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Fabrication of nanostep for total internal reflection fluorescence microscopy to calibrate in
water, Noriyuki Unno, Asao Maeda, Shin-ichi Satake, Takahiro Tsuji, Jun Taniguchi,
Microelectron. Eng. 133, pp 98-103, 2015 (F@ifi) * 11

Fabrication of eight-step diffractive optical element for hologram-ROM, Yuta Shinonaga, Keito
Ogino, Noriyuki Unno, Shuhei Yoshida, Manabu Yamamoto, Jun Taniguchi, Microelectron.
Eng. 141, pp 102-106, 2015 (#FHifi) * 2

Removal of residual layer by liquid transfer imprint lithography using roll-to-roll UV-NIL,

Masatoshi Moro, Jun Taniguchi, Microelectron. Eng. 141, pp 112-116, 2015 (& #A)
Evaluation of ultraviolet-nanoimprint-lithography release agent properties by using
Tribolndenter, Kota Funakoshi, Chiharu Tadokoro, Ian Thomas Clark, Toshiro Okawa, Jun

Taniguchi, Shinya Sasaki, Microelectron. Eng. 141, pp 150-154, 2015 (##if) * 7
Fabrication of a high-resolution mask by using variable-shaped electron beam lithography with

a non-chemically amplified resist and a post-exposure bake, Hidetatsu Miyoshi, Jun Taniguchi,
Microelectron. Eng. 143, pp 48-54, 2015 (&&Hif)

Diffraction model of peristrophic multiplexing with spherical reference wave, Shuhei Yoshida,
Yosuke Takahata, Shuma Horiuchi, and Manabu Yamamoto, J. Opt. Soc. Am. A 32, pp.
224-227,2015  (&E#HH)

Development of a vacuum-compatible hydrodynamic spindle using an ionic liquid as a
lubricant, Takao Okabe, Keita Utsumi, Kei Somaya, Masaaki Miyatake, Shigeka Yoshimoto,

Jun Taniguchi, Shinya Sasaki, Precision Engineering, 40, pp. 124—130, 2015 (#£Fif5) * 4
Static Characteristics of Aerostatic Thrust Bearings With Multiple Porous Inlet Ports, Takako

Hosokawa, Kei Somaya, Masaaki Miyatake and Shigeka Yoshimoto, Trans. ASME, J. of
Tribology, 137-2, pp. 021702-1-021702-8, 2015 (&7 A)
Nanosecond  time-resolved  microscopic  spectroscopy  for  diagnostics of an

atmospheric-pressure discharge plasma formed in aqueous solution, Motohiro Banno, Kenta
Kanno, Yuu Someya, Hiroharu Yui, Japanese Journal of Applied Physics, 54, 066101, 2015 (£
G ED)

A&7 FHREEZ ATt - fE T 2ZM ORI & K OB 22 s - o 78
B, BHIER, A, ARIEESL, BUNSEKIKAGAKU , in press, 5 64 545 4 5 2015.4 (&
G ED)

T RLTF A W — T ARG L T O DI/ 2R SRR, RN, R2ieksE, SnARHE
—, AARHEMCA SRS, 81, 824 95,2015 (HHiA)

Three-dimensional flow measurement of a water flow in a sphere-packed pipe by digital

holographic PTV, Shin-ichi Satake, Yusuke Aovyagi, Takuma Tsuda, Noriyuki Unno, Kazuhisa
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20.

21.

22.

23.

24.

25.

Yuki, Fusion Engineering and Design, 98-99. pp. 1864-1867, 2015 (&Z&#xH) * 21

Gas-Cooled Divertor Concept with High Thermal Conductivity Porous Media, Kazuhisa Yuki,
Makoto Hattori, Koichi Suzuki, Fusion Science and Technology, 2015 ((§#ik &) (@A)
Lossless Re-encoding of Holographic Images Stored in JPEG Format for 3D Flow Field

Measurement, Takayuki Shikakura, Ichiro Matsuda, Yusuke Kameda, Susumu Itoh, Shin-ichi

Satake, Proceedings of the 1st International Conference on Advanced Imaging (ICAI 2015),
pp.261-264,2015 (EFHif) * 14
Semi-Automatic 2D-3D Conversion of Still Images Using Partially Designated Depth

Information, Yuki Nakamura, Ichiro Matsuda, Yusuke Kameda, Susumu Itoh, Proceedings of
the 1st International Conference on Advanced Imaging (ICAI 2015), pp.300-303,2015 (&
A)

FU T~ I TN A Y A D E w7 A L D4y TERBIE IR - W i
BRI ~DAZ, HIFEIE, (B oore, ERkkEs, MEORSEE T5 0 HAMEBR 22
58 52, pp 22-25,2015 (HHeA)

Spectroscopic study of the melting and reconstruction of sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) reverse micelles from their frozen states, Akira Suzuki, Hiroharu Yui,
Journal of Colloid and Interface Science 443, pp 188-196, 2015 (&)

Electron beam mastering system using a vacuum-compatible hydrodynamic spindle, Takao
Okabe, Keita Utsumi, Keito Ogino, Yuta Shinonaga, Masaaki Miyatake, Shigeka Yoshimoto,
Jun Taniguchi, Shinya Sasaki, Microelectron. Eng., 142, pp. 64-69, 2015 (&5t H)

Durability of DLC release coating in ultraviolet nanoimprint lithography, Jun Taniguchi,

Noriyuki Unno, Yasuo Kogo, Masaru Takahashi, Proc. of The 8th International Conference on
Leading Edge Manufacturing in 21st Century, 2015 4F 10 H(&#HA 7 v —T 4 > )

The depth control of circular grooves fabricated by rotational electron beam machining, Takao
Okabe,Kai Ojima,Yuta Shinonaga,Noriyuki Unno,Masaaki Miyatake,Jun Taniguchi,Shigeka

Yoshimoto,Shinya Sasaki, Proc. of The 8th International Conference on Leading Edge
Manufacturing in 21st Century, 2015 4F 10 A (&E#HA 72 —T 1 )
Digital holographic PTV for complicated flow in a water by two cameras and refractive

index-matching method, Masataka Kuniyasu, Yusuke Aoyagi, Noriyuki Unno, Shin-ichi

Satake, Kazuhisa Yuki, Yohji Seki, Optical Review, DOI 10.1007/s10043-016-0203-0, 2016
(EHA)

Threshold speed of instability of a herringbone-grooved rigid rotor with a bearing bush flexibly

supported by straight spring wires, Kei Somaya, Koki Okubo, Masaaki Miyatake, Shigeka
Yoshimoto, ASME TurboExpo 2015, pp. GT2015-43161, 2015 (& #HAH)

Development of direct gas injection system to atmospheric-pressure in-solution discharge
plasma for plasma degradation and material syntheses, Motohiro Banno, Kenta Kanno,
Hiroharu Yui, RSC Advances 6, 16030-16036, 2016 (#&HiHA)

Structural Transition of Bombyx mori Liquid Silk Studied with Vibrational Circular Dichroism
Spectroscopy, Toshinori Morisaku, Sho Arai, Kohzo Konno, Yu Suzuki, Tetsuo Asakura,
Hiroharu Yui, Analytical Science 31, 763-768, 2015 (& #iH)

Thermal Denaturation of Type I Collagen Fibrils Investigated with Vibrational Circular
Dichroism Spectroscopy, Tosinori Morisaku, Yusuke Sohara, Hiroharu Yui, Kobunshi
Ronbunshu 72, 746-751, 2015 (&5t A)
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Two Stage Inter-frame Prediction using Pixel- and Block-wise Motion Compensation, Yusuke

Kameda, Junpei Takeichi, Masaki Ishibashi, Ichiro Matsuda, Susumu Itoh, Proceedings of the

22nd International Conference on Systems, Signals and Image Processing (IWSSIP 2015),

pp.145-148, 2015 (&#A)

T/T7 1y 7 YA RS TlA B2 RGB 1 7 —B@hlifg o arii s, HIgE, S

wor, IHE—M, PR F, HWAE SRR Y, Vol.2015-AVM-91, No.27, pp.1-5,

2015 (&FHME)

ICAI 2015 LaR— I, MAH—BA, MEIEH A T ¢ 75455, Vol.69, No.8, pp.873-878, 2015
(BHME) RIS 8K A—/"— A BV a3 VBt ~DOHF, 2 M8, NHK £ R&D,

No.155, pp.2-3, 2016 (FHidE)

A Study on Image Sensor Communication Using 2D OFDM and QPSK, Hayata Tsukitani,

Yusuke Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of the 19th International

Workshop on Advanced Image Technology 2016 (IWAIT 2016), No.P.1B-8, pp.23-25, 2016
(E7HeA)

An Image Coding Method Using Recursive and Non-Recursive Type Intra Prediction, Yuta

Ishida, Yusuke Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of the 19th International
Workshop on Advanced Image Technology 2016 (IWAIT 2016), No.P.2A-3, pp.7-10, 2016 (£
Wi h)

SIMD implementation of Red-Black Gauss-Seidel Method for Optical Flow Computation with
Numerical Stability, Taira Komatsuzaki, Yusuke Kameda, Ichiro Matsuda, Susumu Itoh,
Proceedings of the 19th International Workshop on Advanced Image Technology 2016 (IWAIT
2016), No.P.2B-3, pp.9-12,2016 (&F#ih 7w —7 1 7))

Spatial run-length limited code for reduction of hologram size in holographic data
storage, Shuhei Yoshida, Yosuke Takahata, Shuma Horiuchi, Manabu Yamamoto, Opt.
Commun. 358, pp.103-107, doi:10.1016/j.optcom.2015.08.088, 2016 (EFHiA) .

2014 £/ (FRU26 £/ : 45 H) FHTaRX

33.

34.

35.

36.

37.

38.

A study on in-situ observation of the micro flow of lubricant on the textured surface, M.Kai
R.Tsuboi S.Sasaki, Procedia Engineering, 68, 12-18,2014 (Z&#H)

Effect of Surface Texturing Arrangement for Improving Anti-Seizure Property of Lead-Free
Copper Alloy, Y. Kuroiwa A. Amanov R. Tsuboi S. Sasaki S. Kato, Jurnal Teknoloji, 66,3,
81-89,2014

Tribological Reactions of Ionic Liquids Under Vacuum Conditions, S Kawada S. Watanabe Y.
Kondo R. Tsuboi_S. Sasaki, Tribology Letters, 54,3,309-315, 2014 (& #HA)

Super resolution technique for sub-100 nm nanoimprint mold via mechamcal deformation

method, Toru Miebori, Noriyuki Unno, Jun Taniguchi, Microelectron. Eng. 123, pp 38-42, 2014
(E&HefA)

Electron beam direct writing of nanodot patterns on roll mold surfaces by electron beam on—off

chopping control, Masahi Saito, Jun Taniguchi, Microelectron. Eng. 123, pp 89-93, 2014 (#%

HAT)

Defect analysis and lifetime evaluation of a release-coated nanoimprint mold, Masanori Okada,

Daisuke Yamashita, Noriyuki Unno, Jun Taniguchi, Microelectron. Eng. 123, pp 117-120, 2014
(fFiH) *8
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45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Computer generated hologram-ROM fabrication and duplication by EBL and UV-NIL, Keito

Ogino, Noriyuki Unno, Shuhei Yoshida, Manabu Yamamoto, Jun Taniguchi, Microelectron.
Eng. 123, pp 163-166,2014 (#FiH) *6

Development of release agent-free replica mould material for ultraviolet nanoimprinting, Yuma

Otsuka, Shin Hiwasa, Jun Taniguchi, Microelectron. Eng. 123, pp 192-196, 2014 (&7t A)
Fabrication of double-sided self-supporting antireflection-structured film by ultraviolet
nanoimprint lithography, Nurhafizah Binti Abu Talip[a]Yusof and Jun Taniguchi, Jpn. J. Appl.
Phys. 53, pp 06JK03-1 - 06JK03-5,2014 (&FHH)

Thermal roll-to-roll imprinted nanogratings on plastic film, Noriyuki Unno, Tapio Mikeld, and
Jun Taniguchi, J. Vac. Sci. & Technol. B 32, pp 06FG03-1 - 06FG03-5,2014 (& HH)
Fabrication of antireflection structure film by roll-to-roll ultraviolet nanoimprint Lithography,
Masatoshi Moro, Jun Taniguchi, and Shin Hiwasa, J. Vac. Sci. & Technol. B 32, pp 06FG09-1 -
06FG09-9, 2014 (& FifT)

Numerical Model of Radical Photopolymerization Based on Interdiffusion, Shuhei Yoshida,
Yosuke Takahata, Shuma Horiuchi, Hiroyuki Kurata, and Manabu Yamamoto, Int. J. Polym.
Sci. 2014, 243895,2014  (&HiH)

Numerical ray tracing method for an eccentric radial gradient-index rod lens, Shuma Horiuchi,
Shuhei Yoshida, and Manabu Yamamoto, J. Opt. Soc. Am. A 32, pp. 2131-2134, 2014  (£7¢
A)

Fast GPU-based ray tracing in radial GRIN lenses, Shuma Horiuchi, Shuhei Yoshida, and
Manabu Yamamoto, Appl. Opt. 53, pp. 4343-4348, 2014  (&#i )

Shift-Peristrophic Multiplexing for High Density Holographic Data Storage,Zenta Ushiyama,

Hiroyuki Kurata, Yu Tsukamoto, Shuhei Yoshida and Manabu Yamamoto, Appl. Sci. 4, pp.
148-157,2014  (&#eA7)
Static characteristics of a water-lubricated hydrostatic thrust bearing using a membrane

restrictor, Makoto Gohara, Kei Somaya, Masaaki Miyatake, Shigeka Yoshimoto, Tribology
International, 75, pp. 111-116, 2014 (& FHi )
Static characteristics of small aerodynamic foil thrust bearings operated up to 350,000 r/min,

Kei Somaya, Tatsuma Kishino, Masaaki Miyatake, Shigeka Yoshimoto, Journal of Engineering
Tribology, 228-9, pp. 928-936, 2014 (& HiA)
Dehydration-induced Initial Conformational Change of Hydrated Proteins Detected by the

Changes in Vibrational Circular Dichroism Activity, Toshinori Morisaku, Sho Arai, Hiroharu
Yui, Analytical Sciences 30, pp 961-969, 2014 (F#iFA)

ANHHE 2 /X7 BT K o TR S U728 Ly KRS sa P RE, ARIEAEAL, ke, &
A, BHZAR, @ famSCEE 71, pp 554-561,2014 (&HiA)

Crystallization of Confined Water Pools with Radii Greater Than 1 nm in AOT Reverse
Micelles, Akira Suzuki, Hiroharu Yui, Langmuir 30, pp 7274-7282, 2014 (& #H:A)
Three-dimensional flow measurement of a sphere-packed pipe by a digital hologram and
refractive index-matching method, S. Satake, Y. Aoyagi, T. Tsuda, N. Unno, K. Yuki, Fusion
Engineering and Design, 89, pp. 1064-1067,2014 (#&&if) * 20

Measurements of flow distribution in a thin resin layer during ultraviolet nanoimprint

lithography by means of digital holographic particle-tracking velocimetry, Noriyuki Unno,
Shin-ichi Satake, Jun Taniguchi Microelectronic Engineering 123, pp 187-191,2014 (&&Hif)
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. Subcooled Boiling with Microbubble Emission : Effect of Roughness of Heating Surface, Chen
Yan, Kazuhisa Yuki and Koichi Suzuki, Proceedings of the 25th International Symposium on
Transport Phenomena, Paper No.53, 2014 (&7 H)

. Subcooled Boiling with Microbubble Emission : Application to High Heat Flux Cooling

Technology in Power Electronics, Koichi Suzuki, Kazuhisa Yuki and Chen Yan, Proceedings of

the 25th International Symposium on Transport Phenomena, Paper No.74, 2014 (& #HiA)

. Heat Transfer Performance of High Velocity Impinging Jet in High Thermal Conductivity
Porous Media, M. Hattori, K. Yuki and_K. Suzuki, Proceedings of the 25th International
Symposium on Transport Phenomena, Paper No.113,2014 (&&if)

CBERZEME A RGE LT v — 2 7 n —HEELE, AEARIT, InH 8, PR, BRgE
AT 4 T F425E, Vol.68, No.7, pp.J292-J298, 2014 (& A)

. Coefficient-Wise Intra Prediction for DCT-Based Image Coding, Ichiro Matsuda, Yusuke
Kameda, Susumu Itoh, Proceedings of 22nd European Signal Processing Conference
(EUSIPCO-2014), pp.196-200, 2014 (& HH)

. Numerically Stable Estimation of Scene Flow Independent of Brightness and Regularizer

Weights, Yusuke Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of 22nd European Signal
Processing Conference (EUSIPCO-2014), 2014 (##HiA)

. Lossless Coding of RGB Color Video with Spatiotemporal Partitioning in Predictor Design,
Shu Tajima, Yusuke Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of 2014 International
Workshop on Smart Info-Media Systems in Asia (SISA 2014), SS2-01, pp.91-94, 2014 (i
A)

. Example-Based Context-Adaptive Probability Modeling for Lossless Image Coding, Naoya
Nakajima, Yusuke Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of 2014 International
Workshop on Smart Info-Media Systems in Asia (SISA 2014), SS2-02, pp.95-98, 2014 (£ 7H¢
A)

. Region-Oriented Depth Map Coding Based on Voronoi Diagrams, Hironao Abe, Yusuke
Kameda, Ichiro Matsuda, Susumu Itoh, Proceedings of 2014 International Workshop on Smart
Info-Media Systems in Asia (SISA 2014), SS2-03, pp.99-102, 2014 (&K FHAH)

. FAOWFFEBATE Y —/V—55 77 [Bl— Bk - AR g, fAH B, ERBE—RR,
HINFEE, MUBIEH A T ¢ 7 5258, Vol. 68, No. 8, pp.643-647, 2014 (L Hi M)
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67

68

. The Influence of Micro-Scale Dimples and Nano-Sized Grains on the Fretting Characteristics
Generated by Laser Pulses, A.Amanov T.Watabe_S.Sasaki, JOURNAL OF NANOSCIENCE
AND NANOTECHNOLOGY, 13, 12, 8176-8183, 2013 (7 H)

. Molecular Behavior of Room-temperature lonic Liquids under Lubricating Condition,
S.Watanabe K.Takiwatari M.Nakano K.Miyake R.Tsuboi S.Sasaki, TRIBOLOGY LETTERS,
1,6, 2013(& 7 A)

. Tribological Properties of lonic Liquids, Y.Kondo T.Koyama S.Sasaki, lonic Liquids - New
Aspects for the Future, 127, 141, 2013 (£ 7 H)

. Tribological properties of aluminium12 wt% silicon alloy surface treated with dispersed hard
particles during sliding against different steels, Takuya KAWASE Shinji KATO Takashi
KOBAYASHI Shinya SASAKI, PROCEEDINGS OF THE INSTITUTION OF
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79.
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82.

MECHANICAL ENGINEERS PART J-JOURNAL OF ENGINEERING TRIBOLOGY, 227.5,
423-432, 2013 (FHAH)

Tribo-Film Formation of Lubricant Additives on Cr-Plated Surface Sliding Against Nitrile
Butadiene Rubber, H.Oe R.Tsuboi S.Kato S.Sasaki, Tribology Letters, 51, 2, 253-260, 2013
(EFH)

Tribological Performance of Halogen-Free lonic Liquids as Lubricants of Hard Coatings and
Ceramics, Y.Kondo T.Koyama R.Tsuboi M.Nakano K.Miyake S.Sasaki, Tribology Letters, 51,
2,243-249, 2013 (& #tH)

Friction and Fretting Wear Characteristics of Different Diamond-Like Carbon Coatings

Against Alumina in Water-Lubricated Fretting Conditions, T.Watabe A.Amanov R.Tsuboi
S.Sasaki, Journal of Nanoscience and Nanotechnology, 13, 12, 8167-8175, 2013 (&7t H)

A IV T LRA G AREOIEREFEICK T 2K DOFE, iRt PEERL =%
Ser] PRI ea RMEM, AABEMSES W ICE (C2 W) ,2013(EHA)

Dwell time adjustment for focused ion beam machining, Jun Taniguchi, Shin-ichi Satake,

Takaki Oosumi, Akihisa Fukushige, and Yasuo Kogo, Nuclear Instruments and Methods in
Physics Research B, 307, 248-252, 2013 (& #HiA)

Correlation between Optical Properties and Hardness of Diamond-Like Carbon Films,
Masanori HIRATSUKA, Hideki NAKAMORI, Yasuo KOGO, Masayuki SAKURAI, Naoto
OHTAKE, and Hidetoshi SAITOH, Journal of Solid Mechanics and Materials Engineering,
7(2), 187-198, 2013  (&H#HA)

Extraordinary deposition rate of diamond-like carbon film using HIPIMS technology,

Masanori Hiratsuka, Akiyoshi Azuma, Hideki Nakamori, Yasuo Kogo, Ken Yukimura, Surface
and Coating Technology, 229, 46-49, 2013 (F#tH)

Fabrication of self-supporting antireflection-structured film by UV—NIL, Nurhafizah Binti Abu
Talip[a]Yusof, Jun Taniguchi, Microelectron. Eng. 110, pp 163-166, 2013  (#&Hif)
Super-resolution technique for nanoimprint mold using elastic UV-curable resin, Noriyuki
Unno, Shin-ichi Satake, Jun Taniguchi, Microelectron. Eng. 110, pp 167-172,2013 (£ #HiA)
Fabrication of antireflection structure with antifouling-effect surface by ultraviolet nanoimprint

lithography, Keita Yajima, Kaoru Adachi, Yasuhisa Tsukahara, Jun Taniguchi, Microelectron.
Eng. 110, pp. 188-191,2013 (&#ih)

Fabrication of high-aspect-ratio pattern via high throughput roll-to-roll ultraviolet nanoimprint
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Development of stimulated Raman scattering interferometer and measurement of chemical

contrast image from buried interface, Eri Omori, Sumire Takahashi, Motohiro Banno, Hiroharu
Yui (poster) International Symposium on Leading-Edge Holography Technologies, Tokyo
University of Science, Tokyo, 2015 4~ 10 A 30 H

Chemical-contrast imaging of microstructures fabricated on substrates with stimulated Raman
scattering interferometer, Sumire Takahashi, Eri Omori, Takayuki Kondo, Motohiro Banno,
Hiroharu Yui  (poster) International Symposium on Leading-Edge Holography Technologies,
Tokyo University of Science, Tokyo, 2015 4 10 H 30 H

Investigation of optical system of holographic data storage using photopolymer medium with
reflective plate, Jun Mori, Yurina Ishibashi, Shuma Horiuchi, Shuhei Yoshida, Manabu
Yamamoto, International Symposium on Optical Memory 2015 Tu-I-14, Toyama, Oct. 2015.
Tilt-shift multiplexing for card-type media, Yurina Ishibashi, Jun Mori, Shuma Horiuchi,
Shuhei Yoshida, Manabu Yamamoto, International Symposium on Optical Memory 2015
Tu-1-17, Toyama, Oct. 2015.

Development of stimulated Raman scattering interferometer and its application to the chemical

contrasted imaging of buried layers and interfaces, Motohiro Banno, Takayuki Kondo,
Hiroharu Yui (oral) The International Chemical Congress of Pacific Basin Societies
(Pacifichem 2015), Hawaii Convention Center, Honolulu, 2015 4 12 H 15 H.

2014 £ (Fhpk 26 £E:45H)

25.

Cooling technology of on-vehicle inverters with functional nano-porous foam layer -
Enhancement of Wettability and boiling heat transfer toward inverter cooling —, Kazuhisa Yuki,
Tessai Sugiura,Koichi Suzuki, Proceedings of 2014 International Conference on Electronics
Packaging (ICEP2014), Toyama Japan, 2014 -4 H 23 H~4 H 25 H.
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26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Durability of DLC Release Coating in Ultraviolet Nanoimprint Lithography, Yasuo Kogo,

Masaru Takahashi, Jun Taniguchi, THE 58th INTERNATIONAL CONFERENCE on
ELECTRON, ION, and PHOTON BEAM TECHNOLOGY & NANOFABRICATION, Omni

Shoreham Hotel, Washington, DC, US, 2014 4= 5 H 27~30 H * 10
Three-Dimensional Flow in a Sphere-Packed Pipe by Digital-Holographic-PTV and Numerical

Simulation, Shin-ichi Satake, Yusuke Aoyagi, Takuma Tsuda, Noriyuki Unno, Kazuhisa Yuki,

Proceedings of the 5th International Conference on Porous Media and its Applications in
Science and Engineering, Howaii USA, 2014 -7 H 22 H~7 H 27 H.

Application of Nanoparticles-Assembled Bi-Porous Structures to Power Electronics Cooling,
Kazuhisa Yuki, Tessai Sugiura, Koichi Suzuki, Proceedings of the 5th International Conference
on Porous Media and its Applications in Science and Engineering, Howaii USA, 2014 4 7 H
22 H~7 H 27 H.

Four-dimensional flow measurements of UV curable resin at a thermally-assisted nanoimprint
process, Asano Motoharu, Noriyuki Unno, Shin-ichi Satake, Jun Taniguchi, The 15th

International Heat Transfer Conference, IHTC-15, Kyoto, Japan, Kyoto International
Conference Center, 2014 4~ 8 H 10 H ~ 8 H 15 H

Evaporation of a water droplet deposited on a nano-patterned transparent film fabricated by UV
nanoimprint, Noriyuki Unno, Motoharu Asano, Shin-ichi Satake, Jun Taniguchi, The 15th

International Heat Transfer Conference, IHTC-15, Kyoto, Japan, Kyoto International
Conference Center, 2014 48 H 10H ~ 8 H 15 H

Shift-peristrophic multiplexing for holographic data storage, Hiroyuki Kurata, Jun Mori, Yu
Tsukamoto, Keiko Yamamoto, Shuhei Yoshida, and Manabu Yamamoto, Proc. SPIE 9201,
92010W, San Diego, US, 2014 £ 8 A 17 B

Molecular dynamics simulation of forming of the diamond stylus tip having a radius of

nano-order, Shin-ichi Satake, Akira Obara, Sadao Momota, Jun Taniguchi, The 19th
International Conference on Ion Beam Modification of Materials (IBMM 2014), Leuven,
Belgium, the Aula Pieter de Somer, 201449 H 14 H ~ 9H 19 H

Flow behavior of UV curable resin at nanoimprint process with varying temperature, Noriyuki
Unno, Motoharu Asano, Shin-ichi Satake, Jun Taniguchi, The 40th International Conference on
Micro and Nano Engineering, Lausanne, Switzerland, 2014 ££ 9 A 23 H

Evaluation of UV-NIL Release Agent Properties by using Tribo-Indenter, Kota Funakoshi,
Chiharu Tadokoro, Ian Thomas Clark, Toshiro Okawa, Jun Taniguchi, Shinya Sasaki, The
40th International Conference on Micro and Nano Engineering, Lausanne, Switzerland, 2014
#£9A8 23H

Fabrication of Eight Steps Diffractive Optical Element for Hologram-ROM, Yuta Shinonaga,
Keito Ogino, Noriyuki Unno, Shuhei Yoshida, Manabu Yamamoto, Jun Taniguchi, The 40th
International Conference on Micro and Nano Engineering, Lausanne, Switzerland, 2014 ££ 9 A
24 H

Liquid Transfer Imprint Lithography for Roll to Roll UV-NIL, Masatoshi Moro, Jun Taniguchi,

The 40th International Conference on Micro and Nano Engineering, Lausanne, Switzerland,
2014498 248

Residual Layer Control of Liquid Transfer Imprint Lithography by Roll Press Method, Tatsuya
Hayashi, Jun Taniguchi, The 40th International Conference on Micro and Nano Engineering,
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38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Lausanne, Switzerland, 2014 &£ 9 B 24 H
Development of Electron Beam Nano-Mastering Equipment using a Vacuum-Compatible
Hydrodynamic Spindle, Takao Okabe, Keita Utsumi, Kei Somaya, Masaaki Miyatake, Shigeka

Yoshimoto, Yuta Shinonaga, Keito Ogino, Jun Taniguchi, Shinya Sasaki, The 40th International
Conference on Micro and Nano Engineering, Lausanne, Switzerland, 2014 £ 9 A 24 H * 5

Fabrication of High Resolution Mask using Variable Shaped Electron Beam Lithography by
Means of Non-Car Resist Plus Post Exposure Bake, Hidetatsu Miyoshi, Jun Taniguchi,
Sanjeewa Dissanayake, The 40th International Conference on Micro and Nano Engineering,
Lausanne, Switzerland, 2014 ££9 B 25 H

Three-dimensional flow measurement of a water flow in a sphere-packed pipe by digital
holographic PTV , Shin-ichi Satake, Yusuke Aoyagi, Noriyuki Unno, Kazuhisa Yuki, Yohji
Seki, Mikio Enoeda, The 28th Symposium on Fusion Technology (SOFT 2014) , San Sebastian,
Spain, Kursaal Congress Center, 2014 59 H 29 H ~ 10 H 3 H

Examination of maximum multiplexing number using shift-peristrophic recording method,
Hiroyuki Kurata, Keiko Yamamoto, Yu Tsukamoto, Jun Mori, Shuhei Yoshida, Manabu
Yamamoto, International Symposium on Optical Memory 2014, Hsinchu, Taiwan, 2014 £ 10
A22H

Fine Diffractive Optical Elements for Storage Usage, Shuhei Yoshida, Noriyuki Unno, Keito
Ogino, Keiko Yamamoto, Jun Taniguchi, Manabu Yamamoto, International Symposium on
Optical Memory 2014, Hsinchu, Taiwan, 2014 ££ 10 B 22 B

Heat Transfer Performance of High Velocity Impinging Jet in High Thermal Conductivity
Porous Media, M. Hattori, K. Yuki and K. Suzuki, Proceedings of the 25th International
Symposium on Transport Phenomena, Krabi Thailand, 2014 4~ 11 H 5 H~11 H 7 H.
Subcooled Boiling with Microbubble Emission Effect of Roughness of Heating Surface, Koichi

suzuki, Kazuhisa Yuki, Yan Chen, PCTHE, 25th International Symposium on Transport
Phenomena, Krabi, Thailand, 2014 4= 11 H 5 H~7 H

Study on Vacuum Compatible Fiuid Film Bearings using Ionic Liquid, Keita Utsumi, Takao
Okabe, Kei Somaya, Masaaki Miyatake and Shigeka Yoshimoto, The 6th International
Conference on Positioning Technology,ICPT2014, Kitakyushu International Conference
Center Kitakyushu-shi Fukuoka, 2014 4~ 11 A 20 H

Glass sheet deformation across the large gap in non-contact transportation devices for large
LCD glass sheet, Hirohisa Akahori,Kei Somaya,Masaaki Miyatake and Shigeka Yoshimoto,
The 6th International Conference on Positioning Technology, ICPT2014, Kitakyushu
International Conference Center,Kitakyushu-shi Fukuoka, 2014 4% 11 A 20 H

Water Lubricated Hydrostatic Thrust Bearing with a Self-Controlled Porous Restrictor,

Kyousuke Sasou, Yusuke Iwahashi, Kei Somaya, Masaaki Miyatake and Shigeka Yoshimoto,

The 6th International Conference on Positioning Technology, ICPT2014, Kitakyushu
International Conference Center,Kitakyushu-shi Fukuoka, 2014 £ 11 H 20 H

2013 £ (R 25 £E:34H)

48.

