagent (SYTO™9, Molecular Probes). SYTO™9 is a cationic fluorescence reagent staining
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greenly with the nuclear acid in a cell. The bacterial suspension was prepared by mixing scrubbed bacteria
in sterilized solution. 0.15 M D-mannitol was dissolved in the solution to reduce the osmotic pressure
gradient between cell and medium. The conductivity was 0.1 mS m™ measured by multi water quality
meter (D-54, Horiba). The concentration of bacteria was set to be 5 x 10’ CFU ml™.

2.2 Dielectrophoretic device

Figure 1 shows the appearance of the present DEP device. The device consists of three main parts
such as basal plate with microelectrodes, cover plate with microchannel and plate holder. The dimension of
basal plate is 60 mm (L) x 20 mm (W). The chromium electrodes were deposited on the glass plate. The
electrode width is 5 mm and the gap length is 200 um. The pillar array in the gap between electrodes was
arranged as shown in figure 2. The pillars were patterned using PBW technique. PBW is a direct
lithographic process using focused beam of MeV-protons. The focused proton beam has some advantages
as low scattering, energy controllability, and photo-mask free for fabrication of high-aspect-ratio structures.
The present process was applied to exposure of a negative photoresist (SU-8) layer using a dedicated PB
writer at the Center for Flexible Micromachining (CFM), Shibaura Institute of Technology.

Figure 1. Photograph of the present dielectrophoretic device. (a) basal plate with microelectrodes,
(b) cover plate with microchannel, and (c) plate holder.

Figure 2. SEM image of pillar array in the gap between electrodes. The diameter, height and pitch of
a pillar are 3, 10 and 12 um, respectively.
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The beam energy was set to be 1.0 MeV. The beam was focused down to 1.3 x 1.3 pm?, which was
estimated from the secondary electron image of a Ni mesh. The diameter, height and pitch of a pillar are 3,
10 and 12 pm, respectively. The cover plate was made of flexible polydimethylsiloxiane (PDMS).
Therefore, this plate can be self-attached to the basal plate. A microchannel and flow ports were molded on
the plate. The dimension of microchannel is 55 mm (L) x 2.4 mm (W) x 0.1 mm (H). The plate holder
clamps both plates simultaneously. In addition, the holder plays a role to connect the electrode terminals to
a power supply, and the flow ports to a tube pump.

2.3 Fluorescence measurement apparatus

For achievement of the present attempt, it is essential to trap E. coli by dielectrophoresis and to detect
the bacteria by fluorescence spectroscopy, simultaneously. Figure 3 shows the schematic of experimental
equipments used in the present work. This measurement system is composed of voltage control, bacterial
circulation, and optical detection units, respectively. The electrode terminals of DEP device were connected
to a digital function generator (AFG3022, Tektronix) as a power supply. The amplitude and waveform of
applied voltage were monitored using a digital oscilloscope (FLUKE123, FLUKE). The bacterial
suspension was transported from a reservoir to the microchannel of DEP device by a peristaltic pump
(PSMO050DA, Advantec). Biological microscope (LV-100DA, Nikon) and CCD camera (DS-2Myv, Nikon)
were mounted for monitoring and recording the behavior of bacteria. The microscope incorporates a filter
block (B-2A, Nikon) for fluorescence observation. In addition, a spectroscopic equipment (S-2630, Soma
Kogaku) was directly connected to the microscope.

PC with

E.Coli Suspension

Figure 3. Schematic of the present experimental apparatus. This system is composed of voltage
control, bacterial circulation, and optical detection units, respectively.

2.4 Experimental procedure

The experimental procedures for the trapping of stained bacteria and the measurement of fluorescence
area and intensity are as follows. At first, the bacterial suspension was circulated sufficiently until the flow
of suspended bacteria becomes stable. Next, the voltage was applied to the electrodes. The voltage
amplitude and frequency were 56.2 V and 50 kHz, respectively. Then, the digital image of trapped bacteria
was recorded each 3 minutes. The number of trapped bacteria was deduced from dividing total fluorescence
area by average size of E. coli as 2 x 0.5 um. On the other hand, the fluorescence intensity was measured
each 1 minute using spectrometer. In order to avoid the degradation of fluorescence reagents, the exposure
of excitation light was shielded except for the measurement operations. Moreover, the experimental time
was limited to be in 10 min to eliminate the influence of bacterial propagation.
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3. RESULTS AND DISCUSSION

Figures 4 and 5 show the spatio-temporal change of E. coli trapped in the gap between electrodes. The
flow velocity of suspension was set to be 2.31 cm s™. It is clear that the bacteria were firstly captured
around pillars and bacterial chains were formed along the gap. The pillars were made of SU-8 mainly
composed of epoxy resin. Since the relative dielectric constant (~ 4.0) is much smaller than that of water
medium (~ 80), non equivalent area of electric field could be generated around the pillars. Therefore, DEP
force effectively acted on bacteria even in the center of electrode gap. According to time evolution,
bacterial chains increased gradually from upstream to downstream. Under the present conditions for
treating time and throughput, the capture area of downstream was not saturated perfectly by bacteria.

Figure 4. Time evolution of trapped bacteria in upstream of the microchannel at the flow velocity of
231cms™. (a) 5 min and (b) 10 min.

Figure 5. Time evolution of trapped bacteria in downstream of the microchannel at the flow velocity
of 2.31 cm s™. (a) 5 min and (b) 10 min.

In general, the condensation situation of bacteria strongly depends on the flow velocity of suspension
medium in the microchannel. We counted the number of trapped bacteria quantitatively by an image
analysis of photo luminous area. Figure 6 shows the influence of flow velocity on the horizontal
concentrated volume of E. coli. Under low velocity condition such as 2.31 cm s™, the trapping number of E.
coli reached to 2.6 x 10* cells in measurement area at maximum. The trapping number at upstream is two
times larger than that in downstream area in 3 minutes after the beginning of treatment. Since the trapping
efficiency at upstream is high, the feed rate of bacteria should decrease at downstream. In 10 minutes, the
ratio of difference becomes below 20 % because the feed rate at downstream increased with a decrease in
the trapping efficiency at upstream. At middle range of flow velocity as 4.63 c¢m s™', trapping number of
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bacteria at upstream was almost same as that at downstream. On the other hand, the condensation of
bacteria around pillars hardly occurred over 6.94 cm s™. This result suggests that DEP force became
smaller than drag force for microparticles. Consequently, the trapping number in 10 minutes was only 20 %
in the case of 2.31 cm s™'. As is shown in figure 7, the time change in fluorescence intensity has different
tendency from that in fluorescence area. In 10 minutes, the intensity in upstream area became 3 times as
that in downstream area at a flow velocity of 2.31 cm s™'. In spite of saturation of horizontal propagation of
bacteria after 5 minutes, the intensity increased linearly with time through 10 minutes. This result indicates
the present DEP device has high performance for trapping effect of bacteria at vertical direction.

