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Abstract
In this study, a novel MeV ion beam lithographic (MeV–IBL) technique, called
a programmable proximity aperture lithography (PPAL) technique, was developed at the
Accelerator Laboratory, University of Jyväskylä (JYU) in Finland and at the Plasma and
Beam Physics Research Facility (PBP), Chiang Mai University (CMU) in Thailand. The
PPAL technique utilizes a pair of computerized L–shaped aperture blades to define an
irradiated rectangular or square area of 0.2–500 µm size. In combination with sample
movement in X and Y directions, a complex exposure pattern can be built–up from
rectangular exposed regions using this method. The structures produced by the PPAL
method have special characteristics such as a high aspect ratio with vertical side walls.
The PPAL approach was used for fabricating prototype microfluidic circuits, where the
pattern usually consists of large reservoirs that are connected together with small micro–
channel and other structures.
The PPAL technique has been shown to be suitable for fabricating 3D microstructure and the dose distributions for straight edge and internal and external corners were
studied. It was found that beam fluence measurement was important for repeatable results and two methods to measure this based on backscattering from a rotating vane
and measurement of intercepted ion beam charge on aperture were developed. The main
part of the work was directed towards study of the fluence dependence of poly(methyl
methacrylate) (PMMA) resist exposure. The fluences for clearing, the onset of cross
linking and complete cross linking were measured for 2 MeV protons, 3 MeV 4 He and
6 MeV 12 C ions. It was found that by selection of the ion fluence the PMMA could
be used as a positive tone or negative tone resist. A pattern written in negative tone
was used as a master mold for fabricating microfluidic circuits by soft–lithography in
poly(dimethylsiloxane) (PDMS). This was sealed using PDMS spin coated on a glass
substrate. The microfluidic device was used to generate water droplets in an oil carrier
phase. Direct writing of silica was also demonstrated and the exposure characteristic for
6.8 MeV 16 O ions was characterised.
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กวา 20 ปที่ผานมา วิทยาการสมัยใหมที่รวมศาสตรหลายแขนง เชน ฟสิกส เคมี ชีววิทยา
และ วิศวกรรมศาสตร ฯ ไดถือกําเนิดและมีการพัฒนาอยางรวดเร็วมีชื่อเรียกวา วิทยาการของไหล
ระดับไมครอน (microfluidics) วิทยาการนี้เกี่ยวของกับการควบคุมของไหลเชนของเหลวหรือ
แกสในปริมาณนอยๆ ระดับนาโนลิตรถึงอัตโตลิตร (attolitre) หรือ 10-18 ลิตร ใหไหลไปตามทอ
ที่มีขนาดเล็กระดับไมครอน จุดประสงคการพัฒนาวิทยาการของไหลระดับไมครอนโดยทั่วไป
เพื่อยอขนาดเครื่องมือและการปฏิบัติการที่สลับซับซอนเชน การเตรียมสารตัวอยาง การเพิ่มความ
เขมขนของสารกอนการวิเคราะห และการตรวจวัดปริมาณสารตางๆ ใหอยูในอุปกรณเพียงชิ้นเดียว
หรือที่รูจักกันในนาม Lab-on-a-chip หรือ Micro-total-analysis-system (μ-TAS) การยอขนาด
ใหเล็กลงนี้ทําใหอุปกรณของไหลระดับไมครอน (microfluidic device) ใชปริมาณสารตัวอยาง
และสารเคมีในการวิเคราะหนอยลง ทําใหประหยัดคาใชจายในการวิเคราะห อีกทั้งยังรวดเร็ว
และมีสภาพไวสูง
วิทยานิพนธนี้ มีวัตถุประสงคในการพัฒนานวัตกรรมเทคนิคลิโทกราฟ ( l i t h o g r a p h y )
ที่ใชลําไอออนพลังงานระดับเมกะอิเล็กตรอนโวลท (megaelectronvolt, MeV) ทีม่ ีชื่อเรียกวา
programmable proximity aperture lithography (PPAL) ขึ้นที่กลุมวิจัยฟสิกสเครื่องเรงอนุภาค ณ
มหาวิทยาลัยยูวาสคูลา (University of Jyväskylä) ประเทศสาธารณรัฐฟนแลนด และ ศูนยวิจัย
ฟสิกสของพลาสมาและลําอนุภาค ณ มหาวิทยาลัยเชียงใหม ประเทศไทย เพื่อใชในการสราง
ลวดลาย 3 มิติ บนชั้นพอลิเมอรชนิด polymethylmethacrylate (PMMA) และ วัสดุซิลิกา สําหรับ
การประยุกตใชงานดานของไหลระดับไมครอน