Numerical analysis of volume holograms with spherical reference wave based on Born

approximation, Shuhei Yoshida, and Manabu Yamamoto, Holography: Advances and Modern
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49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Trends III, Proc. SPIE 8776, 877607, Prague, Czech, Apr. 15, 2013.

Three-dimensional multiplexing method with spherical reference beam, Hiroyuki Kurata,
Shohei Ozawa, Kaito Okubo, Takaaki Matsubara, Shuhei Yoshida, and Manabu Yamamoto,
Holography: Advances and Modern Trends III, Proc. SPIE 8776, 87760H, Prague, Czech, Apr.
16,2013

Development of three-dimensional velocity measurement technique for complicated flow by a

digital hologram and refractive index-matching method, S. Satake, Y. Aoyagi, T. Tsuda , N.
Unno, K. Yuki, Digital Holography and 3-D Imaging (DH), 21-25, Hawaii USA, 2013 4= 4 H
21 H~4 H 25 H

Diffractive optical element for optical data storage, Modeling Aspects in Optical Metrology 1V,
Shuhei Yoshida, Noriyuki Unno, Hideki Akamatsu, Kai Yamada, Jun Taniguchi, Manabu
Yamamoto, Proc. SPIE 8789, 87891E, Munich, Germany, May 13, 2013.

Measurements of velocity profiles in a turbulent pipe flow: a comparison of digital holographic

PTV and UVP method, S. Satake, M. Motozawa, T. Tuda and T. Kunugi, The 15th International
Topical Meeting on Nuclear Reactor Thermal - Hydraulics, NURETH-15, Pisa, Italy, 2013 4£ 5
HI2H ~5H17H*17

Study on Relationship between m-V Characteristics and Viscoelasticity of Surface Reaction
Films Originated from Additives, H.Choi, S.Kato, S.sasaki, R.Tsuboi, The 5th International
Conference on Manufacturing Machine Design and Tribology Proceedings, Busan, South
Korea, 87,2013 £ 5 § 22 H~25 H

Analysis of Correlation between Boundary Lubrication Property and Geometry Parameters of
Surface, C.Sasaki, R.Tsuboi, S.Sasaki, A.Korenaga, Y.Tokuta, The S5th International
Conference on Manufacturing Machine Design and Tribology Proceedings, Busan, South
Korea, 243,2013 £ 5 A 22 H~25 H

Improvement in the Tribological Characteristics of Si-DLC Coating by Laser Surface
Texturing at Elevated Temperatures, A.Amanov, T.Watabe, R.Tsuboi, S.Sasaki, The 5th
International Conference on Manufacturing Machine Design and Tribology Proceedings,
Busan, South Korea, 158, 201345 A 22 H~25H

A Study on Nano-mechanical Properties of Adsorption Layers Derived from Lubricant

Additives, Y.Suzuki, R.Tsuboi, S.Sasaki, The 5th International Conference on Manufacturing
Machine Design and Tribology Proceedings, , Busan, South Korea, 241, 2013 &£ 5 § 22 H~
25 H

Water-Lubricated Hydrostatic Thrust Bearings with Porous Land Region, S. Saito, Naoki
Hanawa, Kei Somaya and Shigeka Yoshimoto, The S5th International Conference on
Manufacturing, Machine Design and Tribology, BEXCO (Busan, Korea), 2013 -5 H 22 H ~
5H25H

Static Characteristics of Small-Sized Aerodynamic Foil Thrust Bearing, Tatsuma Kishino, Kei

Somaya and Shigeka Yoshimoto, The 5th International Conference on Manufacturing,
Machine Design and Tribology, BEXCO (Busan, Korea), 2013 45 4 22 H~ 5 H 25 H
Durability assessment of mold release agents for ultraviolet nanoimprint lithography,
K.Funakoshi, S.Shirato, J.Taniguchi, R.Tsuboi, S.Sasaki, The 57th International Conference on
Electoron Ion and Photon Beam Technology and Nanofabrication, Nashville, Tennessee,
201345 A28 H~31H
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60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Three dimensional holographic-PTV measurement of a rising microbubble caused by
photocatalytic reaction, Noriyuki Unno, Takuma Tsuda, Shin-ichi Satake and Koichi Suzuki,

8th World Conference on Experimental Heat Transfer, Fluid Mechanics, and Thermodynamics ,
Lisbon, Portugal, 201346 4 16 H ~ 6 H 20 H
An enhancement of water evaporation on nano-conical structure formed by an irradiated ion

beam, Shin-ichi Satake, Jun Taniguchi, Yukihiro Yonemoto, Noriyuki Unno,Tadashi Kikuchi,

8th World Conference on Experimental Heat Transfer, Fluid Mechanics, and Thermodynamics,
Lisbon, Portugal, 2013 6 B 16 H ~ 6 B 20 B

Three-dimensional measurement with two cameras of a turbulent pipe flow by digital
holographic-PTV, Tsuda Takuma, Shin-ichi Satake, Noriyuki Unno, Jun Taniguchi and Tomoaki
Kunugi, Delft, The Netherlands, 10TH INTERNATIONAL SYMPOSIUM ON PARTICLE
IMAGE VELOCIMETRY, 2013 % 7H1H ~ 7HA3 H

Boiling/Evaporation Heat Transfer Augmentation Using Subchannels-Inserted Metal Porous

Media, Kazuhisa Yuki, Masahiro Uemura, Koichi Suzuki, Ken-ichi Sunamoto, Proceedings of
the 2013 ASME Summer Heat Transfer Conference, 2013, Minneapolice USA, 2013 47 H 14
H~7H 19 H.

Holographic recording method using shift multiplexing system with spherical reference beam,
Yuta Nagao, Hiroyuki Kurata, Kaito Okubo, Yu Tsukamoto, Takaaki Matsubara, Shuhei
Yoshida, Manabu Yamamoto, Current Developments in Lens Design and Optical Engineering
X1V, Proc. SPIE 8841, 884119, San Diego, US, Aug. 26, 2013.

High Density Shift Multiplexing Method Using Both Transmission and Refraction Type of

Spherical Reference Beam, Hiroyuki Kurata, Kaito Okubo, Yu Tsukamoto, Takaaki Matsubara,
Shuhei Yoshida, Manabu Yamamoto, Shogo Koga, Asato Tanaka, International Symposium on
Optical Memory 2013, Incheon, Korea, Aug. 20, 2013.

Signal Quality Improvement of Holographic Data Storage by Using a Volterra Equalizer,
Takaaki Matsubara, Hiroyuki Kurata, Kaito Okubo, Shuhei Yoshida, Manabu Yamamoto,
International Symposium on Optical Memory 2013, Incheon, Korea, Aug. 20, 2013.

High-Dimensional Shift Multiplexing with Spherical Reference Waves, Yu Tsukamoto,
Hiroyuki Kurata, Shuhei Yoshida, Manabu Yamamoto, Shogo Koga, Asato Tanaka,

International Symposium on Optical Memory 2013, Incheon, Korea, Aug. 20, 2013.

Optical Data Storage Using Diffractive Optical Elements, Shuhei Yoshida, Kai Yamada,
Noriyuki Unno, Jun Taniguchi, Manabu Yamamoto, Progress In Electromagnetics Research
Symposium 2013, Stockholm, Sweden, Aug. 13, 2013.

Multi-dimensional Shift Multiplexing for Holographic Data Storages, Shuhei Yoshida, Keiko

Yamamoto, Hiroyuki Kurata, Manabu Yamamoto, Progress In Electromagnetics Research
Symposium 2013, Stockholm, Sweden, Aug. 13, 2013.
Development of stimulated Raman scattering interferometer, Motohiro Banno, Takayuki

Kondo, Ami Nagashima, Hiroharu Yui (Poster, Awarded), 7th International Conference on
Advanced Vibrational Spectroscopy, Kobe Convention Center, Kobe, 2013 & 8 A 29 H

How does the water mixed into Ionic Liquids behave under lubricating condition?,
S.Watanabe, M.Nakano, K.Miyake, R.Tsuboi, S.Sasaki, Book of Abstract of the 40th
Leeds-Lyon Symposium on Tribology, Lyon, France, 134, 2013 &£ 9 A 4 H~6 H
Tribological properties of halogen-free ionic liquids against sintered ceramics, Y.Kondo,
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73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

S.Kawada, S.Watanabe, R.Tsuboi, S.Sasaki, Book of Abstract of the 40th Leeds-Lyon
Symposium on Tribology, Lyon, France, 44,2013 49 A 4 H~6 H

Study on Ionic Liquids in the Electric Field, S.Kawada, Y.Kondo, T.Koyama, R.Tsuboi,
S.Sasaki, Book of Abstract of the 40th Leeds-Lyon Symposium on Tribology, Lyon, France,
136,2013 %9 A4 H~6 H

Effects of Doping Elements on the Tribological Properties of DLC films, H.Fukuda,
K.Oshima, A.Amanov, R.Tsuboi, S.Sasaki, Book of Abstract of the 40th Leeds-Lyon
Symposium on Tribology, Lyon, France, 25,2013 £ 9 B 4 H~6 B

Effects of hydrogen on friction and wear behavior of DLC films, S.Sasaki, K.Oshima,
R.Tsuboi, M.Kawaguchi, Extended Abstracts of Sth World Tribology Congress, Torino, Italy,
2013 9HA8H~13H

Tribological Behavior of Cr-doped and Non-doped DLC Films Deposited on Ti-6Al-4V Alloy
by Unbalanced Magnetron Sputtering, A.Amanov, T.Watabe, R.Tsuboi, S.Sasaki, Extended
Abstracts of 5th World Tribology Congress, Torino, Italy, 2013 £ 9 H 8 H~13 B

The Effect of Surface Conformation of Imidazolium-based Ionic Liquids on Friction Property,
S.Watanabe, M.Nakano, K.Miyake, R.Tsuboi, S.Sasaki, Extended Abstracts of 5th World
Tribology Congress, Torino, Italy, 2013 &9 A 8§ H~13 B

Tribological properties of halogen-free ionic liquids against hard materials, Y.Kondo, R.Tsuboi,
S.Sasaki, Extended Abstracts of 5th World Tribology Congress, Torino, Italy, 2013 £ 9 B 8 H
~13 H

Tribochemical Reaction of lonic Liquids under Vacuum Condition, S.Kawada, S.Watanabe,
Y.Kondo, R.Tsuboi, S.Sasaki, Extended Abstracts of 5th World Tribology Congress, Torino,
Italy, 2013 %9 A 8 H~13 H

Study on metal doping effect on tribological properties of DLC, H.Fukuda, K.Oshima,
A.Amanov, R.Tsuboi, S.Sasaki, Extended Abstracts of 5th World Tribology Congress, Torino,
Italy, 2013 %9 A 8 H~13 H

Three-dimensional flow measurement of a sphere-packed pipe by a digital hologram and
refractive index-matching method, S. Satake, Y. Aoyagi, T. Tsuda, N. Unno, K. Yuki, 11th Int.
Symp. Fusion Nuclear Technology, Barcelona, Spain, 201349 H 16 H ~ 9 H 20 H
Computer generated hologram-ROM fabrication and duplication by EBL and UV-NIL, Keito
Ogino, Noriyuki Unno, Shuhei Yoshida, Manabu Yamamoto, Jun Taniguchi, The 39th

International Conference on Micro and Nano Engineering, London, England, 2013 &£ 9 A 17
BH~9H19H

Electron beam direct writing of nano dots pattern on roll mold surface, Masashi Saito, Jun
Taniguchi, The 39th International Conference on Micro and Nano Engineering, London,
England, 2013 % 9 A 17 H~9 A 19 H

Development of release agent free replica mold material for UV-NIL, Yuma Otsukaa, Jun
Taniguchi, The 39th International Conference on Micro and Nano Engineering, London,
England, 2013 % 9 A 17 H~9 A 19 H

Improvement of super-resolution technique for nanoimprint mold, Toru Miebori, Noriyuki
Unno and Jun Taniguchi, The 39th International Conference on Micro and Nano Engineering,
London, England, 2013 89 B 17 H~9 A 19 B

Defect analysis and lifetime estimation of release coated NIL mold, Masanori Okada, Daisuke
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87.

88.

89.

90.

91.

Yamashitaa, Noriyuki Unno, Jun Taniguchi, The 39th International Conference on Micro and
Nano Engineering, London, England, 2013 9 A 17 H~9 B 19 B

Flow distribution measurements of a thin resin layer at UV-NIL process by using
digital-holographic-PTV, Noriyuki Unno, Shin-ichi Satake and Jun Taniguchi, The 39th

International Conference on Micro and Nano Engineering, London, England, 2013 &£ 9 A 17
H~9H19H

DNS of MHD turbulent flow via the HELIOS supercomputer system at IFERC-CSC, S. Satake,
M. Kimura, H. Yoshimori, T. Kunugi, K. Takase, SNA + MC2013, Joint international
conference on Supercomputing in Nuclear Application and Monte Carlo, Paris, France, 2013 4
10 H27H ~10 H31H

A study on in-situ observation of the micro flow of lubricant on textured surface, M.Kai,
R.Tsuboi,_S.Sasaki, Malaysian International Tribology Conference 2013, Sabah, Malaysia,
20134 11 A 18 H~20H

Analysis of Imidazolium-Based Ionic Liquids Adsorbed at Frictional Surface Using

Infrared-Visible Sum-Frequency Generation Vibrational Spectroscopy, K.Miyake, S.Watanabe,
M.Nakano, R.Tsuboi, S.Sasaki, International Nanotribology Forum, Kerala, India, 2014 & 1 A

6 H~10H

Examination of systematization of the holographic data storage, Yuta Nagao, Hiroyuki Kurata,
Shuhei Yoshida, Manabu Yamamoto, Practical Holography XXVIII: Materials and
Applications, Proc. SPIE 9006, 90061E, San Francisco, US, 2014 &£ 2 A 5 H

2012 & (Rl 24 SEE: 25 H)

92.

93.

94.

95.

96.

97.

98.

Improvement method of the optical MTF by using Bayes theorem and application results to a
rod lens optical system, Kotaro Okada, Shuma Horiuchi, Shuhei Yoshida, Zenta Ushiyama and
Manabu Yamamoto, Optics, Photonics, and Digital Technologies for Multimedia Applications
11, Proc. SPIE 8436, 843611, Brussels, Belgium, Apr. 17, 2012.

Three-dimensional simultaneous measurements of a rising microbubble position and flow

surrounding the microbubble by a digital hologram, Shin-ichi Satake, Tadashi Kikuchi, Takuma

Tsuda, Tomoaki Kunugi, 16th Int Symp on Applications of Laser Techniques to Fluid
Mechanics, Lisbon, Portugal, 201246 H 9 H ~ 6 H 12 H *18

Effect of surface roughness of steel on friction and wear property of polyamide 66, T.Ozaki
S.Kato R.Tsuboi_S.Sasaki, the Book of Abstract of the NordTrib 2012 conference, Trondheim,
Norway, 151,2012 % 6 A 12 H~15H

Study on Tribological property of Halogen-free lonic Liquids for Hard Coatings, Y.Kondo
T.Koyama R.Tsuboi M.Nakano K.Miyake S.Sasaki, the Book of Abstract of the NordTrib 2012
conference, Trondheim, Norway, 80,2012 f£ 6 H 12 H~15 B

Molecular Behavior of Room-temperature lonic Liquids under Lubricating Condition,
S.Watanabe K.Miyake K.Takiwatari M.Nakano K.Miyake R.Tsuboi S.Sasaki, the Book of
Abstract of the NordTrib 2012 conference, Trondheim, Norway, 62, 2012 & 6 A 12 H~15 H
CFD Analysis of Hydrodynamic Lubrication on Textured Surface Considering with Caviation
and Flow Pattern, R.Tsuboi A.Nakano Y.Oshima S.Sasaki, the Book of Abstract of the
NordTrib 2012 conference, Trondheim, Norway, 99,2012 & 6 B 12 H~15 B

Evaluation of mechanical properties of tribo-films using AFM micro-scratch and macro-sliding
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tester, S.Shirato R.Tsuboi K.Miyake_S.Sasaki, the Book of Abstract of the NordTrib 2012
conference, Trondheim, Norway, 60,2012 £ 6 H 12 H~15 B

99. Consideration about Generation of Cavitation around Surface Texturing under Hydrodynamic
Lubrication, A.Nakano Y.Oshima R.Tsuboi_S.Sasaki, the Book of Abstract of the NordTrib
2012 conference, Trondheim, Norway, 179,2012 £ 6 B 12 H~15 B

100. Tribo-film formation of lubricant additives on Cr-coated surface sliding against NBR rubber,
H.Oe S.Kato R.Tsuboi S.Sasaki, the Book of Abstract of the NordTrib 2012 conference,
Trondheim, Norway, 100,2012 £ 6 B 12 H~15 B

101. Tribological properties of ionic liquids for hard coatings, SIS2012, 19th International

Symposium on surfactants in Solution, S.Sasaki Y.Kondo H.Koyama R.Tsuboi, Edmonton,
Canada, 39-40,2012 &£ 6 A 24 H~28 H

102. Effect of surrounding hydrogen gas on friction and wear characteristics of DLC films,
K.Oshima Y.Tokuta R.Tsuboi S.Sasaki M.Kawaguchi, Proceedings of the 15th International
Conference on Experimental Mechanics, Porto, Portugal, 903-904, 2012 &£ 7 H 22 H~27 B

103.RESEARCH ON LUBRICITY OF IONIC LIQUIDS ON METAL ALLOYS, T.Koyama
Y.Kondo R.Tsuboi S.Sasaki K.Miyake M.Nakano, Proceedings of the 15th International
Conference on Experimental Mechanics, Porto, Portugal, 901-902, 2012 &£ 7 § 22 H~27 B

104. EFFECT OF FATTY ACIDS ON LUBRICITY OF VEGETABLE OILS, Proceedings of the
15th International Conference on Experimental Mechanics, R.Ishida R.Tsuboi S.Sasaki,
905-906, Porto, Portugal, 2012 £ 7 H 22 H~27 H

105. Friction and Fretting Wear Characteristics of Different DLC Coatings Against Alumina in
Water-lubricated Fretting Conditions, T.Watabe A.Amanov R.Tsuboi S.Sasaki, NANO KOREA
2012 PROCEEDINGS, South Korea, Seoul, 2012 f£ 8 A 16 H~18 H

106. Influence of Dimples and Nano-sized Grains on Tribological Characteristics of Cu-based
Alloy under Oil-lubricated Fretting Conditions, A.Amanov, T.Watabe, S.Sasaki, NANO
KOREA 2012 PROCEEDINGS, South Korea, Seoul, 2012 £ 8 A 16 H~18 H

107. Correlation between Mechanical Properties and Optical ones of Diamond-Like Carbon Films,
Masanori Hiratsuka, Hideki Nakamori, Yasuo Kogo, Masayuki Sakurai, Naoto Ohtake,
Hidetoshi Saitoh, The 3rd Asian Symposium on Materials & Processing (ASMP2012), IIT
Madras; Chennai, India, 2012.8.30

108. Molecular dynamics simulation of Ga+ ion collision process, Shin-ichi, Satake, Kenji, Ono,

Masahiko, Shibahara and Jun, Taniguchi, The 18th conference on ion beam modification of
materials IBMM 2012), Qingdao, China, 201249 H2 H ~ 9 H 7 H

109. Relationships Between Processing Condition and Mechanical Properties in Micrometer Order
DLC Structure Produced by FIB-CVD, N. Sakamoto, Y. Akita, T. Yasuno, Y. Kogo,
International Conference on Diamond and Carbon Materials, Granada, Spain, 2012.9.3~6

110.CFD analysis of real-textured surface processed by laser, Y.Oshima, A.Nakano, R.Tsuboi,
S.Sasaki, 39th Leeds-Lyon Symposium on Tribology, UK, Leeds, 2012 £ 9 A 4 H~7 H

111. Tribological Properties of aluminium-12% silicon alloy surface-treated with dispersed hard
particles during sliding against different steels, T.Nakase S.Kato T.Kobayashi_S.Sasaki, 39th
Leeds-Lyon Symposium on Tribology, UK, Leeds, 2012 &£ 9 H 4 H~7 H

112.DNS of turbulent flow in a vertical channel with buoyancy effect under a uniform magnetic
field, S. Satake, K. Sone , and T. Kunugi, 9th European Fluid, Mechanics Conference (EFMC
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9), Rome ,2012%-9 H9H ~ 9H 13 H

113. Fabrication of High Aspect Ratio Pattern via High Throughput Roll to Roll Ultraviolet
Nanoimprint Lithography, Hiroshi YOSHIKAWA, Jun TANIGUCHI, The 38th International
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E=ln, EEA, —ERA, PR, ExREH, FTARrY—2EE 2012 T
fate, AT, 371-372,2012 %5 4 14 H~16 H

288. KT 7 AF ¥ Vo T E RV IIATENED CFD fET-iEiLs D2 & 7= & 2% B
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91 RS FICB T A RMET 7 AT ¥ I X 2R EOKIKICET 258, 5,
KE M, PEHUR, #a RMEH, F T4 Ro P—23E 2012 TR, Hut, 327-328,
2012F 5 H 14 H~16 H

292. 78U 7 X K 66 OEEFEIZ KT T mikiE & M RIS 02, RIGRHIE, ExK
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FaEH—B, RAEEE, PR F, 17 EG AT ¢ TS VAR Y T A(IMPS 2012), =
2— 7 )L T SR, 2012 410 H 26 H

328. My OICHRE S L= AT O B) X i I RS\ - Bl o %L 3 kotdl, RHEBAT,
B, SRIFEE, GHR %, 5§ 17 BIRG AT 0 7B AR DT AMPS 2012),=
2— 0 )L T SR, 2012 410 H 26 H

329. EEVR SRR —F 2 b — by v 7 OIREWERE, FEINA, SAAREE—, H A
& BT Far 7y LR 2012, REARRAEART, 2012 411 H 17 H~11 A 18 H.

330. i R NS FE G TR SR D MBI A HNZ DWW T BAAREE—, B W, fSIRFA, H AN 22
ATFar 777 A 2012, BEAKT, 2012411 H 17 H~18 H,
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331 A A U EE O RIEREE DS b T A A ORI T TR, I, PERER, =
TRA], P, Ex RMEW, 5 32 BIREBFFINGEESHEEE S, TR, 103-104,
2012 4% 11 H 20 H~22 H

3. TVENARRTTACLD W bR H~v 7 m T 0 3WRITTALERE & Z O JE
WAVOFH EE—, HEHE, i, &Y, AABRFESB T Ear 77 L
VA 2012 REARRKRT, (REARRAEAT) 2012411 H 27 H~11 A 28 H

333.DLC D7) — A BB KT T RE T 7 F v ORE, 25M, mEEHR, PR,
Ve RMEH, M&P2012, 5 20 [AIEEHATEL - SBRHIN CE GRS, KBk, 2012 F 11 A
30 H~12 A 2 H

334, K FEBREE T T DLC MEOEMEMEIC BT 258, KUK, PEHp, fEx RMEH,
JITFHESL, M&P2012, 55 20 [EIBEMATEE - AEHI0 TE AR RS, KBk, 2012 % 11 A 30
H~12 H2H

335.PTX Ofif#t % AU 7= CUDA FORTRAN 1 75 2 v 72 Xk % GPUL &N T/ "—H %
FERD DNS Ol M E— 8K &z, &k A, & 26 BEGRAKI 7Y R Y
UL HARK S EN A Uy e TR A X — ) 2012412 A 18
H ~ 12H20H

336. 70w JHEGR A N7 4V H 2K D JPEG W OMIEWE, ma i, K IR, I
wE, H—8, GHER E, 2012 FIBIERA T 4 T ERATRE, TR R AR
&EE, 20124212 H 18 H

337 Fm BT L D FE S TR A2 OFH L mTifF B b 2, AR e, RS, Al
—B, FE O, 2012 FEEERA T 4 T ERAFRE, B RFEHES LA,
2012412 A 18 H

338. FHHIR—ADMRET Y 70 L D Fr L EGR O A S b OfE, PIgEAt, I
&, faH—B, Pl %, 2012 HFBHRIEHR A T 4 7 FRAFRE FHEB K ZHR TR
fif, 20124 12 A 18 H

339. TR WIS 2 sdlig B S A2 N7 0 7 — g o UL, AR, WREE, RE—
B, R B, 2012 FEBRG S A 7 1 T PR AT RS, BEERR KRR RLAEE, 2012 4F
12 A 18 H

340. BZEHRICE T DA A RIED b T A R I BIVEISIZBE T DL, JITHERE, PEHR,
Ve KIGH, B A FSBIHFPAESTE 52 [B154E B A PE R R il S AT 4L,
L, 517-518,2013 423 A 15 H

341 SRR 2 BT D WA D T 7 WM I B3 2 WF 58, $aARI&Sr, PEFHI,
Ve KIGH, B A FSBI R FAESTE 52 [B154E B A e R R il E S AT 4,
WL, 619-620,2013 43 H 15 H

342, GRSV RrtE O SRR - & L CORIERMIGIR T A — & —IZBT D058, xR
TH,  PEHM, fex RIEW, A AR FSEARFAERT 52 B4 B AR 30T JT 38 2Rk 1
SETERIRIAE, A, 627-628,2013 453 A 15 H

343. tFE R—¥E 72k % DLC @ b7 A REprEm B3 20098, & HER, PEHE,
Ve 2 KIGH, B AW FSBI R FPAESTE 52 A5 B A e R R il E S AT 4L,
107-108, H &, 201343 H 15 H

344 RINEI B SRR BOSIEOMTED n-V BRI LI T8I CB D HFZE, ek, PR,
Ve x KIGH, B AW FSBI R PAESE 52 [B154E B A e R Rl E S AT 4,
421-422, HH(, 201343 H 15 A
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345. 55468 2 A4 7Y o b FHBERL A O it MR EEAI L B 9 D ARG, St R, BEIER,
e x RMEW, B AR RSARE 52 M504 B 2R BT IE36 K 2 i T,
419-420, ®H, 201343 H 15 H

346. M B E WA 7T 7 4 v 7 A€ Y —OKe, HHEY, Rfasike, LH
W, (L HEREE, MERESE, B OE, WY, EEHREETSRA RS, KR, 2013
3 H19H

347.DCT FRE D BEPER TS ES\ 2 JPEG Wi 1 A L A3k, H)ll—#, KITHE
gr, LHEK, BHEE, E—B, PR %, 2013 FE FEREEFESRARS, IR
R¥,2013 43 H 21 H

348. = b r B —H R E L2 W iR L EGR O DST 51k, JHEEd, EIFRE,
—B, PP T, 2013 AR T IEMIEE FARA RS, KRR, 201343 A 21 H

349. 7 L — A MFARS &2 AW 2 iR EHRUE JPEG Wi O FEEAE, 7 IIRE, RIS, I
— B, GrE W, A EESE, (LD, EEE S, EE -, 2013 FEEHBETFSR
ABRE, B R 201343 21 A *15

2011 EE(FERK 23 £E:15£H)

350, BREESHSHL T 7 5 ¢ THIBAKEE A F 2 Mz, &5ZR1, SARE, ek, AA
FIARB D —%aKERZRE, B4 oy 7 RaFoERSE & —, IERIX,
WA, 201145 H 23 H

351 B/ NRIERE 2SR A T A Nz OS2 RIS B9 D HFZE, AR, EARTE, PR,
AR RN IA R P —22KFRE, ENAY U Ey 7 BAaHFEVERAEE VX —, BA
X, HAHS, 201145 H 23 H

352. %7 7 — LBl KIABSHILIRIED 2 51 = X5 ATHOWT AR —, A, &
P86 A8 M A ARBEA AR T L, 201146 H 2 H, iz vartrs—

353. O EE I BREE IS 1T B @B AR B AR L2 T 1) O RIABGI L 2 £E S T 7 — L,
A —, AEVEAIA, B I, AR S 2012 (FAFmEE) , THERMT
BRI v o282, 201148 H 9 H~11 H

354 BhE M & SR THElZ R L7z RGB 4 7 —Bhlifg o nl Wi fF 2k —ffs 5 o#)
R7 MVIHIZ X DA IMEROEIE—, A, Ha A, REH-, PR, $ 10
EHEHE P 7 4+ — F A(FIT 2011), BAEKRT: « BEREHIRT, 2011 429 A 7 H

355. FIR A o N T Tl v 72 JPEG IR 0O 1 A L AFRE AL, FEARIRYR, /NGLSE, 1A
H—B, & A, PR F, 510 FEHEREFEMN 7 +— 7 A(FIT 2011), EEEKT - BHEHE
HHAR, 2011 429 H 8 H

356. A7 L ABEHGFF 5L D12 O D ZIWEMMERE T VIC L 28 & /AT NLVREL HY
JIRHES, B A, E—B, BHR %, 510 BIEREEEN 7 4 — Z A(FIT 2011), R
K5 - HEEFEHIRT, 2011 429 H 8 H

357. ¥R W7 BAT E FEEICZ L O < IR O Bl 3 ok, T, IH—B, F4 A,
T, 5510 [AHE B T 7 + —F A(FIT 2011), BAE KRS - EAREHEA R, 2011 4
9H9H

358 AR LD 2D D Skt~ — D Z AT A 7R3 OHEE, &) &, fAE—1, 7
O, PR, 10 EREERIT 7 4+ —F A(FIT 2011), BAEKS: - AR KRS,
2011 %9 H 9 H

359. X4 ZDEHEZ W1 v RL o XD MTE O, WMNHE, &HEY, 4Fil#EK,
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(NS, LAY, B EREEES YA =7 o K&, FLIE, 201149 H 14 H

360. A ADOTEHE AW - BB AERICEB T 5 GPU I X 5@ {bomst, HNFHE, &HE
W, AR, WA, BEEEREFS YA =T 0 K, KL, 201149 H 14 H

361.IM IEEHWET =27 4 v T 4 I LD 74 bR U ~—0Dkna 7T AFLekEED
figtr, W —=, HHEE, LA, ErFReETs Y 1 =7 0 K&, LR, 2011
HF9H15H

362. 1 R XTI HHEE T I ibz vz MTF fifh, SRR, WMAFE, &
BB, WA, \EEWREEFS YA =7 0 R, fLIR, 201149 A 15 H

363. Wit A A IR A T B = S/ N EREEE A B RV OBRSE, Bk—i, HEA
AR, FIRTE, 2011 FERE LPaKERESFIGEES, SIRKT, &R AR,
2011 429 A 21 H

364. 5 O FRIERH B 2 LGSR T T VIS X D GO AW AL ARG R,
O, IHE—B, G E, 5 26 FIEGF 5L AR YT APCST 2011),==2— T = /b
T 4 BT, 2011 4E 10 H 26 H

365. Bymi g O MERWIFF SALIC T A L — MlEE, MEHE, §4 A, AH 8, P
T, 526 MBI AF 5y R Y 7 A(PCST 2011),= = — 7 = /L3 T ¢ AR, 2011 4F 10
H 27 H

366.JPEG ¥EH#L © v » A N U — AT A W 28 MR ORI OBE 7o i B fF Sk K
— R A b T PRIOBA—, /NGLsE, AH—B, H& A, PR H, 5 26 BIE(E
Tty o ARY D A(PCSI2011), ==—7 /LT ¢ SR, 2011 410 A 27 H

367. A N7 Pl E V2 MPEG-1 B0 v A U AR5k, ZHEEE, 45
5o, IMH—B, FA& A, R, & 26 BIEBRF 5k o ARY T APCST 2011), ==2—
U VT 4 IR, 2011 4F 10 A 27 B

368. 71 7 — RBE~— T K D A TRBOHE, &I ¥, BEH M, §&% A, BtHE %,
516 [BIRG AT ¢ THLER S AR 7 A(IMPS 2011), ==—v = /LT ¢ EAJE, 2011
10 H 27 H

369. AT, AH—H, H& A, R &, MOMRBITIEEICE S I 7 —FRhE& O
Beltl 3 kotlk, &5 16 IR A 5 ¢ TS LR Y 7 A(IMPS 2011), == —D = /LT
S BAJE, 2011 4E 10 H 28 H

30.~A 7 a T A NER T T 7 w7 PIVIZED UV A7V 7 atk A0,
eth f5—, B OiE, &FFmsl, B Es, H AR PSR T a7 7 LR 2011,
FRIE R, kA, 2011 4F 10 H 29 H ~ 10 A 30

371 BT R EEE A2 ILUENTTEI O PIV a1 L 38R, FSmFnA, BAREE—, HAHE
WHFRET a7 7 L A 2011, FREIRETE, 2011 4 10 A 29 H~10 A 30 H.

