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ご挨拶 
 

 この技術報告は，「半導体プロセス技術によるマイクロデバイス開発支援」を主な業務と

して，東京科学大学リサーチインフラ・マネジメント機構コアファシリティセンター（２０

２０年４月より東京工業大学技術部から改組，２０２４年１０月より東京工業大学オープ

ンファシリティセンターから改組）マイクロプロセス部門において，令和 7 年度に行った

学内外への発表，当部門職員によるテクニカルレポートについてまとめたものです。この報

告集については，当部門の年報として関連の皆様に毎年ご覧いただいておりますが，ＭＥＭ

Ｓプロセス技術の基本的な実験データなどを適宜ご利用いただければ幸いです。 

当部門は２００７年度のスタートから１８年経過し，実験設備の更新など経て皆様のご

要望にお応えできる場面が増えてまいりました。おかげさまで，研究教育支援の依頼も多方

面に渡り，従来の半導体，ＭＥＭＳ，材料物理化学分野に加え，バイオ分野への展開も含め

て将来は全学研究教育支援の「ハブ機能」を担えればと考えております。 

当部門には，高い技術力・研究企画力を持つ技術者と認定されたテクニカルコンダクター

（TC）３名とテクニカルマスター（TM）１名が在籍しております。これからも，一朝一夕

には得られない高度なプロセス・評価技術の専門家集団として本学の研究発展に貢献し，ま

た最新技術の研鑽と地道な基礎技術の蓄積を両立しながら研究支援と人材育成に邁進して

まいります。 

２０２５年４月より，長年に渡り部門の基盤を築いてくださいました松谷前部門長（現 

コアファシリティー副センター長）から交代し，重責を拝任することとなりました。よき伝

統を踏襲しつつ，時代の変化に対応し，メカノマイクロプロセス室におきましては皆様にご

満足いただける安全な管理運営を目指す所存ですので，引き続きご理解ご協力の程，宜しく

お願い致します。 

最後になりましたが，進士忠彦コアファシリティセンター長，総合研究院細田秀樹未来産

業技術研究所長および関係各位のご理解ご支援に深く感謝申し上げます。 
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メカノマイクロプロセス室の研究支援設備

東京科学大学 リサーチインフラ・マネジメント機構コアファシリティセンターマイクロプロセス部門
東京科学大学総合研究院未来産業技術研究所

本クリーンルームは，平成7年度に東京工業大学精密工学研究所機械系教員を中心に，バイオとメカトロニクスの融合的なデバイス研究を全学的
に支援する体制の共同利用のクリーンルームとして設立されました。これまで多くの業績を挙げてきたメカノマイクロプロセス室（105m2）に，メカノマ
イクロプロセス室２ （91m2）を加え，平成20年度より東京工業大学技術部マイクロプロセス部門の人的資源と統合し，複数の研究分野で最高性能
の設備を利用できるハブ拠点としての機能をもって運営しています。本システムを幅広く開放することにより，個別の研究室では対応困難な研究環
境を提供し，本学の当該研究分野，特に新デバイスや新材料の創成によるグリーン，ライフの両イノベーションに資する研究での世界的なリーダシ
ップの獲得を期待することができます。また，次世代の半導体・バイオ・メカノ融合デバイス研究支援設備へ進化させる全学的な基盤構築を目指して
います。令和3年度より，メカノマイクロプロセス室は，未来産業技術研究所の協力の下，主としてリサーチインフラ・マネジメント機構 コアファシリティ
センター マイクロプロセス部門により運営管理され，装置の維持，保全を図っています。次世代の半導体・バイオ・メカノ融合デバイス研究支援設備
を実現するための各種設備については，新規導入，寄付，自作や改造などにより整備を進めています。年会費制による運営で，利用料金により維
持管理に必要な経費を得ています。さらに文科省の先端研究基盤共用促進事業の対象となり，平成28年より３年間，共用化のための整備費用の
補助を受け，研究基盤共用設備の運用の好事例として文科省の資料にも紹介されています。令和6年10月より，東京科学大学の共用設備として学
内外に広く開放されています。

Contact：Semiconductor and MEMS Processing Division, Core Facility Center, Research Infrastructure Management Center, 
Institute of Science Tokyo

TEL&FAX 045-924-5074 E-mail semi-mem@cfc.rim.isct.ac.jp

他にも，メカノマイクロプロセス室には
純水装置，研磨機，金属顕微鏡，スピンコータ
ー，ホットプレート，SEM観察用Auコーター，

メカノマイクロプロセス室２には，加熱炉，ウェ
ットエッチング用器具，などがあります．

（令和8年（2026年）3月）
【薬品処理】

ドラフトチャンバー

【観察】
光学顕微鏡 6台
（オリンパス，ニコ

ン）

【接合】
陽極接合装

置
（自作）

【観察】
AFM

（日立ハイテ
ク）

【評価】
エリプソメトリ
（溝尻光学）

【成膜】
スパッタ装置
（サンユー電子）

【成膜】
スパッタ装置
（キヤノンアネル

バ）

【成膜】
蒸着装置
（サンユー電

子）

【成膜】
プラズマCVD装

置
（サムコ）

【成膜】
スパッタ装置
（サンユー電

子）

【成膜】
EB蒸着装置
（サンユー電

子）

【成膜】
EB蒸着装置
（ULVAC）

【エッチング】
Deep-RIE装置
（SPPテクノロジー

ズ）

【観察】
SEM-EDX

（日立ハイテ
ク）

【観察】
レーザー顕微

鏡
（キーエンス）

【評価】
触針式表面形状測

定器
Dektak （Bruker）

【表面処理】
UVオゾンクリーナ

ー
（フィルジェン）

【エッチング】
RIE装置
（サムコ）

【エッチング】
XeF2気相エッチング装

置
（自作）

【エッチング】
ECRイオンシャワー装

置
（エリオニクス）

【リソグラフィ】
マスクレス露光装置
（ネオアーク）

【リソグラフィ】
マスクアライナー
（ミカサ，共和理

研）

【リソグラフィ】
EB露光装置
（東京テクノロジ

ー）

【リソグラフィ】
レーザー描画装

置
（ネオアーク）

【試料切断】
ダイシングソー
（ディスコ）

【リソグラフィ】
EB露光装置
（サンユー電子）



[ 時間 ] 

■ ミッションとビジョン 
１. 当部門の運営方針 

マイクロプロセス部門は，「半導体プロセス技術によるマイクロデバイス開発支援」を主な

業務とする研究支援部門です（本学規則による）。研究支援としては，半導体デバイスや

MEMS(Micro-Electro-Mechanical Systems)，あるいはバイオチップのプロセス技術および関連

材料の分析などを対象としております。当部門には，プラズマプロセス技術， SEM 観察，材料

分析，微細加工などの専門技術をもつ技術職員が集まり，半導体・MEMS プロセスで本学の研

究に貢献すべく活動しています。当部門の技術の核を，「真空技術・プラズマプロセス技術・電

子線技術」とし，支援する研究内容を理解し，個々の研究にふさわしい研究支援業務を行いたい

と考え日々研鑽を重ねております。また当部門の特色は，従来技術や基盤技術からの研究支援だ

けでなく，新技術や技術開発による研究支援を行っているところにあります。これは，新しいデ

バイス研究の進展には従来技術だけでなく新技術や新たな技術開発による支援が必要であるた

めです。研究が進展すれば新技術は従来技術となり，さらなる研究の進展のために新しい技術を

開発する，このような研究と研究支援のポジティブなループを形成することにより，本学の発展

に寄与したいと考えております。 

 

 

 

 

 

 

 

 
 

２. 現在の研究支援体制 

当部門では，「共通施設の装置の担当」と

「研究室からの研究支援依頼に基づく業

務」の両面から研究をサポートしておりま

す。 

「共通施設の装置の担当」では，専攻・研

究所などの共通施設あるいは共同で運営し

ている実験装置，研究室に設置されている

学内共同設備の実験装置を担当するという

形態で研究支援を行っております。担当内

容としては，当該実験装置を用いた測定，

分析，試料製作，学生への指導・講習，基本

特性に関する実験，メンテナンスなどを行

っております。 

研究 基盤技術・従来技術 技術開発・新技術 

基盤技術・従来技術 研究 技術開発・新技術 

[ 研究および技術のレベル ] 

 



「研究室からの研究支援依頼に基づく業務」では，各研究室で取り組んでいる研究に専門技術

の観点から関与し，研究実験の実施，技術開発，技術相談，実験の指導，実験装置のメンテナン

ス，装置の設計などを行っております。当部門は，すずかけ台キャンパスに所属しているため，

支援業務の多くがすずかけ台キャンパスの研究室ですが，研究支援対象は全学の研究室となり

ますので，大岡山キャンパスからも毎年数研究室から依頼を受けて研究支援業務を行っており

ます。 

 

当部門の研究支援の形態 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

３．「最高の理工系大学」を「最高の研究教育支援」で支えるために 

当部門では，東工大ビジョン 2009 で提唱された「知・技・志・和の理工人の育成」を原点と

して，本学が目指す方向と整合するよう，業務内容に適応するように「知・技・志・和」を以下

のように理解して取り組んでいます。 

 

知：専門的知識を基盤とした， 

技：専門的技術により， 

志：研究教育支援のプロフェッショナルとしての意識をもって， 

和：研究教育支援の面から学内関連分野融合のハブ機能としても貢献する。 

 

新しいデバイス研究には，新しいプロセス技術の導入によるデバイス製作が必要となります。

当部門では，デバイス研究に最適なプロセス技術の提案や開発，観察・分析における最適な試料

準備の方法の提案や指導など，コンサルティングやより高度な実験にも取り組んで行きたいと

考えております。 

また，当部門では全員に科研費の応募を義務付けております。教員の皆様の科研費の分担者，

研究協力者や連携研究者などに研究支援のメンバーとして参加することも承りますので，随時

ご相談ください。 

研究と技術は車の両輪です。皆様の研究や本学の発展に貢献できるよう，当部門は専門的な技

術協力でお役に立ちたいと考えております。semi-mem@cfc.rim.isct.ac.jp へお気軽にお問合せく

ださい。 

学院・研究院などの共通施設

あるいは共同で運営してい

る実験装置の担当等 

研究室に設置されている学内

共同設備の実験装置の担当 

研究室からの研究支援依頼 
（コラボレーション） 
（パートナーシップ） 

（実施例） 

共用クリーンルーム（メカノマ

イクロプロセス室）の実験装置

の担当（使用者への講習と基本

特性に関する実験） 

 

実験装置の保守等に関すること 

 

大学院の授業への協力 

（実施例） 
SEM，EDS 法による観察，分析
評価及び使用方法指導 
 
実験装置の保守等に関すること 
 
一般真空技術に対する支援 

（実施例） 
デバイス製作支援および 
新技術開発 
 
大学院生等の研究実験に
対する技術的助言・指導 
 
共同研究における技術支
援・技術開発の成果発表等 



■研究教育支援について 

▼研究支援依頼は年度単位（年度途中からでも可）でお引き受けしております。 

研究支援依頼は研究室等の教授または准教授から包括的に依頼を受け，実際の支援業務

は大学院生等から当部門担当者へ個別に依頼していただき，当事者間で調整の後，実施いた

します。 

これまでに，すずかけ台キャンパス，大岡山キャンパスの多数の研究室からご依頼をいた

だいております。 

なお，研究教育支援依頼書については次頁の書式をご利用ください。 

 