—s— upstream 2.31 X 10_2 m/s
—a— upstream 4.63 X 10_Z m/s
—e— upstream 6.94 X 10_Z m/s
- downstream 2.31x 102 m/s
30000

downstream 4.63x 1072 m/s

o~ downstream 6.94% 1072 m/s

25000
2 /. "D
20000 S

15000

10000

Concentrated volume [cells
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Figure 6. Time dependence of horizontal concentrated volume of E. coli at upstream and
down1stream of the microchannel. The present flow velocities are selected to be 2.31, 4.63 and 6.94
cms .
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Figure 7. Time dependence of vertical concentrated volume of E. coli at upstream and downstream
of the microchannel. The present flow velocities are selected to be 2.31, 463 and 6.94 cm s
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4. CONCLUSION

In the present work, we fabricated new DEP device with high-aspect ratio pillar array and accurate
microchannel, and confirmed that DEP force effectively acted on bacteria around the pillars as well as the
previous device. The dependence of the trapping volume of stained bacteria on flow velocity was
investigated quantitatively. At a flow rate of 2.31 cm s™', the maximum trapping number of E. coli reached
to 2.6 x 10* cells in measurement area. The trapping number at upstream was two times larger than that in
downstream area in 3 minutes after beginning of treatment. On the other hand, the condensation of bacteria
was hardly generated around the pillars at 6.94 cm s™'. It is certain that there is a threshold related to the
balance between DEP and drag forces for microparticles. Investigations under various conditions should be
required with numerical analyses. The horizontal propagation of bacteria was almost saturated after 5
minutes under the present condition. On the other hand, the fluorescence intensity increased linearly with
time at 2.31 cm s”'. This result indicates the present DEP device has high performance for trapping effect of
bacteria at vertical direction.
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Abstract. Proton beam writing (PBW) has attracted much attention recently as a next-generation
micro-fabrication technology. It is a direct-drawing technique and does not need any masks to transfer
micro-patterns to sample surfaces. In addition, the refractive index of a poly(methyl methacrylate)
(PMMA) can be increased by proton-beam irradiation. In this study, we fabricated the first
1.5-um-band single-mode, straight-line waveguides and Y-junction waveguides consisting of PMMA
layers using the PBW technique.

Introduction

Proton beam writing (PBW) has recently attracted much attention as a next-generation
micro-fabrication technology. It is a direct-writing technique and does not need any masks to transfer
micro-patterns to the surfaces. PBW makes three-dimensional processes easier and provides higher
processing throughput than other techniques such as electron-beam (EB) lithography [1-3].

Furthemore, the importance of planar polymer optical waveguides is recently increasing in fields
such as optical fiber telecommunication and optical interconnection. Optical waveguides can be
directly drawn in poly(methyl methacrylate) (PMMA) using the PBW technique because the
refractive index of a PMMA can be increased by proton irradiation [4]. T. C. Sum et al. demonstrated
PMMA optical waveguides drawn by proton-beam irradiation [5-7]. However, their working
wavelength (L) was 633 nm, in the visible range.

In this paper, we demonstrate the first single-mode, straight-line waveguides and Y-junction
PMMA-based waveguides fabricated using the PBW technique and working at A=1.55 um for
long-haul optical-fiber telecommunication systems. Single-mode waveguides and Y-junctions are
important components for constructing Mach-Zehnder interferometer (MZI) type thermo-optic
switches [8].

Fabrication and Evaluation of Straight-Line Waveguides

A 15-pum-thick Si0O, film was deposited as an under-cladding on an Si substrate (20 mm % 20 mm
x 0.5 mm') using a radio-frequency magnetron sputtering apparatus (ULVAC, SH-350-SE). A
PMMA (Microchem, 950A11) film was spin-coated onto the SiO; film at 1350 rpm for 30 sec. The
sample was then baked at 120 °C for 2 min. We repeated these processes twice, so the total thickness
of the PMMA film became about 10 um. The refractive index of the SiO, film was measured to be
1.440 and that of the PMMA film to be 1.485 at A=1.55 um using a prism-coupling system (Metricon,
Model 2010).

All rights reserved. No part of contents of this paper may be reproduced or %aqg‘nitted in any form or by any means without the written permission of TTP,
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We drew straight-line waveguides in the PMMA film by using a 3-MV single-ended accelerator in
the Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) of the Japan Atomic
Energy Agency. The proton (H") beam energy was 1.7 MeV, and the beam current was around 60 pA.
The beam diameter was focused to about 1 pm and the total dose was set to 200 nC/mm?. We drew
seven parallel-line waveguides having widths (w) of 4, 6, 8, 10, 12, 14, and 16 um at the same time
onto a sample by controlling both H" beam scanning and stage translation. All waveguides were 15
mm long. It is very difficult to measure the refractive index of their cores because the H'-beam
irradiated areas are too narrow to measure using a prism-coupling system. We therefore estimate the
refractive index to be 1.488 from Ref. [4]. A 10-um-thick PMMA film was deposited again on the
sample as an upper-cladding by spin-coating under the same conditions as the first PMMA layer. Fig.
1 schematically depicts the cross section of our waveguides.

Si0, Cladding
(n~1.440)

Fig. 1 Schematic of the cross section of our waveguides.

Straight-line
Waveguides
A=1.55 um Microscope J
(TE wave) S; 7 -)
— s
X70
SMF  sample IR Camera PC

Fig. 2 Experimental setup for observing of NFPs.

We cleaved both sides of the sample in order to observe near field patterns (NFPs) of the
waveguides. Fig. 2 illustrates the experimental setup for observing NFPs. We used a tunable
wavelength laser (SANTEC, ECL-210) and a vidicon camera (Hamamatsu Photonics Ltd.,

C2741-03). The laser wavelength was set to 1.55 um, and light was injected through a single-mode
fiber (SMF) into the cleaved edges of the waveguides.
w=8 um at A=1.55 um. Its mode-field diameter
(MFD) was almost 10 um. This is almost the same
as the measured MFD of the SMF (vertical
dimension: 9.8 um, horizontal dimension: 10.5
um). It is therefore considered that the coupling
loss between the waveguide and the SMF is low.
We also regarded it as a single-mode waveguide
(a)

was observed but any higher-order modes were not  Fig. 3 NFPs of straight-line waveguides. (a) A
observed from it when the excitation condition fundamental mode (w=8 um) and (b) a
was changed. All waveguides were evaluated by higher-order mode (w=10 pm).
the same method, and we found that waveguides with w=4, 6, and 8 um were single-mode
waveguides and waveguides with w=10, 12, 14, and 16 um were multi-mode waveguides. Fig. 3(b)
shows the NFP of a higher-order mode of the waveguide with w=10 um.

We thus succeeded in fabricating the first single-mode, straight-line waveguides for A=1.55 um by

Fig. 3(a) shows the NFP of the waveguide with
because a fundamental mode shown in Fig. 3(a) (b)
using the PBW technique.

207



Key Engineering Materials Vol. 497 149

Fabrication and Evaluation of a Y-Junction Waveguide

The fabrication process and the cross section of a Y-junction waveguide are almost the same as for
the straight-line waveguides mentioned above, but the H" beam current and the total dose were set to
10 pA and 100 nC/mm?, respectively. We drew a Y-junction waveguide with w=8 pum in order for it to
work as a single-mode waveguide, and we set its branching angle to 2° in order to obtain a low
branching loss.

Fig. 4 presents a microscopic image of the Y-junction waveguide. We succeeded in drawing an
objective Y-junction using the PBW technique. Fig. 5 shows an NFP and an optical-power profile of
the Y-junction waveguide at A=1.55 um. Two spots were observed with an intensity ratio between
them of 1:0.96. We thus found that this Y-junction can divide the light of A=1.55 um almost in a 1:1
ratio.

Core
(w~8 um)

- eegid

— >

100 um Propagation Direction

Fig. 4 Microscopic image of the Y-junction waveguide with a branching angle of 2°.

Fig. 5 NFP (upper side) and optical-power profile (lower side) of the Y-junction waveguide.