372. XA XfiEt 2 W EREG OSBRI LoRGE, BNBE, SHENE, FILEX,
(NS, A, BANFSFER AR, KBk, 2011411 H 28 H

3BAEE T AN IEIC L DRI FROFHIFIEL L r v R Lo P R~DmH,
BRI, WMABFE, FHEMN, FluER, LAY, BALFSERAGERS, K
B, 2011411 H 29 H

374. X4 ADOEMZ A1 v KL XD MTF O ER L ONGPU T K 2 s G RALER A,
WNFHE, HFHEE, FluER, MEZFERE, IUAZ, BANFESFERFGEES,
KB, 2011 411 A 30 H
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375. T B AL D T2 D O EBEEEIE I LS WA v b T RIS, EHEKR, H—,
B A, JHEE, 2011 AFBBIEHR A T 1« T HEEAFREEH TERTE, 2011 4 12 A
21 H

376. ETHEFA T T DOTHDO T L— AR EBIEDOWHICET 2 5, LRSS, 2
H—M, F4 A, &, 2011 FIGIER A 7« 7 FSAFRE, M LERT, 2011
#£12H22H

377 BWERZ T2 AW ARz HE A bR T OR, MEEE, HARE,
FUARTE, 2012 FEEENEE Ty B FRE, EaRTFIE, NE7H, BEE, 2012 43 H
16 H

378 ki KT T A DIEREAE B 258 (ZHLE 7 4 VA E RV ITHW TSGR
FEPVER,  MURRE, EHARGE, 2012 FEREE LPEREZRE, aHRTFER, NET
i, BOER, 2012 423 A 16 H

379. H E R ARE) 2 W2 AT v v 7 2B D58 — RS S DR AT DN T — B ARK
7, FIRTE, 2012 FEHEE PSR FERE, BMRFERR, NE, HaE,2012 4
316 H

380. Bh X fi{E & RFZE[H] 7 ¢ L 2 I KX DRI E G o E A L, KERL, EM, B
N, BHE 3, 2012 HEE T IHHORE PSR e R IR, 2012 43 H 20 A

LW R A~DOEREEZ BN E LA YEEEIC X D LED EfiOFA], FREEIT, 41
2, fAH B, H& A, P 2012 E HEHOERE FRRA KA M LK, 201243
A 21 H

382 BHEG AT HALIC BT 2 TR BRI AR 2 b 7 ¢ VX O, mAaEl, 54 A, il
—H, R, 2012 FEEE T HOEE TR A RS, MUK, 2012 423 A 21 A

383.Kinect & W IZ &V HUfS L7oSERMAE O FORIE, KT, BHmr, mE—, 7
N, B, 2012 AR IHHBE TSR G R, MILKY, 201243 H 22 A

384. FpfmlA o N 7 Pl E DST Z# V7= bl ofF 51k, TRIEEH, F4 A, H—
B, Pt ¥, 2012 EEIFHEE TR A Re, MILKF, 201243 H 23 H

385. @) = #ifE T & V7= Motion-JPEG Bl D 1 A L AT 51k, 4 BB, KA,
H—B, 4 A, R %, 2012 (FEHEHIBE TSGR, LR, 201243 H
23 H

386. 7 F L— NEHUELFEICHK S BAL T =a—F b xy N T — 27 Z W B O E
PRI BAl, RIE I, BEEED, B4 A, E—M, gl %, 2012 4% - HE0EE
FEmAaRE, MILKT, 201243 H 23 A

387. HEMGL, HAk A, H—, PR F, S ESkicsiT 5 v — M gs/IMET 2 T
FROFHFHTBIT 2 —MiFt, 2012 FFE FHF Rl E TSR e RS, MILKT, 201243 A 23
H

388. I T RF M 2 3L 9 2 WA f Sl 2 1 S B B3 2 A 5E, /NLALH, RS, b
Fi,  Pex RMEM, B ARSI RFAESE 51 B4 B A 603 Rk T 2 AT
RIS, T3, 431-432,2012 43 H 9 H

389. 4R T & VA - WSINFI 5> 7 ORI EAER & BRERHE- AWGIC BT 5 0 TR O %
DB FILEZ AT - M mth, ¥Essin, P EL, =R, PRI,
Perx KIGH, HAM S RZASE 51 [F154 B A S5 R M A BT RE,
T3, 445-446,2012 £ 3 H 9 H
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390.fE 2 —T 4 VKT DA A UHRIKD b T A REFEICBE T A%, TP 2,
BEHIR, fEx KEM, AAMMFESEEFZASE 51 BIFAB R EM BRI BHDF
TERIMIEE, T3, 449-450, 2012 £ 3 H 9 H

391. UBMSEIZ & 0 A U 72 DLC D BEERRFE IS KATTMEGLEE DO 5228 EHPIER) P
W e AREW, BRSBTS 51 B4 B 2R T FUR KR S SR A
H, TIE, 453-454, 2012 % 3 H 9 H

3. KET7—Y) BT LAY XA KD ROM Bldkn 7' A A€ U OkE, (L1 fEG,
IS, HHEENE, LAY, E-EREETEREe R, M, 201243 A 22 H

<BEARDAFIKR > (EFE L)

DURT) L ZFRFEORBRR. AV —R Vb TOARIKIRE
MA—LR—UTABLTWSIBAIZIE. URL ZREL THEEL,

<BRIZEELTWLNDED>
BEETIZ, TRROV VAT T LERZBE LT, U ARY T NIEFEREL., LSRR D —
Bit7poCTn3B,

FlET AR T A

T e ATIERENE oA T T o B e R L 2 —

HIF : SEpk 241 H30H (A)

S EFHIRI KT MRS v L8R R X TR B2 3AaE=R

A LA o/ n E EYM E- UGBmAkrtrE—) ARXREA—EvIar (11
)

BN 27 4

F2EI R T A

T - RO IERERE ok 7T 7 ¢ HANBFZER R ' o & —

HIRF : PRk 2541 H 29 H (k)

28 WREARY BHX vy "X LS 3B KRaE=

A WA P GRimAdetvr s —), gHE OBE (TER., =% 94N (F1EL)
RAZ—F v gy (20 1)

SN 47 4

HIEURT T A

TAE AR ik n 7T 7 ¢ HRr e v # —

BRI HBF : SRk 2642 1 H 24 H (&)

28 HRERRY Bffity R MEHERF—L, FATA =

A AR PR EBEOEN B Gtokvrd—) RxRFZ—kvTar (154)
SINE ;33 4

A R Y A
T AT SR n 7T T ¢ BRI SERR R v & —

BAME A S : SER274E3 H 13 H (4)

A8 HEHEARY BEffivrroir MEHEAR—L, KAUAT

AR LR L B A, W ERE YT B0 RS0 R Rl —B Ul e
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v E—), RAZ—kv 3 (101F)
ZINE 374

BRI URT T A

T AW el w2 T T ¢ BARRFZERR R v & —

PR FBSE - SFRR 27 £ 10 A 30 B (4)

S WEFRRE B8R KERIRK—L, RUA T

FE{EE : JamesW.M.Chon (Faculty of Science,Engineering,and Technorogy,Swinburne University of
Technology) AT 15—, ¥k FA, fal —8] (Blidntr 2—), §H &Y, B
s (RELK ERETEM). W SEE GREK L)

S 714 (N, SMEA S 4)

R— L= D URL I FREIC AR D,
http://sslbws03.te.noda.tus.ac.jp/index.html

14 FOMOMERESE

<HEF>
2015 EE(FR 27 £E:5F8)
1. IUARZ: B0y, FHEN TSR L OG0 77 A Giik /A E ) 4558 2015-102691
(201545 H20 H) *3
2. WA oA EECMES AR e B TRREREAE YRS FRRE 2015-102692 (2015
H£5H20H)
3. AR FEOEE A, A B TREREAIE) FFRE 2015-102694 (2015 4E S
H20H)
4, [hA . EFEWH O OEE A B TFESEEAFERBIOGRn ST AGEEAE)
FFRAE 2015-102693 (201545 H 20 H)

2014 FE (Frk 26 £F:45H)
5. HAR E TS FFRE 2014-193189 (2014 49 H 23 H)
6. HA E LAY O 0RLE T, BIMETRASHLERY) K O o S5 7 19300 O ik
TRIRS — L) HRRE 2014-226961 (2014411 A 7 H)

2012 S (FRL 24 £E: 24 H)

7. EA REF U—r3EEE) BRE2012—-118928 (201245 H 24 H)

8. HA pF [V—r@gi#EfEcia=y b, V—7FE¥EE FFE2012—-11
8929 (01245 H24H)

9. EHA KA. B EH. M K TU—s3BEEE) FFE2012-228928
(20012 -5 H 24 H)

10. HIF 216 e et MBS EE . & OME# IS 515 HFEE 5 : PCT/JP2012/74962
CER2449 H27 H) T AU « FAZIZEBWTYH [EBEEFFRER A * 9

<REF>
2015 R (AL 27 £ :5 5 H)
1. Konica Minolta Outstanding Poster Award, PB1-05 "Lossless Re-encoding of Holographic
Images Stored in JPEG Format for 3D Flow Field Measurement", Takayuki Shikakura, Ichiro

Matsuda, Yusuke Kameda, Susumu Itoh, Shin-ichi Satake, The 1st International Conference on
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Advanced Imaging, National Center of Science, Tokyo, JAPAN, 2015 4-6 H 17 H~6 H 19
H.

BlZe BCE, BH LB T—Ta VE, AEEAN BARBETS 852 B HAE
B RO T A, I, 2015426 4 3 H

%3 EEE - RADAY Aay /A 2T aky v JTHHREEHRS FA
Z—H (0154 11 A 25 H) “BFET ~ U BELETEE OB & 2 @ wiiisr Bt o3 A~
DIGH” , RER #2234, PR JoiE, BgE 208

2013 E (FRL25 5 : 3£8)

4.

Analytical and Bioanalytical Chemistry (ABC) Poster Award in the Seventh International
Conference on Advanced Vibrational Spectroscopy (2013. 8. 29).

Development of stimulated Raman scattering interferometer, Motohiro Banno, Takayuki
Kondo, Ami Nagashima, Hiroharu Yui

7th International Conference on Advanced Vibrational Spectroscopy, Kobe Convention Center,
Kobe.

2012 (FRR24 5% : 248)

5.

HAMM 7 = 0 — HARNE

2011 £ (FRR 235K :15£8)

6.
7.

H AR IR 7 AR PEIN L« AR PR R R SR . S AR

TV 7 br= RFEERFERA MNRE, =L he =7 A%EEF S ICEP2011,
FEIRAIS, $nARFE—. 201144 H 19 H

DEFHHREEFS HH - VAT LYV A =T GBI E ., A H—

_55_




(#= 2)

EANEE 131065
A IorES S1101014

15 TRERRUTHREFHER A Sh-BEFER UG

<EER|IfSN-BEEFE>
BEZRENMISN TR S XM YAGLIEGEE L TESL,
Zakl,

<EBEEIfESNE-BEZTEBADOXIG>
FENE-BESBEICHL. EQLIBREELFEL. T, FNITEY . EQISBBEMRHM>=NEIZDLY
TSI EHL TS,

ZEL,

< fEEHmBF 2SN -BEEIE >
BEZRENMISNTUOEWGEXIERYAGLIEEE L TESLY,

UTFOEBIZOWT, MEtOREND D Z LIRS NI,
(1) FIEFMARH  FTEH R DOALE DT 2 HHEIZ T 5,
(2) M - & O,

(3) WMEFICHBT DR DOMED T B+,

(4) SMESEHm D F2 0,

< TR EHE R ISR SN =B EFEA DX >
HENBEEBEICHL. EQOKITHBEEBL. T, TRITKY. EQKITHREHNHH ST2MFIZDL
T, RMISREL TS,

(1) TSRS RIS ONLE ST 2 HIECT 5,

COEBICEALTIE. FEMMAIX. ABVICONTIXEZIEOW S, FHAIZ DWW TIXE EFER
RELTOMEBEMITTEERTRBBBELTIT AR RHB P ICRImDFROT 70 E M HTERL
DOHY. COBRREFER27F10A30BDEBEL VARSI LTARALEz, £, EEXILDHEZE
RIEAT. BFH10KDHEHHFRBLELSZLDOHELHH -1,

(2)  ThEs% « OIS, |
ARETIE, BB/ A—~DEERICKY ., LEATHERALTESRFHEE-TEY., TP I+
BTRVHEL T, AEOHENRNDEREHEE>TINS,
(3) THREEFICBIT DAROMmED 7 HBAR+47,

R HXDEROH AN DONWTEBHDOBE Y LHEAICOVWTEET S, SEDHEETIES
D RIZERELTYERLT=,

(4)  THNERRRAM D S50 14, |

AEREHEICDOLTIE, KYUERSED EADAETERL-, EARMICIE, MEAREMERKT
D2IEBIZH T TMEZZ (=, S EREFRMIX. FR27F7A298IZFE LT,
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A FE RAur I 74w AR AT — A AR

CEA E EFE AL THWLEZER AT — VDR

cH/HF BT U ABOLIEIC & D FUREREA O fE ST
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g PRI EERE OTERR & B EERT AT

CHIE ER T AT o METURE OB - AHZE L — =0T

WITAE A o R—DHERE I DWW TERT,

3—1. Aul5 7497 AFYVHET—FER (UEx )

1) EKEE
DOE O BEibIZ K 2 KREBILOEH,. HBMEHEEL LCiL, H27 #FI21%, 1Tbits/inch?
D FLGFE JE R

() R

[A1#7 5% 3% - (Diffractive Optical Element: DOE)E[EIFTESR ZFIH L TP m s 288 L,
TR D5 i 5 15 512D DIFH T T, L—W —OWHERE S/ 2 T 5 — Ly = A 3
—REHT L XIZHWHI TS, DOE OF%GEHE, AR 50 & FEE Co¥mE (7
W) ZFTE L LT, FR6 & FED2 DOE ORIE £ 72130 A4 A7 % K b 2 Wi O
—fEEZILND.

DOE [3RIEM & A AR KRBT X 5. IRIERN I O£ #EI %2 (EFR) Rigmme L
THRIET B HE, NARENIAA AT & L CRET A HETH D, AiEoslE LTxy —v
TL— b, BEOHELTIEF ) 7+ —L0% T 65, IRIEA DOE O+1 RIEHTZh=1T 1
0%FEE T 5 —J, MrFH% DOE TiE 100%Ir < O+1 KEih%z LB Tcx 5 (F1) .
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EHFHE 4, (%)

# 1. DOE ORI & [Ergh=R (A0 T — = Ic & 2 aFfh)

Fe4H W& 0% +1 K -1

PR PRIE 2 P 25% 10.1% 10.1%
NEAR 2 PR 0% 40.5% 40.5%
NLAR 4 R 0% 81.1% 0%

R EEt ArAH 8 P 0% 95.0% 0%
NEAE 16 FEFH 0% 99.7% 0%
HGEALAH 0% 100% 0%

ArAET DOE OAAHBE AL & BT 2R OBIRZ X 1 12T, 8BSl b+ B zh %
FHTEXDHL52%. ZBEFHONAE DOE % 342 Hiks LTI 2 1R L-FE VY
—7HENFT NS, ZOFETIE, ZRCEI S 7B T8I, MHEIST
TS H 52528 T, AP LOWHOMNMEEZER TS, BEKXOKEL A, BEOREITFE

o, fifHE ¢ LTHE, EZBALDOES AIFROXTEZ LS.

rzhsl2)
2m-H\ 27

(1

100

1R
1R
3R
=3

1. AEARFERREL & BT 2h =R O BAR

%< OWMENRE 5 ThD XL 912, DOE OikatbxfbiiEO—fE L TERLTE 5.
RODF 212 DOE fidi{b D 51k %z 4. AL DOE OfkitFE L L Cidkka 27 L2 ) X
LAVMEREENTNWDR, B BAEOL ORI DOE 06, RIE7— ) = &7 v
U X A(FTA)D—FE T % Gerchberg-Saxton (GS)7 /LT Y XANHHTHSH. GST /Y
AL TIEIARICOW I & BEE & 2 D ENM A HIFIRIEE LTEH R, MHAZRELRND
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= & W R A M 0 IR 2 &T{ﬂ‘ﬁﬁﬂi FEILZITS. ZobLE, BAERmOEREEEZMZ T
FAEBRIEE AT O— M2 dET 570012, KEFFEFICEANEEZIT 256085 5. K3 12
GS 7Y R AOWE A 7.

% 2. DOE it o 51k

NN Trurs AZAR Kk FHAE
ToFY KD .
YZZIN I DOE R ]
, DBS ¥£ X o) X E
H—fRmrE N .
. PEE R E LIL x o x R
Fik
IDO x o o I
Gerchberg-Saxton o o o =
IFTA Ferwarda o o o =
TNHIFY XA EBEURY o x o S 38
Yang-Gu o o/x o =
(b BIsH x o x i8S
TursZnh T AY XL
FAE T 51k x o x i8S
(ERGHD)
. . V2=
2= N _
T 7 —HEH x e o (R

AGHREA,
S -

HA
—> fhfe 48

U(r) < A(r)expliarg(U,_,(r)]

I8 I8 BiRRE M4,

— fI48 it
Ui(r) < A(r)expliarg(U,(r))]

RoEibshi=f48
L= |

3. Gerchberg—Saxton 7 /L = U X A O ZE

DX 412,GS T3 Y XA XY Feaiifl VTR AF OB & 7~ 3. £ 1 B EE5R BE A A,
HiXEnost U Tk SN ATH D, 4 = 405 nm, EEIFEEEIL S mm & LT
A.
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4 4. AARTRE A0 & il S A7 AR S AT o4

DOE I[$HEQAHLEDOFIIZIE ST, HEOMIEEZ B —OFICEETES. H—-0D
OE O EBOFABEH/DL =00 EE LCUIMOZENE T OND. XS ICHOZED
JRPR %R, B 0% E DOE O fiEiklE, GS 7/ 32U X ADGHE « Wil o3 EE R e,
O~ A7 IC X o THB I END 7t 22 MAATy 2 L TEBETE S, 0L X,
K~ AT ENENHOENEL BRI ) ICTEARRRDK Y L2 T 7 b7en. 4
~ A7 W TCREL SNl E ERGDE 2 2 L THIOZEDOE BNEohd. Z£Elb

D

S 172 DOE O FAMIE, ALK BIC~v A7 2RET L2 L THlET 5.

CCD CCD

I |

DOE | [ DOE

B4 5 BARZEORE
Q) ERFERBLOEBR
BEGIZ L D SNSRI L, Rinb ) —7#iE s LCEET S, K

VU — 7L, UV A7V N Y757 0 —(UV-NIL)WZ L0 1ER 5.

UV-NIL (2 L 0 El &7z DOE 13X 6 (TR 3R 2 W THAT 5. AT = 40
5nm DL —F—%H\5. VARERWDZ & TDOE S OFENOREEZ %, PBS I
E NG ETFEREZ TS, 0L X, VL — L XOEROIZ L > TEBHREZ
T HZEMTES.
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CMOS

ND
DOE

1]

I

I

Laser PBS g
%_I

(A=405nm) A2 Lens A4/4 Lens
Expander
A 5

6. HAENFZR

v 7 V0% 1000x1000, TEENEEEE /= 5 mm & L, HEFRESARIZK 4 & L=, 4 DOE
DFAEBZH TR, WIS AREOREIZ 08 mW & LTW5.

ilh

(a) 4 (b) 8 MR
7. DOE f4:

4 PEFH, 8 PEFH & b HAZSREE 540 TR E L72“TUS” & W\ 9 UFHINFHES N TS Z &R
Mo, BAEGAZLET S L, SHEMOLBRHRICEESNTEY, EEELEHNI &N
Mm5b.

RIZBH 1 % & DOE @ﬁi@%ﬂf& WRT. BAERE AT AB L OB E W) T L L,
B~ A7 CTHY 28 LTS5 3 AR BAE SN, EYozilfk LS5 13 B RN EA
SND L) ITEE L.

5

&>

(a) ~AZ 7L (b) £5H:57 7 Wik (¢) ZE557 % il
8. B £ DOE O fEH
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ZEAL SN DOE BN~ AZICL > THBEAETETNDAZ BG5S, ZORRLD,
BIOZENFIAICAEZITH D Z & NHERTE 7. [FERIZ 4 ZEOB 1% #E DOE OFARE

Bt HERESMIZCA”, “B”, “C”, “D”L W9 LFRICREL, LETESL 1/4 Tl
THZLETHEETCE D LT L2, K9 IZ“A” & “CPDOHFAEBG 2 RT.

(a) “A”DF/E (b) “C*DE/EA
9. B £ & DOE OFAME (4 £H)

FABIT EAREEAZN S, DEEFAENTETWAL I ERNDND. ZNHDORER XY, B
NZEDOEIZ LD REFENA N —VEBODDOFEMERNTEIEEAD.

DOE Z W= ROM AR e /I A AR DI L b KEEE BIET7-0, B4 E
WCEBZEARR T T LAEERL, ZOAMMEERIELTZ. X 10 IZBl R0 ZEOFIE A /R
7.

BERTATEL

s
d b "1F
y & ¥ $
HEE N

TR
1A=l

e Y
BEE

X 10. BEOZEOFH
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BAOZE T, ZE(LIZAT ST AL OEEGE2 5T 272012, BEAZLZRD~
A7 wHWS. F£7- DOE ONEREILIZBWT, aikE S EROBRICHO~A 7 %
AL, stERREZELEDOELZETEEARR S T L EHIT 5.

ﬂM&Uﬂu’Aﬁ®ﬁiiﬁfﬁﬁbt%Mf®ﬂ%ffLﬁﬁ*ﬁ%%%é
NEREHIZEAZEATEY, I3k oTEITY VIZ7B4A LS. 2L EEET D
kb,E—A%%_x«4v%w74w&%%wt.x«%v&»74w&m;of%
Bt ol L —YF—% L XL o T TR E L, ZDIREET DOE IZHS7 5. DO
E Z@il L7z L—%—tl%, DOE OGS mm IZBAR~ A7 2% ETHZ L TEH
25 mm EDNETHEGSRT D, AFEIOFERAZTIE, f=8 mm & f=150 mm DY L —
VA THAEBREILR U, mBICHEDZ2EE TN TE S L9 ND 7 A VX A RE L
CCD 1 A 7 CHfg 4 5.

L—#— L2x L»x  DOE UL— LA 27y CCD
A=405nm LBF A — o
= b <] |
g ﬁ I [17] 17 I

L " W W
!_‘_I '.___.' _ _
b f=B0mm f=15%0mm

X 11. DOE i y65%%

[X] 12. DOE &l Y55 FE

M 13 I2iZBn~2272L, 14123 n~2 7 2xE L L X0HEBEY FNEN
IR,
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i,

13, HAEH GHno~xrz7z2L)

X 14. HAEB GIno~2x27F0)

BlO~AZZHWDHZ L T4 OOWBEMN L THAETHZ LIXTEN, O &M
HERCOMEIZRE NS D Z L, BHNEOMANE TIHMEFNHEIN TRV
EER T, FOHAEMEICITENE T, BAEBONE L EEE 500Kk
ELTHA~YAY OEDER, LIS DOE DFEEINBZ LD, FEHi~ A
7 DR THAESNAR»THKE LT, ~ 27 B AE»SxAALE £ TEBEA T+
ST LR otz 2 ENEZ BND. T ORIEZ BB 51213 F G R 4 R4 +
SRS LV, FBEEPHFICEI TE D LT IHEREZLNDN, ZOHIET
IEFIENERHERICHET 272 8 LTHILT H 2 &, FAERDRKAULT 55 DM
BT 5. 22T, ORI OO =V EEHRTHZ LICE>TIb DR
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BETSH. MISORIBRANARY =0 DOV A7 2ERT 52 LT, EhomAERER
ERHIFETE S,

X 15. FHANZ—BO~A7

KISOXL O~ AZ AR LFELXDY I 2 —Ya il LAFEBRIIKI6D L
I o T,

vial—ya Nl AEAB

ZOXIICHA A OFGFHEEFETHZ ETLEREOMEZERETE 5.

4) BRI DEAE

Ru 77 AOEELNOEFE— LA~ A7 T — 2 AR E T B LR AL
NEL7z. 1 Thits/inch® DEEERLEKIZI T H 7 B A X TOFAE, IRIEOZEFLED
INENHRETHLZLE VI 2L —varBIOERICE > THLZ L. S HLH
WZHOWTIE, FixDFRICHOWNWTI I ab—2 a3 U270, HOZEFADNENTHSZ
EHEFAWE L., HOZEICOWTEEDT —F T = OIER Y 7 v =7 &3 h |k
O, JREERE L LT A ZEOGEB LOHAEEREIT o7, EROME, HAEBOSEEEY
R CE FROAMEERIECTE 2. BHIRODAZETHEFIR S T AP A X, 1 =Ty
¥ Bhe s et A X)), RIESEGERFEAS KOS ELGREZRET D&, 1 Thits/inc
P DR S ER T E T,

3—2. BEFU—LBATHOWLIEEFRAT —VOMREGEAR BKE)

1) HKEBEE
BEZEx AR A 7 — 2 L B AR A f A A o T T — A Bk N 2 — B A R
DHEST
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() R

B2 PRI O 2 Bl E C+4y 72 7 — & B & FFD ROM JFE 2 (E 4 2 354, F/
A— FVA—F OEHESE 2 B O REEEN LB ThH 5. BFRE V=T — 230
LT, SEERFTOMLALEATHY, RPN TRCE RS2 HRT DT ¥
N ADFAEDRIINTNENT &L, 107 Pa UTOMEZESHERFTE 5 2 L0 EREN 5.
IIDOFMGER TR LT, mEEMIEREZ A RES LTS, b
OBHEITRAEEZ & > — VI 572 0, ZOEIE, BEZET v o SIS @R B 22 AR A
FIREZR AR A E AT H 2 LN TE LN, EEM/RUTHEMETHD Z LTz, EENE
EELZENIED. R TIE, FEHEE &/ ML EZ TN L, BESNEZZICRER 5 2 7R
WA A RIR IR & T 2B 2R R L, FEERICEERE AT, EOF L
ALz

(3) EBRIEER L UG

O BA% L 7-[BlEskid

1 (ZBA%E L= mliists o 2R3, Z o iEisE e 7 — 7L, sl TS
VLA DC E—H(THK 10 W)THER I TWD. Z OREsE T, MEmss LTRLIC
RYA AR EERALTEY, Zh2 3um O & 4372 LTS, RO HE
T8 0.5 ml AV ETHDH. T LN AL T AEICK Y, BHEEHIIENEAEL,
s NS, [ERE, L hA 7TV LA DC F—RIZL-»TITH. kot
HEES— UG EVEE LW, EE PSR TER 60 mm, &S 26.6 mm &, HZE
KARENZ & g U CRIEIS /N TH B

@ [EEFEERIE

1 (IR T 2 RSS20 2 CRIEREEO -2 5 M ks L Ol G g &2 HET 5 72
DEMFED 2 DPTICHRE SN TV DERFARINTW D, JIEE, FES R IEEAhZ L
#(Micro Sense 3401HR; Japan ADE Ltd., Tokyo, Japan) % HWCHllE L7=. JFARDEF
PRGN Z VN T, AWFFETIE, EERICE R CRIET 232 — OB H O, RS,
BIROE— AR OEEZYR LT, RS MFEE 50 nm LLF, #l54EE 40 nm X
TaHEEE L.
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Radial direction displacement sensor head

¢ 60 mm
-¢ Lt
Axial direction displacement sensor head
25 mm
D/ Rotational direction
Ve Non-Contact ‘ o
A : |~ Rotary table
! | Yoke

g f 'F\g\ Magnet

© Non-Contact Built-in motor
S Shaft

Tonic liquid

Steel ball — Herringbone-grooved bearing

y ) Exhaust hole

M1 R ?‘élﬁlsﬁﬁr}%%@*iﬁlioi()\wu# RIENL B

K1 MEEEE UTHEM LcA A iR o/

Manufacturer Kanto Chemical Co. Inc. (Tokyo)
N,N-Diethyl-N-methyl-N-
Product name (2-methoxyethyl) Ammonium
bis(triflutoromethanesulufonyl)imide
H,CH,C CH,
~ 7~
Structural formula N (CF;S0,) ,N-
H,CH,C CH,CH,0CH,
Molecular weight 426.4
Density 1.42 g/ml (20 °C)
Viscosity 120cP (20 C)
Vapour pressure Less than 10"° Pa
Characteristic Hydrophobicity, Colorless, Transparent

® 7 v bR

IR 2 B 22 v SRR E L TR S ¥, O7 U b AR L ORI o E 22

FEFACREZAT > 72, 7 U b B AFEAMGIZ 130U EMRE & 54715t (e-vision2; mks Co.,) & Y,
HZeEH I Em E R E 22 5H(PKR251; Pfeiffer Vacuum Technology, Asslar, Germany) %
[AYN

@ [ElEHE

E X SEM(ERA-8800FE; ELIONIX Co.,
TRBDOEREE LT X v TF A v

2 (Z[RIHRH ] 24T > TR ORE K 2 7R3 S

Tokyo, Japan){Zxt L CHEBIMERE 2 AN L 72 6 D ’EFHL Ve

F& LT SEM OEZEF v AT D 2 LR TE 5720, [z 2619 %051k
& LB U CRIss L E O KiE 2/ VL, (LR WRETH D, RBIERT — 71, RUR

ZEP-520A (Zeon Corp., Tokyo, Japan) T 1 pym [ED 2 —F ¢ > 7 &= v T %k, HEM
W7 —7ZHONTEEL, BEZIERNOE FROBKNAEZ RS T 6T 28T
[EOMEA T L7z,
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Machining pattern data

Electron beam column (4) fERBEL U“%g—?