▼メカノマイクロプロセス室の利用も年度単位（年度途中からでも可，年会費制）です。 

メカノマイクロプロセス室の利用方法 運用規則（令和6年4月9日一部改訂）より 

１．メカノマイクロプロセス室は，クリーンルーム共用化に伴う共用設備です。管理運営

はオープンファシリティセンターマイクロプロセス部門および未来産業技術研究所から

なる運営委員会によるものとします。運営委員会の組織及び運営等については、別に定

めています。 

２．メカノマイクロプロセス室運営に必要な費用を，利用研究室に年会費制で分担をお願

いしています。 

学内の利用者 

（１）当該年度にメカノマイクロプロセス室を使用する学生とその主指導教員（教授また

は准教授）の登録が必要です。 

年会費制の分担金額は，主指導教員分を登録料40,000 円とします。主指導教員が指導

する学生1 人目の使用料を50,000 円，2 人目を40,000 円，3 人目を30,000 円，4 

人目以降をそれぞれ20,000 円とします。1 指導教員研究室の上限額は300,000 円と

する。年会費のみで当該年度に限り全ての装置を利用できます。 

大岡山研究室から薬品を持ち込む場合、登録保管および廃液負担料として、1 本あた

り2,000 円を別途いただきます。 

（２）研究室が使用する場合の分担金は，法人運営費での予算振替のみとします。登録者

の追加が必要となった場合には，速やかにメカノマイクロプロセス室幹事に連絡し，

追加の分担金をお支払いください。一度いただいた分担金は返還いたしません。 

学外の利用者 

（１）東京科学大学リサーチインフラ・マネジメント機構コアファシリティセンター共用

設備等他大学等学生年間パスポートを所持し必要に応じて提示してください。 

（２）主指導教員分の登録料 60,000 円とします。主指導教員が指導する学生 1 人あたり

の使用料を 50,000 円とします。 

３．装置の管理運営・講習等に関しては，東京科学大学リサーチインフラ・マネジメント



機構コアファシリティセンターマイクロプロセス部門が行います。講習はすべて日本語

で行います。外国人学生が利用する場合は研究室の教員またはチューター学生等が付添

い通訳をお願いします（装置マニュアルは日本語と英語を用意しています）。 

４．費用措置方針 

A 設備／装置の購入、補修、維持費 

B 共通消耗品について 

メカノマイクロプロセス室を使用する研究室が共通で使用する頻度の高い以下の物品

等を共通消耗品とします。 

○ 薬品類：アセトン、IPA、BHF、クロムエッチャント、TMAH 

○ レジスト：AZ5214Eと現像液TMAH，ZED-N50 

○ ガス等：TEOS, O2, SF6, CHF3, CO2, CF4, C4F8, He, Ar, Kr, Xe, 液体窒素 

○ 実験消耗品：ワイプ、アルミホイル、スポイト、綿棒、スライドガラス、 

カバーガラス、マイクロピペット用チップ、 

スパッタターゲット(Cr, SiO2) 

C 設備管理費 

・マイクロプロセス部門の設備管理基準相当の管理費用 

・メカノマイクロプロセス室の設備及び装置のメンテナンス、講習、実験立ち合い費用

を含めます。 

D 実験で必要な個別の消耗品について 

共通消耗品以外の消耗品は，各研究室でご準備ください。 

以上 

 

  



  年  月  日 

東京科学大学リサーチインフラ・マネジメント機構コアファシリティセンター 

マイクロプロセス部門長 殿 

研究教育支援依頼書 

 

依頼者 

所属 ：  
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■成果発表（2008 年度～2025 年度） ※は本冊子に掲載，アンダーラインは当部門職員

【論文】 
Akihiro Matsutani, Mina Sato, Miho Fujimoto, and Mie Tohnishi, “CO2/SF6-based Deep-Reactive Ion 

Etching of Si”, Sensors and Materials, Vol. 38, No. 3, pp.1193-1205, Mar. 2026. 

※Akihiro Matsutani. “Measurement of lens function of yeast cells using optical microscope and laser

pointer”, Physics Education, Vol. 60, 055028(8pp), Aug. 2025.

Keting Chen, Mie Tohnishi, Akihiro Matsutani, Sachiko Matsushita. “Simulation-based study on a dual-

circuit design for achieving continuous power generation in Ge-sensitized thermal cells under isothermal 

conditions”, Energy Conversion and Management, Elsevier, Volume 331, Page 119678, May 2025. 

Chaity Saha, Akihiro Matsutani, Marie Tabaru. “Measurement of right-hand motion in Kotsuzumi 

performance with video analysis using smartphone-captured data”, Physics Education, Vol. 60, No. 4, 

Page 045011, May 2025. 

※Mie Tohnishi, Sachiko Matsushita, Akihiro Matsutani. “Microfabrication of Black Ge by SF6/O2- and

C4F8-based Deep Reactive Ion Etching”, Sensors and Materials, Vol. 37, No. 3, pp. 943-953, Mar. 2025.

※Mina Sato, Mie Tohnishi, Miho Fujimoto, Akihiro Matsutani. “Sub-micrometer-sized Patterning of

Photoresist by Electron Beam Projection Lithography Using Tabletop Scanning Electron Microscopy

System and Stencil Masks”, Sensors and Materials, Vol. 37, No. 3, pp. 977-985, Mar. 2025

Marie Tabaru, Tomohisa Funakura, and Akihiro Matsutani, “Experiments of acoustic resonance and 

vibration mode of kotsuzumi using paper pipe, V-shape pendulum, and carbon paper,” Phys. Educ. 60 

(2025) 015028 (9pp) 

Akihiro Matsutani, “Observation of gas flow around plants using Schlieren imaging system and high-

refractive-index gas,” Physics Education, 59 (2024) 045013(8pp). 

T. Mochida, A. Matsuani, W. Hijikata “Development of implantable energy-harvesting system utilizing

incomplete tetanus of skeletal muscle,” Journal of Science and Engineering, Vol. 19, No. 3 (2024) pp 23-

00590.

M. Sato, M. Tohnishi, A. Matsuani, “Microfabrication of Si by KOH Etchant Using Etching Masks

Amorphized by Ion Beam Extracted from Electron Cyclotron Plasma,” Sensors and Materials, Vol. 36,

No. 4 (2024) pp 1319-1328.

M. Tohnishi, Mina Sato, A. Matsutani, T. Ubukata, and S. Matsushita, “Surface Treatment of Polyimide

using Solid-source H2O Plasma for Fabrication of Ge Electrode,” Sensors and Materials Vol. 35, No. 3

(2023) pp 1023-1033.

Ryo Tsukui, Masaru Kino, Kodai Yamamoto, Mina Sato, Mie Tohnishi, Akihiro Matsutani, and Mikio 

Kurita, “Laboratory demonstration of the birefrigent point-diffraction interferometer wavefront sensor,” 

Optics Continuum Vol. 2, Issue 2 (2023) pp. 382-396. 

A. Matsutani, “Observation of libration and change in apparent diameter of the Moon with a pinhole

camera,” Physics Education, 57, (2022) 055011 (6pp).

M. Sato, M. Tohnishi, and A. Matsutani, “Microfabrication of Si by KOH Etchant Using Etching Mask

Amorphized by Ar Ion Beam,” Sensors and Materials, Vol. 34, No. 1 (2022) pp. 37-45.



 

M. Tohnishi and A. Matsutani, “Surface Treatment of Polydimethylsiloxane and Glass Using Solid-source 

H2O Plasma for Fabrication of Microfluidic Devices,” Sensors and Materials, Vol. 33, No. 2 (2021) pp. 

569-574. 

 

A. Matsutani, “Direct observation of spherical aberration under microscope using concave 

micromirrors,” Eur. J. Phys., Vol. 41 (2020) 055303(8pp). 

 

S. Hu, M. Takanohashi, X. Gu, A. Matsutani, F. Koyama, “Lateral Integration of VCSEL and Amplifier 

with Resonant Wavelength Detuning Design,” IEICE Electronics Express, vol. 17, Issue 2, (2020) 

20190688. 

 

T. Takeshima, A. Matsutani, M. Sato, K. Hasebe, T. Isobe, A. Nakajima, S. Matsushita, “In-situ 

Temperature Measurement of Local Photothermal Conversion,” Chem. Lett., Vol.49, No.5 (2020) pp. 

469-472. 

 

A. Matsutani, M. Sato, K. Hasebe, A. Takada, “Microfabrication of Concave Micromirror for Microbial 

Cell Trapping Using Köhler Illumination by XeF₂Vapor Etching,” Sensors and Materials,31(2019) pp. 

1325-1334. 

 

T. Ezaki, A. Matsutani, K. Nishioka, D. Shoji, M. Sato, T. Okamoto, T. Isobe, A. Nakajima, S. Matsushita, 

“Surface potential on gold nanodisc arrays fabricated on silicon under light irradiation, Surface Science,” 

672-673 (2018) 62–67. 

 

H. Takeda, K. Akimoto, T. Oshima, K. Takizawa, J. Kondoh, A. Matsutani, T. Hoshina, T. Tsurumi, 

“Electro-acoustical constants and Rayleigh surface acoustic wave propagation characteristics of calcium 

aluminate silicate Ca2Al2SiO7 single crystals,” Jpn. J. Appl. Phys. 57(2018) 11UD01. 

 

前田幸平, Van Nhu Hai, 西岡 國生, 松谷 晃宏, 立木 隆, 内田 貴司，“MOD 法により Si3N4/SiO2

メンブレン上に製作した VOx マイクロボロメータの特性評価” 電気学会論文誌 A, Vol. 138, No. 9, 

(2018) pp. 471-477. 

 

S. Inoue, S. Nishimura, M. Nakahama, A. Matsutani, T. Sakaguchi, F. Koyama, “High-speed wavelength 

switching of tunable MEMS vertical cavity surface emitting laser by ringing suppression,” Japanese 

Journal of Applied Physics, 57 (2018) pp. 040308-1-4. 

 

A. Matsutani, A. Takada, “Celluloid Microenclosure and Microlens Array Fabricated by Suzuki's 

Universal Microprinting Method and XeF2 Vapor Etching for Microbial Analysis,” Sensors and Materials, 

30 (2018) pp. 149-155. 

 

T. Takahashi, A. Matsutani, D. Shoji, K. Nishioka, M. Sato, T. Okamoto, T. Ezaki, T. Isobe, A. Nakajima, 

S. Matsushita, “Optical performance of Au hemispheric sub-microstructure on polystyrene quadrumer, 

Colloids,” Surf. A. 513 (2017) pp. 51-56. 

 

A. Matsutani, A. Takada, “Microchannel-free collection and single-cell isolation of yeast cells in a 

suspension using liquid standing wave,” Japanese Journal of Applied Physics, 55 (2016) 118006.  

 

A. Matsutani, F. Ishiwari, Y. Shoji, T. Kajitani, T. Uehara, M. Nakagawa, T. Fukushima, “Chlorine -based 

inductively coupled plasma etching of GaAs wafer using tripodal paraffinic triptycene as an etching resist 

mask,” Japanese Journal of Applied Physics, 55 (2016) 06GL01.  

 

A. Matsutani, K. Nishioka, M. Sato, “Energy dispersive X-ray spectroscopy analysis of Si sidewall 

surface etched by deep-reactive ion etching,” Japanese Journal of Applied Physics, 55 (2016) 06GH05.  

 



S. Matsushita, A. Matsutani, Y. Morii, D. Kobayashi, K. Nishioka, D. Shoji, M. Sato, Tetsu Tatsuma,

Takumi Sannomiya, Toshihiro Isobe, Akira Nakajima, “Calculation and Fabrication of Two-dimensional

Complete Photonic Bandgap Structures composed of Rutile TiO2 Single Crystals in Air/Liquid,” J.

MATER. SCI., 51(2016) 1066.

A. Matsutani, A. Takada, “Single-Cell Isolation and Size Sieving Using Microenclosure Array for

Microbial Analysis,” Sensors and Materials, 27 (2015) 383.

A. Matsutani, F. Koyama, “Dry etching of SiC using Ar/F2 plasma and XeF2 plasma,” Japanese Journal of

Applied Physics, 54 (2015) 06GB01.

M. Nakahama, X. Gu, T. Sakaguchi, A. Matsutani, M. Ahmed, A. Bakry, F. Koyama, “Sub-gigahertz

beam switching of vertical-cavity surface-emitting laser with transverse coupled cavity,” Applied Physics

Letters, 107 (2015) 071105.

X. Gu, M. Nakahama, A. Matsutani, M. Ahmed, A. Bakry, F. Koyama, “850nm transverse-coupled-cavity

vertical-cavity surface-emitting laser with direct modulation bandwidth of over 30GHz,” Applied Physics

Express, 8 (2015) 82702.

C. Zhi, T. Shinshi, M. Uehara, A. Matsutani, I. Yuito, and T. Takeuchi, “A polydimethylsiloxane

diaphragm integrated with a sputtered thin film NdFeB magnet,” Microsyst. Technol. 21 (2015) 675.