Summary

We fabricated the first single-mode, straight-line and Y-junction PMMA waveguides for the
1.5-um band using the PBW technique. We found that our waveguides having w < 8§ um were
single-mode waveguides at A=1.55 um. We also demonstrated that our Y-junction can divide the light
of A=1.55 um almost in a ratio of 1:1. Such single-mode waveguides and Y-junctions are important
components for constructing MZI type thermo-optic switches for optical-fiber telecommunication. As
the next step to realize this type of optical switch, we are trying to fabricate MZI type waveguides by
symmetrically coupling two Y-junctions using the PBW technique.
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Proton beam writing (PBW) was applied for micromachining of a PMMA mother for Ni electroforming.
Proton beam focused down to about 1 pm at beam energy of 1.0-3.0 MeV was used for PBW on a PMMA
layer on Si or Cu substrate. Using modified techniques for developing of 15-30-um thick resists exposed
to PB and electroforming steps, fabrication of the Ni structures with aspect ratio up to 30 by electroform-
ing with a 30-um thick PMMA mother micromachined by PBW was successful. We also tried thermal
imprint using a 15-um thick Ni microstructure on Cu substrate with an aspect ratio of more than 4 on

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the fabrication techniques of microstructures in
the field of micro-electromechanical systems (MEMS) are making
progress toward devices with three dimensional structures with
high aspect ratio [1]. Widely used technique is a deep reactive
ion etching (DRIE) technique combined with a conventional lithog-
raphy technique for silicon molds for nano-imprint lithography
(NIL) [2,3] and through silicon via TSV technique [3,4].

Proton beam writing (PBW) is a direct-write technique using fo-
cused beam of MeV protons. The PBW has several advantages in
comparison with conventional techniques such as UV and EB
lithography [5]. We can expose and develop typical resists such
as PMMA and SU-8 to fabricate high-aspect-ratio structures with
thickness of several tens of micrometers [5,6]. We have previously
reported on the trial to perform Ni electroforming using PMMA
microstructures by PBW [7], but it has been only successful for
the structures with aspect ratio of less than 5 for the film with a
thickness of 5 pum.

The electroforming is a technology used to make the minute
metal structure. Since the deposition rate of metal is controlled
at an atomic level by the cathode current density, the electroform-
ing is a suitable technique for fabricating microstructures for im-
print lithography [8].

In this paper, we report processes to manufacture high-aspect-
ratio Ni molds which can be realized by the PBW technique com-

* Corresponding author. Tel.: +81 3 5859 8217; fax: +81 3 5859 8201.
E-mail address: nishi@sic.shibaura-it.ac.jp (Y. Tanabe).
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bined with electroforming. By introducing modified techniques,
Ni microstructures with a thickness up to about 30 pm were fabri-
cated. Two processing issues in the development of the thick
PMMA and the electroforming of Ni will be addressed.

2. Experiments

Fig. 1 shows the process flow of fabricating a Ni mold using 15-
or 30-pum thick PMMA mother, including (a) PBW of PMMA layer
on Si or Cu substrate to make spin coating for patterning line and
(b) Ni electroforming using an electrolyte with composition of
nickel sulfamate (Ni(SO3NH,),-4H,0) and boric acid (H3BOs). As
shown later, the Cu substrate is used for thick PMMA in order to
obtain the bottom-up growth of Ni. For the use of the microstruc-
tured Ni as a mold for imprint lithography, a surface treatment
with EBAVATE-V37 (acid activator for copper) was performed to
remove the oxide surface on the Cu substrate for improved adhe-
sion of Ni.

Proton beam writing was performed at beam energy of 1.0 or
3.0 MeV, respectively, using a dedicated PB writer at the Center for
Flexible Micromachining (CFM) and a microbeam line at the Takasa-
ki Ton Accelerators for Advanced Radiation Application (TIARA),
JAEA [9]. Exposure was made with a proton beam focused down to
1.1 x 1.1 um? at beam current of 10 pA. The fluence was 150 or
500 nC/mm? depending on the thickness of PMMA. After the expo-
sure, the PMMA was developed with IPA-water solution (7:3) and
rinsed in purified water [6,7]. Effects of ultrasonic agitation at a fre-
quency of 40 kHz with a power of 55 W were also investigated.
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PMMA layer
onSiorCu
substrate

Beam Writing Development

() PBW on PMMA

Ni electroforming Polishing Removal of PMMA

(b) Ni mold by electroforming

Fig. 1. Typical fabrication processes of a PMMA mother by PBW and a Ni mold by
subsequent electroforming on Si or Cu substrate by (a) proton beam writing on
PMMA for a mother, and (b) Ni electroforming using an electrolyte with compo-
sition of nickel sulfamate, respectively. For the use of Si substrate, a seed layer for
electroforming must be formed after development by Au sputtering.

Electroforming deposition rate of Ni was controlled by cathode
current density at 40 A/m? and the deposition time was 6 h [8].
After the electroforming, PMMA mother was removed using ace-
tone by ultrasonic agitation. The microstructured surfaces of the
PMMA and Ni were observed by scanning electron microscope
(SEM, Shimadzu, SSX-550). For observation of the cross section,
the Ni microstructure was sputtered by a focused ion beam (FIB,
HITACHI FB-2000A) using Ga* ions [7].

Thermal imprint was performed on 180-pum thick PMMA film
using LTNIP-5000 at 140°C with a pressure of 2.2 x 10* and
8.9 x 10* N/m? at the Litho Tech Japan Corporation.

3. Results and discussion

Fig. 2 shows the cross-sectional SEM images of the lines written
on the 30-um thick PMMA on Si by PBW at beam energy of
3.0 MeV with a fluence of 150 and 500 nC/mm?. At fluence of
150 nC/mm? shown in Fig. 2(a), the lines were not resolved and
residue remains inside PMMA. Since such residue was not ob-
served for 5 um PMMA in the previous report [7], we ascribe the
residue to the increased thickness of the PMMA of 30 um, or the
aspect ratio of around 10.

To promote the development of the thick PMMA, we increased
the fluence to 500 nC/mm?. Then, the lines were resolved well, as
shown in Fig. 2(b). The improved result can be understood in terms
of the effect of increased PB fluence to promote the chain scission
of the PMMA molecules and further dissociation by developer,
thereby no residue remain inside the lines.

While the increased PB fluence was found to be effective, it is
more practical in terms of the throughput, or the writing speed
to achieve a successful development at lower PB fluence. Therefore,
we also studied the effects of ultrasonic agitation on the develop-
ment of high-aspect-ratio PMMA structures. Fig. 3 shows the sen-
sitivity curves of the lines and spaces written on the 15-pum thick
PMMA mother on Si by PBW (1.0 MeV), with and without ultra-
sonic agitation. For both cases, the sensitivity curve does not exhi-
bit simple decaying curve but with additional shoulders, indicating
that the development process is not only reaction limited. As we
found residue stuck inside PMMA in Fig. 2(a), the development
process can be limited by other factors such as diffusion of the dis-
solved PMMA. With ultrasonic agitation, the fluence at the remain-
ing thickness of 50% decreased from 150 to 90 nC/mm?, so that the

(a) Fluence of 150 nC/mm?

(b) Fluence of 500 nC/mm?

Fig. 2. Cross-sectional SEM images of the lines on a 30-pum thick PMMA on Si
substrate by PBW at 3.0 MeV with a fluence of (a) 150 nC/mm? and (b)
500 nC/mm?. The cross sections were revealed by additional PB exposure with a
squared pattern across the lines.