Vacuum chamber ® @ﬁfﬂ% EYE’JE
3 Z[F#EELHS 500 rpm DS
3000 rpm F£ T 500 rpm B X

Vacuum gauge

Electron beam

In vacuum
Dy 7 1A PR iR L & (Axial
Semiconductor wafer N

ey run—out) & & A aliEEIL
Rotary table £ (Radial run-out) # /"7,
) b VR, BT =7 L

ydrodynamic bearing

Brushless DC motor I LB (R T N (Sample) %
FEIGA L, MIbRETH

Motor driver VRSO 2@ AHIE L

SEM controller ~ Rotational clock 7.

2 R ORI 2 7 [ A E O K

[EIEAEL DN LR, JE 7 1)
PRIV EIME T LTV D,
: : , [lHRE DI X 2 k5 EE DIK T I,

—o—Without sample TEE OIS, THIICA L DAY
— Sample | avR, =g~ OEEEEOT
Target value(40 nm) EMEEICLDbDEEZBNS.
——————————————— L2>L, 2500 rpm £ TlX, BHIEHE
Lo & L OB IR L
1 TE, +olcEFRE I A AT
' ' ' ' RECHhD. £, HhfmoEER,

_ 80F
é L
= 60
3 I
?
g 40 —
= I
< L
— 0 |
g 100
b=
?
a L
2 sof -
< -
Fg o
o L

of

:::gﬁﬁmmmg B R A L TR0, 2k
1 OBTEBHOERRELY b

L NESWETH DD, ek

ThHoHEVRD.

Target value(50 nm)

®@ 7T U YR

1 L 1 L ]
1000 2000 3000 [ 4 (AR I ERRF O 22T

Rotational speed [rpm] VONNELZEEE ORERS B o, A
[ 3 $a5HAE oD IRl RS EIIAE L, GIRIEERREC, sz

FHSZRRF (SIS IR AN L 72 5 3

Iz EEnoEN D720, —HRICEZENE,T L 0B DN, BHZEF & D
HWETHZ 2 ARSI E T ZETINEEHEETE 5. X4 L0, 1 oMoEEEF HE
Z2F ¢ N[ZEZEE 10° Pa BAMFFL TRV, BHRIC L > TEHZEEIZEE LW &

DOND.

Z ORI EZE KR EISZ I L TEMLTH 5.
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X 5 \C P EMVE ESWTEHC LD T 7 b A ADEEANRY RV ART., JHER T A2
F v UNHREIGYT 5 2 EPRER SN DT, BWERE LTHER L TWD A A ik
oﬁ%ﬁmﬁbw>ﬁﬁaﬁsgwy CF,(69), H,SBH) A THEIND. LnL, Zhbzxs

JEIZA RS 107 Pa LA N Ch W HEIC KR E 2 B2 52 5 LI13E 1TV, &
7‘_, @iﬁﬁﬁf&fﬁ(%foﬁﬁm#ﬁﬁgﬂﬁb‘ ErDh, T NTADEND HIER O
ILEAREENZAEH & 5 & L7

| ® Wi

| 56 (a), B4 6(b) %, SEM I
] REU SR
| T, ERRIC K D R E

1
W

— —
o, o
N
I T
IIIII

During rotation 1 1wm®DZEPa—F 7 &
| AEER T NIH LT
MILe"E—r DL —%
—BMBETETHD. HE6

1
W
T

Target value

—
(=]

——

Inner Chamber pressure[Pa]

i L | L | L
20 40 60 80 100 ey

10" - mm O L P 1 12 A0S
0 : 10 I
Time[sec] ML TRIPE
4 [EliE o B e TILENTWA., £ R
10— [T h7 7 E>F 100 nm D
H,O(18 i N N .~ -
10-6_ NH3(17)2 (18) Before rotating 1 10 ADOEN LD L 5o
= N,(28) P L
£ 107HR@ AR CONd) 4 E L. s EEsEL 2000
gloﬂ ” 4 rpm, JNEEFEIE S kV, FEHC 1
: —
§ 107 - II'II o {l I|I|I' | .I1|II||I . Illl I.'I' o 00 pA TiToh7=. X 6(c)
;; 107 Duringrotating | (= Dose N 124.8 puC/em’
g , H,S(34) S0,(64) | DN ROBEBEZFHNRT.
a 107+
) CR09) | =Ny REMT B
107 g s .
|l L i, ] ez e
ot iy | m lll I|I|.J o
0 10 20 70 FIFRIEK 100 nm THDH. Z
m/z Db, REDRERE
5 5 J =N °
ME TR ARORRAST P WS, w57 Ty

D7D ORI EERE & L CH o R EZ D, BN LIk L CEREE L 5 2
TWARWNWZ ERbND. REBRIZE - T, EOHHENE FRREEHEICERH cH D =
EBRE N
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Fig. 6b) o (2 baie A

S S AL e

Diameter 6 mm

6 (a) [ElRfE CHRAE S AL/ RO 6(b) /N>R

10 grooves in a band

e AT e

< 1.6 um

—————
6001510 kV 2 um__10000X A 2015/03/30

Groove width of 24-80 nm

L

Track pitch of 100 nm
o

D il

500 nm

-

—_———
(60014 10KV 05um  S0000K A 2015/03/30

6(c) Dose & = 124.8 pC/cm* D N> K
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@ A ARz AWARERGERBEA LY RO

(a)Spindle structure {(b)Photo of the spindle

X 7 BWEL AR HERE A B KL

MRS A T 0 7 OFRERF BN OERIZIGE 2. 5720, fofkiik B, Lo &EE
INONREHIRFER N E — BN T 2 FEDN, BERFEN TS, o2 — 107,
EREEE S BE AN AT RE R BHE T — 7L BIC, VYA NEBRA LT R AREL, T4 A
ZAME SN O NREFARICY THZ & TR END. BUE, EEOEWE-RE A
W, T —7 % 100 rpm LA TFOMGETREEES® 5 Z & C, K0 EEE TR RGN
= EMLTE L2EFMBNIEEOHENED N TS, L LEFREMENTS
TeOITlE, MEERRENUHETH L7280, mikbE KRR 2 5 B 22 BR R OE A
HRENRSDH., b7 I nr A—ZOREmWEEREEN SO 585 & LT, 200
Z MR & U7z iR B RS 23 56T D A%, T AL E CE ekt o # I 248 Kh
SPRES IR I N TN D, FIEZERESZ O%E, BA LR % T ¥ v M HEH
T 272D, ZHOBEER TR EEZLEL L, EENERECRENZR D &) [
END - T, F I EZERIG O 2 AW - i AEE S T, mEZERICR W TIRE
HMARAEFE L, BEEEORTRTF ¥ U ANDIHEREA LD & W) BN D 72

Z 2 CARFZE TIEAR KL DM 6D TR A A R & §f I dhsz OEvE Al & LCEMA L,
B2 OV RAINE R R 7, BEVERR IR > — v & R\ Tz i B 22 o A i [T R A
AIRETDH. L CRET DR, SEZZERE IV T, KEE[ER C & O RIS
EZERTE LM THDL L, BFHROBRICHELELD L O RT U N A LI A
LaWZ E AR THZ 2 HME L, iR E LT, 100 rpm T NRRO
100 nm LR, RRO 8 pum LA FOEERFEE A, 10°Pa DEZEHCTER TEDHZ & 2 MR L
7.
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(5) BAZITHd B ERE

ERT ORI EBRICE T RE AW E AT 5 2 L3 T, ZOREREE
X, K702l NOKRR T T77 4y 7 AEY ZBNT D7D DOERIEEZmZ L T
HZEDBHBMNTR T,

3 —3. BEF U —LABNEIC X AFBRERENOMEL (K0 F)

(1) HEBEZE
Av 77 A ROM H O JFHEVERLE T O feNr L5 U7- Mt (ROM) CTOFR v 7T LA
R, AR R T — VOV S &2 2 TR W O#ENT,

(2) s

R 75 RO JFAE D =R TR 2 BT ©— A @I L 0 ERT 5, = OO
%, A S L—Y—0§R% 405nm & L, KA OFR e 7T LE UTEERIZE D K
W5, K1 R T 75 A ROM ERE OB AR %2777, JBMREO = RTIRIT. &an
ST, F/NEFE AL, 450m AL RO TS, TIT, REEL2HI2IE, BEFE—
LABHD R—REE BT TERT 5,

RETEFROY S LAE)
DFRSAERDHDHR
L—Y—igE& ‘ )
A =405nm d=Hn—D(1_ZJ
BIEDREFEn = 1.52 TRHE
fm | EREP
A
¢ (rad) o)
/4 506.3
/2 434.8
3n/4 361.3
T 289.9
5m/4 216.4
3n/2 144.9
Tn/4 71.5

1. AR v 75 L ROM A OS]

fERLS 7= ROMFRIE, T/ A7 U v MR ViRE L, BHIERO ROM 2 EH-S 5,
ZOBEMS N BIER ROMICB L ChA R 7T AFAEZMRT D, £72, ROMITT 1 A
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IWRIHERT 20BN B 5, 20T, BHEA T — VWY (HT 7B B — A @tiEE
wPAgE LRTIRRE 2 H LIRS 2 2 b S 23 vl D~ & 9 il %,

(3) EREEBLUHE

BT B — LB, EEME TEEMES (SEM) ERA-8800FE (U F =2 z4t) |
E—AlNATEDL LT TR TEENEATEDL LD J&Jab?‘:‘b@%:ﬂ%\
Too #iEITH/NE—F NV aroey b~y BIP) 77 AL THIEICE S X5
ICLTW5, EBRO ot 2% K 2 1R T,

)ETE—LEX 2)IR1E
S£9, ” ----Jg!
5
3) TRE—E—JLE 4) IE+UVERST
RYLRTILIAIL

UViE{tilg
5) REE—ILF 6) inE+UVEEST (PAK0O1-CL)

<

7) #H L= CGH-ROM

PAKO1-CL

K2. Axnr 7L ER LGN & X

JEAEDVERLT, ST HMRD FIETFE—AL YA & LT, Spin—0n—Glass (S0G) %
BALT=bDE AN S0GIE. RO LT A M Th Y 7 v BFEEEK CEE TX 5,
ZOVVANBIZ, BETE—LONEETE 20k V, ERLS0pA T, X1DXHEE%
RBHTOIT, BFE—LD N—ABEZEX TENLZITo7 K2D1) , FlzIX, —F
TRV 506. 3 nm 2155 121E, 267 uC/em® D R—ANMBETH 72, BT E—LTHEI
BT (M202) | FEENTERTS (M203) , ZhE~vAF—F— /L &
5o Iz~ A X —F—)L NE, Si FOV YA RME—0ThHDHT-D, Zhaf
fEC—EiE LT (M2m4) | KEE—/L REERLE (M205) . ZOKOEE
X, v AZ —F— L RICWHLBIEEZH T L, AU = AT 7 4V NEPSEETU
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-

Z 3]/ em’ BB U7, R UAHTE J313 0. 3MPa T 5 ORI TIT o 7. Z OKiEE
— L RMS Si R E~E ) —EWFH /A7) FTIREL (K2D6) . ROM 28

fML- (K207) ,

WIZ, T 4 A7 PRAOHEESTIEIZHOW T 5, K 3ICRHEAT — V& FE LB — A
FECIEE I CE Y (T TR 2T,

4}/— Rotational direction
‘ ¢ 60 mm _
[t L
'y <k .~~~ Rotary table
: 3 Yoke

: -i_%‘_ﬁ Magnet

[~ Built-in motor

Shaft

Tonic liquid
Steel ball Herringbone-grooved bearing

Exhanst hole

| S <
SEM#2 =X : ERA-8800FE (Elionixft )
SEMF¥ s/ \H A X: 300mm X 300mm X 300mm

3. [EHER T —T DY (HITERF

[FHR AT — %, A AR E G EBE#SZ T 2HNTER Y | Fife L TIIEZEPT
LEERRETH D, £z, /IO, B3 DK 512 SEM NDFEIR L & — T EHEERE
LTHAMETH S (BZEGRER AT — P OFEMIE 26 X—Y 2 M) , RS2 &b S
HLDIZ, EFE—LD R—AEBZZ(LISETEIRo7,

(4) EBFERBLIUOEE
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T E—ADOEFME  20pA, BUERFHE 45 s TITo72, F—X&EiL, BT B — 2 DOMRHEE
MEZSETITo7, M9 DOFRERND, RS 293, 650, 1030 nm &2 LS5 Z &R
AR CH o7z, MRIEIEL 300 nm AREICIZ 5N TEY, A/ T LRZ— v Zi/ilT 5
FRIBEE A Fio TWD Z LR bnd, mur T Axfild 512X, B H I Y — %
HET A2 MENH LN, ZHUTEFE—L20F A 7 2l 5 2 LI LD A[EETH 5,

(6) BAEIZx3 2 ERE

B R C 8 MDA 1 7T AOERIGIE L BAENHR TE L, 2O ARr 77
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Flo. T A AV RAHEET 5 72D D[RR A T — U OB I L OVR S Hil#EE 1 B — L
BT OfEST HFE T Lz,

2 3k

[1] Computer generated hologram—ROM fabrication and duplication by EBL and UV
-NIL, Keito Ogino, Noriyuki Unno, Shuhei Yoshida, Manabu Yamamoto, Jun Tanigu
chi, Microelectron. Eng. 123, pp 163-166, 2014 (&EHH)

[2] Fabrication of eight-step diffractive optical element for hologram—ROM, Y
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eam machining, Takao Okabe, Kai Ojima, Yuta Shinonaga, Noriyuki Unno, Masaaki
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3—4. EEFRBREOEE - BERMFEOM (ExAk Fi)

(1) ‘A& BE
JFAR A 6] 0D 72 60 D BRI AN RAR 7 15 O S L

(2) JR#

ST /A7) Y Y7 7 ¢ (ultraviolet nanoimprint lithography, UV-NIL) & (%
WINTH TH D UV BAMEBIRICE =/ ROMIMAZ = G 28 TH L. v A7
0o EEEEEN ORI A FTHIETX 5700, PEERLE S o 20N, 4T3
A 72 EWE N ORI~ OIS H RIS ST, UL, UV BE PSR I3 A2 A
LTWa7ew, BRI 5B UV B EERIE 2N —/L F~BaE L TI G AR A5 S 24
GandY, TOWENLHALR>TND. EERRORRLE LT, E—/L FRuIZHE
Fla RIS 2 FEAHWLATWS, LLRRG, 0K LERE 21T 5 e CHE
FOBBEZ Y, +R7RTAMERE LN TRV OBREIRTH .

AR TIX, SEATHFSE CRPAMED TG STV A BRI S 2 L, I K 28r5%
D BEPRI PR 3 RO PEAERBR 1% oD BB A B i OB M A A2 2 & T, BRI Ok
JRIR O 2 BRJIZ, AT, 4 FEOBEA TR L7z U 2 iRk a vy, EERER
BRI OREIRINEE F T A RA T X —IC LV IE LT

(3) EBREB L I UVFE

AWFIETIE, BERA OB LWEHEFIEE LT R I AR A 7 % — (Ti-950
TriboIndenter, Hysitron) (2 & & R EHEBIMEORIE 2T, B2, Smz ke (ol
P pm) WML L72X A Ve FUEFEEH Lz, 3BAITE, BRI 2 R im s
L7z U 2 5 (10 mm X 10 mm X 1 mm) % 72, BERANZ X Optool DSX  (Daikin Co.) ,
C;H,CL3F;5Si ( Sigma - Aldrich Japan Co., F3 ) , CgH4Cl3F3Si ( trichloro
(1H,1H,2H,2Hperfluorooctyl) silane, F13) , C;oH4CL3F;Si  (Sigma-Aldrich Japan Co., F17) @
4 FEFAZMH Uiz, SEERA OfERZE 1 12RT. BITHF7E T,  Optool DSX D573
FI3 X0 b mWitAEZ R~ Z @S Tnsd. i FIEZEK 1 ITRT. £, BER0
B2 ) a CHEMITKRT U, BB 4 il L CEERERBR 21TV, 10 pum DU 5 OEEFER % 2
FEFEERIL7=. —>BIE, 40 uN T 10 pm X 5 pm OFFAAEHE L7-#%, 70 uN TlREIH
FEEEEL, ZOTREEZ 2EEVIRLITY 2 & CTEEEZER L. —2HIL 100 uN T 10
um X 5 pum OFPH A EEEE L= 1%, 200 uN CRIFEFHZEEL, O TRZ 20V IK LT
Z L TEMEAER L. BEENONER, FEREREICEFZMLIAA, 300 nm/s T
FIEEETRRANE L CiE 2R L, SEFRAREO SRR A B LTz,
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Table 1 Structural formula of release agent

|O_CH3
Optool DSX |RtCF 2~CFy~CF-Of;Si-0-Chs
O-CH,
n=30~40
(IZI
F3 F3C~ CH,~CH,~5i-Cl
Cl
(.:1
F13 F3Ct-CF ) CHy~CH,=Si-Cl
Cl
(.:1
F17 F3Ct-CF ,);,CHy~CHy=Si-Cl
Cl
Wear test After Measurement of
wear test adhesion force

(2 [times])
X

Release agent
Silicon substrate
Frequency: 1 [Hz]

140 [uN] §

Top view specimen surface after wear test

Fig. 1

e

1200 [pN] [
foooooo | S
1100 [uN]} |0
10 [pm]
Ex) Topography of
wear track

Outline of test process
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(4) EBRFERBIVEER
4.1 PERERBRAE R

FBERFINE D EEFRERBR AT O R BIRB L Wiim 7' e 7 7 A VAR 2R, K2@) &V,
BEFERRBRANIL, SEERAIIC W CREIRDENIBEE SN R o7z, X 2(b)DREE
Wi LY, 2COBRIKIRECERENEE SN, WikK~7e~7 74150, Optool DSX [
13240 uN TEEEE L7256 K0 b, 70 uN TEEE LG 6 OBEFIEO B ELS Ieo7-. F3 K
1340, 70 uN TEEE L7281, BEFERED B o7c. —F T, F13, F17 EOBEFEEIX
Bl n, BERERBRATE iR 2 LW~ m 7 7 A MK E B RIZA Doz,
B 2(c)pFmBRGIE, B 20)OREZRG LD & FBERAIE TIEo & 0 & LICBEREN
BNz, Wa7 07 7 A4/ 50, Optool DSX &L 100 uN TOEERERBREZ LV b,
200uN TEEE L= OBEFEIE D T BELS 7o o7, F3IX 100 uN TEE L8550 b,
200 uN TEEER L7ZBEFEE O H 0K D B> Tz, FI13, F17 I&iE, 100 uN TOEFEEIT
R< 720, 200 uN TOEFERITEY L3> Tz,

42 EEAE S OWEREF

B L CYER U 72 BEREIE B RS S OMIERE R 2 4 3 127”77, Optool DSX 1%, 100 uN
2 & DEEREE EOEEE N NABICHIIN L, 200 pN IZ & 2R ETIE S HICEEE DS E&-
L7z. F3, F13, F17 [ TIE 40 puN (T K 2 EFE LOERE I BIITHINL, £ok, K5
R\ [FIRREE DEAE ) 2 s LTz,

4.3 B

Optool DSX 1%, F3, F13, F17 LV L RHNOLR DI THY, HriEIcE<o7 Y
FFEF %G1, £7-, Optool DSX (I35 FFE LK HAEWVIRE R EEZEK T 2D EEZD
NDDIZKIL, FI3 135 FREDOKEHEVRIRITIHFFTE R0V, 5 FERE TV D F3,
F17 O%6 b, O FREOKBAHAEVIRITEFTERVWEZ 2 6ND. ZD7=® Optool
DSX L, #&AEWEIRIC K VBRI EIELZ L, F3, FI3, F17 X0 bEWEEZEK
TLHLOLHEREESND. & 51T Optool DSX & U718 & F5-D CyHyF 138i(OCH5)s DHAT-#2 5%
T D XPS ZHT £V, CgHuF13Si(OCH3); %3 113 CF3 % ) O CF,-CF, [l THs & ™8I Tk 4 5%
TEPBEINZ ED, Optool DSX & AR LV TixZe <, CF;7 Y @ CF,-CF, i THE & 23
U Z EnfRIN TN,

X2, 3%V, Optool DSX fEIX 70 uN TOEEFERBRTIE, BENHED L THESEN
TEN L 22V, EEITI%E @ X0, Optool DSX BEIIHAE ANHET e (T DA TEEHE /134
MUTHEES NI LN L3> TS, kXY, Optool DSX IE, EEFEIC X
VAN < 72 % & BRSO BN K 0 BEETHINT 223, 5 FRL D& HAE VR
RBLOERTFY O CF,B+IHFET 2F 0D, ROEEE DRI D b O EHERS
nb. Lo 7T, Optool DSXBEDLILIE, SRENHETLIZ DIV TR A (25 T3 EIkr &
NTHORED T v RIRTFRRENAFIE LR RDIEDICAETLLHHDEEZEZDILD. —
757G, F3REIE, 40 uN COBFERBRIZ L VISR Y 230, FI3 & FI7BIE, 40 uN
TOEEFERBR CEIZIRICZEACIZEEN b O OREE N 32BN HIN L=, JefThrge @ kv,
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Ad hesion force [pM]

F13 B, G0 ETe & BEER) LRSS & LIRS 2 Z L8> Tn b, LL
&, F3, F13, F171%, EEHERBRIC X - T CFR WA T TR0 S 5
Z & TEE DRI 223, FEHIRF Th D To o REDTRITITR & kA
HEChol-bDEEZBND. LN ->T, F3, FI3, FI7TROHIL, B T
WZONTHESTRUE S, REICHD 7 v RBIRTENE LW T 52 L THITT S

boLEZLND.

0 3 6 9 12 15 0o 3 6 9 12 1 0O 3 6 9 12 15

F17
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Fig. 2 Topography images and cross sectional profile of release agent films

(a) before (b) wear load: 40, 70 [uN] (c) wear load: 100, 200 [uN]
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n Ll

F&
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Fig. 3 Adhesion force between diamon probe and release agents before and after wear test
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DR REZHETH LN TE

(1) Optool DSX I%, F3, F13, F17 X0 LRV EESE H AR+ 5.

(2) Optool DSX MEEIX, iEIGNNE & HITEFIRNERS 72503, fmiHE 70 uN E TIXEEE /11
— BRI D.

(3) F3, F13, F17 M, BEFERBRIC X - ChEE ORI ma s & = 4.

3—5. HMEREEOMEEBEME (A% REkE)

(1) HER7e V=7 MBI DHF5E8EE

PR DB AT, JFRE BB LY TH 2 & TN T2 EBH+ 51/ A
Y7 NE BB BN STIEREE K2 R N E W o I BERIRIRER B Y |
FERAIZ T T2 2R 22T T D, Z ORHMER S T2 JERRICIE, #HiE & o
BERE ] B =iz, BRI & L C F-SAM(7 v FEH B L) B < R ST
Wh, Lo, #oikLA 7y NEATH SR - (LFRICHIE LT LE S 72,
OB LUBAZTIMNERD D E WS TZERH D, & 2 TARIIEIL, B M ANEIC &
BB O & OEGMERMEZIT > Z L2 BN E T 5,

(2) ok BAE

F ATV NHOFHEERE L LT DLC (XA YEL RTA 7 H—RU)IZHEH
U7z, DLCIE, BEEEASE <. MHERHEE « BEREMEICEN TR Y . SIS EDIROARTEE 22 b
Thbd, THFHMORERETOHEIL, ROBEY THDH, ODLC BERLE DR B i AMEIZ
54 28RN EZRD, QF-SAM & OL#EA1TV Y, DLC DA Z R T,

(3) R#
DLC I UTo A A AL EEE RF 77 X~ CVD @ OIS X 2 Z N ZF 1 Fig.
1. Fig. 2 1ZR1,

RF Power Supply

)
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A A ACERBEIET, BEF v o N—NIZFEB AT A ZEAL, BT —7 WET 7 A~
PCTAERSNICA T oD AEEIIAA T ASNTERIZEZET 2 2 LIS XV RET S
FETH D, —MRANTHEE T, BEESWIREZTERT D 2 Entkd, —JF, RFE7FT
A~ CVD LI, JREHT 2 @A RN & 0 79 A &, B mic s 215K
JMC XV I ZAT O FHETH D | #EBRW~DRIERFRETH 5,

(4) EREBBIOHIE

A A AL, RF 7T XA~ CVDkIC kv, vV ar v = — ki DLC OkEZE1T
72, DLC OFEHT A1X, N € (CeHe) MV, 7 v DLC (F-DLC) DR

ANZ1E 6 7 vfeX B (Hexafluorobenzene: CeFe) % 7z, HEEICIL, 7 T AT
V7 v (Tetramethylsilane: TMS) # A% H\W\ T, a-SiC :H Z Ak L7-, FEEIX
DLC150nm, "fAjJE 50nm & 725 L 9 IZHt— L7z, F/o, BREE, ENeLbsEs 2
LIV Y VRO D DLC ZFR L7z, A5 Tablel (2779 K 9 IZ5AFRIIC 8 flfH
R L7z, DLC O - Yo 7 RAEICIE, T/ A T T —va VlBREIT O, BETE
FHICIX. 27 Ty TFRBREIT o T,

Tablel &-FEIR D RS

A F ARG 75 AFil FEtR RF 75 X< CVD ik ARE FER
(V) w17 (w)

F-DLC 1Y 7 5% CoFs 3 F-DLC f&Y > 7' CoFs 80

F-DLC & o /5% CeFs 1 F-DLC & > /' % CoFs 200

F 72 L DLC CeHy 3 F 72 L DLC CeHy 200

HIfE g 72 L DLC CeFy 3 i JE 72 L DLC CoFs 200

F 72, UV BRI (PAK-01 CRYEA L))
Z AR L7z PET EARIZ DLC E— L REZM LY T .UV Z PET B8 THZ &1L 0,
WFH A7V MefTole, BEE, E—v REREIKT 285D & DA IS
WTHEIZE L., A7) v MR S SRR O RIE 21T 9 2 LISk v | BEmANE

DFHMZAT > 7o BBITNZ —fFDT ) aF—/L REERIL, 242 F-DLC % Bl
L CiAREBR 21T o 7=, 2 — OERGIEIL, vV ary ki /747 Mok b
< A7 fERLL | FEAEAR (ICP) T A~#E (BEIS-700, =V 4 =27 2%H) |2 X%
SOGMEA Ay F 2 TR — i D IABERL L T2,

(6) EBRHERBIVEL

VESRL U 7= &R B O F) i/ % Fig. 312, 200 B UV A > 7 U o MAEER DOfE
% Fig. 4 127”7,
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Fig.5 &V, RENE 2251204, WIHIOBRA B L, IAESME N L TVD
ZEDHER ST, ZauE, F-DLC OMREALITEN, FOGHEROETLTWND Z &0
FRNTHDHEEBEZOND, 2D, NA—=U PN TNDE—/L RICHEIEZTT 5 BRI
X, BEORERRFNPLETHD ENVZ D,

Fig.6 LV . #IHIOHAAIZF-SAMIZE D DD, EHOA 7Y MIEBWT, DL
C DENIEDS R Sz,

I AH =P U 2 =)L RIZ F-DLC Z il L CEE G AR 21T - 7o, BRIES;
IEILRF 777 X< CVD k% V., HfEJE % 20nm, &Y > 73 F-DLC % 30nm XM L 7=,
ZOMEER LT U 2 —L R AVT, UV-NIL C 1000 [F#EE =% OE—/1L R
KO SEM GH % Fig. 7T I1ZR7,

5.0 kV X4.58K 6.67rm
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Fig. 8 \Z/r9° & 512, F-DLC % 100nm pffii L7354 1%, 1000 FHEEf% & E—/L Rov b
@ F-DLC OHBEIX72 <. 1000 MG S AEETH D Z EBbhoTe, /3% — g 800n
mChd, TNOLDOMRNG, PHBIILETHY, 7z, F-DLC OEEE 100nm £
IVETHDLZ ENbhrroT,

(6) BAEIZx3 2 ERE

AEOFER IV | DLC DIREMAMEIC S 2 2 ERH (F 0F 8, FEEOF R, HE) &
A 7Y 2 N DOAGRERIZIB N T, DLC DR ER TE Iz, o, NF—U 2
ay FICHRENRAIRETHD ., T— L RELTHEHATELZ ENRbroT-,

3—6. FT/AVT) v ERREOBM - fEELV—F -5kt (BH R

(1) mKBE
TV NEAR I8 AT L7 7 v SRBERIAI O | IRE 53k 2 V1253 An - 9 IRRE R

(2) By
RuTTT7 4y PN, U a3y (Si) R EDOHEMRERE LIV A Z — &g DI
WEERIR L. @m0 e EMOER RICBERET T2 Z LItk TREAEIND, 2
DEE, ~ A2 —Th H8M L BGAE%H OG5 ER & & G2 25 S FIHEES
LUMENGH D, ZOBBEEAEE T D01, @Ry vH#E F) Ry hy 7Y
VTR XD IR BT S D, Ly LRG0/ K LI X - CHERIHI I I8 -
HIELTLED, LIER->T, ZOBMRNDOE=F Y " ITHRMHATHDH, ZDOHMIIC
xf L CHeA I
OEER 153 %@%E%@ﬁﬁ%&f%XA7Fw#M LB kD~ — T —
v REIEE ., BBOIRMN AT RV O S FeifEi b
Q% F-FEFRAIAY « iR & o2 i R EHA 2 fTRE & 3 2 ZZEV R TR 8 T ~ Vi
MEEDOBAFE & Y7 X 7 v LUT O & RO s BRaURE o 2 i i & -
@5y TR & | KB R IR S EB ATV O OFHIT 2 F 4 rlEE T 255587 ~
VHGELETWET O BRI & SRR O K im I
D3ODFEEHNTT Fa—F L=,

(3) EREES LUK

(4) ERFERBLUBE

IABOEA, KO 3OOFEZNZAUE L TR

OBERLASY T 0 BIBIRBIME B & 20 R AR

KBRITIE

FRMPHANE T OME T CF 812555 T Y | CF OB LRA DB HIMEIERE & /e
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* 1 Three-dimensional hologram-read-only memory duplication by nanoimprint lithography,
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Because the amount of multimedia data is continually increasing, there is growing
demand for high-speed, large—capacity, read-only memory (ROM) to facilitate data
distribution. Computer-generated hologram-ROM (CGH-ROM) has received
considerable attention in relation to its potential to meet this rising demand. CGH-ROM
requires a nanoscale-precision structure, as well as nano-steps. Because of its process
simplicity, nanoimprint lithography (NIL) is a promising method for cost-effective
fabrication of complex and high-precision patterns. We have demonstrated CGH-ROM
duplication by ultraviolet NIL (UV-NIL) from a three-dimensional (3D) master mold
fabricated by electron-beam lithography (EBL). The calculated depths of the CGH were
converted into four tones to permit easy fabrication of the CGH while retaining a high
diffraction efficiency. EBL using a spin-on glass and super-resolution technique with a
post-exposure bake was used to fabricate the 3D master mold. The developed depth was
controlled by changing the EB exposure dose, with higher EB doses tending to produce
deeper patterns. The pattern was duplicated by means of UV-NIL and the reconstruction
image corresponded to the design pattern. Moreover, we have succeeded in fabricating a

grey-scale multilevel CGH-ROM and in producing its reconstruction.