A. Matsutani, K. Nishioka, M. Sato, D. Shoji, D. Kobayashi, T. Isobe, A. Nakajima, T. Tatsuma, and S.

Matsushita, “Angled Etching of (001) Rutile Nb-TiO2 Substrate Using SF6 Based Capacitive Coupled

Plasma Reactive Ion Etching,” Jpn. J. Appl. Phys. 53 (2014) 06JF02.

M. Nakahama, T. Sakaguchi, A. Matsutani, and F. Koyama, “Athermalization and on-chip multi-

wavelength integration of VCSELs employing thermally actuated micromachined mirrors,” Appl. Phys.

Lett. 105 (2014) 091110.

S. Inoue, J. Kashino, A. Matsutani, H. Ohtsuki, T. Miyashita, and F. Koyama, “Highly angular dependent

high-contrast grating mirror and its application for transverse-mode control of VCSELs,” Jpn. J. Appl.

Phys. 53 (2014) 090306.

T. Shimada, A. Matsutani, and F. Koyama, “Lateral Integration of Vertical Cavity Surface Emitting Laser

and Slow Light Bragg Reflector Waveguide Devices,” Appl. Opt. 53 (2014) 1766.

K. Tahara, T. Iwasaki, S. Furuyama, A. Matsutani, and M. Hatano, “Asymmetric transport property of

fluorinated grapheme,” Appl. Phys. Lett. 103 (2013) 143106.

A. Matsutani, K. Tahara, T. Iwasaki, and M. Hatano, “Fluorination of Graphene by Reactive Ion Etching

System Using Ar/F2 Plasma,” Jpn. J. Appl. Phys. 52 (2013) 06GD11.

A. Matsutani, and A. Takada, “Fabrication of Silicon Microchannel for Transport of Bacterial Cells by

Ar/F2 Vapor Etching Process,” Jpn. J. Appl. Phys. 52 (2013) 047001.

A. Matsutani, M. Hayashi, Y. Morii, K. Nishioka, T. Isobe, A. Nakajima, and S. Matsushita, “SF6-Based

Deep Reactive Ion Etching of (001) Rutile TiO2 Substrate for Photonic Crystal Structure with Wide

Complete Photonic Band Gap,” Jpn. J. Appl. Phys. 51 (2012) 098002.

K. Tahara, T. Iwasaki, A. Matsutani, and M. Hatano, “Effect of radical fluorination on mono- and bi-layer

graphene in Ar/F2 plasma,” Appl. Phys. Lett. 101 (2012) 163105.

A. Matsutani and A. Takada, “Microfabrication of Si and GaAs by Plasma Etching Process Using



Bacterial Cells as an Etching Mask Material,” Jpn. J. Appl. Phys. 51 (2012) 087001. 

 

A. Matsutani, Y. Hashidume, H. Ohtsuki, and F. Koyama, “Microfabrication of Si-Based High-Index-

Contrast-Grating Structure by Thermal Nanoimprint Lithography and Cl2/Xe-Inductively Coupled 

Plasma Etching,” Jpn. J. Appl. Phys. 51 (2012) 06FF05. 

 

A. Matsutani, H. Ohtsuki and F. Koyama, “Inductively Coupled Plasma Etching of Silicon Using Solid 

Iodine as an Etching Gas Source,” Jpn. J. Appl. Phys. 50 (2011) 06GG07. 

 

X. Gu, T. Shimada, A. Fuchida, A. Matsutani, A. Imamura, and F. Koyama, “Beam steering in 

GaInAs/GaAs slow-light Bragg reflector waveguide amplifier,” Appl. Phys. Lett. 99 (2011) 211107 

 

A. Matsutani, A. Takada, “High-Frequency Single-Cell Isolation of Bacteria Using Microenclosure Array 

with Multipillar Structure,” Jpn. J. Appl. Phys. 49 (2010) 127201. 

 

A. Matsutani, H. Ohtsuki and F. Koyama, “Reactive Ion Etching of Si Using Ar/F2 Plasma,” Jpn. J. Appl. 

Phys. 49 (2010) 06GH05 

 

A. Matsutani, H. Ohtsuki and F. Koyama, “Smooth and Vertical Profile Dry Etching of Si using XeF2 

Plasma,” Jpn. J. Appl. Phys. 48 (2009) 06FE09 

 

A. Matsutani, H. Ohtsuki, and F. Koyama, “Generation of Solid-Source H2O Plasma and Its Application 

to Dry Etching of CaF2,” Jpn. J. Appl. Phys. 47 (2008) 5113. 

 

 

【学会，研究会等】 
 ※遠西 美重, 佐藤 美那, 藤本 美穂, 松谷 晃宏, “CO2/SF6 Deep-RIE による Si の垂直微細加工”, 

第 73 回応用物理学会春季学術講演会, 17a-M_135-10 (2026 年 3 月 17 日, 東京科学大学) 

 

※松谷 晃宏, “東京科学大学リサーチインフラ・マネジメント機構における技術職員の人材育成-マイクロ
プロセス部門の事例-”, 第 73 回応用物理学会春季学術講演会, 16p-M_B07-5（2026 年 3 月 16 日, 東
京科学大学） 

 
※松谷 晃宏, “酵母細胞で形成されたコーヒーリングによる回折光の分光測定”, 第 73 回応用物理学
会春季学術講演会, 15p-PB2-34（2026 年 3 月 15 日, 東京科学大学） 

 
  ※遠西 美重，”永久磁石を用いたレジストのエッチングレート向上のための実験”，実験・実習技術研

究会 2026 鳥取大学, B-8（2026 年 3 月 10 日, オンライン開催） 

 

  金澤 亜里沙, 松谷 晃宏, 津久井 遼, 大屋 真, 峰崎 岳夫, 水書 稔治, “位相変位点回折素子の
製作状況と今後の光学系製作に関しての展望”, 2025 年度衝撃波シンポジウム, 3B4-4（2026 年 3 月 6

日, 名古屋大学） 

 

  ※藤本 美穂, “電子線レジストとしてのネガ型フォトレジスト SU-8 の薄膜化によるラインパターンの微細
化”, 令和 7 年度核融合科学研究所技術研究会, P-2-5（2026 年 3 月 5 日, 多治見市産業文化センタ
ー） 

 
※Akihiro Matsutani. “Spectroscopic Measurement of Diffracted Light from Coffee Ring Formed by 

Yeast Cells”, 38th International Microprocesses and nanotechnology Conference (MNC2025), 20P-1-61

（2025 年 11 月 20 日, KFC Hall & Rooms） 

 
※Mina Sato, Mie Tohnishi, Akihiro Matsutani. “Dependence of Etching Rate Ratio on Ion Energy and 

Crystal Orientation for KOH Etching of Amorphized Si Etching Masks Formed by N+ Irradiation”, 38th 

International Microprocesses and Nanotechnology Conference (MNC2025), 19P-1-29（2025 年 11 月



19 日, KFC Hall & Rooms） 

※Mie Tohnishi, Mina Sato, Akihiro Matsutani. “Investigation of magnet placement effect on plasma 
density and etching profile in Si plasma etching”, 38th International Microprocesses and nanotechnology 
Conference (MNC2025), 19P-1-35（2025 年 11 月 19 日, KFC Hall & Rooms）

※Akihiro Matsutani, Mina Sato, Miho Fujimoto, Mie Tohnishi. “SF6/CO2-based Deep Reactive Ion 
Etching of Si”, 38th International Microprocesses and nanotechnology Conference (MNC2025), 

19P-1-92L（2025 年 11 月 19 日, KFC Hall & Rooms）

※佐藤 美那, 遠西 美重, 松谷 晃宏. “N+照射により形成したアモルファス化 Si エッチングマスクの
KOH エッチングに対するエッチング速度のイオンエネルギー依存性”, 第 86 回応用物理学会秋季学
術講演会, 9a-N406-6（2025 年 9 月 9 日, 名城大学）

※遠西 美重, 佐藤 美那, 松谷 晃宏. “SmCo 磁石で高密度化された RIE チャンバー内のプラズマ
分布の観察”, 第 86 回応用物理学会秋季学術講演会, 9a-N406-7（2025 年 9 月 9 日, 名城大学）

※松谷 晃宏. “ポリスチレンビーズで形成されたコーヒーリングによる回折光の分光測定”,第 86 回応
用物理学会秋季学術講演会, 8p-P01-33（2025 年 9 月 8 日, 名城大学）

松谷晃宏. “V 字振り子を用いたタッピングにより測定したヴィオラ駒と周波数応答の関係”, 日本音響

学会音楽音響研究会, 日本音響学会音楽音響研究会資料, Vol. 44, No. 1, pp. 1-4（2025 年 4 月 19
日, 国立音楽大学）

Keiya Yamashita, Naoki Tano, Akihiro Matsutani, Marie Tabaru. “Kotsuzumi’s Membrane Vibration 

Mode Depending on Contact State between Membrane and Body”, 第 72 回応用物理学会春季学術講
演会, 15a-K205-9（2025 年度 3 月 15 日, 東京理科大学） 

Rikuta Uehara, Yuki Kawaguchi, Kazuto Kobayashi, Munehiro Ebato, Akihiro Matsutani, Marie Tabaru. 

“Acoustic Impedance Imaging of Granite and Quartz by using Ultrasonic Microscopy”, 第 72 回応用物
理学会春季学術講演会, 15p-K210-8（2025 年 3 月 15 日, 東京理科大学） 

飯嶋 航大, 谷口 公太, 大槻秀夫, 神野 莉衣奈, 遠西 美重, 松谷 晃宏, 太田 泰友, 岩本 敏. 
“α-Ga2O3 導波路作製に向けた PECVD 成膜 a-C:H 膜の Ar プラズマエッチング耐性評価”, 第 72 
回 応用物理学会春季学術講演会, 16a-K403-2（2025 年 3 月 16 日, 東京理科大学） 

鈴木 真琴，三 浦雅展，松谷 晃宏，“クラリネット用リードにおける表面および内部構造と演奏適性の
関係”，2025 春日本音響学会研究発表会，2-5-13（2025 年 3 月 18 日，埼玉大学） 

松谷 晃宏，“ヴァイオリン演奏に関する科学 — ヴァイオリンは物理の玉手箱 —”，第 72 回応用物理
学会春季学術講演会，16a-K204-5（2025 年 3 月 16 日，東京理科大学）【招待講演】 

山下 佳也，田野 直輝，松谷 晃宏，田原 麻梨江，“小鼓膜と胴の接触を考慮した膜振動モードに関
する研究” ，第 72 回応用物理学会春季学術講演会，15a-K205-9 （2025 年 3 月 15 日，東京理科大
学） 

上原 隆太, 川口 祐季, 小林 和人, 江波戸 宗大, 松谷 晃宏, 田 原麻梨江, “超音波顕微鏡画像
による花崗岩および石英の音響インピーダンス測定”,第 72 回応用物理学会春季学術講演会, 15p-

K210-8（2025 年 3 月 15 日, 東京理科大学） 

陳 科廷，遠西 美重，松谷 晃宏，松下 祥子，“櫛形電極 Ge 増感型熱利用電池における放電挙動の
電解質層厚み依存”，第 72 回応用物理学会春季学術講演会，15p-K307-14（2025 年 3 月 15 日，東京
理科大学） 



佐藤 美那，遠西 美重, 藤本 美穂, 松谷 晃宏, “卓上 SEM とステンシルマスクを用いた EPL 法の
開発”，第 72 回応用物理学会春季学術講演会，14p-P07-33 （2025 年 3 月 14 日，東京理科大学） 

 
松谷 晃宏, “酵母細胞の屈折率の波長依存性の測定”，第 72 回応用物理学会春季学術講演会，
14p-P07-34 （2025 年 3 月 14 日，東京理科大学） 

 

小澤 亮太, 水書 稔治, 津久井 遼, 山本 広大，藤本 美穂, 佐藤 美那, 遠西 美重，松谷 晃宏，
“複屈折結晶を利用した位相変位干渉計素子の試作と光学的特性”，2024 年衝撃波シンポジウム，
1B4-2 （2025 年 3 月 12 日，東北大学） 

 
藤本 美穂，“ネガ型フォトレジスト SU-8 の電子線レジストへの応用”，総合技術研究会 2025 年筑波大
学，P_02_01 （2025 年 3 月 6 日，筑波大学） 