เทคนิคลิโทกราฟโดยทั่วไปจะใช รังสีอัลตราไวโอเลต รังสีเอกซ ลําอิเล็กตรอน (electron
beam) ในการบันทึกลวดลายลงบนชั้นพอลิเมอรไวแสง หรือที่เรียกวา polymer resist ตอมานํา
ชิ้นงานพอลิเมอรนี้มาทําปฏิกิริยาดวยสารเคมีที่เหมาะสมใหเกิดการสึกกรอน ถาบริเวณที่บันทึก
ลวดลายเกิดปฏิกิริยาสึกกรอนทําใหมีรองลึก polymer resist นั้นมีสมบัติที่เรียกวา positive resist
และในกรณีที่การสึกกรอนไมไดเกิดในบริเวณที่บันทึกลวดลายแตเกิดในสวนอื่นที่เหลือทําใหลวด
ลายเปนสันนูน polymer resist นั้นมีสมบัติที่เรียกวา negative resist เทคนิค PPAL เปนเทคนิค
ลิโทกราฟที่ใชลําไอออนไดแก ลําโปรตอน ลําฮีเลียม (helium) ลําคารบอน ลําออกซิเจน ที่มี
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พลังงานระดับ MeV วิ่งเขาไปในวัสดุในแนวตรงและลึกเพื่อบันทึกลวดลาย ทําใหลวดลายที่สราง
ขึ้นดวยวิธีการนี้มีสมบัติพิเศษเฉพาะตัวคือ อัตราสวนระหวางความลึกตอความกวางของลวดลายมี
คาสูง และผนังของลวดลายมีความเรียบตรงอีกดวย ทําใหเทคนิคนี้นาสนใจกวาเทคนิคลิโทกราฟ
ทั่วไป
เทคนิคลิโทกราฟที่ใชลําโปรตอนที่มีพลังงานระดับ MeV แบบทั่วไปมีชื่อเรียกวา proton
beam writing (PBW) ทําโดยการโฟกัสลําอนุภาคโปรตอนใหมีขนาดเสนผาศูนยกลางเล็กระดับ
นาโนเมตรในการบันทึกลวดลาย เทคนิค PPAL ที่นําเสนอในงานวิจัยนี้มีความแตกตางจากเทคนิค
PBW ตรงที่เทคนิค PPAL ใชแผนกั้นลักษณะรูปตัว L หนึ่งคูซึ่งควบคุมการเคลื่อนที่ดวย คอมพิวเตอรสําหรับกําหนดชองผานของลําไอออนใหเปนรูปทรงสี่เหลี่ยมผืนผา หรือสี่เหลี่ยมจัตุรัสขนาด
0.2-500 ไมครอน และเมื่อประกอบกับการเคลื่อนสารตัวอยางไปตามตําแหนงตางๆ ในแนวแกน X
และ แกน Y ทําใหสามารถนํามาใชในการสรางลวดลายตางๆ ที่สลับซับซอนได เทคนิค PPAL
เปนเทคนิคที่จะใชเวลาสั้นกวาเทคนิค P B W แตนานกวาเทคนิคที่ใชการฉายอนุภาคผานหนากาก
(mask) ซึ่งมีราคาแพง จึงทําใหเทคนิค PPAL เหมาะแกการนํามาประยุกตใชในการสรางวงจร
ของไหลระดับไมครอน (microfluidic circuits) ที่ประกอบไปดวยโพรงเก็บของไหลหลาย ๆ โพรง
เชื่อมตอถึงกันผานทอเล็กขนาดไมครอน
งานวิจัยนี้ไดทําการศึกษาการแผออกทางดานขาง (lateral spreading) ของลําโปรตอน
พลังงาน 2 MeV และไอออนของฮีเลียมพลังงาน 3 MeV หลังจากเคลื่อนทะลุผานฟลม PMMA
หนา 7.5 ไมครอน โดยใชโปรแกรมการจําลองและคํานวณการเคลื่อนที่ของไอออนในวัสดุ หรือที่
เรียกวา The Stopping and Range of Ions in Matter (SRIM) รวมทั้งการใชอินทิกรัลแบบงายใน
การศึกษาการกระจายตัวความเขมขนของไอออนสําหรับรูปแบบการยิงไอออนแบบขอบตรง ขอบ
มุมฉากภายใน และขอบมุมฉากภายนอก โดยที่การกระจายตัวความเขมขนของไอออนขางนอก
บริเวณที่ยิงสงผลตอความตรงของผนังลวดลาย จากการทดลองพบวารูปแบบการกระจายตัวของ
ความเขมขนของไอออนคลายคลึงกับฟงกชันคาผิดพลาดเติมเต็ม (complimentary error function)
และพบวากรณีโปรตอนพลังงาน 2 MeV และไอออนของฮีเลียมพลังงาน 3 MeV มีความกวางของ
การกระจายตัวมีคาประมาณ 5 0 และ 6 4 นาโนเมตรตามลําดับ และไมขึ้นอยูกับรูปแบบการยิง
ไอออนไมวาเปนแบบขอบตรง ขอบมุมฉากภายใน หรือขอบมุมฉากภายนอก
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งานวิจัยนี้ยังมีการพัฒนาระบบตรวจวัดความเขมขนของไอออน 2 ระบบ ไดแก ระบบการ
สุมวัดจํานวนไอออนที่กระเจิงกลับ (backscattering) เนื่องจากกังหันใบคูที่เคลือบทองซึ่งหมุนอยาง
เปนจังหวะสม่ําเสมอดวยอัตราเร็ว 0.98 รอบตอวินาที และระบบการตรวจวัดจํานวนประจุไอออน
ที่พุงชนแผนกั้นรูปตัว L ในการศึกษาความเขมขนของโปรตอนพลังงาน 2 MeV ไอออนของฮีเลียม
พลังงาน 3 MeV และไอออนของคารบอนพลังงาน 6 MeV ที่ทําให PMMA เหมาะแกการทํา
ลิโทกราฟ การเริ่มเกิดการเชื่อมโยงขามสายพอลิเมอร (cross-linking) และการเชื่อมโยงขามสาย
พอลิเมอรอยางเต็มที่ จากการทดลองพบวาความเขมขนของไอออน (ซึ่งเขียนยอไดคือ Φ ) ที่มี
คานอยกวาคาความเขมขนที่เหมาะแกการทําลิโทกราฟสามารถนํามาใชในการสรางลวดลายขรุขระ
ขนาดนาโนเมตรในขณะที่ความเขมขนของไอออนที่มีคาอยูระหวางคาความเขมขนที่เหมาะแกการ
ทําลิโทกราฟกับคาความเขมขนของไอออนที่เริ่มเกิดการเชื่อมโยงขามสายพอลิเมอร สามารถนํามา
ใชในการสรางลวดลายบนชั้น PMMA ในสมบัติแบบ positive resist สวนความเขมขนของไอออน
ที่มีคามากกวาคาความเขมขนของไอออนที่ทําใหเกิดการเชื่อมโยงขามสายพอลิเมอรอยางเต็มที่สามารถนํามาใชในการสรางลวดลายบนชั้น PMMA ในสมบัติแบบ negative resist
งานวิจัยนี้ยังไดใชเทคนิค PPAL ในการสรางลวดลาย 3 มิติแบบ positive resist และ