20 T T T

O with ultrasonic agitation
—&—without ultrasonic agitation

Remaining PMMA thickness [um]

S 'O‘O~Q

0 1 1
0 50 100 150 200

Fluence [nC/mm?]

Fig. 3. Sensitivity curves obtained for 15-um thick PMMA after exposure by PBW at
1.0 MeV with a fluence of 70-150 nC/mm?. The solid and dotted lines, respectively,
indicate results with and without ultrasonic agitation during development. For
development without ultrasonic agitation, the sample was immersed only in the
developer for 40 min. The one with ultrasonic agitation is subjected to conventional
development for 20 min, which was accompanied by subsequent application of
ultrasonic agitation for 10 min.
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effective sensitivity seems enhanced. It has been reported [10,11]
that the development of PMMA exposed by PBW is initiated by
the diffusion of water into irradiated region and subsequent swell-
ing and dissolution into IPA. Therefore, the effect of ultrasonic agi-
tation can be understood by promoted removal and dissolution of
the swelled region of PMMA. As a result, the patterning by PBW
succeeded at lower PB fluence by ultrasonic agitation. However,
further trial to apply longer ultrasonic agitation for more than
10 min. was unsuccessful due to elevated temperatures and resul-
tant damage on the PMMA surface. Therefore, care should be taken
to minimize the effect of temperatures by the use of, for example,
megasonic agitation operated at higher frequencies around 1 MHz
[11].

Then, we fabricated Ni microstructures by electroforming using
the modified development techniques for thick PMMA described
above. The Ni structure by electroforming was made with a
15-pm thick PMMA mother on Si by PBW (1.0 MeV, 120 nC/mm?).
For electroforming, we first used a technique to form a seed layer
by Au sputtering after development, as previously reported [7].
However, the Ni structures formed on the 15-pm thick PMMA
mother were fragile due to defects inside in the form of voids and
even broken in the step of removal of PMMA mother in Fig. 1(b).
Fig. 4 shows the typical SEM image of Ni structures by electroform-
ing on a 15-um thick PMMA mother on a Si substrate with an
Au-sputtered seed layer by PBW at 1.0 MeV. The voids can be seen
inside the pillar structures.

Since the seed layer formed after development was successful
for 5-um thick PMMA mother [7], we should also take into account
the thickness of PMMA mother on electroforming. For a thicker
PMMA mother with a seed layer formed after development, the
growth of Ni from the bottom substrate can compete with the
growth from edged surface, where the current density is relatively
high. It is therefore expected that at thicker PMMA, the structure
can be covered with Ni grown from the edges before bottom-up
Ni growth is completed, so that the structure can end up with voids
inside.

We avoid this problem by introducing only the bottom-up Ni
growth with a seed layer placed only at the substrate. We have re-
placed the Si substrate with a 600-pum thick Cu substrate. This type
of seed layer only permits the bottom-up growth of Ni. Fig. 5(a)
shows a SEM image of the Ni structure by electroforming with a
15-um thick PMMA mother by PBW using the Cu substrate
(1.0 MeV, 120 nC/mm?). Fig. 5(b) shows the cross section of the
Ni structure which was revealed by the FIB milling. Despite with
the thickness of 15 pum, no voids can be seen inside the Ni
microstructure.

Fig. 4. The SEM image of Ni pillars by electroforming on a 15-um thick PMMA
mother on a Si substrate by PBW at 1.0 MeV. The seed layer for the Ni
electroforming was formed by Au sputtering after the development.

212

Using the Ni bottom-up growth technique, further trials to
make a higher-aspect-ratio Ni structure were performed with 30-
pm thick PMMA mother. Fig. 6 shows a SEM image of the high-as-
pect-ratio Ni line structure using 30-pm thick PMMA mother by

Fig. 5. SEM images of grid-and-circles patterned Ni structure by electroforming
with a PMMA mother on a Cu substrate by PBW at 1.0 MeV. (a) using 15 pm PMMA
mother Ni structure, and (b) the magnified cross-sectional image revealed by FIB
milling.

Fig. 6. SEM image of the 30-um thick Ni structure by electroforming with a high-
aspect-ratio PMMA mother with a thickness of 30 pm on Cu fabricated by PBW at
3.0 MeV (fluence: 500 nC/mm?).
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(a) 15-um thick Ni mold on Cu substrate

(b) PMMA surface thermally imprinted with a pressure of 2.2 x 10* N/m?

(c) PMMA surface thermally imprinted with a pressure of 8.9 x 10* N/m?

Fig. 7. SEM images of (a) a Ni mold electroformed with a 15-um thick PMMA
mother (PBW at 1.0 MeV), and the result of thermally-imprinted surface of 180-pum
thick PMMA film at 140°C with a pressure of (b) 2.2 x 10*N/m?, and (c)
8.9 x 104 N/m?.

PBW (3.0 MeV, fluence: 500 nC/mm?). Despite with the use of
thicker PMMA mother, the result of Ni electroforming was success-
ful with no voids in the cross section revealed by FIB milling as
shown in Fig. 6 by the bottom up electroforming process using
Cu substrate. The Ni sidewall roughness is smooth as expected
from the straight trajectory of MeV protons. The PBW technique,
coupled with the use of the modified development and electroplat-
ing techniques presented here, we can fabricate 30-pum thick Ni
microstructure with an aspect ratio up to 30. The result shows,
to our knowledge, the thickest Ni structure with the highest aspect
ratio ever made by PMMA mother using proton beam writing. The
results open up a new possibility of PBW for a fabrication tech-
nique of high-aspect-ratio molds for imprint lithography.

Finally, we made a trial to use the electroformed Ni as an
imprint mold. Fig. 7(a) shows a Ni mold electroformed with a

15-pm thick PMMA mother (PBW at 1.0 MeV). The top surface of
the Ni mold is rough, since the mechanical polishing step in
Fig. 1(b) was skipped. Fig. 7(b) and (c) show the SEM images of
the results of thermal imprint with the 15-pm thick Ni mold onto
a 180-pum thick PMMA film at 140 °C with a pressure of 2.2 x 10%
and 8.9 x 10* N/m?, respectively. With increasing aspect ratio from
1 to 4, imprinted PMMA structures show round-shaped edge and
surfaces with decreasing heights, indicating lower filling ratio of
the PMMA into the Ni mold during imprint process. In addition
to the pressure, we also expect improved pattern transfer by appli-
cation of higher temperature during the imprint process. By com-
paring the results of Fig. 7(b) and (c), a better quality of the
pattern transfer can be expected with application of higher pres-
sure for better filling of PMMA into the Ni pattern. Apart from these
detailed features, the transferred structures on the PMMA surface
reflect a smooth side surface of the mold fabricated by a PMMA
mother micromachined by PBW. We also note that the Ni mold
was not damaged even after several times of experiments by a
treatment on the Cu substrate before electroforming.