 
遠西 美重，“異種材料接合の表面処理における固体ソース H2O プラズマ分布均一化のための改
良”，総合技術研究会 2025 年筑波大学，P_02_02 （2025 年 3 月 6 日，筑波大学） 

 
Akihiro Matsutani，“Optical Properties of Yeast Cell as a Microlens”，37th International Microprocesses 

and Nanotechnology Conference (MNC2024)，15P-1-40 （2024 年 11 月 15 日，京都ブライトンホテル） 
 
Mina Sato, Mie Tohnishi, Miho Fujimoto, Akihiro Matsutani，“Submicrometer-sized Patterning of 

Photoresist by Electron Beam Projection Lithography Using Tabletop Scanning Electron Microscope 

System and Si Stencil Mask”，37th International Microprocesses and Nanotechnology Conference 

(MNC2024)，14P-1-6 （2024 年 11 月 14 日，京都ブライトンホテル） 
 
松谷 晃宏，“マイクロレンズとしての酵母細胞の集光特性と屈折率の測定”，第 85 回応用物理学会秋
季学術講演会，16p-P07-22 （2024 年 9 月 16 日，朱鷺メッセほか） 

 
遠西 美重，“固体ソース H2O プラズマによるフォトレジストのエッチング分布の均一化”，第 30 回機
器・分析技術研究会，P-33 （2024 年 9 月 5 日，広島大学） 
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and laser pointer
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Abstract
Measurements using an optical microscope, red, green, and blue laser
pointers, a diagonal prism mount and a sapphire ball, as well as calculations
using the equation for a thick lens, were conducted to investigate the
wavelength dependence of the refractive index of micrometre-sized yeast
cells. In addition, projection experiments using a lattice pattern and an
optical microscope demonstrated that yeast cells can function as lenses. This
research method, which uses familiar materials and instruments, such as
yeast cells and optical microscopes, is suitable as a teaching method for
optical experiments for not only physics students but also biology students to
learn the principles of optical microscopes and lenses.

Keywords: yeast cell, refractive index, lens, microscope, laser pointer

1. Introduction
A sphere is a very basic shape in nature. A good
example is a water droplet on a water-repellent
leaf. Figure 1 shows a photograph of a water
droplet on a rose leaf after rain. It can be seen
that the water droplet on the surface of the water-
repellent leaf becomes spherical.When sunlight is
incident on this water droplet, it is concentrated at
the focal point. In other words, the water droplet
functions as a ball lens. Despite its simple struc-
ture, the ball lens as well as a cylindrical lens are
suitable as teaching resources in optics, and good
experimental results and discussion have been

reported [1, 2]. Spherical objects in nature also
include microbial cells. Yeasts are a single-celled
model microorganism that can be approximated as
roughly spherical cells with a diameter of 3–5 µm.
When observing such spherical yeast cells under
a microscope, it can be seen that the cells can
function as lenses that converge light during focus
adjustment. We believe that if this phenomenon is
applied to optical teachingmaterials, it will help in
learning how to use an optical microscope and the
basics of lens optics. However, although there are
examples of imaging using Chlamydomonas cells
with a diameter of 10–20 µm as lenses [3], there
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Figure 1. Water droplet on rose leaf and focused
sunlight.

are only a few examples of obtaining images using
spherical cells with a diameter of 5 µm or less as
lenses.

In this study, we conducted an experimental
trial on using cells as optical teaching resources by
treating yeast cells as microlenses. We measured
their light-focusing characteristics and refractive
index under an optical microscope using laser
light, and we obtained images of lattice patterns.

2. Experimental setup
To perform optical experiments using yeast cells
as microlenses, we first establish an experimental
method using a ball lens. Figure 2 shows a con-
ceptual diagram of this experimental method.
Collimated light is incident on the ball lens, and
the focal position of the transmitted light is meas-
ured under an optical microscope. Then, the posi-
tion of the apex at the top of the curved surface of
the ball lens is measured under epi-illumination.
The distance between the focal and apical posi-
tions is the back focal length (BFL).

As shown in figure 3, the refractive index n of
a ball lens can be calculated geometrically using
equations (1) and (2), which are related to the lens
diameterD, effective focal length (EFL), and BFL
[1, 4, 5].

EFL=
nD

4(n− 1)
(1)

BFL= EFL− D
2

(2)

Since the ball lens is a single lens, it has chro-
matic aberration. Therefore, it is desirable to use

Figure 2. Schematic of this experimental method. Fball
indicates the focal position of the ball lens, and Sepi
indicates the position of the surface of the ball lenswhen
using epi-illumination. A condenser lens, which is used
in biological microscopes, was not used when meas-
uring the focal length, as shown in the left-hand-side
figure. In the right-hand-side figure, a halogen lamp is
used as the light source for epi-illumination, and the
illumination light passes through the half-mirror from
the middle of the tube (between the objective lens and
the eyepiece lens) and the objective lens to illuminate
the sample. This illumination method is used in gen-
eral metallurgical microscopes. To measure BFL, first
measure the position of Fball of the ball lens as shown
in the left-hand-side figure. Next, measure Sepi using
epi-illumination, as shown in the right-hand-side figure.
The scale engraved on the fine adjustment knob of the
microscope was used to measure these positions. BFL
can be measured by reading the difference between the
scales on the fine adjustment knob corresponding to
Fball and Sepi. The left-hand-side figure shows a case of
trans-illumination.

monochromatic light in this focusing experiment.
Red (R), green (G), and blue (B) laser pointers,
which are easily available, were used as light
sources. As is well known, the spread angle of
the spot of a laser pointer is small, and the spot
size does not become very large even at a long
distance.

Figure 4 shows the photographs of a G laser
spot irradiated at distances of 1 m and 3 m from
the laser pointer’s emission port. As can be seen
from this figure, the sizes of the spot irradiated
at distances of 1 m and 3 m from the emission
port are almost the same. Therefore, the light of
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Figure 3. Relationship between the refractive index n
of ball lens and the focal point of collimated light.

a laser pointer can be used as collimated light in
this experiment. In this experiment, R (670 nm),
G (532 nm), and B (450 nm) laser pointers were
used as collimated light sources.

Figures 5(a)–(c) show the photographs of
the measurement system for optical microscopy
observation. First, as shown in figure 5(a), the
outer diameter of the laser pointer is adjusted by
wrapping the laser pointer with cardboard paper
or aluminium foil, to fix it into the opening of the
diagonal mount, which is widely used for astro-
nomical telescopes (for the diagonal prism, see
the appendix). Because the laser pointer is long,
it is difficult to install it facing upward under
the stage of a general microscope. Therefore, it
is necessary to install the laser pointer sideways
and bend the light path. Generally, mirrors are
often used to obtain light for transmitted illumin-
ation in a microscope, but it is difficult to adjust
the mirror angle to exactly 45◦. The advantage of
using a diagonal prism, which is widely used in
astronomical telescopes, as in this experiment, is
that the prism angle is exactly 45◦, and there is
a sleeve for attaching the eyepiece to the prism
case and another sleeve for attaching this prism to
the eyepiece of the telescope. In this study, these
sleeves are used to attach the laser pointer and
adjust the optical axis. At this time, a semitrans-
parent cap is placed on the output opening to
adjust the optical axis. There is a mark in the
centre of the translucent cap. When we adjust the
laser light so that it hits this mark, the optical

Figure 4. (a) Relationship between the semiconductor
laser diode and the optical system of a laser pointer.
A laser pointer is composed of a semiconductor laser
and a lens optical system. The light emission part of
the semiconductor laser is very small (on the order of
µm) To transform (a) profile of the laser beam emit-
ted from this optical system into a circular collim-
ated beam, an optical system with multiple lenses is
used. If we assume that this optical system is a single
convex lens for simplicity, the way the light beam
spreads changes depending on the positional relation-
ship between the light source and the convex lens. As
shown in the middle figure, a collimated beam can be
obtained when these are in the appropriate positional
relationship. (b) Relationship between distance from
laser pointer’s emission port and spot size. The fact
that the horizontal spot size (intensity distribution) of
the light emitted from the laser pointer does not change
means that it is adjusted to the centre state in figure (a),
so the light of the laser pointer can be considered to be
collimated.

axis will pass through the centre of the sleeve.
There is no circular opening in the centre. The
translucent cap diffuses the laser light, making it
not only convenient for aligning the optical axis,
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Figure 5. Optical microscopy measurement system used in this experiment. (a) Light source prepared by com-
bining a laser pointer and a diagonal prism, (b) light source installation, and (c) scale of focus adjustment dial.

September 2025 4 Phys. Educ. 60 (2025) 055028



Measurement of lens function of yeast cells using optical microscope and laser pointer

but also safer. After adjusting the optical axis of
the laser pointer, the cap is removed and the laser
light source is placed on a plate that can be adjus-
ted horizontally by manipulating three bolts and
is then installed under the microscope stage, as
shown in figure 5(b). This system enables the cor-
rect irradiation of the collimated light onto the
optical axis of the microscope. The scale engraved
on the focus adjustment dial is used to meas-
ure the focal position, as shown in figure 5(c).
The minimum scale of the focus adjustment dial
of the metallurgical microscope (Meiji Techno,
ML7100) used in this experiment is 2.5 µm. The
diameter of the ball lens is measured using the
eyepiece micrometre of the optical microscope.
In addition, for safety reasons, when measuring
using laser light, the image is observed on the
monitor screen of a digital camera (Nikon 1J1)
attached to the microscope.

3. Results and discussion

3.1. Measurement of refractive index of
sapphire ball lens

Figures 6(a) and (b) respectively show the optical
microscopy images of the sapphire ball lens and
the focused point of its laser light measured by
the method shown in figure 2. The observation
was performed using a 10x objective lens and a
10x eyepiece lens; therefore, the total magnifica-
tion was 100x. The images were obtained at 100x
(10x eyepiece, 10x objective); thus, the minimum
division of the ocular micrometre scale shown
on the image of the sapphire ball corresponds to
10 µm. Therefore, one division of this scale cor-
responds to 10 µm. From this image, it can be
seen that the diameter of the sapphire ball lens
is 550 µm. The BFL measured using an R laser
beam with a wavelength of 670 nm was 40 µm.
The refractive index calculated from these values
and equations (1) and (2) was 1.75. This refract-
ive index was almost the same as the previously
reported value [6]. Therefore, the validity of this
experimental method was demonstrated.

3.2. Measurement of refractive index of
yeast cells

Next, we similarly measured the BFL of commer-
cially available dry yeast cells for bread making.

Figure 6. Optical microscopy images. (a) Sapphire ball
lens and (b) focal spot of laser light obtained using the
microscopy optical system.

Figure 7. Microscopy images of yeast cells. (a) Optical
microscopy image, (b) laser light spot focused by yeast
cells, and (c) SEM image of yeast cell and fitting result
of the radius of curvature of the biconvex surface.

First, the dry yeast cells were dispersed in water,
dropped onto a slide glass, and dried in air. Next,
we measured the BFL of the yeast cells using a
100x objective lens (NA, 0.75). Figures 7(a) and
(b) show an optical microscopy image and a spot
of laser light focused by the yeast cells, respect-
ively. The spot focused on the yeast cells was
almost circular, indicating good focusing proper-
ties. The BFL of the yeast cells measured with
laser light of 670 nm wavelength ranged from
3.7 to 3.8 µm. From the measured focal posi-
tion, the height of the yeast cells was determined
to be about 3 µm. From this result, the shape
of the yeast cells was estimated to be a three-
dimensional ellipsoid, which is considered similar
to the shape of a thick biconvex lens rather than
a ball lens. To determine the shape of the yeast
cells in more detail, we observed the yeast cells by
scanning electron microscopy (SEM) and estim-
ated the radius of curvature. Figure 7(c) shows the
SEM image of a yeast cell and the fitting result of
the radius of curvature of the biconvex surface of
the yeast cell, which was estimated to be approx-
imately 3 µm.
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Figure 8. Yeast cell shape and size.

Figure 9. Thick biconvex lens and focus of collimated
light. Light incident from the left of this figure is refrac-
ted by the lens and intersects with the optical axis at the
focal point F. R1 and R2 represent the radii of curvatures
of the entrance and exit surfaces, respectively. When
the blue area is a lens, The radii of curvature is positive
when the surface is convex towards the incident light.