negative resist บนชั้น PMMA ที่เคลือบอยูบนฐานรองซิลิกอน และพัฒนาเทคนิค soft-lithography
ซึ่งคือการคัดลอกลวดลายที่สรางขึ้นจากเทคนิค PPAL ลงบนพอลิเมอรชนิด poly(dimethylsiloxane) (PDMS) เทคนิค soft-lithography เปนเทคนิคที่ใชกันอยางแพรหลายในการสราง
อุปกรณของไหลระดับไมครอนเนื่องจากเทคนิคนี้เปนเทคนิคที่งายและยืดหยุนตอการผลิตมีตนทุน
ต่ําจึงเหมาะแกการผลิตจํานวนอุปกรณในปริมาณมากๆ ทําใหสามารถใชครั้งเดียวและทิ้งได
ขั้นตอนในการผลิตอุปกรณของไหลระดับไมครอนดวยเทคนิค soft-lithography ในงาน
วิจัยนี้เริ่มจากการสรางลวดลายแมพิมพดวยเทคนิค P P A L จากนั้นทําการผสมสารตั้งตนที่ใชทํา
PDMS 2 ชนิดคือสาร silicone elastomer base และสาร silicone elastomer curing agent เขาดวย
กันในอัตราสวน 10:1 สารทั้งสองเปนผลิตภัณฑ Sylgard 184 silicon elastomer kit ของบริษัท Dow
Corning ประเทศสหรัฐอเมริกา ทําการดูดเอาแกสออกจากการผสมดวยระบบสุญญากาศเปนเวลา
20 นาที เทการผสมลงบนแมพิมพเพื่อทําการคัดลอกลวดลาย แลวบม (cure) ชิ้นงานที่อุณหภูมิ 70
องศาเซลเซียส เปนเวลา 1 ชั่วโมงเพื่อทําให PDMS ที่เกิดขึ้นแข็งตัว จากนั้นลอก PDMS ออกจาก
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แมพิมพ ปดผนึกทอของไหลระดับไมครอนใน PDMS ภายใตระบบสุญญากาศเขากับฟลมบาง
PDMS ที่เคลือบบนฐานรองแกว ซึ่งฟลมบางนี้ไดทําการบมเบื้องตนที่อุณหภูมิ 70 องศาเซลเซียส
เปนเวลา 6 นาที หลังจากปดผนึกแลวจึงนําอุปกรณของไหลระดับไมครอนมาบมอีกครั้งที่อุณหภูมิ
70 องศาเซลเซียส เปนเวลา 45 นาทีเพื่อทําใหฟลม PDMS แข็งตัวอยางสมบูรณ
อุปกรณของไหลระดับไมครอนที่สรางขึ้นนี้ประกอบดวยโพรงสําหรับของไหลขาเขา 2
โพรงเชื่อมตอกับโพรงของไหลขาออกผานทอลักษณะรูปตัว T (T-junction) คุณภาพอุปกรณ
ของไหลระดับไมครอนนี้สามารถตรวจสอบไดจากการผลิตหยดน้ําในตัวกลางน้ํามันโดยในการทด
ลองนี้ใชปมกระบอกฉีดยาในการฉีดลําน้ํามันผานทางโพรงของไหลขาเขาอันแรกผานไปตามทอห
ลักขนาด 9 5 ไมครอนและฉีดสารละลายน้ําสีแดงผานทางโพรงของไหลขาเขาอันที่สองเขาไปใน
ทอรองขนาด 150 ไมครอนซึ่งตั้งฉากกับทอหลักโดยมีอัตราการไหลที่เทากันคือ 0.16 ไมโครลิตร
ตอนาที พฤติกรรมการไหลของหยดน้ําในตัวกลางน้ํามันนี้สามารถบันทึกภาพไดดวยกลองวีดีโอ
บริษัท S o n y ที่มีความเร็วในการจับภาพ 3 0 ภาพตอวินาทีซึ่งเชื่อมตอกับกลองจุลทรรศนของ
บริษัท Zeiss ที่มีกําลังขยายสูงสุด 100 เทา จากการทดลองพบวาหยดน้ํามีขนาดความยาว 237.5
ไมครอน โดยขนาดความยาวของหยดน้ําที่ไดจากการคํานวณทางทฤษฎีในการทดลองนี้มีคา 2 4 5
ไมครอน ซึ่งจะเห็นไดวาขนาดของหยดน้ําที่ไดจากการทดลองแตกตางจากขนาดของหยดน้ําจาก
การคํานวณ ประมาณรอยละ 3
งานวิจัยนี้ยังแสดงใหเห็นวาเทคนิค PPAL สามารถนํามาใชในการสรางลวดลายลงบนวัสดุ
ซิลิกาอสัณฐาน โดยบริเวณที่มีการยิงดวยไอออนนั้นพันธะระหวางซิลิกากับออกซิเจนในเครือขาย
ซิลิกาเกิดการแตกออก และเมื่อนําชิ้นงานซิลิกานี้มาใสในกรดไฮโดรฟลูออริก (hydrofluoric acid)
ความเขมขนรอยละ 4 โดยปริมาตรจะเกิดปฏิกิริยาการสึกกรอนในบริเวณที่มีการยิงดวยไอออน
ในอัตราที่เร็วกวาบริเวณที่ไมถูกยิง ถาใหคา effective etched depth หรือ z คือคาผลตางความลึก
จากการกัดกรอนดวยกรดไฮโดรฟลูออริกของบริเวณที่มีการยิงดวยไอออนกับบริเวณที่ไมไดถูกยิง
และเมื่อศึกษาความสัมพันธระหวางคาความเขมขนของไอออน ( Φ) ของออกซิเจนพลังงาน 6 . 8
MeV กับคา effective etched depth ของซิลิกาอสัณฐานภายหลังจากการกัดกรอนดวยกรดไฮโดรฟลูออริกดังกลาวเปนเวลา 60 นาที พบวาคา effective etched depth ขึ้นอยูกับคาความเขมขนของ
ไอออนโดยมีสมการความสัมพันธคือ z = 2.9[1-exp(-1.5 Φ )] โดยที่คา z อยูในหนวยไมครอน
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และ Φ อยูในหนวย 10 14 ไอออนตอตารางเซนติเมตร และเมื่อพิจารณาดวยฟงกชันเชิงเสนกํากับ
(asymptotic function) พบวาคา effective etched depth มีคาเขาใกลคาคงที่แอมพลิจูดเมื่อความ
เขมขนของไอออนมีคามากกวา 1.6 × 10 14 ไอออนตอตารางเซนติเมตร ขอมูลเบื้องตนนี้สามารถ
นํามาใชในการสรางลวดลายตนแบบของไหลระดับไมครอน โดยที่ความลึกของลวดลายมีคาคงที่
ประมาณ 2.5 ไมครอน ลวดลายตนแบบนี้ประกอบดวยโพรงของไหลขาเขา 3 โพรงที่มีความกวาง
และยาวอยางละ 200 ไมครอนเชื่อมตอกับโพรงขาออกขนาดเทากันผานทางทอขนาดประมาณ 20
ไมครอน
จากการศึกษาวิจัยนี้สามารถสรุปไดวา เทคนิค PPAL ที่พัฒนาขึ้นที่มหาวิทยาลัยยูวาสคูลลา