4. Conclusions

Proton beam writing was applied to micromachine PMMA
mothers of Ni electroforming for imprint lithography. Using
modified techniques for developing and electroforming steps,
fabrication of the Ni structure with aspect ratio up to 30 by electro-
forming with a PMMA mother up to 30 um micromachined by
PBW was successful. Coupled with the maskless feature of PBW,
the present results indicate that PBW has a pontential to make a
mold for imprint lithography with high aspect ratio. Although it
is still a preliminary result, we tried thermal imprint using a
15-pm thick Ni microstructure on Cu substrate with an aspect ratio
of more than 4 on a PMMA film.
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Since 1990 R&Ds of microbeam technology has been progressed at the TIARA facility of JAEA Takasaki.
In order to meet a wide variety of ion beam applications, analysis, radiation effect studies, or fabri-
cation in regions of micro- or nano-structures, three different types of ion microbeam systems were

Keywords: developed. In these systems, high-spatial resolutions have been achieved and techniques of micro-
lon microbeam PIXE, single ion hit and particle beam writing (PBW) were also developed for these applications.
T“,\RA Microbeams, on the other hand, require the highest quality of beams from the accelerators, the cyclo-
g/ilrllcgrlz_?ci;whit tron in particular, which was an important part of the microbeam technology of TIARA. In this paper,
PBW the latest progress of the ion microbeam technology and applications are summarized and a future

Accelerator

prospect of them is discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ion beams are a kind of radiation with a wide variety of param-
eters. TIARA, an ion accelerator complex of Japan Atomic Energy
Agency Takasaki, is a facility to provide a wide variety of ion beams
with high quality for the advanced fields of materials science, life
science and bio-technology [1]. Because an ion beam is a beam of
charged particles, it can be precisely manipulated and transported
to a region of interest of the target sample. lon microbeam technol-
ogy is a one of the ultimate techniques to control ion beams.

As George Legge reviewed in detail, the microbeam was started
as proton microprobe to perform spatially resolved elemental anal-
ysis combined with an ion beam analysis technique such as the
particle (proton) induced X-ray emission (PIXE) method in Harwell
since 1970s [2-4]. Since then, nuclear microprobes have been
mainly utilized for biological, medical, agricultural, semiconduc-
tors, geological or other fields in many universities or institutes,
who had electro-static accelerators to provide relatively stable pro-
ton beams with the energy range of 2-4 MeV adequate for PIXE
analysis [5-7]. In microbeam focusing, the stability of the ion beam
in energy and also in intensity is essential to obtain a high spatial
resolution with a sufficient current. Usually RF type accelerators
have not been used for this purpose of ion microbeam analysis,

* Corresponding author.
E-mail address: kamiya.tomihiro@jaea.go.jp (T. Kamiya).

0168-583X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2011.02.043

due to relatively wider energy variation of the beam, except for a
few examples only [8,9].

Since 1990s, heavy ion microbeam systems were started to be
constructed. Bernd Fischer at GSI, a pioneer in this area, established
a system to focus high-energy heavy ion beams with energies of
over several MeV/u in a large accelerator facility and also devel-
oped the single ion hit technique for the study of radiation re-
sponse of semiconductor devices or biological cell bombardment
by high energy single particles [10,11].

The study of radiation response requires a rather wide variety of
irradiation parameters, e.g. ion energy and also ion species, so as to
change the amount of linear energy transfer (LET) and the ion range
in the sample. Such parameters are most essential as well for the
characterization of single event phenomena in semiconductor de-
vices caused by the bombardment by an energetic single ion. Sandia
National Laboratory developed a heavy ion microbeam system on a
beam line of an electrostatic accelerator for space applications. As
Breese et al. mentioned in their review paper, single event phenom-
ena (SEP) were mainly investigated by ion beam induced charge
(IBIC) measurements on an ion microbeam system connected to a
heavy ion accelerator [12]. This analytical technique is a powerful
tool to reveal the behavior of charge generated by energetic particle
hits in microelectronics devices. In TIARA, SEP have also been stud-
ied by means of measuring high-speed transient current pulses in-
duced by single ion bombardment of the device, which is called
transient ion beam induced Current (TIBIC) [13,14]. It was essential
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for this technique to introduce a single ion hit as a trigger of the
measurement and to employ a high-speed digital oscilloscope to
analyze pico-second order short current pulses.

These works were successfully performed using heavy ions with
several MeV per nucleon energy which have a range of the order of
10 um in semiconductor devices. Then heavy ions of high energy
with a longer range in the device were required to examine the
behavior of charge generated in the bulk under the depletion layer
of the device. For this reason, the utilization of high-energy accel-
erators was demanded. Actually, practical space devices dedicated
for space use and commercially available ones to be used in space
environment were evaluated using the high-energy machines in
the world, such as the cyclotron at the Lawrence Berkeley National
Laboratory [15,16].

For biological sample irradiation experiments, the ion micro-
beam should be extracted to the atmosphere to bombard living
samples. In order to introduce some amount of radiation effect in-
side of biological cells or tissues, a range in water of several tens of
pm is required. In case of light ion bombardment, MeV accelerators
can be used for this purpose, but in case of heavy ions, aiming at a
high energy deposit by single ions, machines providing hundreds
of MeV are required for enough range [17-20]. A tandem machine
with a terminal voltage over 10 MV seems to be a good solution
like that of SNAKE at Munich [21].

On the other hand, ion beam lithography has been a major
application for MeV energy ion microbeams to fabricate micro/
nano structures with a high aspect ratio. The group of Frank Watt
at Singapore has led this technology [22]. They have established
the proton beam writing (PBW) technique using 2-3 MeV protons
or hydrogen beams with a spatial resolution of less than 100 nm.
Other groups, including ours, have begun to develop this technique
during this decade [23,24]. While a 2-3 MeV proton beam is suit-
able to expose photo-resists as does UV or as do electron beams,
other ion beams with different conditions, in energy and also in
ion species can also be a source of exposure. In a way different to
protons they can introduce sufficient energy for radiation pro-
cesses in the material. In fact, a single particle with a high LET
introduces enough energy to decompose polymers along the ion
track to create an etch pit. A so-called etch-pit membrane can be
produced in this way [25]. Conversely, in case of polymers in which
radiation induces cross-linking, nano-wires can be created after
development. The group of Shuhei Seki at Osaka University had

developed the single particle nanofabrication technique (SPNT)
and shown many successful demonstrations of nano-wire fabrica-
tion from polymers including proteins using the AVF cyclotron at
TIARA [26,27].

The microbeams at TIARA have been developed and progressed
on these backgrounds for two decades. This paper firstly summa-
rizes their technological performance followed by examples of
applications.

2. Microbeams at TIARA

In order to cover a wide variation of ion beam conditions re-
quired for applications, there are four different types of accelera-
tors at TIARA; the AVF cyclotron with a K-value of 110 (model
930, Sumitomo Heavy Industry), the 3 MV tandem accelerator
(9SDH-2, National Electric Corporation), the 3 MV single ended
machine (NC3000B, Nisshin High Voltage), and the 400 kV ion im-
planter (NH-40SR, Nisshin Electric).

Microbeam systems were installed on three of these machines at
TIARA; the light ion microbeam system on the 3 MV single-ended
machine [28], the heavy ion microbeam on the 3 MV tandem [29],
and the high-energy heavy ion on the AVF cyclotron [30]. Charac-
teristics, performances and purposes are summarized in Table 1.