From the results of the microscopy observa-
tion in figure 7, the approximate dimensions of
a yeast cell are as shown in figure 8. From this
observation, it appears that the shape of a yeast
cell can be approximated as a thick biconvex lens.

Figure 9 shows a schematic of a thick bicon-
vex lens, where the thickness of the lens is d, the
refractive index is n, the radii of curvatures of the
entrance and exit surfaces are respectively R1 and
R2, and the focal length is f ; therefore equation (3)
holds true [7]. The radii of curvature is positive
when the surface is convex towards the incident
light [8].

1
f
= (n− 1)

(
1
R1

− 1
R2

)
+

(
d
n

)
(n− 1)2

R1R2
. (3)

Figure 10. Wavelength dependence of refractive index
of yeast cells and focal spot.

The refractive index n can be calculated by
substituting R1 = −R2 (|R1| = |R2| = 3 µm) and
d= 2.9 µm into equation (3). From this numerical
information and the equation for the thick bicon-
vex lens, the refractive index of the yeast cell for R
laser light of 670 nm was estimated to be approx-
imately 1.345. The refractive indices for B laser
light of 450 nm and G laser light of 532 nm were
measured similarly. As a result, it was found that
the focal positions of the B and G images differed
by 0.8 µm, and those of the G and R images
differed by 0.45 µm. From this numerical inform-
ation, the refractive index for B light of 450 nm
was calculated to be 1.495 and that of G light of
532 nm was 1.389.

Figure 10 shows the focal images of yeast
cells at laser light RGB wavelengths and their
refractive indices. It can be seen that the spots of
the RGB laser lights focused by the yeast cells are
almost circular and sharp. The spot size of the B
image appears to be the smallest, and the spot size
of the R image is the largest. The diameter q of the
Airy disk is expressed by [9]

q≈ 1.22
fλ
D

(4)

where λ is the wavelength of the observed light, f
is the focal length of the lens, andD is the diameter
of the lens. Therefore, we can see that the spot size
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Figure 11. Images of lattice patterns projected by yeast
cells. (a) Lattice pattern placed on the microscope lamp.
(b) Image of lattice pattern projected by a yeast cell. (c)
Images of lattice pattern decomposed into three colours
(R, G, and B) using image processing software.

of the B image, which has the shortest wavelength,
is the smallest.

3.3. Observation of images projected by
yeast cells

Yeast cells can function as lenses, that is, they can
form an image of an object. Next, let us observe
the images projected by yeast cells. Figure 11(a)
shows the experimental system for observing the
projected images. First, a lattice pattern is pre-
pared by gluing a piece of black paper with a lat-
tice pattern cut out onto a glass slide. Next, this
lattice pattern is placed on a lamp for illumination

for pattern projection. The condenser lens, which
is usually installed under the microscope stage
(Meiji Techno, MT6300), is removed so that there
is no other optical system between the yeast cells
and the lattice pattern. The image formed by the
yeast cells is observed through a 100x objective
lens (NA, 0.75). Figure 11(b) shows the image of
the lattice pattern projected by a yeast cell. Yeast
cells can function as convex lenses to form an
image, and it can be seen that the image of the pro-
jected lattice pattern has only a slight distortion.
Figure 11(c) shows the lattice image obtained by
decomposing this projected image into three col-
ours (R, G, and B) using image processing soft-
ware (Photoshop Elements11). It can be seen that
the G image is the sharpest, whereas the R and B
images are slightly blurred. The G image is the
sharpest because of the visual sensitivity of the
human eye to the G light wavelength as it was
focused [10], and the R and B images have dif-
ferent focal positions from the G image because
of the chromatic aberration of the yeast cell lens.

4. Conclusion
Using an optical microscope, RGB laser pointers,
a diagonal prism mount, a sapphire ball, and the
equation for a thick lens, we clarified the optical
properties of yeast cells, such as the wavelength
dependence of the refractive index. In addition, an
imaging experiment using an optical microscope
and a lattice pattern demonstrated that yeast cells
can function as lenses. As a result, the method
developed in this study can be used for learning
the principles of optical microscopes and lenses
by observing yeast cells, a familiar material, under
an optical microscope. Regarding the cost and
availability of the optical components used in
this study, the R laser pointer and bevelled prism
mount are low cost, the G laser pointer and sap-
phire ball are medium cost, and the B laser pointer
is somewhat higher cost; however, all compon-
ents are commercially and readily available. In
this study, yeast cells were used as an example of
measuring microorganisms. The method used in
this study can be used for larger cells as long as the
cells can be approximated as spheres or ellipsoids.
For example, for larger cells such as fish eggs,
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it would be possible to obtain results similar to
those in this study using only an optical micro-
scope without using an electron microscope. This
experimental method can be used as a teaching
method for optical experiments for not only phys-
ics students but also biology students.

Data availability statement
All data that support the findings of this study are
included within the article (and any supplement-
ary files).
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Appendix

In a refracting telescope, the eyepiece is at the
rear end of the telescope tube, so when observing

near the zenith, you have to raise your head with
a very steep inclination to look through the eye-
piece. On the other hand, the diagonal prism bends
the optical path at a right angle, allowing us to
look through the eyepiece from the side. In the
experiments in this study, this diagonal prism was
used to bend the light path of the light from a laser
pointer at a right angle.
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Keywords:

 We fabricated black Ge with numerous needlelike microstructures by SF6/O2- and C4F8-
based deep reactive ion etching and measured the regular reflectance in the ultraviolet-to-near-
infrared range, thermal radiation properties, and electrical resistance for electrode applications. 

of the black Ge surface was observed to be the same as that of a carbon plate. We found that the 
scallops on the sidewalls of the microstructures also contributed to the low reflectance. 
Furthermore, the black Ge electrode had a lower resistance than a planar Ge electrode. The black 
Ge electrode, which has an increased surface area of  Ge with numerous needlelike 
microstructures, has high emissivity, antireflectivity and low resistance, and we consider that it 
is useful for application to device fabrication utilizing these properties.

1. Introduction

 Renewable energy is a particularly active field of research today, which is pursued to meet 
the rising energy needs of society and to solve global energy problems. The use of renewable 
energies, such as solar, wind, tidal, and thermal energies, has recently attracted considerable 
attention(1–4) owing to both environmental and resource issues. Among these renewable 
energies, we focus on thermal energy. Efficient and low-cost thermal energy-harvesting systems 
such as semiconductor-sensitized thermal cells (STCs)(5–13) have been proposed as a new thermal 
energy conversion technology based on dye-sensitized solar cells.(14,15) STCs generate electricity 
by the redox reactions of electrolyte ions with thermally excited carriers in semiconductors. 
Germanium (Ge) is often used as a semiconductor because it has a band gap of about 0.7 eV and 
generates a large amount of thermally excited charge even at relatively low temperatures around 

including CuCl and CuCl2 as electrolyte ions. The energy conversion efficiency of STCs has 
(7) Since STCs generate electricity through 
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chemical reactions at the interface of the electrode and electrolyte, having a high specific surface 
area for the electrode enhances the current acquisition. Additionally, properties such as high 
emissivity and antireflection due to increased surface area help confine thermal energy within 
the semiconductor electrode, leading to the efficient generation of thermally excited carriers in 
the semiconductor. The fabrication of microstructures on the electrode surface is an effective 
method of increasing the surface area. The fabrication of a black Si structure whose surface is 
covered with numerous microstructures is one method of increasing the surface area.(16–21) The 
microstructures on the surface of black Si are many microneedles with high aspect ratios. 
Similarly, covering the Ge surface with numerous microstructures is also an effective method of 
increasing the surface area. There have been examples of black Ge fabrication using gases such 
as SF6/O2, SF6/C4F8, Cl2, and SF6/CHF3.

(22–26) The fabrication of high-aspect-ratio needlelike 
structures by etching is expected to be achieved under similar process conditions as the etching 
of narrow trenches with high aspect ratios. Previously, we reported a method of etching narrow 
trench structures in Si by SF6/O2- and C4F8-based deep reactive ion etching.(22) We expect that 
the same manner can be demonstrated for the microfabrication of black Ge. There have been 
several reports on the reflectivity of such black Ge measured by the total reflection, but since 
black Ge has many high aspect ratio beam structures, it is necessary to measure the regular 
reflectivity as well. However, there are few reports on the positive reflectance of black Ge.
 In this study, we report the fabrication of black Ge consisting of numerous needlelike 
microstructures with scalloped sidewalls by SF6/O2- and C4F8-based deep reactive ion etching 
(RIE). We measured the emissivity of black Ge. Furthermore, the scallop depth and chemical 
composition of the etched sidewalls were analyzed by atomic force microscopy (AFM) and 
energy-dispersive X-ray spectroscopy (EDX), respectively. We also measured the reflectance of 
black Ge, the angle dependence of the regular reflectance of black Ge in the range of 250 nm–2.5 
µm, and the dependence of the scallop depth of the microstructure sidewalls. Finally, to 
investigate the electrical properties of black Ge, an experiment was performed using an 
electrolyte and a platinum. 

2. Experimental Methods

6 and O2 as the etching 
gases and C4F8 as the passivation gas used in this experiment. A 1-mm-thick n-type Ge (111) 

microstructure of the sample fabricated by deep RIE was observed by SEM (Hitachi High-Tech 
FlexSEM1000II) and AFM (Hitachi High-Tech AFM500II). The chemical composition of the 
microstructures was analyzed by EDX (OXFORD Instruments AZtechOne). Infrared images of 
the samples were taken using an infrared thermographic camera (FLIR THI-501AJ). The 
reflectance of the samples was measured using a spectrophotometer (SHIMADZU SolidSpec 
3700DUV). To smooth the scallops of the sidewall of microstructures of black Ge for 
comparison, O2 plasma treatment was performed with RIE (SAMCO RIE-10NR). 
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3. Results and Discussion

3.1 Microfabrication and analysis of microstructure surface of black Ge

To fabricate black Ge microstructures by dry etching, numerous micromasks are required, 
and it is difficult to fabricate micromasks for large areas by electron beam lithography. However, 
it is easy to fabricate micromasks using fluorocarbons generated in the plasma used in the 
deposition process. In deep RIE, the deposition of the passivation film and etching are switched 
repeatedly. In the first cycle, C4F8 plasma forms a fluorocarbon polymer as a passivation layer. 
In the subsequent etching step, the polymer is removed by SF6/O2 plasma and the Ge surface is 
isotropically etched. The remaining polymer tends to form into several clusters. These clusters 
become micromasks for the formation of microstructures. Needlelike microstructures are 
formed by repeated switching between deposition and etching. The deep RIE conditions for 
black Ge fabrication are shown in Table 1.

Figure 2(a) shows a top-view photograph of samples at different process times. The Ge 
surface lost its luster after 5 min and became gray after 15 min and almost black after 30 min. 
The Ge surface changed to gray again after 45 min. Figure 2(b) shows 45°-tilted SEM images of 
the microstructures on the Ge surface at different process times. The heights of the 
microstructures were estimated to be 7 µm after 5 min, 20 µm after 15 min, and 40 µm after 30 
min. The microstructures were completely removed after 45 min. Figure 2(c) shows the 
microstructure height and etching depth as functions of process time. Owing to mask erosion in 
the etching step, the microstructure height was smaller than the etching depth.

Next, the emissivity of black Ge was investigated by infrared thermography. Infrared images 

 = 0.6), black 
Ge, and black body tape (

Fig. 1. Schematic of Deep-RIE to fabrication of black Ge.
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plate (  = 0.85). Figure 3 shows an infrared image obtained when the temperature of the black 

surface of planar Ge was observed to exhibit the lowest temperature. The emissivity of black Ge 
fabricated by deep RIE was higher than that of planar Ge. It is considered that the displayed 
temperatures of these samples indicate a difference in emissivity. As can be seen from Fig. 3, the 
emissivity of black Ge is about the same as that of the carbon plate. Therefore, we believe that 
the emissivity can be increased by the fabrication of a microstructure as black Ge.
 Figure 4 shows the AFM image and line profile of the sidewalls of the microstructures. The 
surface of the microstructures has a regularly scalloped figure. In this experiment, the scallop 
depth was about 200 nm and the scallop pitch was about 220 nm. The scallop depth was 
approximately equal to the etching depth per cycle, and the sidewalls were also isotropically 
etched. Scallops are formed on the sidewalls of the microstructures as a result of the switching 
between deposition and isotropic etching.  
 We analyzed the chemical composition of the sidewalls of the microstructure by EDX. To 
simplify the measurements, EDX analysis was performed on a broken microstructure. The 

Table 1
Summary of deep RIE conditions.