และมหาวิทยาลัยเชียงใหมเหมาะสําหรับใชในการสรางลวดลาย 3 มิติ บนพอลิเมอร PMMA ใน
สมบัติแบบ positive resist และแบบ negative resist ลวดลายที่สรางจากพอลิเมอร PMMA สามารถ
นํามาใชเปนแมพิมพในการคัดลอกลวดลายลงบนพอลิเมอร P D M S อุปกรณของไหลระดับไมครอนที่สรางจากการศึกษาวิจัยนี้ไดมีการทดสอบคุณภาพโดยการนํามาใชในการผลิตหยดน้ําในตัว
กลางน้ํามัน นอกจากนี้เทคนิค P P A L ยังสามารถนํามาใชในการสรางลวดลายลงบนวัสดุซิลิกา
อสัณฐานซึ่งสามารถทําเปนอุปกรณของไหลระดับไมครอนไดในอีกรูปแบบหนึ่ง จะเห็นไดวา
เทคนิค PPAL ที่ไดพัฒนาขึ้นมานี้สามารถสรางอุปกรณที่ใชกับงานไดหลากหลายและสมควรได
รับการพัฒนาเพื่อใชในอุตสาหกรรมตอไปในอนาคต
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1 Introduction
During the past few decades, an interdisciplinary field including physics, engineering,
biotechnology, chemistry, etc., so called "Microfluidics", has been intensively investigated. This is a science and technology that deals with manipulation of a small
quantities of fluids, typically nL–aL (10−9 to 10−18 liters), flowing in a tens to hundreds of micrometer size channels [Whitesides06]. Microfluidic devices have recently
been used in many applications such as pharmaceuticals, biotechnology, life sciences
etc. due to their advantages i.e., small volume of reagent, low cost for production,
and high sensitive and fast analysis. Moreover, there is a possibility to integrate a
whole laboratory in to a single chip giving rise to the acronym "Lab–on–a–chip" or
"Micro–total–analysis–system (µ–TAS)" [Ouellette03].
In the beginning of development in microfluidics, the devices were mostly fabricated
in glass and silicon materials. Consequently, production was expensive and time consuming [Shao07]. This gave a driving force to many researchers and companies to find
cheaper materials and approaches. This lead to fabrication of microfluidic devices in
polymeric materials are versatile alternatives because of their biocompatibility, low
cost and disposability. Furthermore, mass production of the polymer–based microfluidic chips can be achieved by many techniques such as soft–lithography, nanoimprint
lithography, injection molding, etc. [Whitesides01, Guo07, Becker02].
Lithographic microstrucutures have been written by using conventional lithographies
e.g. photolithography (EUV), electron beam lithography (EBL), X–ray lithography
(LIGA), focused ion beam (FIB) lithography and MeV ion beam lithography (MeV–
IBL) [Madou02]. Among the conventional lithographies, MeV–IBL is considered to
be an interesting technique due to its unique advantages [Van Kan08]. A comparison between the MeV–IBL and other methods has previously been reported by Watt
et al. [Watt05] based on the dose distributions schematically shown in Fig. 1.1. The
main advantage of using MeV ions for patterning materials is that their trajectory is
straight with a long well–defined penetration depth. This means that MeV–IBL can be
used to fabricate structures with straight and vertical side walls [Chiam07]. Moreover,
three dimensional (3D) high aspect ratio structures in thick polymer resist can also
be produced by using the MeV–IBL technique [Van Kan07]. In contrast, the electron
beam lithography technique is limited to use for fabricating essentially 2–dimensional
(2D) structures in thin polymer resist films since the electron trajectories have large
spread except close to the surface (∼100 nm) (see Fig. 1.1). In focused ion beam
(FIB) lithography, low energy heavy ions are used to sputter atoms from the surface.
1
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Figure 1.1: Comparison of predicted modification profiles among 4 different lithographic techniques
(After [Watt05] used with permission).