2.1. Light ion microbeam

The light ion microbeam system was designed to achieve the
highest spatial resolution for microbeam analyses using 2-3 MeV
proton or helium beams. Aiming to reduce aberration effects in
microbeam focusing, chromatic aberration in particular, the sin-
gle-ended accelerator was specially designed to have a high volt-
age stability [31]. The system was designed for micro-PIXE
analysis at first, but was currently utilized for PBW, too. Each re-
quired a dedicated end-station to be mounted independently on
the same microbeam lens system. For the micro-PIXE, the end-sta-
tion was designed to analyze small biological samples attached to
thin polymer films that act as vacuum windows with a diameter of
1 mm [34]. For PBW, the end-station was equipped with a X/Y-
stage in vacuum, driven by ultrasonic motors with a positioning
accuracy of 10 nm and a total travel range of 40 mm (US80-S, Ca-
non). This allows manipulating targets with a very high precision

Table 1

Technical parameters and fields of application for the microbeam systems at TIARA.
Microbeam system Light ion Heavy ion High-energy heavy ion
Establishment year 1994 1992 2007
Accelerator 3 MV single-ended 3 MV tandem AVF-cyclotron (K=110)
Available ions H, D, He H, He, C, N, O, ...Au, Ne, Ar, C,
Energy (MeV) 0.5-3.0 MeV E=V(1+Q); V: 1-3MV* 260, 520, 220, respectively

Special features of accelerator High-voltage stability: 10°

Focusing lens Doublet Q
Demagnification 12 x 60
Beam line direction Horizontal
Minimum beam size (FWHM) >0.2 pm
Current at the minimum size <10 pA

Special features of microbeam In-air irradiation

Micro-PIXE
PBW

Application tools

Application

Micro-fabrication

Micro analyses (Biology, medicine, dental, material)

High-magnetic field stability: 10~
Flat top acceleration®

Wide variety of ions

Doublet Q Quadruplet Q

4.6 x 16 5x5

Horizontal Vertical downward

>0.5 um >0.6 um

<1pA <0.1 pA

Single ion hit Single ion hit
In-air irradiation

TIBIC TIBIC

PBW Cell irradiation
PBW

Single event upset study Single event phenomena
Bystander effect

Micro-fabrication Micro-fabrication

¢ E: energy of ion (MeV), Q: positive charge state of accelerated ion, V: terminal voltage of the tandem machine (MV).

b Refer to [33].
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to expose target areas of more than 10 mm square in combination
with microbeam scanning.

In the future, another dedicated beam line will be required
especially for PBW, in order to make the best use of the perfor-
mance of the light ion microbeam system.

2.2. Heavy ion microbeam

The heavy ion microbeam system was the first machine of
TIARA established in 1992. The highest spatial resolution of 1 um
FWHM was achieved in the performance test with 15 MeV nickel
ions at a current in the pA range. The problem of alternating stray
magnetic fields around the beam line at that stage was eliminated
by a magnetic shield on the beam line. Then accurate beam posi-
tioning and the single ion hit system were established and the
sample stage at the end station was dedicated to perform TIBIC
experiments on simple structured semiconductor micro-devices
[32].

2.3. High-energy heavy ion microbeam

The high-energy heavy ion microbeam system is the latest sys-
tem in TIARA. A quadrupole quadruplet lens system instead of a
doublet system is used to focus the beams with higher magnetic
rigidity than those from the single ended or tandem machines.
The system was installed on a vertical beam line for the irradiation
of biological samples like cultured cells, which are difficult to fix on
a vertical thin film. The beam positioning and single ion hit system
in combination with the beam scanning and stage manipulation
systems were established to perform biological cell irradiations, TI-
BIC measurements on semiconductor devices, and single ion hit
exposure for nano-structure fabrication. In principle, every ion
beam extracted from the cyclotron can be focused, but only a
few ion beams, i.e. 260 MeV Ne, 520 MeV Ar and 220 MeV C ions,
have been achieved so far, due to the difficulty of optimizing the
machine for each ion beam so that it can be focused down to a
1 um level [33].

3. Applications of microbeams

Applications have been performed using three different types of
microbeams at TIARA and can be classified into three kinds: anal-
ysis, radiation effect evaluation, and micro/nano-fabrication. They
are overviewed from technological points of view.

3.1. Analyses

On the light ion microbeam system, an in-air micro-PIXE anal-
ysis system was developed aiming at elemental imaging of biolog-
ical samples in collaboration with Keizo Ishii’s group at Tohoku
University [34].

After the first success of in-air micro-PIXE analysis of biological
cell samples, the two-dimensional imaging including Scanning
Transmission lon Microscopy (STIM) imaging system and a mi-
cro-Nuclear Reaction Analysis (NRA) or Particle Induced Gamma-
ray Emission (PIGE) has been almost established technically. A
number of practical uses of the system for biomedical research
have been made routinely to date [35-51]. Recently, Takahiro Sa-
toh has started to develop a 3-D elemental imaging technique with
the combination of micro-PIXE and STIM for biomedical applica-
tions [52,53].

3.2. Evaluation of radiation effects

Ion beams are a kind of radiation of energetic charged particles
with a large mass. Therefore, just a single ion can introduce a high-
density energy deposition along its long trajectory in the material.
At TIARA, the unique features of ion beam interaction with mate-
rial were in the focus rather than the ability of analyzing materials.
For this reason, a single ion hit technique was developed on the
heavy ion microbeam system for the study of SEP and cell irradia-
tions [54]. While a series of TIBIC measurements had been made
using this microbeam system, the energy range of the system is
limited using beams from the 3 MV tandem. In order to evaluate
SEP of longer range interaction, higher energy heavy ion beams
from the AVF cyclotron were used. At the beginning, a collimation
type microbeam with a spatial resolution on the 10 pum level was
used for this purpose. After the establishment of the high-energy
heavy ion microbeam system, TIBIC images with 1 pum spatial res-
olution could be obtained [55,56].

For biological applications, on the other hand, in order to target
living cells in atmosphere, the high energy heavy ion microbeam
was utilized. At the beginning, another collimation system with a
spatial resolution of 10 um was utilized [57]. The research target
is clarifying bystander effects in cell irradiation. After the focusing
system was completed, a faster and more accurate irradiation was
realized. The first results of cell irradiations by this system will be
presented elsewhere.

3.3. Micro/nano-fabrication

The application of micro/nano-fabrication by use of microbeam
systems has been rapidly expanding at TIARA. The technique of ion
beam lithography by means of PBW has been developed in collab-
oration with the Shibaura Institute of Technology using the light
ion microbeam system. We succeeded to demonstrate the creation
of high-aspect ratio structures [58-61]. Apart from ion beam
lithography, we paid attention to the ability of ion beam irradiation
to introduce optical changes in silica glass for optical devices [62-
65]. On the other hand, we are trying to develop a technique to fab-
ricate nano-wires in 3-D structures as a new approach of the ion
beam assisted fabrication by PBW in combination with SPNT
[66,67]. This is expected to be the technique to fabricate devices
in the next generation of electric, optical, magnetic or biotechno-
logical products. Another possibility of local modification of inor-
ganic materials other than silica glass was also shown using the
heavy ion microbeam. There, a magnetic alloy film was irradiated
and localized magnetic states were induced at lattice defects by
the high-density energy deposition [68].

4. Discussion

Microbeams require the highest quality of beams from acceler-
ators, such as stability of the intensity, the brightness and the en-
ergy. The accelerators at TIARA, which are the important part of
microbeam technology, satisfy these requirements at a high-level.
The cyclotron, in particular, has many unique and advanced tech-
nologies for microbeam forming.

On the other hand, technology progresses, when applications
demand it. The ion microbeam technology and applications at
TIARA are based on many applications that access the microbeam
systems there. Technology is sometimes forced to be developed
by demands of applications, and applications sometimes are led
by advanced technologies.

The most important feature of the ion beams is diversity. In or-
der to make the best use of it, it will be required in the next step of
ion beam technology, that the ion species and the energy can be
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changed and stabilized in a short time, based on further accelerator
technology progress. In the ion microbeam technology, including
single ion hit, the technique allowing for quick parameter changes
will have a big impact on every kind of applications as soon as it
will be realized.