Processing step Gas
Flow rate 

(sccm)
Pressure (Pa) ICP-RF (W) Bias-RF (W) Cycle time (s)

Deposition C4F8 90 2 1500 20 5
Etching SF6/O2 200/20 4 2200 40 5

(a)

(b) (c)
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diameter except at its tip. As shown in Fig. 5(b), when the acceleration voltage was set to 10 kV 
and the spot size was about 10 nm, the X-ray generation region in this EDX analysis was 
estimated to be 0.7 µm from Castaing’s equation.(27) We analyzed the atomic ratios of Ge, F, C 
and O. The atomic ratios of F and O were below the limit of measurement. The atomic ratios of 

(bottom), respectively, from the tip of the microstructure. The trend for the carbon-rich surface 
was the same as that for the sidewalls of a high-aspect-ratio Si narrow trench in our previous 
report.(22) We found that the carbon-rich surface on scallops is effective as a passivation film to 
protect the sidewalls from etching by fluorine radicals for the formation of a high-aspect-ratio 
microstructure.

region using photomultiplier tubes (250–850 nm), InGaAs cells (850 

correct reflectance cannot be measured owing to the switching of the detector. The total 
reflectance spectra of black Ge and planar Ge are shown in Fig. 6(a). Up to a wavelength of 1.4 

planar Ge. The angle of the incident light was 5°. The regular reflectance of the fabricated black 
Ge was extremely low in the UV-to-near-infrared region up to a wavelength of 2.5 µm. The 
reflectivity of black Ge was dominated by light scattering and light absorption within the 
microstructures. There was no significant difference between the total reflectance and regular 
reflectance of planar Ge. In the measurement of the total reflectance, the reflectance included 
diffuse reflection, i.e., the reflectance of the side of the needlelike microstructure was also 

Fig. 3. (Color online) Infrared image of samples on 
carbon hot plate. the scallop of the sidewalls of the microstructures.
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measured. On the other hand, in the regular reflectance measurement, the reflectance seen from 
the front of the needlelike microstructure was measured and considered to be suitable for 
evaluating the reflectance of black Ge. 

Fig. 5. (a) Point of microstructure analyzed by EDX (top view). (b) Schematic of X-ray generation area of the cross 
section of a microstructure.

(a) (b)

(a) (b)
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 By regular reflection measurements, the angular dependence of the reflectance of the 
needlelike microstructure of black Ge can also be measured. Figure 7(a) shows the incident angle 
dependence of the black Ge reflectance. Measurements were conducted at incident angles of 5, 
15, and 30°. When the incident angle increased, the reflectance decreased. The measured 
reflectance was below 1% in the wavelength range lower than the bandgap energy.  It is deduced 
that the reflectance increased owing to the light scattering in the wavelength range of above 1550 
nm.(23)  Figure 7(b) shows the schematic needlelike microstructures of the black Ge surface. The 
shape of the microstructure is tapered, and its tip is thin like a needle. Figure 7(c) shows a 
schematic of the model of light traveling in the scallops on the sidewall of the needlelike 
microstructure. In Fig. 7(c), light with a small incident angle of 5° is reflected at the scallop tip 
and reaches the detector, whereas light with a large incident angle of 30° is reflected at the 
scallop tip and travels inside the scallop and cannot reach the detector. In other words, the 
reflectance is expected to be lower at the angle of incidence of light of 30° to the scallops of 
black Ge.  
 Next, we investigated the dependence of the reflectance on the scallop depth of the sidewalls 
of the microstructures. As mentioned in Sect. 3.1, the sidewalls of the microstructures are 
covered with carbon. Therefore, we considered that the scallop depth of the sidewalls of the 
microstructures can be made smaller by O2 plasma treatment.(28) O2 plasma treatment was 
carried out in the RIE system. Figure 8(a) shows SEM images of black Ge obtained before and 
after 10 min of O2 plasma treatment. It can be seen that the sidewalls of the microstructures were 
smoothed by O2 plasma treatment. Figure 8(b) shows the AFM line profile of the sidewalls of the 

(a)

(b) (c)



950 Sensors and Materials, Vol. 37, No. 3 (2025)

microstructures smoothed by O2 plasma treatment. The depth of the scallop of the sidewalls of 
the microstructures was 200 nm, which was reduced to approximately 100 nm by O2 plasma 
treatment. Figure 8(c) shows the reflectance spectra of black Ge obtained before and after O2 
plasma treatment. The reflectance of black Ge with O2 plasma treatment was slightly higher than 
that without the treatment. We believe that scallops of the sidewalls of microstructures also 
contribute to the decrease in the reflectance of black Ge. 

3.3 Measurement of resistance of black Ge electrode

 Finally, to investigate the electrical properties of black Ge, the electrical resistance of black 
Ge was compared with that of planar Ge using an electrolyte and Pt. Figure 9(a) shows a 
photograph of the Ge and Pt electrodes used in this experiment. The Ge electrodes were 

Fig. 8. (Color online) (a) SEM images of black Ge obtained before and after O2 plasma treatment. (b) AFM line 

2
spectra of black Ge obtained before and after O2 plasma treatment. 

(a)

(b)

(c)



Sensors and Materials, Vol. 37, No. 3 (2025) 951

pieces. Planar Ge was fabricated by covering the Ge substrate with Kapton® tape (t = 50 µm) 

black Ge after deep RIE is carbon-rich, and black Ge immediately after etching was used in this 
experiment. The Pt electrode was deposited by sputtering on a 50-µm-thick polyimide sheet. 
Figure 9(b) shows a schematic of the electrical resistance measurement setup using the samples 
in Fig. 9(a). The electrolyte was made by mixing NaCl and glycerin in 1:1 ratio. The electrolyte 
was filled into the hole of the Kapton tape on the Ge electrode, and it was sandwiched between 
the Ge electrode and the Pt electrode. The electrical resistance between the Ge electrode and the 
Pt electrode was measured by applying a tester pin. Table 2 shows the electrical resistance of this 
measurement system when the black and planar Ge electrodes were used. The resistance when 
the black Ge electrode was used was about 30% lower than that when the planar Ge electrode 
was used. This reduction in electrical resistance is considered to be due to the increase in the 
area of Ge in contact with the electrolyte.(29) However, this reduction in resistance may not be 
solely due to the effect of increasing the surface area, since other factors, such as the difference 
in electrical conductivity between Ge and carbon, may also be involved. We would like to study 
further details in the future.

4. Conclusions

 We demonstrated the microfabrication of black Ge by SF6/O2- and C4F8-based deep RIE. The 
surface of Ge was etched by deep RIE to numerous needlelike microstructures that had scallops 
on the sidewall. In the measurement with an infrared thermometer, the emissivity of the surface 
of black Ge was found to be higher than that of planar Ge and the same as that of a carbon plate. 
In addition, the regular reflectance of black Ge was extremely low from the ultraviolet region to 
the near-infrared region. The shape of the scallop of the sidewall of the microstructures of black 

Fig. 9. (Color online) (a) Top view of Ge and Pt electrodes on the polyimide sheet. (b) Schematic of the resistance 
measurement of Ge and Pt cells. 

Table 2
Comparison of resistances of black Ge electrode and planar Ge electrode. 

Electrode Planar Ge Black Ge
82 58

(a) (b)
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Ge also contributed to the low reflectivity. Also, the electrical resistance of the black Ge 
electrode was about 30% lower than that of the planar Ge electrode. From these experiments, we 
believe that black Ge with high emissivity, antireflectivity, and low resistance is useful for 
improving the performance of electrical and thermal devices such as STCs.
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 We demonstrated a lithography technique using stencil masks and a tabletop scanning 
electron microscopy (SEM) system by applying electron beam projection lithography (EPL) 
technology. Si and Pt were used as stencil mask materials. Si has excellent fabrication 
workability, and Pt has excellent electron shielding. The lithography was performed at an 
incident electron energy of 5 to 10 kV, which is typically used in the tabletop SEM system. This 
technique achieves high throughput and can expose large areas at once. Sub-micrometer- and 
micrometer-sized patterns can be formed simultaneously.

1. Introduction

 Lithography technology is an essential element in the fabrication of MEMS devices. Although 
electron beam lithography (EBL) can be used to fabricate finer patterns than photolithography, 
EBL generally has low throughput because the electron beam is irradiated in a scanning mode. 
Electron beam projection lithography (EPL) systems, such as EB steppers, have been developed 
to solve this issue.(1) EPL, a type of EBL, is a technology that transfers a mask image onto a 
wafer and exposes the wafer and is used to achieve high throughput while maintaining high 
resolution.(2–6) In low-energy EPL (LEEPL), a type of EPL technology, a stencil mask is placed 
close to a wafer coated with a resist and irradiated with an electron beam. Si is used as the stencil 
mask material in EB steppers, whereas a polycrystalline diamond thin film is used as the stencil 
mask in LEEPL. In particular, it would be desirable to fabricate stencil masks with common 
materials instead of diamond thin films. LEEPL is operated using specialized equipment with 2 
kV electron beam exposure.(7–9) 
 Therefore, to achieve EPL without these specific equipment and diamond stencil masks, we 
propose EPL with a tabletop SEM system for observation. We realized LEEPL with a simple 
method using a tabletop SEM system. This technique is easy because patterning can be 
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performed with a tabletop SEM system by preparing a stencil mask. Furthermore, EBL enables 
the fabrication of sub-micrometer-sized patterns, which is difficult to achieve with contact 
exposure using mercury vapor lamps, which are widely used in research. We believe that the 
EPL technique using a tabletop SEM system is expected to expand its application to the 
fabrication of biochips containing sub-micrometer-sized patterns.(10–12) The important point of 
this technique is to fabricate stencil masks with common materials instead of diamond. In 
addition, using a tabletop SEM system, which is compact and easy to use, allows biologists to 
use this EPL technique with their own observation equipment. Biologists will benefit from 
having devices that are needed in large quantities, especially disposable ones, to be more easily 
available. Such devices are, for example, cell separators with sub-micrometer-order pillar-gap 
structures(13) and plasmonic crystal sensors.(14) These devices used in research and development 
will be fabricated using a tabletop SEM system.
 In this study, stencil masks were fabricated using Si for micrometer-order lithography and Pt 
for sub-micrometer-order lithography. These materials were selected because Si has excellent 
fabrication workability and Pt has a large atomic number and an excellent electron shielding 
property. In particular, a thin Pt film can shield against electron beams, which enables the 
narrowing of the aperture pattern of the stencil mask. In this study, the EPL technique using a 
tabletop SEM system and a Si or Pt stencil mask was demonstrated. A photoresist was used to 
demonstrate the fabrication of sub-micrometer-sized resist patterns using the tabletop SEM 
system. 