However, the sputtering is very low. Therefore, it is very time consuming to produce
3D high aspect ratio structures [Munnik03] and also it introduces significant atomic
displacement damage. In the case of photo– and X–ray lithography, the penetration
depth is not well defined and the absorption leads to an exponentially decreasing dose
with depth. For this reason, the thickness of the structure cannot be well–controlled.
In addition, masks are needed for the exposure process. This leads to a high production cost for these techniques.
There are two basic approaches for MeV–IBL. One approach is well–known as proton
beam writing (PBW), which was largely pioneered at the Center for Ion Beam Applications (CIBA) of the National University of Singapore [Watt07]. This technique
utilizes a focused 2 MeV proton beam of sub–100 nm spot size [Chatzichristidi08]
which by scanning the beam is used to write a 3D structure in a polymeric resist. The
second approach, which is developed in this thesis, is called programmable proximity
aperture lithography (PPAL) [Paper I]. In this technique, the MeV ion beams are
shaped to a rectangle with side lengths of 0.2–500 µm by a pair of L–shaped aperture
blades mounted on motorized motion slides. By combining exposures with different
sized rectangular beam with programmed motion of the X–Y stages on which the
sample is mounted, complex patterns can be written by this technique. Although the
PPAL technique does not have the resolution of the focused proton beam writing technique, it has the significant advantage that is much faster especially for large areas
because each pattern element is written in a single exposure [Sangyuenyongpipat09].
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This thesis is divided into six chapters. An introduction to MeV ion beam lithography and microfluidics are discussed in Chapter one. Chapter two describes details
of basic fluid flow in microfluidic devices. In addition, micro–droplet generation using
a T–junction microfludic device is also included in this chapter. Chapter three explains
the principle of fabrication of microfluidic device using MeV ion beam lithography. The
MeV ion beam lithography and soft–lithography techniques are demonstrated in this
chapter. Chapter four introduces the programmable proximity aperture lithography
systems used in this thesis. The two similar facilities, which are developed at both the
University of Jyväskylä (JYU) in Finland and the Chiang Mai University (CMU) in
Thailand, are presented in detail. Chapter five presents the results and discussions of
the experiments and also a summary of the papers. Chapter six concludes this thesis.
Finally, Chapter seven presents the future vistas of this study.
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2 Microfluidic devices
This chapter presents an overview of fluid flow along a rectangular microchannel.
Pressure–driven fluid flow, which has been used to propel fluids in this study, is also
described. Moreover, generation of micro–droplets using T–junction pattern microfluidic devices is described in detail.