5. Summary

The current status of technology of three different types of ion
microbeam systems at TIARA was overviewed and their applica-
tions, classified into three kinds, were summarized for the first
time. The microbeam complex at TIARA in which advanced
applications are performed based on the advanced microbeam
technology has become to have a role as a center of excellence in
the field of ion microbeam research.
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ing downstream of the existing double acceleration lens system. The demagnification, focusing points
and aberrations of the acceleration tube were studied using beam trajectory calculation. The acceleration
tube was designed to have a length of 140 mm and a demagnification of 2 at its acceleration tube voltage
of 300 kV, which resulted in a new compact focusing lens system with a total length of about 640 mm. In
addition, the maximum voltage and electric-field of the acceleration tube were confirmed experimentally
on the built device to be 300 kV and 30 kV/cm, respectively. The final beam size formed by the system
was estimated to be 130 nm in diameter using the design parameters. The result suggests that an ion
nanobeam of 346 keV can be formed by an apparatus having the reasonable length of 2 m, which permits

us to develop a system for 1 MV by elongating its tube length.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Focused gaseous ion beams in the energy range from several
hundreds of keV to several MeV (hereafter focused ion beams)
are useful tools for high-aspect ratio microfabrication of organic
materials, such as positive or negative photo-resists, using PBW
(Proton Beam Writing) [1-3]. So far, such a beam has been formed
by a high-energy focused ion beam system composed of an electro-
static accelerator, a beam transport line with a high-resolution
analyzing magnet and an ion microbeam apparatus, whose total
size is over 20 m long [4,5]. The large size of these systems is an
obstacle for their installation in an experimental room for indus-
trial application. Therefore, we are developing a compact ion nano-
beam apparatus with the reasonable size of about 4 x 4 x 4 m°.
One of the solutions is to merge the acceleration tube and the beam
transport line as shown in Ref. [6]. Since a magnetic quadrupole
lens system is still used in the system, further reduction of the size
is required.

In most cases, beams of light ions are produced by a plasma-
type ion source. The anode through-hole of the ion source has a
diameter similar to the object size in a lens system. Since the beam
spot size should be in the order of 100 pm and a beam current in
the range of micro-ampere is required for the ion source, a focusing
lens system with a high demagnification of more than 1000 is nec-
essary to form a 100 nm beam. The achievement of such a demag-
nification is, however, difficult using conventional lenses, e.g.
einzel or magnetic lenses because they would need a long object
distance.
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An ion nanobeam system using a double acceleration lens sys-
tem [7] has been developed at Japan Atomic Energy Agency (JAEA)
to form a hydrogen ion nanobeam of several tens of keV. Since the
double acceleration lens system does not only provide beam accel-
eration, but simultaneously acts as a focusing lens, its acceleration
lens system has a compact size of only ~20 cm length with a high
demagnification over 1000.

In this paper, we described an extension of the existing setup
that allows to produce ion nanobeams in the energy range of sev-
eral hundred keV, with several MeV being our final goal. The new
system uses a short acceleration tube that provides both focusing
and acceleration additional to the existing double acceleration lens
described in Ref. [7] and is expected to deliver 100 nm ion
nanobeams.

The lens effect of the acceleration tube was mainly studied on
the basis of demagnification, focusing point and aberrations using
beam trajectory calculations. This high voltage gradient accelera-
tion tube with 140 mm length was designed to withstand a maxi-
mum voltage of 300 kV which allows a demagnification of about 2
at 300 kV, to have a focusing point length enabling a sufficient
working-distance, and electrodes that minimize aberrations. On
the basis of this design, the acceleration tube was built and the
maximum tolerable voltage of 300 kV experimentally confirmed.
The compact focusing lens system was formed by adding this
acceleration tube to the existing double acceleration lens system.
The beam size at the final focusing point was estimated to be
130 nm in diameter at 346 keV taking the beam size and energy
from the double acceleration lens determined in a previous study
[8] as the object size for the acceleration tube. The demagnification
of the compact focusing lens system, defined as the ratio of the an-
ode-through hole to the final beam spot size, is over 1500. Despite
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the high demagnification, the total length of the compact ion nano-
beam apparatus, with the compact focusing lens system having
640 mm length, was estimated to be less than 2 m including the
ion source and a vacuum chamber. These results almost satisfied
our goal for the compact lens system in this study which was to
experimentally form an ion nanobeam of 346 keV energy.

2. keV ion nanobeam system with the existing double
acceleration lens

In this work, the compact focusing lens system was designed as
a component of the compact ion nanobeam apparatus by enhanc-
ing the keV ion nanobeam system by adding an acceleration tube
to the existing double lens system. The characteristics of the dou-
ble acceleration lens are briefly summarized in this section. The
existing double acceleration lens system, developed in a previous
study [7] at JAEA, was composed of two acceleration lenses, which
were two kinds of electrostatic lenses with similar shape produc-
ing a focusing effect by an electrostatic field in a pair of accelera-
tion electrodes (see Fig. 1), i.e. (i) an immersion lens in the
vicinity of the aperture of the entrance electrode (entrance immer-
sion lens), (ii) beam acceleration in a uniform electric field between
entrance and exit electrodes, (iii) an immersion lens in the vicinity
of the aperture of the exit electrode (exit immersion lens). The ef-
fect of the exit immersion lens is small and negligible as a first-or-
der approximation considering the small ratio of the exit electrode
voltage to the entrance one (hereafter acceleration ratio), because
the beam passes through the exit aperture in a short time. This
approximation works for acceleration ratios between 2 and 1000.

In addition, a low energy ion beam with a small energy spread
and small divergence angle, generated from an ion source was re-
quired to obtain a high demagnification using the existing double
acceleration lens. A duoplasmatron-type ion source [9] was devel-
oped to meet the requirements.

The keV ion nanobeam system developed previously using the
double acceleration lens and the duoplasmatron-type ion source
yielded a minimum beam diameter of 170 nm at 46 keV energy
with about 100 pA beam current [8].

3. Design and development of the acceleration tube

Since the acceleration tube used in the lens system works as a
focusing lens, its demagnification and the aberrations were studied
using the Elkind equation [10] in the beam trajectory calculations
for an acceleration ratio of 100. In the study of the demagnification,
two relations between the focusing positions and the acceleration
voltages or the acceleration tube lengths were studied using the
same equation as well.

The maximum voltage of the acceleration tube was designed to
be 300 kV for the following reasons: (i) the voltage should be at
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Fig. 1. Parameters of the double acceleration lens system.

least 4 times higher than that of the existing double acceleration
lens of about 50 kV to obtain a demagnification of more than 2,
(ii) the prototype of this lens system will be built and tested using
a compact high voltage power supply in the atmosphere in our
experimental room. In addition, penetration depths of several pm
in photo-resists can be achieved by ion beams of 346 keV, making
the focused ion nanobeam applicable to the fabrication of
microstructures.

The relation between the demagnification and acceleration
voltage as derived from the Elkind equation is represented in
Fig. 2. K/P is the ratio of the acceleration tube length K to the object
length P. The demagnification 1.0 means that the focused beam
size is equal to the object beam size. The areas above and below
of demagnification 1.0 correspond to smaller and larger beam sizes
at the focusing point compared to the object sizes, respectively.