2. Experimental Methods

2.1 Lithography

 Figure 1 shows a schematic of this experiment. The stencil mask was placed in contact with 
the wafer coated with a resist and exposed in the observation mode of the tabletop SEM system. 
A Hitachi High-Tech FlexSEM1000II was used as the tabletop SEM system for EPL. The 
magnification of the SEM image was 50 × in EPL, and the exposure area was 2.5 × 2 mm2. The 
focal point of the SEM system was set 1 mm above the resist surface. The dose was estimated to 
be 50 µc/cm2. This dose was reached after 10 min of exposure in the observation mode when 
using this SEM system. The acceleration voltage was from 5 to 10 kV. The higher the acceleration 
voltage, the higher the resolution, because a low acceleration voltage enhances the scattering of 
electrons inside the resist. The acceleration voltages generally used in tabletop SEM systems in 
the observation mode are from 5 to 15 kV, and 20 kV at the highest. In this study, the EPL 
technique was intended to be realized with a tabletop SEM system and was performed at an 
acceleration voltage from 5 to 10 kV.
 Figure 2 shows the electron depth range in Pt and Si. This range is the maximum at which 
accelerated electrons penetrate a material. The range was calculated using the Kanaya–Okayama 
equation.(15) The electron depth in Si was 1.5 µm at an incident electron energy of 10 kV. 
Therefore, the thickness of the stencil mask should be larger than 1.5 µm. The resist was exposed 



Sensors and Materials, Vol. 37, No. 3 (2025) 979

to or shielded from the electron beam using the stencil mask. Si is suitable as a stencil mask 
material for micrometer-sized lithography because of its high stiffness.
 On the other hand, the electron depth ranges in Pt were 0.24 µm at an incident electron 
energy of 10 kV and 0.07 µm at an incident electron energy of 5 kV. The Pt film with a smaller 
thickness than the Si film shielded the resist from the electron beam. Therefore, stencil masks 
with the Pt film were fabricated for sub-micrometer-sized lithography. Forming sub-micrometer-
sized resist patterns requires the fabrication of Si stencil masks with a high aspect ratio, which is 
difficult to achieve considering the electron depth range. The smaller the thickness required for 
the stencil mask, the smaller the aspect ratio of the stencil mask, and it becomes easier to 
fabricate the mask. Therefore, we consider that the application of this technique to thin-film 
structures is possible by utilizing the difference in the electron depth range of materials. 

Fig. 1. (Color online) Schematic of this experiment.

Fig. 2. Relationship between electron depth range and incident electron energy in Si and Pt.
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 AZ5214E (Merck) was used as the resist. The resist was diluted and spin-coated on the Si 
substrate. The thickness was 150 nm. The specimen was developed after electron beam exposure 
followed by reversal bake and flood exposure because it was used as a negative resist in a 
reversal exposure.(16,17) 2.3% Tetramethyl ammonium hydroxide (TMAH) was used as the 
developer. The cross-sectional profile of the fabricated resist patterns was measured with a 
stylus surface profilometer (Veeco Dektak 150).

2.2 Fabrication method of Si stencil masks for micrometer-sized lithography

 The Si stencil mask was fabricated in this experiment by wet etching, as shown in Fig. 3(a). 
Wet etching enables the simultaneous etching of both sides of the substrate, thereby reducing the 
number of process steps compared with fabrication by dry etching.
 The amorphized layer used as a mask for KOH etching was formed on the Si(110) substrate 
surface by ion irradiation with an electron cyclotron resonance (ECR) ion shower system 
(Elionix EIS-200ER).(18–20) The amorphized layer of 15 nm thickness can be formed on the 
Si(110) substrate surface by N+ irradiation at 1 keV, and the etching rate ratio to Si is over 10000. 
The amorphized layer does not have SiO2 or SiN films; therefore, charging does not occur in 
principle during electron beam exposure. 

is fabricated by anisotropic etching as shown in Fig. 3(b).(21–23) Wet etching is typically isotropic, 
whereas Si(100) etching with alkaline solution is anisotropic owing to the difference in the 
etching rate with crystal orientation. Therefore, it is possible to fabricate vertical profiles, and 
such profiles were applied to the fabrication of stencil masks.

2.3 Fabrication method for Pt stencil masks for sub-micrometer-sized lithography

 Figure 4 shows the fabrication of stencil masks. Pt was deposited on a Si substrate, and the Pt 
film was fabricated by etching the Si substrate from its back side using a deep-reactive-ion 

Fig. 3. (Color online) (a) Process of stencil mask fabrication. (b) Cross section of Si (110) etched with KOH.

(a) (b)



Sensors and Materials, Vol. 37, No. 3 (2025) 981

etching system. The thickness of the Pt film was 230 nm. The stencil pattern was fabricated in 
the film using a focused ion beam system. 

3. Results and Discussion

3.1 EPL using Si stencil mask

 Figure 5(a) shows an SEM image of the fabricated micrometer-sized stencil mask and Fig. 
5(b) shows an optical microscopy image of the resist pattern after exposure and development and 
the cross-sectional profile. The incident electron energy in the SEM system was 10 kV. Resist 
patterns of 10 µm size can be formed. The cross-sectional profile also shows that the pattern was 
formed without resist residues. The proposed technique for fabricating patterns using the 
tabletop SEM system was demonstrated. 

3.2 EPL using Pt membrane structure as a stencil mask

 Figure 6 shows (a) the fabricated stencil mask and (b) the resist pattern formed by EPL using 
the tabletop SEM system. The incident electron energy was 5 kV in EPL. EPL using a tabletop 
SEM system can be applied to forming resist patterns of micrometer and sub-micrometer sizes, 
which can be formed simultaneously. However, the resist pattern was larger than the stencil 
mask. This was particularly clear in sub-micrometer-sized resist patterns with line shapes. 
Figure 7 shows the relationship between the width of the stencil mask and the width of the 
fabricated resist patterns. Lithography was carried out several times with the same mask. As a 

mask size. The size variation (coefficient of variation) of the fabricated resist patterns was 
approximately 2% on average and 3% at the maximum. This is considered to be due to the 
distance between the stencil mask and the resist, the effect of forward scattered electrons 
generated upon exposure at a low incident electron energy, and the angle of incidence of the 
electrons caused by the low magnification.
 In this experiment, the stencil mask was placed in contact with the top of the resist, but the 
deformation by stress may have caused a gap between the mask and the resist. The through-hole 
width of the stencil mask was 130 nm, which was sufficiently larger than the de Broglie 
wavelength of 0.02 nm at 5 kV electron beams. The incident electron beam is considered to pass 
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Fig. 6. (Color online) SEM images of (a) fabricated stencil mask and (b) resist pattern formed by EPL using a 
tabletop SEM system.

Fig. 7. Relationship between the width of the stencil mask and the width of the fabricated resist patterns

Fig. 5. (Color online) (a) SEM image of fabricated micrometer-sized stencil mask. (b) Optical microscopy image of 

(a) (b)

(a) (b)
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straight through the stencil mask. However, it is considered that the pattern was expanded 
because of the broadening of the electron beam and the angle dependence of the incident electron 
beam. 
 Figure 8(a) shows a schematic of the EPL experiment shown in Fig. 6, including the 

experiment with a spacer was performed. Figure 8(b) shows a schematic of the path of the 
electron beam through the stencil mask aperture in the experiment with spacers. When spacers 

the stencil mask and the Si coated with the resist increased, the width of the fabricated resist 

exposed pattern was estimated to be 0.57° from these experimental results. The distance 
between the stencil mask aperture and the Si coated with the resist can be calculated from this 
angle and the width of the resist in Fig. 6. As a result, we estimated the stencil mask deformation 

 The problem of the resist pattern being larger than the stencil mask can be overcome by 
decreasing the stencil mask pattern size according to the distance between the mask and the Si 
substrate. It is also important to optimize the thickness of the resist. Figure 9 shows the 
relationship between the thickness of the resist and the width of the fabricated resist pattern. EPL 

thinner the resist, the smaller the fabricated resist patterns. This is considered to be a result of 
pattern widening due to electron scattering in the resist when the film thickness is thick at low 
acceleration voltages. The tabletop SEM system has a limited acceleration voltage, which limits 
the pattern size. Although there is a limit to the pattern size, it is possible to fabricate resist 
patterns similar to the stencil mask by reducing the thickness of the resist. This technique can be 
applied to sub-micrometer-order pattern fabrication.

Fig. 8. (Color online) (a) Schematic of EPL experiment shown in Fig. 6. (b) Schematic of path of electron beam 
through the stencil mask aperture in the experiment with spacers.

(a) (b)
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4. Conclusions

 We demonstrated that the EPL technique using the stencil mask and tabletop SEM system 
can be applied to forming sub-micrometer-sized patterns. Furthermore, we demonstrated that 
the EPL technique using the Pt stencil mask with excellent electron shielding performance and 
tabletop SEM system can be applied to the simultaneous formation of the micrometer- and sub-
micrometer-sized patterns. This technique is considered to be more insensitive to vibration than 
EB direct writing because the mask is placed in contact with the resist. The lithography of sub-
micrometer-sized patterning with high throughput using a tabletop SEM system is expected to 
be achieved by optimizing the stencil mask material and exposure conditions. As a future 
research prospect, it is necessary to optimize the stencil mask design, material, and film stress. 
For example, the use of Au or Bi, which have a higher atomic number than Pt, or the use of a 
honeycomb structure to support the membrane of the stencil mask and reduce the amount of 
deformation can be considered.
 It is difficult to fabricate a floating structure pattern with a doughnut shape in a stencil mask, 
and it is also difficult to fabricate multiple circular patterns with stencil masks. However, they 
are considered possible when using a mask with a freestanding Pt pattern with low electron 
penetration on a support membrane with high electron penetration.
 Conventional electron beam lithography systems for research and development are used for 
patterning below the wavelength of a mercury vapor lamp and have issues with throughput. With 
conventional electron beam lithography systems using the same W-SEM, an area of 2.5 × 2 mm2 

with the same dose and raster scan would take nearly 5 h at an acceleration voltage of 30 kV. 
However, this technique enabled the exposure of the same area in 10 min. Compared with 
conventional electron beam lithography systems, this system has a larger exposure area and 
enables patterning below the wavelength of light at a higher throughput by increasing the 
irradiation current value. It is considered suitable for fabricating devices for repetitive 
experiments including sub-micrometer-order-sized patterns. 
 The EPL technique using a tabletop SEM system is expected to be applicable to the 
fabrication of microfluidic filters, biochip array structures, and optical devices. 

Fig. 9. Relationship between the thickness of the resist and the width of the fabricated resist patterns.
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1. INTRODUCTION
Si wet etching generally requires the deposition of a thin film as a mask, which has to be removed

after etching. A wet etching technique that does not require the deposition of a thin film involves the 
formation of an amorphized mask by ion irradiation. Thus far, we have demonstrated that a high etching 
rate ratio can be achieved in the KOH etching of Si using amorphized masks fabricated by irradiating 
various ion species. [1, 2]. In particular, amorphized masks irradiated with N+ at 500 eV on a Si(100) 
surface achieved a high KOH etching rate ratio, which was estimated to be over 3000. However, this 
technique has not yet been used to fabricate structures larger than 100 mm. Therefore, in this 
study, we aim to further improve the etching rate ratio by using higher-energy N+ irradiation and Si 
crystal anisotropy. Here, we report the results of our experiments. 
2. EXPERIMENTS

Figure 1 shows a schematic of amorphized mask fabrication. The region of the Si substrate irradiated
with ions becomes amorphous. Since the amorphized layer has a lower etching rate than single-crystal 
Si, it can be used as a mask for KOH solution. Figure 2 shows the definition of hs for evaluating mask 
resistance. When the Si substrate with an amorphized mask is etched with a KOH etchant, the height of 
the etched structure increases with etching time. However, after the etching mask region disappears, the 
height of the etched microstructure remains constant, which we define as hs (saturated step height). 
Figure 3 shows the applications of this technique to devices achieved in our previous work [1,2].This 
technique can be applied to simplify the fabrication of devices such as micro total analysis system (µ-
TAS) by applying to a single cell isolation plate and microfluidic devices using anode bonding. 

In this experiment, N+ was irradiated to a Si substrate with a pattern formed by a photoresist using an 
ECR ion shower system (Elionix EIS-200ER) to fabricate an amorphized mask on the Si substrate 
surface. For comparison, samples irradiated with Ar+ were also prepared. After ion irradiation, the resist 
was removed and the Si substrate etched with the KOH solution (40 wt%, 20°C). The ion energy was 
set at 500, 750, or 1000 eV. This is because we considered that the higher the energy, the thicker the 
amorphized mask will become. The ion incident angle was set at 7° and the dose at 5 × 1017 ions/cm2. 
The surface orientations of the substrate were Si(100) and Si(110). Figure 4 shows the position of Si 
atoms in the crystal orientations (100) and (110) from the view point of incident ions. The Si atomic 
density is lower on the Si(110) surface than on the Si(100) surface, and ions penetrate deep into the 
substrate owing to the channeling effect in Si(110). Figure 5 shows the dependence of hs on the ion 
energies of N+ and Ar+. It was found that hs increases with N+ energy. The hs obtained when using N+ 
was lager than when using Ar+. hs reached 140 µm with N+ irradiation of Si(100) surface at 1000 eV. 
Since the hs of samples irradiated with N+ and that of samples irradiated with Ar+ show similar trends, it 
can be considered that hs increased owing to an increase in the thickness of the amorphized mask as the 
ion penetration depth range increased with ion energy, as observed in our previous study[1]. The N+-
irradiated region might partly bond with nitrogen in addition to the amorphized Si surface. Next, 
comparing Si(100) and Si(110), we found that hs was larger on Si (110) than on Si (100), and hs reached 
250 µm with N+ irradiation of Si(110) surface at 1000 eV. Figure 6 shows the results of calculating the 
etching rate ratio of Si to the mask. The ratio was determined from hs and the thickness of the amorphized 
mask. The thickness of the amorphized mask was estimated by a simulation of ion penetration depth[3]. 
We were able to achieve an etching rate ratio of over 10000. This etching rate ratio was almost constant 
in the Si(110) surface. On the other hand, it was found that the etching resistance was low and increased 
with increasing energy in the Si(100) surface. The SEM image of the cross section of Si structures after 
KOH etching is shown in Fig.6. This profile shows typical crystal anisotropy when etched with KOH. 