- 116 -



. INTRODUCTION

The demand for higher resolution content of pictures, videos, and various data
files has been increasing steadily year by year. Because of its low cost and ease and
rapidity of production, the read-only memory (ROM) optical disk, generally fabricated by
plastic injection molding, is a suitable medium for the rapid and widespread distribution
of large quantities of data. The storage capacity of optical discs has been increasing as a
result of improvements in the track pitch size, the read-out wavelength, and the numerical
apertures of lenses. In the case of the Blu-ray Disc,' for example, the read out wavelength
is as low as 405 nm. However, it is difficult to decrease this wavelength any further
because the radiation from an ultraviolet-range laser would be absorbed by the plastic
substrate of the optical disk. For these reasons, the computer-generated hologram-ROM
(CGH-ROM)> has received a great deal of attention as the next-generation ROM
because of the possibility that it could meet the rising demand for data storage and
distribution. Data on the CGH-ROM is read from a block area, so the readout speed is
greater than that of a conventional optical disk, which is read by line by line. In addition,
the CGH-ROM can record multilevel data by using techniques such as angle
multiplexing.* The fabrication of a CGH-ROM, which consists of nanoscale three-
dimensional (3D) patterns, is however a time-consuming process and combinations of
electron-beam lithography (EBL), lift-off, and etching processes are required, resulting in

high costs and low throughputs.

Because of its process simplicity, nanoimprint lithography (NIL) is a promising
method for the cost-effective fabrication of complex and high-precision CGH patterns.’

We have demonstrated CGH-ROM duplication by ultraviolet NIL (UV-NIL)® through the
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use of a 3D master mold fabricated by 3D EBL with a variable EB dose. In this method,
the developed depth is typically controlled by the EB dose, with a higher EB dose tending
to produce a deeper pattern. However, higher EB doses also tend to generate wider
developed patterns because of the proximity effect, so that it can be difficult to obtain a
fine 3D pattern. We therefore used a super-resolution technique with a post-exposure
bake’ to fabricate the CGH pattern. As a result, we succeeded in fabricating a CGH
pattern and in duplicating it by UV-NIL. The reconstructed duplicated pattern
corresponded to the design pattern. Moreover, we succeeded in fabricating a gray-scale

multilevel CGH-ROM and in reconstructing the image from it.

Il. EXPERIMENTAL SETUP AND METHODOLOGY
Figure 1 shows the fabrication process for the CGH-ROM. NIMO-P0701 (Tokyo

Ohka Kogyo Co., Ltd., Tokyo), which is based on spin-on glass (SOG), was used as the
EB resist on a silicon wafer.® The thickness of the resist was about 1 pum. A buffered
hydrofluoric acid solution [50% HF (35 mL/L) and 40% NH4F (18.75 mL/L)] was used
as the developer. The sample was installed in a scanning electron microscope (SEM) with
an EB writing system (ERA-8800FE; Elionix Co., Tokyo). Then, without moving the
SEM stage, the sample was exposed three times to changing EB doses and design
patterns produced by a spot 10-kV EB with a current of 50 pA. The reflective-type CGH
pattern was previously prepared by means of the Gerchberg—Saxton (GS) algorithm in
conjunction with the angular spectrum method.” The calculated depths of the CGH were
converted into four tones (three design bitmap patterns and one unprocessed area) to

permit easy fabrication of the CGH while retaining a high diffraction efficiency. The
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exposed sample was then baked for 5 min in air at 300 °C as a post-exposure bake (PEB)
process. Next, the EB-exposed area of the resist was developed for 90 s. By using the
master CGH pattern mold, the replica mold was duplicated by UV-NIL onto a
poly(ethylene terephthalate) (PET) substrate. In this case, we used PAK-01 (Toyo Gosei
Co., Tokyo) as a UV-curable resin. Finally, the CGH pattern was transferred onto a
silicon wafer by UV-NIL, once again by using the replica mold. When UV-NIL carried
out, the sample was coated with a release agent (Optool DSX; Daikin Industries Co.,
Tokyo). The height of the sample was examined with an atomic-force microscope (AFM)

(SPM-9600; Shimadzu Co., Kyoto).

Figure 2 shows the optical setup for the reconstruction of the fabricated reflective-
type CGH-ROM. In this study, a continuous-wave (CW) blue laser (wavelength
A =405 nm) was used as the light source. The laser power was about 1.1 mW. The blue
laser beam was directed onto the duplicated CGH-ROM on the silicon substrate and then
passed through relay lenses and a beam expander (x10) to form the reconstructed CGH
pattern, which was recorded by CCD camera (Allied Vision Technologies Co., Stadtroda,
Germany). The CCD pitch size was 4 pum and the resolution was 1628 x 1236. The

recording process was carried out in a darkroom.

lll. RESULTS AND DISCUSSION

A. Fabrication of the 3D master mold by using a spin-on glass
resist with post-exposure bake and its UV-NIL duplication

Figure 3 shows a laser micrograph of the fabricated master mold produced by
using the PEB effect. In this case, the size of the CGH was 900 x 900 um and the step

width was 900 nm. This resist is hard enough to permit the UV-NIL process to be carried
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out directly, thereby eliminating the need for an etching process. The calculated target
depths were 379.7, 253.1, and 126.6 nm. Figure 4 shows an SEM image of the replica
mold of the CGH pattern. The heights of the replica mold were 376 + 27 nm, 239 + 33
nm, and 106 £+ 18 nm. Although no proximity correction was performed in this study, the
variation in depth was about 17% at maximum, as a result of the PEB effect. Figure 5(a)
and 5(b) show the AFM images of a part of duplicated CGH-ROM pattern without or
with PEB. The master molds of these CGH-ROM patterns were fabricated by same EB
condition, except for with or without PEB process. The pattern depths without PEB were
390 £ 56 nm, 284 + 69 nm, 152 £ 51 nm. In contrast, the pattern depths with PEB were
357 + 38 nm, 247 + 45 nm, 113 £ 34 nm. The variations in depth of duplicated patterns
with PEB were smaller than that of duplicated patterns without PEB. Moreover, the
pattern shape of CGH-ROM with PEB was sharper than that without PEB. Although we
changed the EB conditions and tried to optimize them, the sharper pattern without PEB
did not obtain because of the large proximity effect. As a result, it was cleared that the
PEB process suppresses the proximity effect. This property is useful for sharpening the
shape and fewer variations in depth compare to target values. Consequently, the PEB
process is required for fabrication of CGH-ROMs master pattern. Figures 6(a) and 6(b)
show the design bitmap image and the reconstructed image from the duplicated CGH-
ROM. Although there are some small defects, the reconstructed image corresponded
approximately to the design bitmap. We believe that the reconstruction image could be

improved by the application of proximity correction.

B. Fabrication of a gray-scale multilevel CGH-ROM
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Next, we examined the fabrication of a gray-scale multilevel CGH-ROM. In this
case, the multilevel CGH-ROM was reconstructed by using the master mold directly to
permit examination of the resolution of our 3D patterning technique. Figure 7 shows the
design bitmap of the gray-scale multilevel CGH-ROM. In this case, the size of the CGH
was 450 x 450 pm and the step width was 450 nm. The resolution of the design bitmap
was therefore 1000 x 1000 pixels. The width of each square pattern was 100 x 100 pixels
and its pitch was 100 pixels. Figures 8(a), 8(b), and 8(c) show the reconstructed images
of the CGH-ROM for focal lengths of 10, 5, and 1 mm, respectively. The minimum
recognizable intensity value for the 1-mm design bitmap was 61, whereas for the 10-mm
design it was 112. The reconstructed image for the 1 mm focal length therefore has a
clearer pattern edge and a higher contrast. The reconstruction performance should be

improved by the use of error-correction code and proximity correction at the EBL.

IV.SUMMARY AND CONCLUSIONS
We have demonstrated the duplication of CGH-ROMs by means of UV-NIL

using a 3D master mold fabricated by EBL. The PEB effect with spin-on glass permitted
the production of easily reconstructed CGH-ROMs without the need for any other
complex processes. In particular, we succeeded in fabricating a 3D master mold by a
single EBL process with no etching process. Therefore, the throughput of this process is
much higher than that of a conventional combination method involving EBL, lift-off, and
etching. Moreover, the minimum size of the resulting CGH was 450 x 450 pm and its
step width was 450 nm. In addition, we also fabricated a gray-scale multilevel CGH-

ROM, and it should be possible to improve its capacity markedly. We believe that our
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method has considerable potential for duplication of high-density CGH-ROMs with high
throughput and that the density of CGH-ROM could be improved by control of the

acceleration voltage in the EBL (CAV-EBL).10

ACKNOWLEDGMENTS

This study was supported by Program for Development of Strategic Research Center in
Private Universities supported by MEXT (2011) and a grant-in-aid for fellows of the
Japan Society for the Promotion of Science (JSPS).

- 122 -



References
"' M. Ikeda and S. Uchida, Phys. Status Solidi A, 194, 407 (2002).

2 S. Satake, J. Taniguchi, T. Anraku, H. Kanamori, T. Kunugi, K. Sato, and T. Ito, J.
Phys.: Conf. Ser. 191, 012018 (2009).

3 S. Yoshida, T. Sano, M. Yamamoto, M. Nakajima, and T. Kobayashi, “ROM Type
Holographic Disk Using Computer Generated Hologram,” Presented at Digital
Holography and Three-Dimensional Imaging Conference, Vancouver, Canada,

June 18, 2007. Available online at http://dx.doi.org/10.1364/DH.2007.DTuB3.
*S. Campbell and P. Yen, Appl. Opt., 35, 2380 (1996).

>S.Y. Chou, P. R. Krauss, W. Zhang, L. Guo, and L. Zhuang, J. Vac. Sci. Technol. B 15,
2897 (1997).

% J. Haisma, M. Verheijen, K. van den Heuvel, and J. van den Berg, J. Vac. Sci. Technol.

B 14, 4124 (1996).

"N. Unno, J. Taniguchi, M. Shizuno, and K. Ishikawa, J. Vac. Sci. Technol. B 26, 2390
(2008).

SK. Ogino, J. Taniguchi, S. Satake, K. Yamamoto, Y. Ishii, and K. Ishikawa,
Microelectron. Eng. 84, 1071 (2007).

? R. W. Gerchberg and W. O. Saxton, Optik (Stuttgart) 35, 237 (1972).

1ON. Unno, J. Taniguchi, and Y. Ishii, J. Vac. Sci. Technol. B. 25, 2361 (2007).

- 123 -



Figure Captions

Figure 1. (Color online) The fabrication process for the CGH-ROM.

Figure 2. (Color online) The optical setup for the reconstruction of the image from the
fabricated reflective-type CGH-ROM.

Figure 3. Laser micrograph of the master mold fabricated by using the PEB effect.
Figure 4. SEM image of the CGH pattern mold.

Figure 5. (Color online) The AFM images of a part of duplicated CGH-ROM pattern (a)
without PEB, (b) with PEB.

Figure 6. (a) The design bitmap image and (b) the reconstructed image from the
duplicated CGH-ROM.

Figure 7. The design bitmap for the gray-scale multilevel CGH-ROM.

Figure 8. Reconstructed images of the CGH-ROM for focal lengths of (a) 10 mm, (b) 5

mm, and (¢) 1 mm.
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Fig. 3 Noriyuki Unno et al.
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Fig. 6 Noriyuki Unno et al.
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Fig. 7 Noriyuki Unno et al.
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Fig. 8 Noriyuki Unno et al.
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Abstract

Computer-generated-hologram read-only memory (CGH-ROM) is expected to be a
next-generation optical recording medium because it has a higher recording density and
readout speed than those of conventional optical media. However, CGH-ROM is
difficult to produce in large volumes at low cost because it needs precision multilevel
submicrometer steps. Therefore, to cost-effectively fabricate the complex and
high-precision pattern, the authors have employed a combination of electron beam
lithography (EBL) and nanoimprint lithography (NIL). Our previous study reported the
fabrication process of a four-step diffractive optical element (DOE) using EBL and NIL.
However, DOEs with higher diffraction efficiencies are desired to obtain a lower noise
holographic image. Increasing the number of submicrometer step levels is an effective
method for improving the diffraction efficiency and reducing the quantizing error and
reconstruction noise. In this study, a DOE with eight steps was fabricated using
dose-modulated EBL with an inorganic positive-type EB resist. The fabricated
eight-step DOE was also duplicated using NIL. As a result, we have succeeded in
improving the multilevels of the master mold, and the replicated pattern was able to be

reconstructed by a charge-coupled-device camera.

Keywords: Nanoimprint, Electron beam lithography, Diffractive optical element,

Hologram-ROM, Inorganic EB resist
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1. Introduction

To distribute large quantities of various data widely and rapidly, read-only memory
(ROM) optical discs are a suitable media because of their low cost. Although the
storage capacity of conventional ROM such as compact discs, digital versatile discs,
and blu-ray discs has been increasing as the readout wavelength decreases, further
improvement in the capacity is a challenging problem because an ultraviolet-range laser
would be absorbed by the plastic substrate of the optical disc. For these reasons,
computer-generated-hologram ROM (CGH-ROM) [1-3] has received a lot of attention
as a next-generation ROM because of its high readout speed and huge recording
capacity. On the other hand, CGH-ROM requires nanoscale three-dimensional (3D)
patterns, and thus, a simple patterning method to produce multilevel submicrometer
steps is expected. There have been some reports about the fabrication of nanoscale 3D
patterns using electron beam lithography (EBL) [4] or thermal processes [5]. To
fabricate CGH-ROM effectively at a high throughput, we have developed a fabrication
process that combines EBL and ultraviolet nanoimprint lithography (UV-NIL) without
the lift-off and etching processes [6,7]. In the case of our method, there is no additional
dry etching process because we use a spin-on-glass material as the positive-type EB
resist and because it is possible to carry our UV-NIL directly. This is advantageous for
reducing fabrication errors. In our previous study, we fabricated a diffractive optical
element (DOE) with four submicrometer steps. However, the diffraction efficiency of
the fabricated DOE was not sufficiently high. The diffraction efficiency of a multilevel

surface relief DOE 7, is expressed as
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.(mﬂ)z
Sin W
— (1)

where m and N represent the diffraction order and multilevel number, respectively [8].
Equation (1) does not include a grating period 4, and so it is effective only for the
condition 4 >> A (where 4 is the wavelength) because it is obtained from scalar
diffraction theory. Hence, the diffraction efficiency of the first order #, descends rapidly
in the domain of 4 < A [9]. Figure 1 shows the relationship between the diffraction
efficiency (plus the first order) and the step level. We believe that a DOE with eight
steps will be efficient for fabricating CGH-ROM because it has a favorable balance of
fabrication challenges and diffraction efficiency. We demonstrate here that the
fabrication of a DOE with eight steps using EBL and NIL is possible. It also becomes
clear that the quality of the reconstruction image was improved by increasing the
number of the submicrometer steps from four to eight. Moreover, we have succeeded in

the reconstruction of a duplicated CGH-ROM with a 450-nm step width.

2. Experimental method

Figure 2 shows the fabrication process of the CGH-ROM. NIMO-P0701 (Tokyo
Ohka Kogyo Co., Ltd., Tokyo), which is based on spin-on glass, was used as the EB
resist on a silicon wafer [10]. The thickness of the resist was about 1 pm. A buffered
hydrofluoric acid solution [50 % hydrofluoric acid (35 mL/L) and 40 % NH4F (18.75
mL/L)] was used as the developer. The sample was installed in a scanning electron
microscope (SEM) with an EB writing system (ERA-8800FE; Elionix Co., Tokyo).

Then, without moving the SEM stage, the sample was exposed seven times to various
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EB doses [11], and designed patterns were produced by a 20-kV EB spot with a current
of 50 pA. The reflective-type CGH pattern was prepared previously by means of the
Gerchberg—Saxton algorithm in conjunction with the angular spectrum method [3,12].
The calculated depths of the CGH were converted into eight tones (seven design bitmap
patterns and one unprocessed area). The EB-exposed area of the resist was then
developed for 120 s. By using the master CGH pattern mold, an inverted mold was
duplicated by UV-NIL onto a polyester film substrate (Cosmoshine A4300; Toyobo Co.,
Osaka). In this case, we used PAK-01CL (Toyo Gosei Co., Tokyo) as the UV-curable
resin, and the fabricated mold was processed directly by UV-NIL, thus eliminating the
etching processes [13]. Finally, the CGH pattern was transferred onto a silicon wafer by
NIL with the inverted mold. When UV-NIL was carried out, the sample was coated
with a release agent (Optool DSX; Daikin Industries Co., Tokyo) [14]. The combination
of the EB resist and the release agent allows UV-NIL duplication of a pattern with a
high aspect ratio (over 3) [15]; the aspect ratio of our target pattern is at the most 1.2. At
this time, the residual layer thickness (RLT) of the mold does not influence the
reconstructed image [5]. The height of the sample was examined with an atomic force
microscope (AFM) (SPM-9600; Shimadzu Co., Kyoto). We measured pattern heights
for 36 points over the DOE pattern and calculated the average step height at each step.
Figure 3 shows the relationship between the EB dose and the developed pattern depth.
The depths of each step pattern were controlled using this relationship. In this case, the
target depths of 71.5, 144.9, 216.4, 289.9, 361.3, 434.8, and 506.3 nm, as shown in
Figure 4, were fabricated by EB doses of 37, 76, 114, 153, 190, 229, and 267 uC/cmZ,
respectively. The contrast curve of the EB dose is typically a nonlinear curve [10,16,17],

which means it is difficult to control the pattern height precisely in the nonlinear area
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because a small variation in the EB dose generates a large height difference. Therefore,
we chose an optimal EB condition that would assume a linear trend. Since the design
patterns of each step were located at almost random positions, we did not apply the
proximity correction to clear the potential of our technique.

Figure 5 shows the optical setup for the reconstruction of the fabricated
reflective-type CGH-ROM. The light source was a continuous-wave blue laser (A = 405
nm). The blue laser beam, directed onto the duplicated CGH-ROM on the silicon
substrate, was reflected by the silicon substrate, and phase differences developed in the
step pattern because of the differences in the length of the light path owing to the step
heights. The interfered light passed through relay lenses and a beam expander (x10) to
form the reconstructed CGH pattern, which was recorded by a charge-coupled-device
(CCD) camera (Allied Vision Technologies Co., Stadtroda, Germany). The CCD pitch
size was 4 um, and the resolution was 1628x1236. The focal length was 5 mm. The

recording process was carried out in a darkroom.

3. Results and discussion

Figure 6(a) and (b) show a design image of the CGH-ROM and a laser microscope
image of the fabricated master mold, respectively. The size of the CGH was 450 x 450
um, and the step width was 450 nm. As shown in Figure 6(b), the characters “TUS”
could not observed at this time. Figure 7 shows AFM images of part of the fabricated
and duplicated CGH patterns, and Figure 8 shows the fabricated pattern and target
depths. The depths of the duplicated pattern corresponded to those of the master mold
and target depth, and thus, a DOE with eight submicrometer steps was obtained using

EBL and UV-NIL. Figure 9(a) and (b) show reconstructed images of the molds and
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duplicated patterns with a four-step DOE, and Figure 9(c) and (d) show those of the
eight-step DOE. As shown in Figure 10, the edges of the black square area and the
reconstructed characters are clearer when reconstructed with the eight-step DOE rather
than the four-step DOE. Note that the grating period A of the four-step DOE was 300
nm, which is shorter than the wavelength of the blue laser. This situation also decreased
the diffraction efficiency, as noted in Ref. 6. Unfortunately, fabrication of the eight-step
DOE with a 4 of 300 nm was difficult, and thus, we could not compare images
generated under the same A condition. There was still reconstruction noise caused by
the quantizing error, the convergence error in the CGH-ROM pattern calculation, and
the variation in the pattern shape. Although the first and second error source are
unavoidable, the variation in the pattern shape can be improved by using proximity
correction and control of acceleration voltage EBL (CAV-EBL) [18]. Finally, we
compared the diffraction efficiencies of the four- and eight-step DOEs. The diffraction
efficiency was calculated from the sum of the brightness of the “TUS” letters divided by
the sum of the brightness and the background brightness. The resulting diffraction
efficiencies of the four- and eight-step DOEs were 80% and 90%, respectively.
Consequently, we have succeeded in improving the diffraction efficiency with an

eight-step DOE.

4. Conclusion

We have demonstrated the duplication of CGH-ROM with eight submicrometer steps
by means of UV-NIL using a 3D master mold. The mold was fabricated by EBL with
no etching process and no proximity correction. The size of the duplicated CGH-ROM

with eight steps was 450 x 450 um, and the step width was 450 nm. Moreover, it
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became clear that the level of submicrometer steps is required to be at least eight to
obtain a clear reconstructed image. However, fabrication of the eight-step DOE with a A
of 300 nm was difficult, and thus, we could not compare images generated under the
same /4 condition. Furthermore, there was still reconstruction noise caused by the
quantizing error, the convergence error in the CGH-ROM pattern calculation, and the
variation in the pattern shape. We believe that the use of CAV-EBL and the proximity
correction will be advantageous in reducing the noise and allowing the fabrication of an
eight-step DOE with a 4 of 300 nm, which would result in a higher recording density. In
the future, we will examine the possibility of fabricating an eight-step DOE with a A of

300 nm using EBL and UV-NIL.
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Figure Captions

Figure 1. Relationship between the diffraction efficiency (plus the first order) and the

step level.

Figure 2. Method of CGH-ROM fabrication and duplication.

Figure 3. Relationship between the EB dose and the developed depth.

Figure 4. Schematic view of the calculated target depths.

Figure 5. Optical setup for the reconstruction of the fabricated reflective-type

CGH-ROM.

Figure 6. (a) Target image and (b) laser microscope image of the fabricated CGH-ROM

master mold.

Figure 7. AFM image of part of the (a) fabricated and (b) duplicated CGH pattern.

Figure 8. AFM measurement results of the CGH-ROM depths of the fabricated mold

and duplicated pattern.

Figure 9. Reconstruction images of the fabricated (a) four-step and (b) eight-step master

mold and duplicated (c) four-step and (d) eight-step CGH-ROM.
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Figure 10. Cross-sectional intensity profiles of the (a) four-step and (b) eight-step

CGH-ROM.
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Abstract

High speed and large capacity read only memory (ROM) is strongly required for the
increasing data size of pictures, videos and all other file. Computer generated
hologram-ROM (CGH-ROM) that has possibility to meet these demand is receiving a
lot of attention as the next generation ROM. However, CGH-ROM is difficult to
produce in large volume at low cost because it requires a nano-scale precision structure
as well as nano-steps. Therefore, in order to fabricate the complex and high-precision
pattern cost-effectively, the authors employed ultraviolet nanoimprint lithography
(UV-NIL). The three-dimensional (3D) CGH-ROM master mold was fabricated by
electron beam lithography (EBL). In this study, the thickness of residual layer under the
CGH pattern was examined. As a result, the target reconstruction image of the
CGH-ROM was obtained regardless of a residual layer thickness. Furthermore, the
authors have succeeded in fabrication of a CGH-ROM with a 300 nm step width and its

reconstruction.

Keywords : Nanoimprint, Electron beam lithography, Hologram, Three-dimensional

nano pattern
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1. Introduction

The resolution of digital contents such as pictures, videos, and various data files has
been increasing steadily year by year. Because of low running cost and high throughput,
the read-only memory (ROM) optical disk, generally fabricated by plastic injection
molding, is a suitable medium for the rapid and widespread distribution of the digital
contents. The storage capacity of ROM has been increasing by the contribution of
improvements in the track pitch size, the read-out wavelength, and the numerical
apertures (NA) of lenses. For instance, Compact Disc (CD) has a read out wavelengths
of 785 nm, a track pitch of 1.60 um and NA of 0.45; the corresponding values for
Digital Versatile Disc (DVD) are 655 nm, 0.74 um, and 0.60, and those of Blu-ray Disc
(BD) are 405 nm, 0.32 um, and 0.85 respectively. As a result, the recording densities of
CD, DVD, and BD per single layer are 0.41, 2.77, and 14.73 Gbit/inch? [1, 2]. However,
it is difficult to decrease the wavelength any further because an ultraviolet-range laser is
absorbed by the plastic substrate of the optical disk. In addition, the higher NA lens
tends to cause the shallower depth of focus, thus, the smoother surface roughness is
required for the disc. In this case, furthermore, a vibration also becomes a major issue.
Although a multi-layer medium is typically used to raise the recording density, the
fabrication cost is higher than one of a single-layer medium.

For these reasons, holographic memory [3] is considered as the next-generation
ROM, which is expected to achieve upward of 1 Tbit/in® recording density. In the case
of holographic memory, the data is read from a block area, so the readout speed is
greater than that of a conventional optical disk, which is read by line by line. Moreover,
recording techniques, such as angle [4] and shift multiplexing technique [5], have been

reported to increase the recording density. Additionally, it is possible to duplicate the
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relief-type hologram [6] using nanoimprint lithography (NIL) [7] since this hologram
pattern is formed on the surface of the medium. The problem is that, the fabrication of a
master mold in a large area using the optical system is difficult because the optical
interference is very sensitive for the vibration of the system and the optical axis
deviation.

To fabricate the master mold without the environmental disturbance,
computer-generated hologram ROM (CGH-ROM) [8-10] has received a lot of attention.
In the case of CGH-ROM, a page data is converted into a hologram by iterative
calculation with arbitrary wave front [11]. By means of the calculated result, the master
mold, which consists of nanoscale three-dimensional (3D) patterns, is usually fabricated
by electron beam lithography (EBL) [12, 13]. Since the control of pattern depths on a
nano-scale was very difficult, the step width previously reported was mainly over 1 pum.
If the step width is 1 um and a step can represent a 1 bit data, the recoding density
without the multiple-technique is 0.645 Gbit/in®. Thus, the finer step width is strongly
desired to obtain the higher density.

By using an inorganic EB resist, we have developed a CGH-ROM fabrication
process without lift-off and etching process [14]. However, in order to obtain
CGH-ROM pattern over the 12 cm disk area with small residual layer thickness (RLT)
[15] variations, a high precision NIL stage and a mirrored surface substrate are required,
resulting in very high cost. In this study, therefore, we examined the effect of the RLT
under CGH-ROM and compared each reconstruction images. As a result, it becomes
clear that the target reconstruction image of the CGH-ROM was obtained regardless of
a residual layer thickness. Moreover, we have succeeded in reconstruction of a

duplicated CGH-ROM with a 300 nm step width, which is smaller than the read out
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wave length of 405 nm.
2. Experimental method

Figure 1 shows the fabrication process for the CGH-ROM via EBL. NIMO-P0701
(Tokyo Ohka Kogyo Co., Ltd., Tokyo), which is based on spin-on glass, was used as the
positive-type EB resist [16]. The thickness of the resist on a silicon wafer was about
lum. A buffered hydrofluoric acid solution [50% hydrofluoric acid (35mL/L) and 40%
NHyF (18.75mL/L)] was used as the developer. The sample was installed in a scanning
electron microscope (SEM) with an EB writing system (ERA-8800FE; Elionix Co.,
Tokyo). Then, the sample was exposed three times to changing EB doses [17] and
design patterns without moving the SEM stage. The acceleration voltage and current of
EB were 10kV and 50 pA, respectively. The reflective-type CGH pattern was
previously prepared by means of the Gerchberg—Saxton algorithm in conjunction with
the angular spectrum method [10, 18]. The calculated depths of the CGH were
converted into four tones: three design bitmap patterns and one unprocessed area. After
EB exposure, the sample was developed for 60 sec. By using the master CGH pattern
mold, an inverted mold was duplicated by ultra violet NIL (UV-NIL) onto a Polyester
film (COSMOSHINE A4300; Toyobo Co., Osaka) substrate. In this case, we used
PAK-01CL (Toyo Gosei Co., Tokyo) as a UV-curable resin because of its high
performance [19, 20]. Finally, the CGH pattern was transferred onto a silicon wafer via
NIL with the inverted mold. When UV-NIL carried out, the sample was coated with a
release agent (Optool DSX; Daikin Industries Co., Tokyo). To control the RLT under
CGH-ROM, we employed the spin-coating technique and the obtained RLTs were
3.5um, 4.6 um and 7.7um. The height of the sample was examined with an atomic force

microscope (AFM) (SPM-9600; Shimadzu Co., Kyoto). Figure 2 show the relationships
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between the EB doses and the developed pattern depth. The depths of each step pattern
were controlled using by this relationships. In this case, the target depths of 97.4, 194.7,
292.1 nm, as shown in figure 3, was fabricated by the EB doses of 180, 215, and 290
uC/em?, respectively.