2.1
2.1.1

Fundamentals of microfluidic flow
Governing equations

As previously mentioned in the introduction section, microfluidics is a science and
technology that is concerned with manipulation of fluid flowing in microchannels by
internal or external forces. On a microscale, the physical phenomena are quite different
from a macroscopic scale. Typical dominant effects are laminar flow, diffusion, fluidic
resistance, surface area to volume ratio and surface tension [Beebe02, Squires05].
The behavior of fluid flow is generally described by two main governing equations,
which can be derived from the laws of conservation of mass, momentum and energy.
The first governing equation can be expressed in terms of a continuity equation as
shown in Eq. (2.1) [Bruss08],
∂ρ
+ ∇ · (ρv) = 0,
∂t

(2.1)

where ∂ρ
is the time derivative of the mass density ρ and v is the fluid velocity field.
∂t
This continuity equation represents the conservation of mass of fluid flow through
a fixed boundary region. In a typical microfluidic device, the fluid can be treated
as an incompressible fluid because the velocity of fluid flow is negligibly small when
compared with the velocity of pressure waves (sound) in the liquid [Bruss08]. In this
case, the mass density (ρ) is constant and independent of space and time. Therefore,
the continuity equation reduces to:
∇ · v = 0.

5

(2.2)
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The second governing equation is a general equation for describing a fluid in motion. It
is the well known Navier–Stokes equation, which is expressed as [Squires05, Bruss08],
·
¸
∂v
ρ
+ (v · ∇)v = −∇p + η∇2 v + f,
(2.3)
∂t
where p represents the applied pressure, η is the fluid viscosity and f is the body force
densities. The Navier–Stokes equation is equivalent to Newton’s second law where
the left hand side refers to the product of mass per unit volume and the acceleration
which balance the three forces on the right hand side of the equation which are pressure
gradient, viscosity, and forces on the volume of fluid.

2.1.2

Pressure driven flow in a rectangular microchannel

The main techniques to drive fluid flow in microchannels can be categorized into
pressure–driven, electrokinetic and capillary actuation [Sia03, Hetsroni05, Bruss08].
In pressure–driven fluid flow, a positive displacement pump such as a syringe pump
is commonly used for fluid flow actuation in the microchannels. The syringe pump
has many advantages; it can provide a sufficient pressure for handling fluid flow in a
complicated microfluidic circuit, which usually has a high fluidic resistance Rh . Furthermore, it is suitable for use with both electrolytes and dielectric liquids [Sia03].
Infinite parallel–plate microchannel case
Here for simplicity we consider first the simpler infinite parallel–plate microchannel case. Subsequently, we consider the case of a finite closed microchannel.
A pressure difference 4p is applied as the main source of driving force in pressure–
driven flow. A simplified schematic drawing of the pressure driven flow in a closed
infinite parallel–plate of length L and height h is depicted in Fig. 2.1. In order to
solve the Navier–Stokes equation, the boundary conditions are very important. In
this fluid flow, no–slip boundary conditions, where fluid velocity components at the
walls are zero (v = 0), are applied. Solution of the Navier–Stokes equation gives a
fluid velocity field for fluid flow. For the pressure driven fluid flow in x –direction, this
velocity field can be given by [Bruss08],
vx (z) =

∆p
(h − z)z,
2ηL

(2.4)

where η is a viscosity of fluid. This implies that the velocity field follows a parabolic
profile across the channel. Generally, the fluid velocity field can be used to determine
a volumetric flow rate Q from the following relation [Bruss08],
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z
h
p(0) = pa + Δp

v = vx(z) ex
0

p(L) = pa
L

x

Figure 2.1: A pressure–driven fluid flow through an infinite parallel–plate channel of length L and
height h where ex is the unit vector of the flow direction (After [Bruss08]). This diagram implies
that there is a pressure difference ∆p between the two ends of the microfluidic channel.

Z
Q=

v · da,

(2.5)

where da is a differential surface. Here, the volumetric flow rate through a section of
the infinite parallel–plate of width w can be expressed by,
Q=

h3 w4p
.
12ηL

(2.6)

Closed rectangular microchannel case
For fluid flow in a closed rectangular1 microchannel of length L, width w, and height
h as depicted in Fig. 2.2, the fluid velocity field can be expressed as [Bruss08]:
¸
·
∞
cosh(nπ hy )
4h2 ∆p X 1
z
vx (y, z) = 3
1−
sin(nπ ),
w
3
π ηL n n
cosh(nπ 2h )
h

(2.7)

where n are odd integers. In this case, the volumetric flow rate can be determined to
be [Bruss08],
"
#
∞
³ nπw ´
X
192h
h3 w4p
1−
tanh
.
(2.8)
Q=
5π5w
12ηL
n
2h
n
The volumetric flow rate can also be express as Q = ∆p/Rh . Therefore, the fluidic
resistance Rh of the rectangular microfluidic channel can be represented by,
Rh =
1

h3 w[1

−

12ηL
P∞ 1 192h
n n5 π 5 w

tanh( nπw
)]
2h

.