3. SUMMARY
We were able to further improve the etch rate ratio by using higher-energy N+ irradiation and the

anisotropy of silicon crystals. We were able to fabricate masks that are resistant to KOH etching owing to 
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the synergistic effect of these factors. This technique does not require an insulating film (SiO2 or SiN), 
which is typically used as a mask for KOH etching. Conductivity can be obtained without removing the 
film with hydrofluoric acid after wet etching, and anodic bonding is easily achievable. We believe that 
the proposed technique is expected to be applied to biochips. 
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1. Introduction 

The high-density plasma generated by permanent magnets is widely used in magnetron sputtering [1]. 

However, the plasmas formed directly above the target are doughnut-shaped, which makes it difficult to 

apply them to large-area reactive ion etching (RIE). On the other hand, InP etching using densified 

plasma, in which the permanent magnet is located opposite the RF electrode [2], and a high-density 

plasma source, in which the permanent magnet is set in the electrode hollow groove [3], has been 

reported, but the plasma emission distribution over a wide area in which the permanent magnet is placed 

opposite the RF electrode has not been reported. 

 In this study, Ar plasma was generated by placing permanent magnets in concentric circles on the 

chamber lid facing the electrodes of the RIE device, and the density of the plasma over a wide area was 

determined from the observed emission intensity. Si etching with SF6 plasma was also performed, and 

the difference in etching profile depending on the installation position of the magnet was examined. 

 

2. Experiment 

Figure 1 shows the schematic of the experimental setup for modified RIE (SAMCO RIE-101L). Eight 

samarium–cobalt magnets (300 mT) with a diameter of 10 mm and a thickness of 5 mm were fixed in 

parallel on a 10–mm–diameter punched PVC plate and placed on the quartz plate of the chamber top. 

The emission of Ar plasma was photographed from the direction of the quartz plate of the chamber and 

compared in terms of RGB intensity. In addition, a Si patterned with dots of Cr was etched with SF6 

plasma, and the differences in etching rate and profile at various magnet positions were investigated. 

 

3. Results and Discussion 

With magnets, RIE can be expected to increase the density of plasma by confining charged particles in 

the area surrounded by magnetic fields and RF electrodes around the magnet. Figure 2 shows Ar plasma 

emission photographed from the direction of the quartz plate of the chamber and the RGB intensity at 

the center line of the quartz plate. When the magnets were placed, the RGB intensity increased in the 

region with many magnetic field lines. In addition, the effects of the weak magnetic field located on the 

circumference of the circular pattern and the high density of the strong magnetic field at the center of 

the center pattern were almost the same in terms of the emission intensity of the plasma. Therefore, by 

dispersing the magnet location at the periphery, the high-density plasma area is increased. Figure 3 

shows the observation point of SF6 plasma emission from the slit placed in the chamber viewport. Figure 

4 shows the emission intensity at various wavelengths. The emission intensity of the center pattern and 

the circular pattern increased compared with that w/o magnet. The intensity of F (702 nm) in the center 

pattern is high. In addition, the plasma emission intensity changed depending on the magnet arrangement 

pattern in the wavelength ranges around 380 nm, 720 nm, and 830 nm. Figure 5 shows SEM images of 

Si pillars etched by SF6 plasma. The magnet increases both plasma density and etching rate. The center 

pattern has a higher F intensity than the circular pattern, which is considered due to side etching. Side 

etching would be not only the effect of F ions but that of radicals. We consider that to increase etching rate 

and obtain a vertical profile, it is suitable to increase plasma density with weak magnetic fields arranged 

in a circular pattern. 
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Fig. 3 Observation point of SF6 plasma 
(30 sccm, 1 Pa, 100 W) emission from 
chamber viewport. 

Fig. 2 Photographs (top view) and RGB intensity of Ar plasma (30 sccm, 1 Pa, 100 W) emission. 

Fig. 4 SF6 plasma emission intensities at 
various wavelengths. 
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Fig. 5 SEM images of Si pillars etched by SF6 plasma. 
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永久磁石を用いたレジストのエッチングレート向上のための実験 

 

遠西 美重 a) 

a)東京科学大学 リサーチインフラマネジメント機構 コアファシリティセンター 

１．はじめに 

 マイクロ流路作製におけるガラスとポリジメチルシロキサン（PDMS）などの異種材料を用いた接合

のための表面親水化技術として、酸素や空気を用いたプラズマ処理が行われている。これらの試料の強

い接合には OH を介した水素結合が必要なことが知られている[1]。これまで、図 1 に示す水の状態変化

を利用したシンプルな構成の固体ソースH2O プラズマ装置を自作し、親水化処理によりガラスとPDMS

の良好な接合を達成した。[2] 更に、図２に示すように H2O ガス供給容器と多素子アンテナを付設した

RF 電極を工夫することで、フォトレジストのエッチング深さ分布の評価から、φ4 inch の領域でのプ

ラズマの均一性を改善できることを報告した [3,4]。しかしながら、多素子アンテナ付設によってレジス

トのエッチングレートは減少した。処理時間の短縮にはプラズマの高密度化が求められることから、本

研究では、磁力線に電子が巻き付く性質に着目し、アンテナを付設した固体ソース H2O プラズマ装置

に永久磁石を加えたプラズマの高密度化について、磁石とアンテナ配置を検討した実験結果を報告する。 

 

 

 

 

２．実験方法 

  アンテナを付設した固体ソース H₂O プラズマ装置のチャンバー蓋

上に、φ22 mm、t=10 mm とφ10 mm、t=５mm のネオジム磁石を

組み合わせて（410 mT）、穴径 φ10 mm、ピッチ 15 mm、t=3 mm の

アクリルパンチ板ホルダーにＳ極を下にして固定した。φ4 inch の Si

ウエハに AZ5214E レジストを塗布し、プロセス圧力 100 Pa、RF パ

ワー10 W で H2O プラズマ処理を 5 min 行い、Dektak（Bruker 

XT-E）にてレジストのエッチング深さを 13 点測定した。 

図 1 自作の固体ソース 

H₂O プラズマ装置 

図２ (a)改良前 および (b)改良後の放電の様子と 

レジストのエッチング深さ分布（µm） 

図３ 上からのφ4 inch Si 基板、

アンテナと磁石ホルダーの位置関係 

(a)改良前      (b)改良後（アンテナ付設と水容器） 
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３．実験結果 

  図４(a)から図 4(d)に磁石を設置したレジストのエッ

チング深さ分布を示す。図 4(a)に示すアンテナ付設なし

の場合は、RF 電極近傍かつ磁石の直下のエッチング深さ

が大きかった。図 4(a)と同じ磁石配置にアンテナを付設

した図 4(b)は、RF 電極から離れた領域もエッチング深さ

が増加した。図 4(c)では、図 4(b)で減少量の少なかった

RF 電極に近い位置に磁石を追加した。この場合は試料中

心部のエッチング深さが減少した。図 4(d)では図 4(c)と

磁石の個数は同じとし、試料の中心に磁石を設置した。こ

のときのエッチング深さ分布は図２(b)の改良後の磁石

設置のない場合とほぼ同等であった。さらに図 2(b)では、

平均エッチング深さが 0.02 µm であったのに対し、

図 4(d)の配置では 3 倍の 0.06 µm に増加した。 

図 5(a)は磁石を設置した時の放電の概略図を示す。

図 5(b)に示すように、ビューポートから撮影した

プラズマの発光は、磁石を設置した場合には、アン

テナ上方にも拡がり、磁石直下と磁石の間

にできるカプス磁場の磁力線の集中する領

域でプラズマの発光が観察され、プラズマ

が高密度化されていると考えられる[5]。図 6

には、図 4(d)の配置での石英天板上部か

ら撮影したプラズマ放電の様子を示す。

磁石の設置により、磁場の集中する領域

にプラズマが閉じ込められ、レジストのエッチング深さが増加したと考えられる。 

 

４．まとめ 

アンテナ付設に加えて永久磁石を設置することで、アンテナ形状による均一性

と永久磁石によるプラズマの高密度化から、面内均一性に優れる高効率なプラ

ズマ処理が可能となることが示唆された。アンテナ形状や磁石配置の最適化に

より、広い領域でのガラス-PDMS 接合のための H2O プラズマ処理が可能とな

ることが期待される。 
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図４ チャンバー蓋上の磁石設置パターンと 

レジストのエッチング深さ分布（µm） 

図 5 (a) 磁石を配置した H2O プラズマ放電の概略図 

(b)ビューポートから撮影したアンテナ素子の発光の様子 
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図 6 図 4(d)の磁
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ネガ型電子線レジストとしての SU-8の薄膜化によるラインパターンの微細化 

 

〇藤本 美穂 

東京科学大学リサーチインフラ・マネジメント機構コアファシリティセンターマイクロプロセス部門 

 

 

1.はじめに 

エポキシ樹脂ベースのネガ型フォトレジスト SU-

8 は電子線レジストとしても利用可能であり、フォ

トリソグラフィでは実現が難しい線幅 1 m 以下の

高アスペクト比のパターン形成に用いられている[1]。

微細パターンの形成には、レジストの薄膜化 [1]や

PEB 温度の最適化[2]が有効である。今回は SU-8 の膜

厚の薄膜化により、線幅約 440 nm の高アスペクト

比のラインアンドスペースパターンを作製したので

報告する。 

 

2.実験方法 

 図 1 に、本実験の電子線描画の概略図を示す。15

×15 mm2に劈開した厚さ約 300 m の Si (100)ウェ

ハ上に、PGMEA で希釈した SU-8 2002 を 500 rpm で

10 秒間、3000 rpm で 30 秒間スピンコートし、ホッ

トプレート上で、110℃で 60 秒間プリベークした。

これにより、通常のスピンコートで得られる約 2.4 

m の厚さを約 3 分の 1 に薄膜化した。 

 電子線描画は、加速電圧 30 kV、ビーム電流 10 pA、

ドーズ量 1 C/cm2で行った。描画後の基板をホット

プレート上で、69℃で 60 秒間 PEB を行った[2]。SU-

8 developer で 60 秒間現像後、IPA で 15 秒間リンス

を行った。描画したラインアンドスペースパターン

の倒れや結合の有無を SEM で観察した。 

 

 

図 1 本実験の電子線描画の概略図 

 

3.結果と考察 

 図 2 に、膜厚約 590 nmの SU-8 のラインアンドス

ペースパターンの SEM 像を示す。図 2 に示すよう

に、線幅は約 440 nm、アスペクト比は約 1.3 の SU-

8 のラインアンドスペースパターンが製作できた。

先行研究[1]の膜厚約 500 nmのアスペクト比 1のライ

ンアンドスペースパターンよりも高いアスペクト比

の構造を実現することができた。 

 

 

図 2 膜厚約 590 nm の SU-8の最小ラインアンド 

スペースパターン 

 

4.まとめと今後の展望 

SU-8 の膜厚を薄膜化することで、電子線描画によ

りアスペクト比 1.3 のラインアンドスペースパター

ンを実現した。今後は本実験で得られたアスペクト

比を維持したまま SU-8 の微細パターンの高密度化

と、更なる高アスペクト比のパターンの製作を目指

す。 
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Fig.2. Relationship between hs and 
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