Figure 4 shows the optical setup for the reconstruction of the fabricated
reflective-type CGH-ROM. In this study, a continuous-wave blue laser (wavelength A =
405 nm) was used as the light source for reconstruction. The blue laser beam was
directed onto the duplicated CGH-ROM on the silicon substrate and then passed
through relay lenses and a beam expander (x5). The reconstructed CGH pattern was
recorded by CCD camera (Allied Vision Technologies Co., Stadtroda, Germany). The
CCD pitch size was 4 um, and the resolution was 1628x1236. A quantization bit rate of
the image intensity was 8 bit. The focal length is 5 mm. The reconstruction process was

carried out in a darkroom.

3. Results and discussion

Figure 5(a) and (b) show a target image of CGH-ROM and a SEM image of a
fabricated master CGH-ROM mold. In this case, the size of the CGH was 300x 300 pm,
and the step width was 300 nm. This resist is hard enough to permit to carry out
UV-NIL process directly, thus, we can eliminate etching processes. Figure 6 shows
AFM image of a part of fabricated and duplicated CGH pattern. The 4-steps 3D mold
was fabricated in one EBL process and the duplicated pattern was obtained via UV-NIL.
Figure 7 shows the AFM analysis result of the fabricated and duplicated CGH patterns.
As a result, the depths of the fabricated pattern were deeper than the target depths in this

study, because the proximity effect was not considered when the EB doses were
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optimized. Further optimization of the EB doses is needed to fabricate more accurate
depths. Figure 8(a)(b)(c)(d) show the each reconstruction images with RLT of 3.5 pm,
4.6 um, 7.7 pym and the simulation result calculated from the target depths via scalar
diffraction theory [10]. In spite of no proximity correction, the profiles of reconstructed
images were corresponded to the simulation result: for examples, the part of a lack of
intensity. In addition, these were recognizable as characters of “TUS”, because the
reflective-type CGH uses the difference of the pattern depth at each step as the phase
difference. Although the moire pattern was caused by interference in the UV curable
resin layer, we believe that the moire can be controlled by the irradiation angle.
Ultimately, it becomes clear that the reconstruction image does not depend on the RLT

under CGH-ROM and CGH-ROM works between 3.5 um and 7.7 um RLT.

4. Conclusion

We have demonstrated the duplication of CGH-ROM by means of UV-NIL using a
3D master mold fabricated by EBL with no etching process. The minimum size of the
duplicated CGH-ROM was 300%300 um and its step width was 300 nm. In this case, the
ideal recording density (without the error correction code) is 7.17 Gbit/in® for a single
layer. Moreover, we examined the relationships between the RLT and the reconstruction
images. It becomes clear that the reconstruction images were corresponded to the
simulation result and it was recognizable as original design characters, because the
reflective-type CGH uses the difference of the pattern depth at each step as the phase
difference. This means that we do not need to use the high RLT accuracy NIL machine
and mirrored substrates, resulting in low equipment cost. To improve the reconstruction

image, a mold with the further steps of the depth is necessary because the quantizing
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error is decreased when we subdivide the computer calculation result into many target
depths. We believe that our approach is suitable and cost-effective process for

fabrication of CGH-ROM.
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Figure Captions

Figure 1. The method of fabrication and duplication with CGH-ROM

Figure 2. Relationships between the EB doses and the developed depth

Figure 3. A schematic view of the calculated target depths

Figure 4. Optical setup for the reconstruction of the fabricated reflective-type

CGH-ROM

Figure 5. (a)Target image and (b) SEM image of the fabricated CGH-ROM master

mold.

Figure 6. AFM image of a part of (a) fabricated and (b) duplicated CGH pattern

Figure 7. AFM measurement results of the CGH-ROM depths with the fabricated mold

and the duplicated pattern.

Figure 8. Reconstruction images of CGH-ROM with each RLT, (a) 3.5um, (b) 4.6 um,

(¢) 7.7 um and (d) the simulation result calculated from the target depths
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Abstract

The adhesive and friction forces generated in releasing a mold from a resin in the
presence of a release agent was investigated by using a TriboIndenter. We investigated the
surface tribological properties of two ultraviolet-nanoimprint-lithography release agents,
Optool DSX and trichloro(tridecafluoro-octyl)silane [CsH4Cl3F3Si] (F13), to elucidate the
mold-release mechanism. For both release agents, we measured the friction and adhesive
forces acting on the substrate. The friction force of Optool DSX was found to be lower than
that of F13, whereas F13 showed a lower adhesive force than Optool DSX. Our previous
results revealed that the durability of Optool DSX as a release agent was better than that of
F13. Examining our previous and current results, we saw that the trends in the contact angle
and the number of defects with increasing imprinting counts coincide with the trends in the
friction and adhesive forces, respectively, of the release agents. Our method of evaluating the

surface properties of release agents in two kinds of tests is shown to be effective.

Keywords: Nanoimprint, Release agent, Tribology, Friction force, Adhesive force,

Tribolndenter
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1. Introduction

The rising production costs of photolithography calls for new technology development.
One promising alternative is ultraviolet nanoimprint lithography (UV-NIL), which is a useful
technique for manufacturing nanoscale patterns [1-5] and a very powerful tool for the
fabrication of next-generation devices such as solar cells [6] and antireflection films [7].
However, it is well known that transfer failure is a serious problem when applying
nanoimprinting technology to mass production. Transfer failure refers to the presence of
defects in the pattern of the UV-curable resin after manufacturing. The use of release agents
to coat the surface of the mold is one possible solution for preventing transfer failure;
however, improvement of the release agent durability is required. Various tests have been
performed to investigate the properties of mold release agents by measuring friction forces [8,
9], contact angles [10—13], Fourier transform infrared (FTIR) spectra [14], and resin shapes
after transfer [15, 16]. In our previous studies [17, 18], we examined the durability of the
release agents Optool DSX and trichloro (3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyl) silane
[CsH4Cl3F3S1] (F13) by using actual nanoimprinting equipment. Both release agent of our
previous studies was widely used in UV-NIL. Contact angles were measured to determine the
surface energy, and the relative number of defects [19] was used to evaluate the durability.
Relative number of defects was the number of defects which should be considered during
application. Hence, we attempted to determine by using relative number of defects suitable
release agents for application. The contact angles of F13 were found to have higher values
than those of Optool DSX, but the acceptable relative number of defects of Optool DSX was
better than that of F13 [17, 18]. We repeated the experiment of our previous study due to
observe the transitions of release agents in more detail. Silicon molds patterned with holes
230 nm in diameter and 230 nm deep (Scivax Co., Ltd., Kawasaki) were treated with
fluorinated silane coupling agents. Opool DSX or F13 was used as release agent. The
concentration of Optool DSX and F13 was 0.1 wt%. The mold treated with the release agent
was used in a repetitive UV-NIL process automatically. The transfer force in the UV-NIL

process was 20 N and the UV dose was 200 mJ/cm”. The contact angle of both release agnets
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was measured at constant intervals by using contact angle-measurement equipment (Drop
master-701, Kyowa Interface Science Co., Ltd, Niiza City). The transferred dots patterns
were also examined at constant intervals by means of scanning electron microscopy (SEM).
In our previous study, we measured more than 100,000 replicated dots on the UV curable
resin. The method was used to measure the number of errors. Fig. 1 shows the relationship
between the contact angle, the number of defects, and imprinting times. When we measured
more than 100,000 replicated dots on the UV curable resin, the acceptable number of error
was 10 which was the same as the acceptable error rate for mass production of patterned
media [18]. A clear difference in the durabilities of the two release agents was observed. The
contact angles of Optool DSX maintained higher values than those of F13. The defect
number of Optool DSX was smaller than that of F13. Hence, Optool DSX was concluded to
be a suitable release agent. In contact angle, the repeated result was difference from the
results of our previous study. It is considered that coating results of Optool DSX varied
widely. However, these tests were not able to elucidate in detail the durability of the release
agent, and so we aimed to clarify the mechanism with further tests. Fig. 2 shows that in
releasing the mold from the UV-curable resin there are two forces, friction and adhesive,
which are generated at the same time. These two forces will affect the durability, but the force
responsible for degradation is still unknown. In this study, we measured the adhesive and

friction forces separately by performing different tests with a Tribolndenter.

2. Experimental apparatus and procedures

Silicon substrates (20 mm x 20 mm x 1 mm) were ultrasonically cleaned in acetone and
ethanol successively for 15 min; they were then subjected to cleaning with ozone for 1 h at 50
W (BioForce Nanosciences). The cleaned silicon substrates were then treated with fluorinated
silane coupling agents. In this study, we used the release agents Optool DSX (Daikin
Industries, Ltd., Osaka) and F13 (Sigma-Aldrich Japan Co., Tokyo), each at a concentration
of 0.1 wt%. The chemical structures of Optool DSX and F13 are shown in Figs. 3(a) and (b),

respectively. The solvents were Optool HD-TH and HFE7300, respectively, each at a
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concentration of 99.9 wt%. The coating conditions were a dipping time of 24 h, post-rinsing
bake temperature of 120 °C, and bake time of 5 min. The rinsing solutions were Optool
HD-TH and HFE7300, respectively. We performed several imprints, and measured the
adhesive and friction forces with a TriboIndenter (Ti950 Tribolndenter, Hysitron) after 100,
500 counts and initial. In the imprinting process, UV curable resin was separated from mold
after indurating. This process was carried out automatically. Therefore, specimens were
imprinted by 100 or 500 counts respectively. It is not the imprinted sample the one that was
measured, but the silicon "stamp" treated with the release agent after performing imprints
with it by using a TriboIndenter. The UV-curable resin used was PAK-01 (Toyo Gosei, Co.,
Ltd., Tokyo). The transfer force in the UV-NIL process was 20 N, and the UV dose was 200
mJ/cm’. TriboIndenter was used in a room with controlled temperature (26 22°C) and
humidity (35=5%) The apex radius of curvature of the diamond probe tip was 20 pm.
Method A (Fig. 4) was used to simulate friction, and scratch tests were performed to measure
the friction forces by sliding the diamond probe over the release agent. The scratch speed was
0.60 pm/s, and the increment in the vertical load was 100 uN/s. Method B (Fig. 5) was used
to simulate the adhesive force, which was measured by separating the diamond probe from

the release agent. The lifting speed was 40 pm/s.

3. Results and discussion
3.1 Measurement of friction force

Fig. 6(a) and (b) show the relationship between the sliding distance and the friction
coefficient. As shown in Fig. 6(a), the friction coefficients of Optool DSX increased as the
number of imprinting counts increased. The friction coefficients of F13 (Fig. 6(b)) increased
when the imprinting counts increased from initial to 100 counts but not from 100 counts to
500 counts. The maximum friction force was generated in releasing the mold from the
UV-curable resin, and this force is considered to contribute to the decreased durability when
the static friction force changes into a dynamic friction force. The maximum friction forces of

the release agents for different imprinting times were therefore compared. Fig. 7 shows the
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mean maximum friction coefficients of the release agents determined from seven
measurements. The friction coefficient of Optool DSX for initial was lower than that of F13.
The friction coefficients of Optool DSX increased with increasing imprinting counts. The
friction coefficients of F13 showed a larger increase from initial to 100 imprinting counts
than the increase from 100 counts to 500 counts.
3.2 Measurement of adhesive force

Fig. 8 shows an example of the relationship between the distance and force during the
Method B test. The adhesive force was calculated by subtracting the initial force from the
final force, as shown in Fig. 8. The mean adhesive force of Optool DSX and F13 was
determined from seven measurements, and as shown in Fig. 9, Optool DSX showed a higher
adhesive force than F13 after initial. The adhesive force of F13 increased with increasing
imprinting counts, but the adhesive force of Optool DSX did not increase.
3.3 Discussion

In our previous work, the contact angle of Optool DSX decreased monotonically with an
increase in the imprinting counts (Fig. 1). The decrease in the contact angle of F13 over the
first 200 imprinting counts was more drastic than the decrease over 200 to 1000 imprinting
counts. From Figs. 1 and 7, we can see that the trend in the decrease of the contact angle
coincides with the trend in the increase of the friction coefficients. Optool DSX and F13 have
film thicknesses of about 3 nm and less than 1 nm, respectively [20, 21], and the film
thickness of Optool DSX is considered to decrease with an increase in the imprinting counts
[20]. Hence, this decrease in the film thickness will result in an increase in the friction
coefficients of the release agents. However, for F13, the friction coefficients after 500
imprinting counts did not demonstrate an increase as large as that of the friction coefficients
after 100 imprinting counts.

We found in previous work that transfer failure occurred at the positions where defects in
the UV-curable resin were observed. With increasing imprinting counts, the number of errors
increased, and with an accumulation of errors, the relative number of defects increased. From

Fig. 9, we can see that the adhesive force of F13 increased with the number of imprinting
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counts, and Fig. 1 shows that the relative number of defects increased rapidly at the same
time. In contrast, the adhesive force of Optool DSX showed little change with increasing
imprinting counts and the relative number of defects increased gradually. Therefore, our
previous study showed that the acceptable relative number of defects of Optool DSX was
better than that of F13 because the smaller change in the adhesive force of Optool DSX
causes only a minor increase in the number of UV-curable-resin defects. Our previous results
and these current results also indicate that the trend in the relative number of defects
coincides with the trend in the adhesive force of the release agents. Optool DSX has a very
long chain length, and the molecules of Optool DSX are predicted to become intertwined
during the coating process; furthermore, some molecules will not react with the silicon
substrate. Hence, the Optool DSX film is a monolayer that behaves like a multilayer.
Molecules at the outermost surface of this pseudomultilayer detach, and new surfaces are
formed repetitively after each imprint. This allows the Optool DSX to maintain low adhesive
forces. The molecules of F13, however, are not predicted to intertwine during the coating
process, and thus F13 is unable to create a pseudomultilayer, which results in an adhesive

force that increases with increasing imprinting counts.

4. Conclusions

Repetitive UV-NIL processes using a silicon mold coated with two different release
agents were carried out. The friction and adhesive forces were examined to investigate the
properties of the release agents for different imprinting counts by TriboIndenter. Optool DSX
maintained a lower adhesive force than that of F13, whereas F13 maintained a higher friction
force than that of Optool DSX. From the changes in the maximum friction force and adhesive
force, it was found that the friction force accelerated the degradation of Optool DSX and the
adhesive force accelerated the degradation of F13. We also found that the trends in the
contact angle and the number of defects coincide with the trends in the friction and adhesive
forces, respectively, of the release agents. Besides, atomic microscopy (AFM) was usually

used to measure adhesive and friction forces on mold surface [22-23]. In AFM measurements,
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silicon cantilevers are usually used. The shape of the silicon cantilever can vary widely, and
silicon cantilevers also have a low wear resistance. It is difficult to continue using the same
silicon cantilever for repeated measurements. Hence, even if the same specimen is used, the
measured adhesive and friction force may not always be the same. This is in contrast to the
high-wear-resistance diamond probes usually used in the TriboIlndenter. It is therefore
possible to repeat measurements with the same diamond cantilever, thus maintaining
reproducibility.-Also, a more quantitative and stable measurement can be performed by using
Tribolndenter compared to AFM. Table 1 lists the evaluations that we conducted. In our
previous studies, the contact angle was evaluated regardless of the existence of a mold pattern
on the macroscale. In contrast, evaluation of the number of defects was used only when there
was a mold pattern on the microscale. Hence, the number-of-defects evaluation provides
information on a smaller scale than that of the contact angle. By using the adhesive and
friction forces, it was possible to evaluate the degradation of the release agents on the
microscale. Table 2 lists the points understood from these evaluation methods. From
observations of the contact angle and number of defects, it was considered that the lifespan of
the release agent could be estimated by observing the degradation on the macro- and
microscales. From the results of the adhesive force and number of defects, we found that
when the release agents started to degrade the adhesive force increased suddenly. From the
results of the friction force and number of defects, we found that when the release agents
started to degrade the friction force increased gradually. It was considered from both of these
force evaluations that the occurrence of defects can be predicted with clockwork precision on
the microscale. Therefore, from our studies, it was considered that the occurrence of defects
can be predicted accurately and the transition of degradation was able to be observed.
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Figure Captions

Fig. 1. Influence of the imprint times on the contact angles and the number of defects for
Optool DSX and F13.

Fig. 2. Diagram of forces generated during mold release from the UV-curable resin.

Fig. 3. Chemical structural formulas of (a) Optool DSX and (b) F13.

Fig. 4. Friction force model of releasing procedure.

Fig. 5. Adhesive force model between the diamond probe and release agents of releasing
procedure.

Fig. 6. Friction coefficients between the diamond probe and release agents determined by
scratch test: (a) Optool DSX and (b) F13.

Fig. 7. Mean maximum friction coefficients of release agents.

Fig. 8. Example of calculation method for adhesive force between the diamond probe and
release agents.

Fig. 9. Mean maximum adhesive force of release agents.

Table 1 Evaluations conducted

Table 2 Points understood from these evaluation methods
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Table 1 Evaluations conducted

Patternless Pattern Scale Evaluation
Contact angle O O Macro | Transition of contact angle
Number of
X O Micro | Statistic of number of defects
defects
Adhesion force O O(>10 um) | Micro Tendency of adhesion
Friction force O O(>10 pm) | Micro Tendency of sliding
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Table 2 Points understood from these evaluation methods

Evaluation

Number of

defects

Contact angle

Observing the degradation of the release agents on

the macro- and microscales, allows an estimation of

their lifespans.

Adhesive force

Adhesive force increases suddenly when the release
agents start to degrade. Occurrence of defects can be

predicted with clockwork precision on the microscale.

Friction force

Friction force increases gradually when the release
agents start to degrade. Occurrence of defects can be

predicted with clockwork precision on the microscale.
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Abstract

Nanoimprint lithography (NIL) is very useful technique for the fabrication of
nanopatterns. In ultraviolet NIL, a release coating on the mold surface prevents the
adhesion of the replicating resin. However, this release coating gradually deteriorates as
the number of repetitions of NIL transfer increases. It is therefore important to evaluate
the lifetime of the release agent. Measurements of the contact angle and release force
are normally used in lifetime evaluation; however, these values do not clearly
characterize the lifetime behavior because they tend to approach saturation as the
number of repetitions increases. We introduce the error rate as a new means of
evaluating the lifetime of release coatings. The error rate is derived by statistical
treatment of transferred dots patterns. We found that mixing of various types of release
agent is effective in reducing the error rate and, therefore, in increasing the lifetime of

the NIL mold.

Keywords: Nanoimprint lithography, Error rate, Contact angle, Release agent, Mold

lifetime
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1. Introduction

Ultraviolet nanoimprint lithography (UV-NIL) is a very useful [1, 2] technique for
manufacturing nanoscale patterns such as antireflection films [3] and bit-patterned
media [4]. However, during mass production, polymer adheres to the mold and errors
occur in transferred patterns, even if the mold is coated with a release agent. Although
adhering resin can be removed by a cleaning process, errors due to adhering resin are
repeated, causing defects. To prevent adhesion of the resin to the mold, it is necessary
to form a low-adhesion layer between the mold and the resin [5]. There are several
techniques for forming release layers on molds for reducing adhesion [6-10]. In this
study, we used a self-assembled monolayer formed by an organic thin film. However,
the release coating on mold deteriorated as the number of repetitions of NIL transfer
increased [11-17]. It is therefore important to evaluate the lifetime of the release agent.
Lifetime is usually evaluated by measuring the release force and the contact angle
[18][19]. However, these properties do not clearly characterize the deterioration
behavior of the release agent, because they tend to reach saturation as the number of
NIL transfers increases and, in this situation, it is difficult to identify a threshold value
for the contact angle [20]. Therefore, to characterize the deterioration of a
release-coated mold quantitatively, we introduced the error rate as a new assessment
value. This error rate is acquired by statistical analysis of transferred replica dots
patterns. The acceptable error rate is defined at being less than 0.0001%. This value is
the same as the acceptable error rate for mass production of patterned media [21]. Here,
we describe our evaluations of the lifetime of a release layer by measuring the contact

angle and the error rate in a continually repeated imprint transfer.
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2. Experimental apparatus and procedure

Silicon molds patterned with holes 230 nm in diameter and 230 nm deep (Scivax
Co., Ltd., Kawasaki) were ultrasonically cleaned in acetone and ethanol successively
for 15 min each; they were then subjected to cleaning with ozone for 1 h. The cleaned
molds were treated with fluorinated silane coupling agents. In this study, we used
OPTOOL DSX (Daikin Industries, Ltd., Osaka), trichloro
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl) silane (CsH4Cls3F3S1; Sigma-Aldrich Japan
Co., Tokyo), or mixtures of OPTOOL DSX and CgH4CIs3F3Si. The concentration of
OPTOOL DSX and of CgH4Cl3F15Si was 0.1 wt%. In the case of the mixed OPTOOL
DSX and CgH4Cl13F 53S1, the concentration of OPTOOL DSX was 0.1 wt% or 1 wt% and
that of CgH4Cl3F3S1 was 0.1%. The chemical structures of OPTOOL DSX and
CsH4Cl3F5S1 are shown in Figs. 1(a) and 1(b), respectively.

The coating conditions were as follows: dipping time, 24 h; post-rinsing bake
temperature, 120 °C; bake time, 5 min. The UV-curable resin that we used was PAK-01
(Toyo Gosei, Co., Ltd., Tokyo). The mold treated with the release agent was used in a
repetitive UV-NIL process. Because the silicon mold is opaque to UV radiation, the film
was exposed to UV light through a polyester film to harden the UV-curable resin. The
transfer force in the UV-NIL process was 20 N and the UV dose was 200 mJ/cm”. The
experimental process used in this study is illustrated in Fig. 2. The contact angle of the
release-coated Si mold was measured at constant intervals by using contact
angle-measurement equipment (Drop master-701, Kyowa Interface Science Co., Ltd,
Niiza City). The transferred dots patterns were also examined at constant intervals by
means of scanning electron microscopy (SEM). The error rate was calculated from the
population proportion. In this study, we measured more than 100,000 replicated dots on

the UV-curable resin, and this measurement gave a 95% confidence interval. The
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method used to measure the number of errors is shown in Fig. 3. To ensure that errors in
the replicated pattern were easily identifiable, we choose a mold with a hole pattern.
The measurement method was as follows. First, an SEM micrograph at a magnification
of 4000x was obtained. Then, each error, such as that shown by the red circle in Fig. 3,
was counted. The SEM field was then moved to another field at a given distance, a
further SEM micrograph was taken, and the errors were counted as before. We
measured 30 fields of replicated dots patterns and counted the total number of errors.
These 30 fields of replicated dots pattern included more than 100,000 dots.

Statistical analysis of the error rate was performed by using the following

expression:

where, m is the number of errors, N is number of samples (in this case, 114,570), and p

is the error rate. The resulting error rate is expressed as a 95% confidence interval [22].

3. Results and discussion

The contact angle of the mold surface and the number of errors in the imprinted
pattern were measured at constant intervals while a repetitive UV-NIL process was
carried out. For each error measurement, more than 100,000 dots were examined by
SEM, and the total number of errors in the pattern was determined. A typical transfer
error is shown by the red circle in Fig. 3. We then calculated error ratio by statistical
treatment as described above. Figure 4 shows the relationship between number of
repeated imprints, the contact angle, and the error rate for molds coated with OPTOOL
DSX and with CsH4Cl3F3Si1. The contact angles decreased as the number of repetitions
of NIL increased for both release agents. The rate of deterioration of the OPTOOL

DSX-coated molds was faster than that of the CsH4Cl5F3Si-coated molds. Furthermore,
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after about 400 repetitions of the NIL process, the OPTOOL DSX-treated surface
showed adhesion to the UV-curable resin. Therefore, the lifetime of OPTOOL DSX is
shorter than that of CgH4CIl3F5Si. However, the error rate for OPTOOL DSX-coated
surfaces was less than that for CsH4Cl5F3Si-coated surfaces. OPTOOL DSX has a low
friction coefficient and a low sliding force [23], which might contribute to the low error
rate. If we consider the release motion of UV-NIL, as shown in Figure 5, friction
between the mold and cured resin occurs mainly on the side walls of the mold. Because
OPTOOL DSX has a low frictional coefficient, we would expect this release agent to
suppress the generation of errors. However, when OPTOOL DSX was used on its own,
the coated mold had a short lifetime. To overcome this problem, we found that mixing
OPTOOL DSX with CgH4Cl3F3Si improved the lifetime of the mold and resulted in a
lower overall error rate.

Fig. 6 shows the relationship between number of repetitions of the NIL process, the
contact angle, and the error rate for the mixture of release agents. The contact-angle
behavior of the molds was almost the same, but they showed different error rates. By
using the error rate and defining a target error rate (in this case, 0.0001%), the lifetime
of release-coated NIL mold can be determined from the relationship between the
number of repetitions of the NIL process and the error rate. In Fig. 6, the lifetime of a
mixed release agent consisting of 0.1% OPTOOL DSX and 0.1% CgH4CI3F3S1 was
around 500 repetitions, although the contact angle was high. On the other hand, the
lifetime of a mixed release agent consisting of 1% OPTOOL DSX and 0.1%
CsH4Cl3F13S1 was more 1400 repetitions, although the contact angle was almost the
same as that observed with 0.1% OPTOOL DSX. Therefore, by using the error rate, the
lifetime of a release coating on a mold surface can be assessed quantitatively.
Furthermore, mixing of different types of release agent is effective in increasing the
lifetime of the mold, and the optimal concentration of OPTOOL DSX is 1%.

Fig. 7(a) shows result of the 1400th transfer using a patterned Si mold coated with a

mixture of 0.1% OPTOOL DSX and 0.1% CsH4CIlsF3Si; Fig. 7(b) shows the
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corresponding results for a mold coated with a mixture of 1% OPTOOL DSX and 0.1%

CsH4Cl5F5S1. Transfer errors are apparent in the former case, but not in the latter.

4. CONCLUSIONS

Repetitive UV-NIL processes using hole-patterned silicon mold coated with various
release agents were carried out, and the contact angles of the mold surfaces and the
error rates in the replicated patterns were examined. We showed that the lifetime of the
release-coated mold can be assessed quantitatively by introducing the error rate and
defining a target error rate. We found that OPTOOL DSX is effective in realizing a low
error rate. Furthermore, a mixture of two types of release agent is effective in
suppressing both the adhesion of UV-curable resin (the effect of CsH4CIsF3Si) and
producing a low error rate (the effect of OPTOOL DSX). A mixture of 1% OPTOOL
DSX and 0.1% CsH4Cl3F3Si 0.1% permitted 1400 cycles of transfer in the UV-NIL
process to be made without a significant number of errors.

In this study, we selected a replicated pattern consisting of dot pillars, because this
pattern facilitates the observation of defects. However, other patterns, such as lines and
spaces or mixed line-and-dot patterns, could be evaluated in the same way. In the future,
we intend to study the error rates and lifetimes for various combinations of mold
patterns and release agents. The error-rate evaluation method would also be an effective
technique for use in designing release agents for various mold materials such as quartz

or nickel.

ACKNOWLEDGMENT

This study was supported by Program for Development of Strategic Research Center in

Private Universities supported by MEXT (2011).

- 2038 -



References

[1]. Stephen Y. Chou, Peter R. Krauss, P.J. Renstrom, Nanoimprint lithography, J. Vac.
Sci. Technol. B 14 (1996) 4129-4133.

[2]. J. Haisma, M. Verheijen, K. van den Heuvel, J. van den Berg, Moldassisted
nanolithography: A process for reliable pattern replication, J. Vac. Technol. B 14 (1996)
4124-4128.

[3]. J. Taniguchi, Y. Kamiya, N. Unno, Fabrication of Anti-reflection Structure using
Photo-curable Polymer, J.Photopolym. Sci. Technol. 24 (2011) 105-110.

[4]. Q. Dong, G. Li, C.-L Ho, M. Faisal, C.-W Leumg, P.W-T Pong, K. Liu, B.-Z Tang,
I. Manners, W.-Y Wong, A Polyferroplatinyne Precursor for the Rapid Fabrication of
L1y-FcPt-type Bit Patterned Media by Nanoimprint Lithography, Adv. Mater. 24 (2012)
1034-1040

[5]. L.J Guo, Nanoimprint Lithography: Methods and Material Requirements, Adv.
Mater. 19 (2007) 495-513.

[6]. G.-Y. Jung, Z. Li, W. Wu, Y. Chen, D.L. Olynick, S.-Y. Wang, W.M. Tong, R.S.
Williams, Vapor-Phase Self-Assembled Monolayer for Improved Mold Release in
Nanoimprint Lithography, Langmuir. 21 (2005) 1158-1161.

[7]. H. Sun, J. Liu, P. Gu, D. Chen, Anti-sticking treatment for a nanoimprint stamp,
Appl. Surf. Sci. 254 (2008) 2955-2959.

[8]. S. Garidel, M. Zelsmann, N. Chaix, P. Voisin, J. Boussey, A. Beaurain, B. Pelissier,
Improved release strategy for UV nanoimprint lithography, J. Vac. Sci. Technol. B 25
(2007) 2430-2434.

[9]. M. Keil, M. Beck, G. Frennesson, E. Theander, E. Bolmsjo, L. Montelius, B.
Heidari, Process development and characterization of antisticking layers on
nickel-based stamps designed for nanoimprint lithography, J. Vac. Sci. Technol. B 22
(2004) 3283-3287.