(2.9)

In this thesis only microfluidic channels of rectangular cross section are considered. This is
because PPAL is suited to fabricate microchannels with rectangular cross section. Analytical solutions
exist where the cross section is round or elliptical [Bruss08].
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In case of h < w, the fluidic resistance can be approximated [Bruss08] as:
Rh =

12ηL
.
[1 − 0.63(h/w)]h3 w

(2.10)

In the limit of a high aspect ratio rectangular microfluidic channel (h À w), which
can be achieved using MeV ion beam lithography, the fluidic resistance reduces to,
Rh =

12ηL
.
h3 w

(2.11)

There are many advantages of using high aspect ratio microchannel in microfluidic
structures:
(i) high volume per unit area – important for reservoirs and capillary pumps
(ii) high packing density – important to minimise chip area consumption and achieve
high functionality at low cost
(iii) large surface area per volume – important for surface specific bonding of markers
in bioanalytical applications
(iv) low evaporation from small exposed surface.
The use of MeV ions to fabricate such structures is discussed in the next chapter.

2.2

Droplet formation in microfluidic T–junctions

Flow of two or more of immiscible fluids in a microchannel represents a multiphase
fluidic flow. Multiphase flow is important for microfluidic devices because it can be
used to create nanolitre droplets which are important in practical applications such as
emulsification and encapsulation, microreactors, mixing, and bioassays [Shui07]. They
also represent the flow of various biological fluids such as blood, serum etc which can
contain cells, viruses in a liquid medium. For realizing droplet formation a T–junction

p(0) = pa + Δp

z
y
x

L
h
w

p(L) = pa

Figure 2.2: Schematic of a rectangular microchannel of height h, width w, and length L.
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geometry is commonly used. Fig. 2.3 shows a schematic drawing of a T–junction
microfluidic device for droplet generation. In this geometry, the main inlet channel of
width w carries the flow of oil with volumetric flow rate Qoil . Whereas, the second
inlet channel of width d, which is orthogonal to the main inlet, is used to introduce a
flow of water of volumetric flow rate Qwater . By solving the ratio of the volumetric flow
rates of flow of the oil and water, the length of the droplets (L) can be determined by
[Bruss08, Garstecki06],
µ
¶
d Qwater
L= 1+
w.
(2.12)
w Qoil

Oil

h

h
w

d
Water

Outlet

Top view
Qoil

Droplets

w
Outlet

d
L
Qwater

Figure 2.3: A schematic illustration of T–junction microfluidic device for generation of water
droplets in an oil phase (Following: [Garstecki06]).
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3 Principle of microfluidic
fabrication with MeV ions
This chapter presents the interaction of MeV ions with materials and chemical effects
in polymeric materials after ion beam exposure. The process used to fabricate three
dimensional (3D) microstructures using MeV ion beam lithography is also presented.
Furthermore, a process to produce poly(dimethylsiloxane), PDMS microfluidic devices
is discussed.

3.1
3.1.1

Mechanisms of MeV ion interaction with matter
Energy loss

When an energetic ion traverses through matter, it interacts with nuclei and electrons
of the target, typically through more than thousand collisions [Watt07], before coming
to rest. One of the most important quantities associated with this slowing down process is the energy loss dE/dx, which is by the average energy loss dE of the incoming
ion per unit travelling depth dx. This is the stopping force [Sigmund04, Hellborg09].
Often terms such as the "linear energy transfer (LET)" and "stopping power" are used
synonymously to mean stopping force. This quantity is an important parameter used
for calculation of the ion’s penetration depth or range, R, according to the following
relation [Lindhard63],
Z 0
1
dE,
(3.1)
R=
E0 dE/dx
where E0 denotes an incident ion energy and the sign of the dE/dx is negative.
Fig. 3.1 shows a schematic illustration of energetic ion interactions with the target
material. The ion transfers its kinetic energy to the medium by two main processes
i.e., nuclear stopping and electronic stopping. More details of these processes will be
given in the following sections. The nuclear and electronic stopping not only reduce
the speed of the ion (denoted as stopping) but is also associated with deflection of
the ion trajectory from the initial direction (denoted as scattering) [Nastasi96]. The
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total energy loss, dE/dx|tot , can simply be expressed by,
dE
dE
dE
|tot =
|n +
|e ,
(3.2)
dx
dx
dx
where subscripts n and e refer the nuclear and electronic stopping, respectively. Typical energy losses are of the order of a few to many 100 eV/nm depending on the
target material [Nastasi96]. The stopping force can easily be estimated by using the
computer predictor code SRIM [SRIM].
The energy loss is also related to the stopping cross–section S (eV·cm2 /atoms) through
the relation, given by [Nastasi96],
1 dE
,
(3.3)
N dx
where N is the number of target atoms per unit volume in atoms/cm3 . This parameter
is often more useful than the stopping force because it is independent of target density.
S(E) =