The relation of the focusing point to the acceleration ratio is
shown in Fig. 3. Here, the ordinate axis represents the ratio L/K
of the length L from the entrance electrode in the acceleration tube
to the focusing point to the length K of the acceleration tube. For a
ratio of L/K = 1.0, the broken line in Fig. 3, a beam is focused at the
position of the center through-hole of the exit electrode.
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Fig. 2. Relation between demagnification and acceleration ratio. The acceleration
ratio is the ratio of accelerated beam energy to incident beam energy. The broken
line represents where the object size is equal to the image size.
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Fig. 3. The ratio L/K of the focusing point length to the length of the acceleration
tube as a function of the acceleration ratio. The broken line represents the limit
where the focusing point moves from the inside to the outside of the acceleration
tube.

220



Y. Ishii et al./ Nuclear Instruments and Methods in Physics Research B 269 (2011) 2193-2196 2195

A larger acceleration ratio is required according to Fig. 2 to
obtain a demagnification larger than 1.0. Then, however, the
ion beam is focused on a point inside the acceleration tube,
e.g. when employing acceleration ratios larger than 10. The com-
bination of Figs. 2 and 3 shows that a small K/P value, i.e. a
shorter acceleration tube length, allows the focus point to shift
to the outside of the acceleration tube for a constant object
length P and for demagnifications >1 at the same time.

On the other hand, the minimal length of an acceleration tube is
restricted by the breakdown voltage of the used insulator. In addi-
tion, a fine optical axis adjustment of the electrodes composing the
acceleration tube is required to use the tube as an acceleration
lens. Ultrahigh molecular weight polyethylene and fluorine-con-
taining rubber o-rings were used as insulator for the acceleration
tube and vacuum seals, respectively, after adjusting the optical axis
of the electrodes. In addition, the insulation gas SFs was used to in-
crease the dielectric breakdown voltage between the electrodes.
Using these conditions, the structure of the acceleration tube was
designed with five stage electrodes with insulators of 20 mm
length in between each of them.

A demagnification of about 2 at the acceleration tube voltage of
300 kV was selected to reduce the beam size and obtain a suitable
working-distance of about 200 mm from the relations given in
Figs. 2 and 3, taking into account the total length of 10 cm of the
insulators used in the tube. The object length was determined from
Figs. 2 and 3 to be 300 mm using the two values of the demagnifi-
cation and the position of the focus point.

The shapes of the electrodes on both sides of the acceleration
tube are closely related to spherical and chromatic aberrations.
The shape designs were established using the calculated aberra-
tion values taking into account the aberration coefficients ob-
tained by the calculation code described in [11], the object
length of 300 mm and a collimator with a center through-hole
placed on the entrance electrode of the acceleration tube. The
coefficients of the spherical and the chromatic aberrations were
calculated as a function of the curvature radii and bore diame-
ters of the center through holes for both electrodes. Although
a larger bore diameter leads to a smaller spherical aberration,
the demagnification is reduced. The bore diameter was selected
to be 10 mm not to deteriorate the demagnification. The collima-
tor diameter was chosen to be 0.3 mm, as large as possible to
get beam current into the acceleration tube. The stability of
the commercially available high-voltage power supply is AV/
V=1.0 x 107>, The spherical and the chromatic aberration values
calculated for an object length of 300 mm and a collimator of
0.3 mm in diameter are shown in Fig. 4 as a function of the cur-
vature radius of the electrodes.

The spherical aberration is reduced when increasing the curva-
ture radius r as can be seen in Fig. 4. The chromatic aberration,
however, was almost constant. For a focused beam with one hun-
dred nanometers diameter, the one order smaller aberrations were
considered to be negligible. The acceleration tube with the 20 mm
thick electrodes on both sides, their curvature radii of 10 mm and
the bores of 10 mm as designed is shown in Fig. 5. It has a total
length of 140 mm.

The electrodes of the acceleration tube were manufactured with
mirror-like finishing. The optical axis of the tube was adjusted in
its tube assembly by inserting a highly straight stick with a smooth
surface into the center through-holes of the electrodes. The image
of the manufactured acceleration tube is shown in Fig. 6. The
dielectric breakdown voltage test was carried out after filling the
insulation gas SFg around the tube insulators. The 300 kV were sta-
bly applied on the acceleration tube at an insulation gas pressure of
2 atm, so that the breakdown voltage satisfied the specification of
the maximum applied voltage of 300 kV. From this, the electric-
field was evaluated to be 30 kV/cm.
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Fig. 4. Spherical and chromatic aberrations as a function of the curvature radius at
the center through-holes of the electrodes. A collimator with 0.3 mm diameter and
a power voltage generator with AV/V=1.0 x 107> stability were used for the
calculation. The coefficients of the spherical and the chromatic aberrations at the
acceleration tube voltage of 300 kV are 7.437 x 10* mm/rad® and 3.108 x 10°> mm/
rad (AV/V), respectively.
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Fig. 5. Schematic of the designed short acceleration tube.

Fig. 6. Photograph of the manufactured short acceleration tube.

4. Size of compact focusing lens system

The lengths of the acceleration tube and the existing double
acceleration lens system are 140 and 200 mm, respectively. The
distance between both parts is 300 mm corresponding to the ob-
ject length of the tube. The total length of the focusing lens system
is 640 mm as shown in Fig. 7. The total length of the compact fo-
cused beam apparatus is expected to be less than 2 m, including
the ion source and an irradiation chamber. This size enables us
to install the apparatus in the experimental room for a wide range
of applications.

5. Estimation of the final beam size

In order to estimate the final beam size, the object size of the
acceleration tube formed by the double acceleration lens system
is required. This object size was determined to be 260 nm at
46 keV in a previous study fitted with the compact focusing lens
system. The final beam size after adding the acceleration tube
including the spherical and the chromatic aberrations is shown
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Fig. 7. Schematic of the compact acceleration lens system. The double acceleration
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Fig. 8. Relation between the final beam size and the voltage at the acceleration
tube. The object size of the acceleration tube formed by the double acceleration lens
was taken from a previous study as 260 nm in diameter.

in Fig. 8 as a function of the acceleration voltage. For a demagnifi-
cation and working-distance of the acceleration tube of 2 and
200 mm at the acceleration tube voltage of 300 kV, respectively,
the beam size is estimated from Fig. 8 to be 130 nm in diameter
at total energy of 346 keV by adding the injection beam energy
of 46 keV in the previous study and the acceleration beam energy

of 300 keV. The demagnification, defined as the ratio of the anode
size to the final beam size, was calculated to be more than 1500
with the anode size in the ion source being 200 pum. The divergence
angle and beam current at the beam spot are 4.0 x 10~ rad and
10 pA, respectively, using the 0.3 mm collimator. This result dem-
onstrates that the compact focusing lens system has a high-enough
demagnification for the envisaged applications.

6. Conclusion

A compact acceleration lens system with high demagnification
over 1500 was designed to form an ion nanobeam with 300 keV
energy. This is achieved by adding a short acceleration tube work-
ing additionally as focusing lens to the existing double acceleration
lens. The acceleration tube with the length of 140 mm was de-
signed to have a demagnification of 2 at 300 keV. The dielectric
breakdown voltage and the electric-field were determined experi-
mentally to be 300 kV and 30 kV/cm, respectively. The total length
of the focusing lens system composed of the double acceleration
lens system and the acceleration tube is 640 mm. The beam size
formed by the acceleration lens system is estimated to be
130 nm in diameter using the design parameters. The designed
compact focusing lens system allows us to provide an ion nano-
beam with 346 keV energy using an reasonable apparatus with a
length of less than 2 m.
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