[10]. S. Park, H. Schift, C. Padeste, B. Schnyder, R. Kt6z, J. Gobrecht, Anti-adhesive

layers on nickel stamps for nanoimprint lithography, Microelectron. Eng. 73 (2004)

- 204 -



196-201.

[11]. Y. Tada, H. Yoshida, A. Miyauchi, Analysis on Deterioration Mechanism of
Release Layer in Nanoimprint Process, J. Photopolym. Sci. Technol. 20 (2007) 545-548.
[12]. F.A. Houle, C.T. Rettner, D.C. Miller, R. Sooriyakumaran, Antiadhesion
considerations for UV nanoimprint lithography, Appl. Phys. Lett. 90 (2007) 213103.
[13]. F.A. Houle, E. Guyer, D.C. Miller, R. Dauskardt, Adhesion between template
materials and UV-cured nanoimprint resists, J. Vac. Sci. Technol. B 25 (2007)
1179-1185.

[14].]. Tallal, M. Gordon, K. Berton, A.L. Charley, D. Peyrade, AFM characterization of
anti-sticking layers used in nanoimprint, Microelectron. Eng. 83 (2006) 851-854.

[15]. W. Zhou, J. Zhang, Y. Liu, X. Li, X. Niu, Z. Song, G. Min, Y.Z. W, L. Shi, S. Feng,
Characterization of anti-adhesive self-assembled monolayer for nanoimprint
lithography, Appl. Surf. Sci. 255 (2008) 2885-2889.

[16]. H. Schmitt, M. Zeidler, M. Rommel, A.J. Bauer, H. Ryssel, Custom-specific UV
nanoimprint templates and life-time of antisticking layers, Microelectron. Eng. 85 (2008)
897-901.

[17]. D. Truffier-Boutry, M. Zelsmann, J. De Girolamo, J. Boussey, C. Lombard, B.
Pépin-Donat, Chemical degradation of fluorinated antisticking treatments in UV
nanoimprint lithography, Appl. Phys. Lett. 94 (2009) 044110.

[18]. A. B. D. Cassie, S. Baxter, WETTABILITY OF POROUS SURFACES, Trans.
Faraday Soc. 40 (1944) 546-551.

[19]. L. Gao, T.J. McCarthy, How Wenzel and Cassie Were Wrong, Langmuir 23 (2007)
3762-3765.

[20]. D. Yamashita, J. Taniguchi, H. Suzuki, Lifetime evaluation of release agent for
ultraviolet nanoimprint lithography, Microelectron. Eng. 97 (2012) 109-112.

[21]. Z. Ye, J. Fretwell, K. Luo, S. Ha, G. Schmid, D. LaBrake, D.J. Resnick, S.V.
Sreenivasan, Defect analysis for patterned media, J. Vac. Sci. Technol. B 28 (2010)

CoM7-CoM11.

- 205 -



[22]. R.M. Bethea, B.S. Duran, T.L. Boullion, STATISTICAL METHODS for
ENGINEERS and SCIENTISTS SECOND EDITION REVISED AND EXPANDED,
MARCEL DEKKER inc, New York and Basel, 6 STATISTICAL INFERENCE:
ESTIMATION 6.8 ESTIMATION OF THE MEAN, pp. 140-142.

[23]. DAIKIN INDUSTRIES, LTD, OPTOOL™ Fluoro Coatings Chemicals Division

Daikin Industries, Ltd, (http://www.daikin.com/chm/products/coating/coating_07.html).

- 206 -



Figure Captions

Fig. 1. Chemical structures of release agents OPTOOL DSX (a) and CgH4Cl3F3Si (b).
Fig. 2. Experiment process for release coating, UV-NIL, and mold evaluation

Fig. 3. The method for measuring the error rate. In this SEM image, 67 dots x 57 dots =
3819 dots. Different 30 fields of SEM images were observed. 3819 dots x 30 fields =
114579 dots.

Fig. 4. The relationship between the number of repetitions of the imprint process and
the contact angles and error rates for OPTOOL DSX and CsH4Cl3F3S1

Fig. 5. Release motion in UV-NIL

Fig. 6. The relationship between the number of repetitions of the imprint process and
the contact angles and error rates for the mixed release agents

Fig. 7. (a) Transferred result of the 1400th repetition of NIL using a patterned Si mold
coated with a mixture of 0.1% OPTOOL DSX and 0.1% CsH4Cl5F3Si. (b) Transferred
result of the 1400th repetition of NIL using a patterned Si mold coated with a mixture

of 1% OPTOOL DSX and 0.1% CgH4CI3F3Si.
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Abstract

Total internal reflection fluorescence microscopy (TIRFM) is a powerful tool for
analyzing x-y-z (3D) fluid flow in nano- or micro-channel. To visualize the 3D fluid flow via
TIRFM, intensity calibration of a fluorescent particle is required by using calibration
plates,carrying a set of nano-steps of different heights. In an attempt to fabricate a calibration
plate to be used in water ambient we employed a polymer with a refractive index close to that
of water. In this study, we have developed a lift-off technique for making polymer resin
pattern on a glass substrate by employing the use of polyvinyl alcohol film and metal mask
previously fabricated by nano transfer printing (nTP). In summary, we have succeeded in the
fabrication of nanosteps made of a polymer resin and used it for the calibration of the

fluorescence intensity in water.

Keywords: Nanotransfer printing, Liftoff technique, Polyvinyl alcohol, TIRF, Index matching
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1. Introduction

Micro- and nano-scale fluid flow has received lots of attention because of its well
sought out application in lab on a chip, such as in high-precision sensor, high-efficiency
chemical reactor, and fast drug discovery, etc. [1-3]. A detailed understanding of the fluid
flow in the micro- and nano-scale channel is a key factor to improve the precision and
efficiency of lab on a chip. Therefore, various analytical methods for the micro- and
nano-scale fluid flow have been investigated in labs around the world. Particle image
velocimetry (PIV) [4] and particle tracking velocimetry (PTV) [5] are commonly employed
for this purpose. In the cases of PIV and PTV, the fluid flow is analyzed by observing
spherical particles suspended within a fluid, at regular time intervals. Recently, the
observation methods for x-y-z (3D) fluid flow are reported like the ones for the x-y (2D) fluid
flow have been. For instance, stereoscopic PIV [6] and total internal reflection fluorescence
microscopy (TIRFM) with multilayer technique and index matching [7] are powerful tools to
analyze the micro- and nano-scale fluid flow. However, the resolution of stereoscopic PIV is
approximately 10 um that makes it difficult to measure the flow that is very close to the
channel wall. On the other hand, multilayer PIV with TIRFM has sub-micron scale resolution.
To visualize the 3D fluid flow via TIRFM, the intensity calibration of a fluorescent particle
would be required by using a calibration plate bearing nano-steps with different heights. In a
case like this, the refractive indices of the nano-steps and of the fluid must be close to each
other. Therefore, a combination of magnesium fluoride (MgF;) nano-step on a glass substrate

and 1-propanol, is generally used because the thickness of MgF, layer is easy to control to a
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very precise degree via vacuum deposition method. However, water, although highly
desirable for the task cannot be used for the measurement with MgF, layer because of the
difference of their refractive indices. As a result, the only available fluid for the multilayer
TIRF method was 1-propanol.

In an attempt to fabricate the calibration plates for use in water, and to measure the
water flow, we employed a material MEXFLON, the refractive index of which is nearly equal
to that of water [8, 9]. The conventional calibration plates use nano-steps made of MgF,,
which is an inorganic material, thus, the normal lift-off process with an organic solvent is
possible. In contrast, the key point of our technique is using the nano-steps with a polymer,
MEXFLON, whose refractive index is close to water. However, the durability of MEXFLON
for an organic solvent is not cleared because MEXFLON is expected for using in only water.
Although the required pattern width for the calibration plate is micro-scale, the edge shape of
the pattern is very important. For instance, we examined vacuum deposition method with a
stencil mask. Figure 1 shows the cross-section of the obtained MEXFLON pattern measured
by a profilometer (Alpha-Step 1Q, KLA-Tencor Co.). However, this sample was impossible to
be used as the calibration plate because the width of the slope was over 30 um, which is
wider than a field of view of our TIRFM system of 30 um x 30 um, and we could not
distinguish the pattern edge from the glass surface. Consequently, the lift-off process with
water is needed. In this study, therefore, we used polyvinyl alcohol (PVA) for the lift-off
process [10, 11] because PVA is soluble in water whereas other organic solvents can cause

damage to a polymer resin, and definitely not recommendable. As shown in the references,
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some PVA lift-off techniques have already been reported. However, the technique of ref. 10
requires an additional etching process using CHF; to obtain a reverse tapered shape, which is
helpful to carry out the lift-off process easily. On the other hand, an UV curable resin is used
for patterning in ref. 11. In this case, the PVA layer was removed by water. If an oxygen
plasma was used for etching the PVA layer, the UV curable resin layer was also etched. As a
result, the control of the etching time will be difficult. In comparison with these techniques,
we have developed a new technique, which has advantage in the easier process to produce the
reverse tapered shape. In this study, we used a combination of PVA film, and metal mask
fabricated by nano transfer printing (nTP) with a metal oxide release layer [12]. In summary,
we have succeeded in the fabrication of the nano-steps made of MEXFLON and it was able
to calibrate the fluorescence intensity in water. We believe that our method will be quite

useful in the fabrication of a polymer resin pattern.

2. Experimental apparatus and procedure

Figure 2 shows a schematic view of our TIRF measurement system. We used a
continuous-wave green laser (A=561 nm, 85-YCA-025-040, CVI Melles Griot Co.) as an
evanescent light source. The TIRFM system, that carried the incident light, comprised
NIKON Eclipse Ti-E with a 100x objective lens (NA=1.49, CFI Apo TIRF 100x, Nikon
Instruments Inc.). In this system, the green laser source was filtered by a barrier filter so that

only the fluorescence could be captured by the EM-CCD camera (Andor, iXon3 860). The
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resolution of EM-CCD pixel was 24 pm. For the fluorescent particles R200 (Thermo
Scientific Co.) with diameters of 200 nm were used. This particle was diluted by 0.01 % with
deionized water. In addition, we added 10 mM NaCl (purity 99.5 %, Showa Chemical Co.) to
the solution in order to make solid contact the particle with the glass plate [7]. For the
fabrication of the nano-steps a material MEXFLON E-PDx (UNIMATEC Co. LTD.) was
used, which has its refractive index about same as that of water. The refractive indices of
water and MEXFLON are 1.333 and 1.33, respectively. A glass slide (Micro cover glass No.
1, MATSUNAMI Co.) was used as a substrate. Figure 3 shows a lift-off process by using a
metal mask and PVA. At first, the glass substrate was cleaned for 15 minutes in an ultrasonic
bath with deionized water for 15 min (Figure 3(a)). After going through a drying process, the
substrate was spin coated with PVA (PVA-205, KURARAY Co.) at 5000 rpm, that after a
120 °C prebake resulted into approximately a 500-nm-thick film of PVA (Figure 3(b)). At
this point, PVA was diluted by 11% with deionized water.

Second, in order to form a metal mask on the PVA film, nano transfer printing (nTP)
was carried out by using a metal oxide release layer [12]. In this case, a replica mold made of
PAK-01 (TOYO GOSEI Co.) was prepared from a Si master mold. The replica mold like its
master mold has 40 um of width line/space (LS) pattern with a height of 2.2 um. To improve
the release properties of the PAK-01 replica pattern it was coated with a release agent
chromium oxide (Cr,O3;) layer using a resistively heated vacuum deposition system
(VPC-260F, ULVAC KIKO Inc.). To achieve this, approximately 30 nm thick chromium

layer was deposited using a vacuum-evaporation system then ventilated to oxidize the
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chromium surface to Cr,O;. After that, a gold layer with a thickness of 40 nm was deposited
using the same equipment. Subsequently, using the replica mold coated with the gold layer,
nTP was done onto the PVA film at 120 °C for 5 min (Figure 3(c)).

Third, the PVA film was then dry-etched by oxygen using an inductively-coupled
plasma equipment (EIS-700, ELIONIX Co.) (Figure 3(d)). The sample bias was 50 W or 100
W, and the RF power was constant at 300 W. The oxygen gas flow was 50 SCCM. After the
completion of the etching, MEXFLON layer was deposited onto the sample using the same
vacuum deposition equipment (Figure 3(e)); and then the PVA film was removed by
deionized water (Figure 3(f)). At this point, the MEXFLON layer did not suffer from any
damaged from water. The height of the obtained MEXFLON pattern was then examined by
an atomic force microscope (AFM, SPM-9600, SHIMADZU Co.).

For the purpose of comparison, we also prepared an MgF, calibration plate by using the
vacuum deposition method and electron-beam lithography. In this case, ZEP520A and
ZDMAC (Zeon Co.) were used as electron-beam resists and a dedicated solvent for lift-off.
The MgF, was supplied by Koujundo Kagaku Co., and its purity was 99 %. In this case,
1-propanol (SHOWA Co., purity 99.5 %) with the same fluorescent particle was used as a

fluid.

3. Results and discussion
At the beginning, we examined the etching characteristics of the PVA film. Figure

4(a-d) show the cross-sectional images tilted by 75° of the samples after etching with the
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power of 100 W. In this case, we could not obtain the reverse tapered shape. Figure 5(a-d)
show the cross-sectional images after etching with the power of 50 W. In contrast, the reverse
tapered shape was seen at the edge of the PVA layer since the chemical action between the
oxygen plasma with the power of 50 W and the PVA layer is the main role of etching,
compared to that with the power of 100 W. Furthermore, the surface of the gold mask was
smooth even after the etching for 75 s. This result shows that the metal mask was hard to etch
by the oxygen plasma with the power of 50 W. Next, using the profilometer, we measured the
height from the etched surface to the top of the gold mask by varying the etching time with
the power of 50 W, as shown in figure 6. The measured etching rate for the PVA layer was
approximately 23 nm/s and the etching was stopped when the glass slide substrate was
reached. Therefore, we can select the etching time widely and our process has high tolerance
for etching time because the etching is automatically stopped at the glass slide substrate. As a
result, we decided that the bias power and etching time in this study to be 50 W and 60 s,
respectively.

Second, we measured the obtained MEXFLON patterns by AFM after the lift-off
process with water, as shown in figure 7. The width of the slope obtained by our technique
was less than 1 um, and it was easy to distinguish the edge from the glass substrate in the
TIRFM system view. Figure 8 shows the optical images of MEXFLON pattern: (a) without
deionized water, (b) with partly covered by deionized water, and (c¢) completely covered by
deionized water. In this case, the images were recorded by the standard optical microscope

with a halogen lamp. When the deionized water covered the MEXFLON pattern, the
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MEXFLON pattern was invisible because these refractive indices were equal to each other.

Next, we evaluated the applicability of our incident-light TIRFM system with the
multilayer method by using the calibration plates made of MgF, layer and 1-propanol,
because the previous study used the TIRFM system with a prism [7]. Figure 9 shows the
calculation method for the intensity of fluorescence from a captured TIRF image. Although it
was difficult to find the edge when the MgF, pattern was covered by 1-propanol, but we did
find the edge prior to the use of 1-propanol. As it can be seen in figure 9, the edge of the
MgF, pattern was not distinguishable because of index matching. By using the captured
image, we searched for the brighter intensity pixel above a certain threshold value. We
defined two threshold values: one was for on the glass substrate, and the other was for on the
pattern. Subsequently, the averaged intensity, which was obtained by using an area defined
by 3x3 pixels with a focus on the threshold pixel, was calculated at each other points. Then,
the decay ratio of fluorescence intensities was calculated by dividing the sum of the averaged
intensities on the pattern by that on the glass substrate. We prepared patterns with various
thicknesses, and calculated decay ratios each other

Figure 10(a-c) shows the TIRF images close to the edge of the MgF, pattern with the
various thicknesses. Although the fluorescence intensities on the glass substrate were almost
equal to each other, that on the MgF; layer had decreased with the increasing thickness of the
MgF, layer. Figure 11 shows the relationships between the thickness of the MgF, layer and
the decay ratio. It is known that evanescent waves have an intensity of fluorescence I(z) that

decays exponentially with distance normal to the interface z [7]:
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1(z) = I,exp {— i} (1)

Here, Iy is the intensity at the interface, and z, is the penetration depth which is
calculated by using an angle incidence and refractive indices of MgF, and 1-propanol. In this
study, z, was controlled at 250 nm. As a result, the obtained data was brighter than the expected
value, especially in the thicker area. This result denoted the same tendency of Ref. 7.

Ultimately, we examined the -calibration plate, made of MEXFLON for our
incident-light TIRFM system with the multilayer method. Figure 12(a-c) shows the TIRF
images of near the MEXFLON pattern on the glass substrate’s varying thicknesses. The
thicker MEXFLON film tended to be of a lower intensity of fluorescence. Similarly, we
measured the decay ratios of the fluorescent intensity. Figure 13 shows the relationships
between the thickness of the MEXFLON layer and the decay ratio. In the case of MEXFLON,
similarly, the value of a curve-fit of the obtained data was greater than that of the equation (1).
However, it becomes clear that fluorescent particles were visible through the MEXFLON layer. As a
result, the fabricated nano-step made of MEXFLON is useful for the calibration of TIRFM.
Consequently, we have succeeded in a lift-off process with water by using the PVA film and the metal
mask fabricated by nTP process. As a result, we were able to obtain the calibration plate for multilayer
TIRFM, which is able to use water as a working fluid. Previously, the only way to calibrate the
fluorescence intensity in water was using a precise stage, such a piezo actuator [13]. In this case,

however, it is very difficult to obtain the zero point and move a tip in a perpendicular direction to the
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substrate. In contrast, our calibration plate eliminates the troublesome setting-up of the piezo stage,
resulting in a low cost method. We believe that our technique helps to expand the applicable range of

multilayer TIRFM.

4. Conclusions

We have developed at lift-off technique for a polymer resin by using a combination of
PVA film and metal mask, which is fabricated by nTP. In this method, we have succeeded in
the nTP process with the gold pattern onto a PVA film using the Cr,0O; release layer, and that
shows there is no need to use an organic solvent for the lift-off process. Furthermore, the
reverse tapered shape was obtained in the PVA layer via the metal mask fabricated with nTP. In
addition, the metal mask showed high tolerance for the etching time because the PVA etching
is automatically stopped at the glass slide substrate and the metal mask was not etched by
oxygen plasma. As a result, the calibration plate for multilayer TIRFM with water was
fabricated. We believe that our method will be possible to use for the lift-off process with

various polymer resins.
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Figure Captions

Fig. 1 Cross-section of the fabricated MEXFLON pattern using a stencil mask.

Fig. 2. Schematic view of TIRF measurement system.

Fig. 3. Line and space patterning process by using a metal mask and lift-off with water.

Fig. 4 The cross-sectional SEM images after (a)30 s, (b)45 s, (¢) 60 s etching with the power
of 100 W.

Fig. 5 The cross-sectional SEM images after (a)7 s, (b)45 s, (¢) 60 s, (d) 75 s etching with the
power of 50 W.

Fig. 6 Etching characteristics of PVA film with the oxygen plasma of 50 W.

Fig. 7 AFM images of the typical nano-steps made of MEXFLON.

Fig. 8 Optical images of MEXFLON pattern (a) without DI water, (b) with a part of
deionized water and (c) fully covered by deionized water.

Fig. 9 Calculation method of the fluorescence intensity from the TIRF image.

Fig. 10 TIRF images with the calibration plates made of MgF, varying the thickness: (a) 90
nm, (b) 162 nm, (¢) 236 nm.

Fig. 11 Relationships between the thickness of the MgF, layer and the decay ratio.

Fig. 12 TIRF images with the calibration plates made of MEXFLON varying the thickness:
(a) 49 nm, (b) 175 nm, (¢) 231 nm.

Fig. 13 Relationships between the thickness of the MEXFLON layer and the decay ratio.
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ABSTRACT

This paper reports on a new technique of 3-D measurements of gold nano particle position in water. The technique is based
on a digital holography and evanescent wave. In this technique, an intensity profile is taken from a holographic image of a
gold particle. In that case, to detect a highly accurate position of a gold particle, its hologram image is recorded on a nano
step made of MEXFLON with a refractive index close to that of water, and the particle position is reconstructed by a digital
hologram. Its nano step height was measured by a profilometer, and the height of the gold particle digitally reconstructed
was found to be in good agreement with the measured value. It was proved that this method can very accurately detect the
three-dimensional location of a gold particle in water.

INTRODUCTION

The technology which measures fluid behavior in a flow in the microchip in recent years has been developed. These are
called micro — particle image velocimetry (PIV), and are performed in micro and nano orders. There exists a Nano-PIV [1]
that employs total internal reflection fluorescence microscopy (TIRFM) which is a method of observing particles in the
close proximity of some wall. The technique of introducing a particle in a flow field at a very close proximity of a wall
makes a fluorescence particle excited in an evanescent wave illumination; and from the fluorescence picture, thus formed, it
identifies the location of the particle. Evanescent wave by its very nature forms a wall in a very close neighborhood, and
that causes a fluorescence particle to become luminous. However, a quenching of a fluorescence particle exists. On the
other hand, total internal reflection (TIR) holography microscopy for cellular biology has been also reported [2, 3]. In
addition, there exists a heterodyne holographic microscope that observes sub-micro-territories using a hologram using
evanescent wave [4]. Their technique by employing gold particles made the Brownian movement observable. The optical
setup in this case employed off-axis alignment, a process that is more demanding when applied on the microscope’s upper
part than it would be if an in-line alignment were carried out, and where the optical calibration could be a less demanding
task. The authors have developed digital-holographic-particle-tracking-velocimetry (DHMPTV) in order to track micro-
order particles [5], and they have had many successful runs. There has also been reported a work that tracks movement of a
gold particle down to 60 nm using a setup of an in-line monitoring scheme [6]. In the present research, an in-line
measurement method is developed to transform a probe light into an evanescent wave in a hologram. A hologram system
originally developed for the measurement of depth direction was perfected using a nano step made from the same refractive
index as that of water [7] and hence by using gold as seeding particle, measuring of more depth directions using gold as a
seeding particle was carried out and reported here.

EXPERIMENTAL SETUP AND OPTICAL SETUP

Figure 1(a) is a schematic view of the in-line hologram recording via an evanescent wave. A CW laser (A= 532 nm, 23
mW) was used as a light source. A laser beam is introduced through one of the two end-faces of a cavity (both faces of
which were made of polished glass plate substrate of Smm thickness) produced a total internal reflection (TIR) condition
and made an evanescent wave to develop at the observation position. In this experiment, the angle of incidence 6,= 61.7
degree, gives a penetration depth Z,= 284 nm. This evanescent experimental system was placed on the stage of an upright
microscope. And using the microscope, equipped with an oil immersion lens (CFI Apo TIRF 100x, Nikon Instruments Inc.)
of NA=1.49, and a CCD camera (NX5-S2 MONO, Integrated Design Tools, Inc.), picture of a hologram image was taken.
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Figure 1(a) Schematic view of the in-line hologram recording via an evanescent wave.

Figure 1 (b) is an index matching method for the TIR holographic system. The surface of the glass substrate comprises
a nanostep fabricated by the same process as in ref [5]. The nano steps is made of MEXFLON E-PDx (UNIMATEC Co.
LTD.), with its refractive index being the same as that of water. The heights of the step represent four values: 72, 159, 202,
and 257 nm. Therefore, these steps enable the evanescent waves to penetrate without undergoing any optical deformation.
Water is introduced onto the glass substrate, and a cover glass is put on the plate. The gold particles (200nm in diameter)
(742066, Sigma-Aldrich Co.) are dispersed in the water. And the water is then turned into an electrolytic solution by adding
NaCl to it so that gold particle can adhere to the glass and to the nano step. The amount of the water is 10 pl and the cover
glass thickness is 0.07 mm. The penetration of the evanescent wave affecting the gold particles on the glass and on the nano
step caused the formations of hologram fringes that are then detected by the CCD camera through an oil immersion
objectives lens.

100 X MO

Cover glass (n, = 1.52)

Penetration depth

Z,=284 nm Water (n,, = 1.33)

MEXFLON step (n,, =1.33)

Glass substrate
{n, = 1.52}

) ¥3

Gold nanoparticles
D=200nm

Figure 1 (b) Index matching method for TIR holographic microscopy.
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Figure 2(a) shows the photos of the upright microscope (Eclipse LV100D, Nikon Co.) and the holographic system on
its stage. The CCD camera is mounted on the top of an upright microscope. The holographic system is carefully placed on
the stage of the microscope. The glass substrate is placed on the holographic system. Figure 2(b) shows the photo of the
expanded observation area. There, is shown the optical path in a glass substrate on the holographic system. The actual
illumination used in these experiments was the evanescent waves generated by the twice TIR at the glass-water interface.

(a)

ccD
camera

M— o
e

Observing point

Glass substrate

=

Figure 2 Photo of the holographic system ; (a) Recording system for the TIR holographic image using the upright
microscope, (b) The optical path in a glass substrate.

RESULTS AND DISCUSSION

Figure 3 shows the fringe images recorded from the TIR holographic system with MEXFLON layers of thicknesses: (a)
72nm, (b) 159nm, (c) 202nm, and (d) 257nm. From each image, we can see the difference in the heights between the
particles on the glass and the particles on the MEXFLON step. As the height of the nano step increases, we can notice an
increase in the fringe diameter of a hologram.

Figure 4 shows reconstruction results for the recorded hologram images on the glass substrate and on the MEXFLON
layer (Thickness: 257nm). The reconstruction procedure of nano particle is used for a digital reconstruction algorithm [3].
The lines indicate the plots of the brightness value in the fringe center position for every reconstructed distance. The solid
line shows the distribution on the glass substrate, and the dotted line shows the distribution on the MEXFLON. The
difference of the peaks is 274nm, that is in good agreement with the expected value 257nm, as measured by a profilometer
(Alpha-Step 1Q, KLA-Tencor Co.).
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Figure 3 Fringe images recorded from the TIR holographic system with MEXFLON layer thicknesses of (a) 72 nm, (b) 159
nm, (c¢) 202 nm and (d) 257 nm
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Figure 4 Reconstruction results for the recorded hologram images on the glass substrate and on the MEXFLON layer
(Thickness: 257 nm).
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Figure 5 shows the reconstructed results with the calibration plates fabricated by using the MEXFLON nano-steps. The X
axis is the step height measured by a profilometer; in other words, it is the expectation value. Y axis is the averaged
reconstructed distance between the particle on the nano step and the particle on the glass plate. Each symbol is made of the
reconstructed value from 19 or more particles from 3 or more hologram images. The line y=x is an exact line, that is, the
hologram reconstruction denotes high accuracy when the fitting curve from the symbols is coincident with the line. The
fitting curve is in good agreement with the line y=x.
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Figure 5 Reconstruction results with the calibration plates fabricated by using MEXFLON nano-steps.

Figure 6 shows the fringe images recorded from the TIR holographic system: (a) 0 ms, (b) 33.33 ms, (c) 66.66 ms, (d)
99.99ms. From each image, we can see the difference position in the x-y plane. Figure 7 shows reconstruction results for
the recorded hologram images on the glass substrate. The reconstruction procedure of nano particle is used for a digital
reconstruction algorithm. The spheres indicate the gold particle position for every reconstructed position. The vector shows
the velocity between particles each step.
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Figure 6 Hologram image ; (a) 0 ms, (b) 33.33 ms, (¢) 66.66 ms, (d) 99.99ms
(Camera rate 30 Hz, Exposure time 33.33 ms)
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Figure 7  Reconstructed particle trajectory.
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CONCULUSIONS

In this paper, three-dimensional gold particle position in water was obtained by a digital hologram and evanescent wave.
(1) The optical system was made of an in-line setup, and gold particle positions were reconstructed.
(2) The reconstructed position can be obtained from the fringe image of gold particle on a nano step made of
MEXFLON.
(3) The location of the reconstructed gold particle shows good agreement with the height of the nano step measured
beforehand.
(4) The gold particle trajectory could be reconstructed by a digital hologram and evanescent wave.
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ABSTRACT

In this research, by using digital holographic PTV and UVP methods, we
measured velocity distribution of a turbulent pipe flow with an inside diameter of
20 mm. And then we compared the two methods. Our objective here was to check
the validity of the UVP method. For these tests, the Reynolds numbers were set to
be 5000, 10000, and 15000. The accuracies of the two experimental methods were
confirmed by comparing the results from the two methods with DNS data by
Satake et al. (2000) when using the same Reynolds number. The velocity profiles
obtained from the two methods were found to be in good agreement with that of
the DNS data.

1. INTRODUCTION

The Ultrasonic Velocity Profile (hereafter, UVP) method was developed by Takeda more than 20
years ago [1]. The UVP method is a way of measuring a velocity profile along an ultrasonic
beam using ultrasonic Doppler shift frequency. It is a useful method employed in the
measurement of velocity profiles of non-transparent pipes such as in the pipelines or in nuclear
reactors. However, in recent days, digital holographic PTV (hereafter, DHPTV) equipped with
high resolution CCD camera and faster computing power have become available [2, 3]. In this
research, we measured a velocity distribution using DHPTV and UVP methods in a turbulent
pipe flow with an inside diameter of 20 mm; and then we compared the two methods. Our
objective was to validate the UVP method. The Reynolds numbers for the tests were set to be
5000, 10000, and 15000. Furthermore, an accuracy of the method was confirmed by comparing
the data from the two methods with the DNS data [4] using the same Reynolds numbers. The
central region velocity of the UVP is discussed about change of Reynolds number

2. EXPERIMENTAL METHODS

2.1 Digital holographic PTV (DHPTYV)
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DHPTYV is a technique of measuring three-dimensional velocity profile by a combination of
digital holography and particle tracking velocimetry. Reconstruction of the particle positions
from the fringe images in the x-y plane are done by a FFT technique employing Fresnel
diffraction equation [2,3]. The FFT technique was used for the following transforms:

Nl N2

O(1,J) = [ 34 [ 32 106 G, D)™ dxdy
2

2

=1(1,))G(,J)
)

Here ®(/,J) , I(x,y) , I (1,J) are: reconstruction image in Fourier space, hologram
image, and hologram image in Fourier space, respectively. G(/,J) is transform function
using Fresnel approximation and includes reconstructed depth in Z-direction. Calculation of
the particle locations along the direction away from light source was carried out by looking
for local maximum points in the gradation image of the reconstructed particles. For example,
in Fig. 1, the profiles of the particles’ brightness are shown as a function of distance along the
z-axis. After finishing the procedure of particle recognition the brightness pixels then defined
the location of the particles. The 3-D tracking of the reconstructed particle positions was used
for two frames in the time evolution. Since the pulse interval was short, the time interval of
the particle tracking was sufficient for taking the velocity vector.

e © i
@& - Hologram image

ﬂ Reconstruction

Maximum brightness image

[E— - .

:%t Particle
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Figure 1 - Hologram reconstruction algorithm.
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2.2 UVP method

The UVP method is a way of measuring a velocity profile along the ultrasonic beam using the
ultrasonic Doppler shift frequency. Advantages of the UVP method in comparison to the optical
methods such as PIV and LDV are as follows: 1) UVP method can be applied in the velocity
profile measurement of an opaque fluid flow, 2) UVP method can record the instantaneous
velocity profile on a measurement line, and where the instantaneous velocity profile can be
confirmed in the real time during the measurement. After the development of UVP method,
many difficult measurements for Taylor vortex flow and opaque fluid flow have been made [5,
6]. Those experimental studies have confirmed the efficiency of the UVP method for velocity
profile measurement.

In this method, all velocity profile information by the UVP method, such as the
instantaneous velocity and the positions from where the ultrasound is reflected, can be
detected. The position x from where the ultrasound is reflected can be extracted from the time
delay 1 between the start of pulse burst and reception time as follows:

x=ct/2 (2)

where ¢ is the ultrasonic propagation velocity in the flow liquid. At the same time, the
velocity information is derived from the Doppler shift frequency by the following equation.

V:CfD/zf() (3)

where, fp and f; are the Doppler shift frequency and the original ultrasonic frequency,
respectively. Thus, a velocity profile can be obtained along the ultrasonic beam by analyzing the
echo signal to derive instantaneous frequencies at each instant.

3. EXPERIMENTAL SETTUP

Figure 2 is a schematic of the experimental setup showing the path of a laser beam from a
single source. A Nd:YLF laser (Photonics Industries DS20-527, A= 527 nm) was used as a
light source putting out a pair of laser pulses at a repetition rate of 1 kHz, pulse length of 58
nsec, and a pulse delay of 100 usec. The laser beam was expanded to illuminate the center of
a test section. A pipe made of FEP, 3000 mm in length, and 20 mm in diameter, was used for
the test. The test section located at 2800 mm downstream from a water tank was made of
glass to preserve the coherency of the laser beam. A water jacket (length = 55 mm, width = 45
mm, and depth = 40 mm) shown here, was also made of glass. Using a pump, the working
fluid (water) was circulated at flow rates of 4.6, 9.5, and 14.2 1/ min, with Reynolds numbers
as 5000, 1000, and 15000, respectively. Spherical particles of nylon, 40-micron in diameter,
were supplied for conducting the test. The hologram fringe images were captured through a
digital CCD camera (IDT NR5S2) without a lens, with a resolution of 2336 x 1728 (7 um /
pixel). The captured image at 1 k Hz, used 1024 x 1024 in the full image area. Our system
was designed to make a velocity field of four hundred frames so that the system could handle
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800 frames by the camera memory of 1 k Hz for a sampling rate. The laser beam after passing
through the beam expander was introduced horizontally into the camera.
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Figure 2 - Experimental apparatus.

Figure 2 also shows the measurement position of the UVP system in an upstream direction
located at 675mm from the observation region of the holographic PTV. The UVP system
consisted of UVP monitor (Met-Flow SA, XW-PSi model) and UVP probe. The basic frequency
of UVP probe used in this study was 4 MHz and set on the outer wall of the pipe at a 14° angle.
Therefore, we could measure the velocity profile along the axis passing through the pipe’s
center. The UVP method is based on pulsed ultrasound echography. In this technique, an
ultrasonic pulse is emitted from a transducer and travels along the measuring line, and then the
same transducer receives the echo signal reflected from seeding particles in the flow. When the
UVP method is applied to measure the velocity profile of the test fluid, the sound velocity in the
test fluid is needed as represented in Eqgs. (2) and (3). In this study, we used sound velocity data
in pure water obtained by Grosso and Mader [7]. In this test 60-micron Polyamide particles
DAIAMID (Daicel-Degussa Ltd.) were used as the seeding particles. Since the particle utilized
by the UVP method happened to be quite different from the diameter and material property of
the particles used in the holographic PTV, fresh water without seeding particles was used to
clean the pipe and water tank after the experiment with the holographic PTV was finished, and
before the start of the experiment using the UVP method.
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4. RESULTS AND DISSCUSSION

Figure 3 shows the velocity profile for each Reynolds number. The values of Reynolds number
were set by the values from flow meter, and were 5000, 10000, and 15000. In the experiment
with DHPTV, the reconstruction layers in the z-direction were 2000 sections. Thus, this three-
dimensional reconstruction volume (in pixel points) was 1024 x 1024x 2000 along x-, y-, and z-
directions. To obtain an averaged velocity profile, the average volume divided by 60 sections in
the cross-section of the pipe diameter, and 400 frames were used. An error on the central region
velocity of the UVP is increased with increasing of Reynolds number. This is because of a
measured velocity is difficult to detect movement of higher particle with increasing of Reynolds
number owing to large detection volume. Figure 4 shows the velocity profile for each Reynolds
number. The velocity of two experimental methods cannot be normalized by each friction
velocity because profiles of both measuring methods are difficult to calculate each friction
velocity owing to low-resolution of velocity points near wall region. Therefore, all velocity
profiles were normalized by the centreline velocity Uc on the each method. Although the
experimental techniques of UVP and DHPTV do not detect a near-wall region, the tendency of
its velocity profiles denotes that an increasing Reynolds number enhances a velocity gradient,
and the makes velocity profile move toward the pipe wall. The DNS data by Satake et al. (2000)
are also shown in the same figures. The velocity profiles thus obtained by the two experimental
methods are in good agreement with that of the DNS data.
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Figure 3 - Velocity profiles: (a) Re=5000, (b) Re=10000, (c) Re=15000.
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S.

CONCULSION

The velocity profile in a turbulent flow was measured using the same experimental method as
used in UVP and DHPTV experiments. As a result, both techniques were in agreement with the
velocity profile result of DNS. In an opaque pipe used in a nuclear reactor, the UVP method is
capable of giving highly precise results.

ACKNOWLEDGEMENT

This research was partially supported by Program for Development of Strategic Research Center
in Private Universities supported by MEXT (2011).

REFERENCES

Y. Takeda, “Velocity profile measurement by ultrasound Doppler shift method”,
International Journal of Heat and Fluid Flow, vol. 7, pp. 313-318, 1986.

S. Satake, T. Kunugi, K. Sato, T. Ito , “Digital Holographic Particle Tracking
Velocimetry for 3-D Transient Flow around an Obstacle in a Narrow Channel”, Optical
Review, Vol. 11, No. 3, pp L162 - L164, 2004.

S. Satake, H. Kanamori, T. Kunugi, K. Sato, T. Ito, and K. Yamamoto, “Parallel
computing of a digital hologram and particle searching for microdigital-holographic
particle-tracking velocimetry”, Applied Optics, Vol. 46, Issue 4, pp. 538-543, 2007.

S. Satake, T. Kunugi, and R. Himeno , “High Reynolds Number Computation for
Turbulent Heat Transfer in a pipe flow”, Lecture Notes in Computer Science 1940,
High Performance Computing, M. Valero et al. (Eds.), Springer-Verlag Berlin Heidelberg,
pp- 514--523, 2000.

H. Kikura, Y. Takeda, and F. Durst , “Velocity profile measurement of the Taylor vortex
flow of a magnetic fluid using the ultrasonic Doppler method”, Experiments in Fluids, 26,
pp- 208-214, 1999.

Y. Takeda, “Instantaneous velocity profile measurement by ultrasonic Doppler method”,
JSME International Journal, Series B, 38, pp. 8-16, 1995.

V. A. Del Grosso, and C. W. Mader, , “Speed of sound in pure water”, Journal of
Acoustical Society of America, 52, pp. 1442-1446, 1972.

- 256 -



* 18 Three-dimensional simultaneous measurements of a rising microbubble position and flow surrounding the
microbubble by a digital hologram, Shin-ichi Satake, Tadashi Kikuchi, Takuma Tsuda, Tomoaki Kunugi, 16th Int
Symp on Applications of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 2012 -6 4 9 H~6 A 12 H

Three-dimensional simultaneous measurements of a rising microbubble position
and flow surrounding the microbubble by a digital hologram

Shin-ichi Satake', Tadashi Kikuchil, Takuma Tsudal, Tomoaki Kunugi2

1: Department of Applied Electronics, Tokyo University of Science
2641 Yamazaki, Noda, Chiba, 278-8510, Japan, satake@te.noda.tus.ac.jp
2: Department of Nuclear Engineering, Graduate School of Engineering, Kyoto University, Yoshida, Sakyo, Kyoto 606-
8501, Japan, kunugi@nucleng.kyoto-u.ac.jp

Abstract Three-dimensional simultaneous measurements of the position of a rising microbubble, and of
the velocity field surrounding it, are performed by micro-digital holographic velocimetry. The rising position
of the microbubble and the many particles surrounding the microbubble can be reconstructed by a digital
hologram. This technique has successfully been applied to the 3-D dynamics of a hydrogen microbubble, in a
vertical water channel, that emanates from a platinum electrode by electrolysis. The velocity of the
microbubble and the flow of particles surrounding the microbubble are simultaneously obtained.

1. Introduction

Microbubbles are encountered when working in various fields of industrial applications. Their
behaviour within the bulk of water has especially been of great interest. In order to study the effect
of the flow of microbubbles, techniques such as PIV, PTV, etc. have been employed to investigate
their flow and to make related measurements. Naito et al. [1] proposed combining holography with
stereo shadow imaging with two laser beams. Their method was established for measuring the
velocity of bubbles with micro- and milli-meter sizes. We have previously shown the construction
of intensity profile from a holographic image of a microbubble where the profile exhibited two
peaks separated by a distance related to the microbubble’s diameter [2]. A 3-D position of a
bubble can be determined by the center of the two peaks, and by the center point of the bubble
image focused by a digital hologram. This technique has been applied in the determination of rising
microbubble position and the 3-D velocity field surrounding the microbubble.

2. Experimental setup

Figure 1 is a schematic of the experimental setup that shows the location of a laser beam from one
single source. In this experiment, A Nd:YLF laser (A= 527 nm) was used as a light source out-
putting a pair of laser pulses at a repetition rate of 1 kHz, and a pulse delay of 100 psec. The laser
beam was expanded to illuminate the center of a test section. The test section (height = 62 mm,
width = 24 mm, and depth = 10 mm) shown in Fig. 1, was made of glass. For this test 40-micron
nylon spherical particles were used. The working fluid was a 0.2% NaCl solution in water. In this
work, the hologram fringe images were captured through a high-resolution digital CCD camera
(IDT NR5S2) without a lens with a resolution of 2336 x 1728 (7 um / pixel), that captured the
images at 1 k Hz, and used 1024 x 1024 pixels in the full imaging area. The camera and the laser
were synchronized by a pulse generator, and the exposure time was set to 100 ps. The system was
design to work with 800 frames using the camera memory with a sampling rate of 1 k Hz.
Microbubbles with spherical shapes were generated by a potentiostat built into a platinum electrode.
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The voltage was set at 3.1V.

({]\ Laser source
N

/ Carbon electrode

NaCl water

(0.2%)
CCD camera

Platinum electrode

Figure 1 Experimental setup

3. Results and discussion

The pictures of the fringe image near an electrode are shown in Figs. 2 (a) and (b). The black rod-
like shadow in the picture is the electrode 100 um in diameter. Moreover, it is believed that the
stationary fringes were the ones that remained sticking to the glass side. One fringe image above the
electrode is shown moving upward from the bottom toward the top. Many such fringes were
captured in individual frames. The pictures of the reconstructed images are shown in Fig. 3, where
according to the computer hologram algorithm, the positions of the reconstructed particles were
determined to be 14.0 mm away from the CCD surface. For the final picture, the stationary fringes
in Fig. 2 representing the electrode were removed. Figure 4 shows hologram images of the
microbubble and of the seeding particles flowing into the observation region. For this picture, the
images of two fringes were chosen and marked by circles as points A and B. Figure 5 shows
distributions of digitally reconstructed profile representing the microbubble and seeding particles
flowing into the observation region [1]. Figure 5 (b) shows a seeding particle presenting a peak
resulting from its intensity profile. Figure 5 (a) shows that a microbubble presenting two peaks, and
those also result from their intensity profiles. Two peaks in the reconstructed intensity were also
identified in our previous result [1]. Figures 6 (a) and 2 (b) are the reconstructed images from the
two frames. The microbubble that is shown above the platinum electrode is made by digital
reconstruction [2]. The diameter of the micro bubble remained approximately within the
neighbourhood of 140 um. The velocity and the diameter obtained from the reconstruction image,
and flow parameter gave the estimated values in terms of non-dimensional numbers, where the
bubble’s Reynolds number was approximately 1.67, and the Eotvos number was 2.67x10°. From
the estimation by Clift et al. (1978) [3], these values are distributed in a spherical shape. Therefore,
the microbubble is drawn in form of a sphere for 3-D visualization. The figure also shows the
reconstruction of particles. The number of seeding particles is approximately 500. The
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reconstructed volume is 8 x 8 x 10 mm’. Almost all particles are uniformly distributed
surrounding the microbubble. It can be seen that starting from the bottom the flow is upstream; and
that the velocity of the microbubble can be obtained from the two images and found to be
approximately 10 mm/sec. The seeding particles on the images do not dramatically change because
their flow speed is slower than that of the microbubble. The obtained instantaneous 3-D velocity
vectors from the three visual perspectives are shown in Fig. 7, although we photographed the time
evolution of these vectors for 0.8 second (not shown). It can be seen that the flow is moving upward,
and the quick flow arises especially in the upper part of the microbubble. This is a flow which is
made the rising microbubble and it arises. Moreover, the vector distribution around the rising
bubble is higher than in any other domain. The reason is the flow induced by the rising bubble only
exists. This is because only the existence of the rising bubble causes the flow. The instantaneous
velocity vectors on the images do not drastically change because the flow speed is relatively slow.
An average of 100 instantaneous velocity vectors was obtained from the 500 particles reconstructed.

(a) (b)

-
Sow

Figure 2 Fringe images of a rising microbubble ; (a) t=279msec, (b) t=379msec
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(b)

Figure3  Reconstruction of a rising microbubble and particles ; (a) t=279msec, (b) t=379msec

v

Figure4 Hologram images of a risig microbubble and particles ; t=279msec
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Figure5 Distributions of reconstruction profile (a) Micro-bubble A, (b) Seeding particle B

(a) (b)

Figure 6 A rising microbubble and particles surfounding the microbubble; (a) t=279msec,
(b) t=379msec
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Figure 7 Vectors of a rising microbubble and particles between t=279msec and t=379msec

4. Conclusions

In this paper, the reconstruction of a rising hydrogen microbubble was obtained by a digital
hologram. Profiles of seeding particle were also obtained by the digital hologram. The simultaneous
measurements of the bubble and the seeding particles were performed. The interaction between the
microbubble and flow around its bubble can be observed by the reconstructed image. This
technique will also apply to a similar rising bubble such as boiling bubble.
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ABSTRACT

Three-dimensional simultaneous measurements of the position of a rising microbubble, and of the velocity field
surrounding it, are performed by digital holographic velocimetry. In order to generate a micro bubble, we used
photo-electrolysis reaction of water with titanium dioxide (TiO,). The TiO, made a thin film by sol-gel method. The
rising position of the microbubble and the many particles surrounding the microbubble can be reconstructed by a
digital hologram. This technique has successfully been applied to the 3-D dynamics of a microbubble, in a vertical
water channel, that emanates from the surface of the film. The velocity of the microbubble and the flow of particles

surrounding the microbubble are simultaneously obtained.

Keywords : Photocatalytic reaction, Digital holography, Microbubble, UV radiation

1. INTRODUCTION

We have previously shown the construction of the intensity
profile from a holographic image of a microbubble where the
profile exhibited two peaks separated by a distance related to the
microbubble’s diameter [1]. A 3-D position of a bubble can be
determined by the center of its two peaks, and by the center point
of the bubble image focused by a digital hologram. Furthermore,
this technique was applied in three-dimensional simultaneous
measurements of a rising microbubble position and flow
surrounding the microbubble [2]. This technique has been
applied in the determination of microbubble positions and the
3-D velocity field surrounding the microbubble in a turbulent
pipe flow. The technique of dividing seeding particles and
bubbles that the hologram fringe reproduced in a turbulent pipe,
has been described [3]. In the present study, the validity of a
reconstructed particle and a bubble carried out phocatlysic
reacting in an observation region is shown. This technique has
been applied in the determination of rising microbubble position
and the 3-D velocity field surrounding the microbubble.

Pt sputtering
Mask

Pt
Tio,

Si wafer

Figure 1 Schematic view of the samlple.

In order to generate a micro bubble, we used photo-electrolysis
reaction of water with titanium dioxide (TiO,). We have prepared
a TiO, thin film via sol-gel method [4]. In this study, titanium
sol-gel material was spin-coated at 3000 rpm on a cleaned Si
substrate and cured at 425°C for 10 min, resulting in about

400-nm TiO, film. After that, a platinum layer was deposited by
spatter coating method using a micro-size mask, because a
platinum layer accelerates photocatalyzed reaction [5]. The
thickness of platinum was less than 10 nm. Figures land 2 show
schematic view and SEM image of the sample after the
deposition.

Figure 2 SEM image of the sample.

2]

Beam Expander

Camera

Figure 3 Experimental setup
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Figure 3 is a schematic of the experimental setup that shows the
location of a laser beam from one single source. Moreover,
ethanol was employed as a sacrificial reagent and mixed into
water to improve the yield of micro bubble [6]. In this
experiment, A Nd:YLF laser (A= 527 nm) was used as a light
source out-putting a pair of laser pulses at a repetition rate of 1
kHz, and a pulse delay of 100 psec. The laser beam was
expanded to illuminate the centre of a test section. The test
section (height = 20 mm, width = 28 mm, and depth = 20 mm)
shown in Fig. 3, was made of glass. 40-micron nylon spherical
particles were used. The working fluid was a 10% ethanol
solution in water. In this work, the hologram fringe images were
captured through a high-resolution digital CCD camera (IDT
NRS5S2) without a lens with a resolution of 2336 x 1728 (7 um /
pixel), that captured the images at 1 k Hz, and used 1024 x 1024
pixels in the full imaging area. The camera and the laser were
synchronized by a pulse generator, and the exposure time was set
to 100 ps. The system was design to work with 800 frames using
the camera memory with a sampling rate of 1 k Hz. Microbubble
generating can be done for photocatalytic reaction by UV-light.
The TiO, thin film on the bottom of the measurement region was
irradiated by a UV lamp (A=365 nm). The UV flux was set to be
170 [mW/cm?].

3. RESULTS AND DISCUSSION

N

L

Figure 4  Fringe images of a rising microbubble

s T
-

Figure5

Reconstruction of a rising microbubble and particles

Figure 6 Hologram images of a rising microbubble and
particles
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(b)

Figure 8 A rising microbubble and velocity vector of
particles around the microbubble; (a) t=400msec, (b) t=
500msec, (¢) t=600msec, (d) t=700msec.

Figure 7 Velocity vector of a rising microbubble and particles
around the microbubble; (a) t=400msec, (b) t=500msec, (c) t
=600msec, (d) t=700msec.
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The pictures of the fringe image near the TiO, thin film are
shown in Fig. 4. The black shadow in the picture is microbubbles
on the film. Moreover, it is believed that the stationary fringes
were the ones that remained sticking to the glass side. One fringe
image above the film is shown moving upward from the bottom
toward the top. Many such fringes were captured in individual
frames. The pictures of the reconstructed images are shown in
Fig. 5, where according to the digital hologram algorithm, the
positions of the reconstructed particles were determined to be
15.0 mm away from the CCD surface. The stationary fringes in
Fig. 5 representing the black shadow were removed in Fig. 6.
Figure 6 shows hologram images of the microbubble and of the
seeding particles flowing into the observation region. The
microbubble that is shown above the Pt thin film is made by
digital reconstruction [2]. The diameter of the micro bubble
remained approximately within the neighbourhood of 150 pm.
The microbubble is drawn in form of a sphere for 3-D
visualization in Fig. 7. The figure also shows its vector and the
reconstruction of particles. The number of seeding particles is
approximately 500. The reconstructed volume is 2 x 2 x 4.24
mm’. Almost all particles are uniformly distributed surrounding
the microbubble. It can be seen that starting from the bottom the
flow is upstream; and that the velocity of the microbubble can be
obtained from the two images. The obtained instantaneous 3-D
velocity vectors from the four visual perspectives are shown in
Fig. 8. It can be seen that the flow is moving upward, and the
quick flow arises especially in the upper part of the microbubble.

4. CONCLUSIONS

In this paper, the reconstruction of a rising microbubble caused
by photocatalytic reaction was obtained by a digital hologram.
Profiles of seeding particle were also obtained by the digital
hologram. The simultaneous measurements of the bubble and the
seeding particles were performed. The interaction between the
microbubble and flow around its bubble can be observed by the
reconstructed image. This technique will also apply to a similar
rising bubble such as boiling bubble.
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A water cooled ceramic breeder for ITER and DEMO of a nuclear fusion reactor plays a significant role in the design of a
blanket module. Pebbles of a ceramic tritium breeder are packed in a container of the blanket. Investigation of the flow
behavior is necessary in an actual environment of a facility where pressure drop takes place under a complex flow such as
in case of the container for the pebble bed. For the development of a facility, it is necessary to be able to monitor fluid
motion of a basic flow such as a sphere-packed pipe (SPP). In the present study, to discern the complex flow structures in
SPP, digital holographic PTV visualization is carried out by a refractive index-matching method using a water employed
as a working fluid. The water is chosen to be able to adjust its refractive index to match to that of the MEXFLON sphere
with an index of 1.33. Hologram fringe images of particles behind the spheres can be observed, and the particles' positions
can be reconstructed by a digital hologram. Consequently, 3-D velocity-fields around the spheres are obtained by the
reconstructed particles' positions. The velocity between pebbles is found to be convergence and divergence regions in the

SPP.

Keywords: Digital Hologram, Pebble, refractive matching method

1. Introduction

Japan Atomic Energy Agency has been performing
research, development and design of a blanket module
with a water cooled ceramic breeder (WCCB) for ITER
and DEMO of a nuclear fusion reactor [1][2][3][4].
Pebbles of a ceramic tritium breeder are packed in a
container of the blanket. Helium gas flows in a tritium
recovery system. Investigation of the flow behavior is
necessary in an actual environment of a facility where
pressure drop takes place under a complex flow such as
in case of the container for the pebble bed. For the
development of a facility, it is necessary to be able to
monitor fluid motion of a basic flow such as a sphere-
packed pipe (SPP). A basic heat transfer promoter such
as packed beds of spheres [5] is one of the technology of
the promotion of heat transfer by using the turbulent
mixture. Yuki et al. [6] performed PIV visualization to
understand the complex structures in a sphere-packed
pipe (SPP)[6]. The PIV experiment was conducted using
a matched refractive-index method [7] with Nal solution
as the working fluid. They found a meandrous bypass
with high-flow velocity due to the wall effect. Their
visualization was a 2-D velocity field, and based on its
information the flow structure was realized. Recently,
we carried out 3-D visualization of digital holographic
PTV [8][9] to understand the complex flow structures in
a sphere-packed pipe (SPP) by using a refractive index-
matching method with a sodium iodide (Nal) solution
used as a working fluid[10]. This solution when used as
working fluid is deliberately chosen to be able to adjust
its refractive index to match to that of the acrylic sphere
with an index of 1.49. It is useful for a matching-index
method to be able to be visualized by working fluid

without chemical treatment such as a water. Therefore,
in the present study, the pebbles is made of MEXFLON
[11], whose refractive index is the same as that of a
water. Digital holographic PTV visualization is carried
out by a refractive index-matching method using a water
employed as a working fluid.

2. Experiment apparatus and details of the test
section

Figure 1 is a schematic of an experimental setup that
shows the location where a laser beam from a single
source Nd:YLF laser (Photonics Industries DS20-527,
A= 527 nm) was used as a light source putting out a pair
of laser pulses at a repetition rate of 1 kHz , and a pulse
delay of 100 psec. The laser beam was expanded to
illuminate the center of a test section. A pipe made of
FEP, with length and inner diameter of 2000 mm and 10
mm, was used for the experiment. The test section
located at 1400 mm downstream from a water tank was
made of glass to maintain the coherency of the laser
beam. Here the working fluid was a water solution that
was designed to match the refractive index of the
working fluid to the refractive index of the MEXFLON
sphere with an index of 1.33. A water jacket (length =
55 mm, width = 45 mm and depth = 40 mm) shown here,
was also made of glass. By using a pump, water (used as
a working fluid) was circulated at a flow rate of 0.7 1/
min. The visualization of the flow field is conducted at a
Reynolds number (Re;=U ;d / v ) of 634, where U ; and
d stand for inlet velocity and sphere diameter. The mean
inlet velocity, which is equivalent to the superficial
velocity in the SPP, is 0.149 m/s. When the refractive
indices between the working fluid and the sphere are
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matched, the hologram fringe image of the particles
behind the sphere can be observed, and the particle
positions can be reconstructed by a digital hologram.
The supplied particles in this experiment were 40-micron
nylon spherical particles. The hologram fringe images
were captured through a high-resolution digital CCD
camera (IDT NRS5S2) without a lens, which had a
resolution of 2336 x 1728 (7 um / pixel). The captured
image at 1 k Hz used 1024 x 1024 in the full image area.
The camera and the laser were synchronized by a pulse
generator unit, and the exposure time was set to 100 ps.
Our system was designed to make a velocity field of four
hundred frames, so that the system can process eight
hundred frames using the camera memory, and achieve 1
k Hz for a sampling rate. The laser beam after passing
through the beam expander enters the camera
horizontally. The working fluid shown in Fig. 2(a) was
without water; and the working fluid shown in Fig. 2 (b)
was water. The state in Fig. 2(a) where the water jacket
and the inside of a circle pipe are not filled with water.

The states without water make the forms of pebbles clear.

When the refractive indices between the working fluid in
Fig. 2(b) and the pebble sphere were matched, the pebble
sphere became invisible. MEXFLON spheres with
diameters of 5 mm were then packed into the
observation region thus forming a sphere-packed pipe
(SPP) structure as shown in Fig.3.

Laser

Attenuator

Beam expander

1400(mm)

Flow pipe

Water tank

Camera

Fig. 2 Photo of pebbles and FEP pipe in a water jacket;
(a) Without a water, (b) With a water

40

Water

45

@10

X
Z—T
Y

Fig. 3 The cross plane of an observation region in the y-z plane

3. Result and discussions

Figure 4 shows hologram images of pebbles and
particles in water. The hologram fringe images of the
particles behind the pebbles are observable. To set IKHz
sampling, the hologram fringe images were captured
1024 x 1024 pixels from 2336 x 1728 pixels in the full
imaging area of a high speed camera. Therefore, the full
imaging areas are shown in four separate square-shaped
segments A and B marked by chain lines

Fig. 4 Hologram image entire domain in the observation region

Figure 5 shows hologram images of the segments
separated from the full imaging area in the observation
region. The two segmented areas are reconstructed as
each volume. When velocity field is taken by the
volumes, then velocity fields are merged from the
velocity fields of each reconstructed velocity.
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Fig.5 Hologram images separated from the full imaging area in
Fig. 4

Images taken from the velocity vectors averaged by 2169
frames, reproduced from the 3-D particle positions, are
shown in Fig. 6. The images show the profile in the x-y
planes. The particles in the right-hand image are moving
from left to right and the semicircular velocity profile
can also be seen in the image. The velocity vectors

between pebbles are higher than those in the other region.

/ Z
|
Y
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Fig. 6 Velocity vectors in the bird view

The obtained 3-D velocity vectors averaged by 4338
frames from the bird’s eye-view are shown in Fig. 6. It
can be seen that the flow is mainly moving in a stream-
wise direction, and the velocity vectors have around the
pebbles. The positions of the pebbles primarily represent
as none of the velocity. The velocity vectors were
obtained from the reconstructed images. The velocity
around as the black arrows is ranged greater than 0.907
m/s. Yuki et al.(2008)[6] that the maximum value of the
bypass flow is 6 times higher than the bulk velocity. The
result has a similar behavior compare with their resulted
velocity.

To examine a three-dimensional structure, we introduce
a two dimensional velocity field at the cross section.
Figure 7 shows a schematic viewgraph of a longitudinal
section: Line A is defined by quarter located from outer
diameter of the pipe. Line B is defined by a center

located from outer diameter of the pipe. Line C is
defined by quarter located from outer diameter of the

pipe.

Figure 8 showing a time averaged velocity profile over a

period of 2 s is calculated at lines A, B, and C: (a) two-
dimensional velocity vectors on line A in Fig. 8 at the x-
y plane, (b) two dimensional velocity vectors on line B
in Fig. 8 at the x-y plane, and (c) two-dimensional
velocity vectors on line C in Fig. 8 at the x-y plane. A
spouting flow between pebbles were captured from the
2D vector field, with which the structures have one
divergence and convergence flow. Yuki et al. (2008) [6]
has already found the spouting flow. The result has a
similar behavior compare with their resulted velocity.

Fig. 7 Schematic viewgraph of visualizing section: a
longitudinal section A, a longitudinal section B, a
longitudinal section C
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Fig.8 A time averaged velocity profile over a period of
2 s is calculated at lines A, B, and C: (a) two-
dimensional velocity vectors on line A in Fig. 7 at the
x-y plane, (b) two dimensional velocity vectors on
line B in Fig. 7 at the x-y plane, and (c) two-
dimensional velocity vectors on line C in Fig. 7 at the
x-y plane.

4. Conclusion

The measurement of a flow field in a sphere-packed pipe
is performed by refractive index matching and a DHPTV
system. The positions of seeding particles were obtained
by a clear view through the pebbles in water. Velocity
fields in the sphere-packed pipe region were visualized
with a time resolution of 100 ps and repetition rate of 1
kHz in a 3D measurement volume. For the flow structure
between pebbles, a convergence flow and a divergence
flow were captured from the 2D vector field. The reason
why we can observe this phenomenon is that a three-
dimensional velocity including the flow structure
through the pebbles can be obtained by DHPTV. Our

technique can apply other flow field which are seen in an
internal flow of fusion design, if its flow channel in the
fusion design is made of MEXFLON.
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