3.1.2

Nuclear stopping

In a nuclear collision, an energetic ion loses its kinetic energy to a target atom by
scattering in a screened coulombic interaction. The collision can be considered to be
a binary collision, or two body collision since its mean free path is much larger than
the interatomic distance [Nastasi96]. The nuclear stopping or nuclear energy loss is
an elastic collision process. This process is predominant when the incident ion has low
energy E0 and high atomic number Z1 [Nastasi96].
The nuclear stopping and associated scattering is small, but persistently present even
at high energies. The nuclear stopping is the main contributor to angular deflection
of the ion’s trajectory. Atomic displacement of the target atom can take place when
the energy transfer from the ion to the target atom is larger than some displacement energy (Ed ), which is the effective average energy for displacing the target atom
from its original lattice site. The transferred energy results in vibration of the target
atom when the energy transfer is less than the displacement energy. In both regimes,
phonons can be released instead of the energy dissipation [Nastasi96, Lee99].
As previously mentioned, the collision between the ion and the target atom is elastic
so that the total momentum and energy are conserved. Using the principle of momentum and energy conservation, a kinetic energy transfer T of the ion to the target
atom can be written as [Nastasi96]:
T = ΛE0 ,
θc
4M1 M2
sin2 ( ),
Λ =
2
(M1 + M2 )
2

(3.4)
(3.5)
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Figure 3.1: Schematic illustration of an incoming ion interactions with nuclei and electrons of the
target material (From: [Zhang05] used with permission).

where Λ is the kinematic factor, θc is the center–of–mass scattering angle of the
ion, and M1 and M2 are the masses of the ion and the target atom, respectively. In
scattering by a central potential V (r), the center–of–mass scattering angle θc can be
determined from the equation [Nastasi96, Fink04, Sigmund06],
Z ∞
dr
θc = π − 2b
,
(3.6)
2
2 1/2
r0 r [1 − V (r)/Ec − (b/r) ]
2
in which Ec = M1M+M
E0 is the center–of–mass total energy, b is the impact parameter
2
and r0 is the closest distance between the ion and the target atom.

For an infinitesimal penetrating depth dx in the target material, the nuclear energy
| ) can be expressed by [Nastasi96],
loss ( dE
dx n
Z Tmax
dE
dσ(E)
|n = N
T
dT,
(3.7)
dx
dT
Tmin
where N is the density of the target material, dσ(E)/dT is the differential cross–
section of the energy transfer, and Tmin and Tmax are the minimum and maximum
energy transfers, respectively. Tmin can be taken to be zero dσ(E)/dT → 0. This is
generally the case for a screened Coulomb interaction potential (discussed below).
1 M2
From the Eq. (3.4), the maximum energy transfer is given by Tmax = (M4M
2 E0 ,
1 +M2 )
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which occurs in a head–on collision (θc = 180◦ ).
Using the relationship in the Eq. (3.3), the nuclear stopping cross–section Sn (E) can
also be written as:
Z Tmax
dσ(E)
Sn (E) =
T
dT.
(3.8)
dT
Tmin
The scattering angle θc is a function of the interatomic potential V (r) as follows
Eq. (3.5). Many analytically tractable empirical potentials such as the hard–sphere,
square–well, inverse–power, and Lennard–Jones potentials have been used for calculation of the interatomic potential [Nastasi96]. For the screened Coulomb potential,
V (r) can be written as [Fink04]:
V (r) =

Z1 Z2 e2 ³ r ´
,
Φ
4π²0 r
a

(3.9)

where Z1 and Z2 are the atomic numbers of the incident ion and the target atom,
respectively, Φ( ar ) is the screening function, and a is a screening length. The screening
length is related to the Bohr radius a0 through this relation [Ziegler85],
a=

0.8854a0
.
+ Z20.23

(3.10)

Z10.23

By using the Ziegler, Biersack, and Littmark (ZBL) universal screening function, a
practical calculation of the nuclear energy loss ( dE
| ), of an incident ion mass M1 and
dx n
atomic number Z1 with the incident energy E0 impinging on the target atom of mass
M2 and atomic number Z2 , can be approximated by [Nastasi96],
dE
8.462 × 10−15 Z1 Z2 M1 Sn (ε)
|n = N
eV /nm,
dx
(M1 + M2 )(Z10.23 + Z20.23 )

(3.11)

where Sn (ε) is the reduced stopping cross–section which is given by:
Sn (ε) =

0.5`n(1 + 1.1383ε)
ε + 0.01321ε0.21226 + 0.19593ε0.5

for ε ≤ 30,

(3.12)

for ε > 30,

(3.13)

and
Sn (ε) =

`n(ε)
2ε

where the reduced energy ε is given by,
ε=

32.53M2 E0
.
Z1 Z2 (M1 + M2 )(Z10.23 + Z20.23 )

(3.14)
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Electronic stopping

In electronic stopping, the ion’s energy is transferred to the electrons of the target
atom by two main mechanisms; electronic excitation and ionization through a coulomb
interaction. It should be emphasized that both excitation of the projectile and target
atoms contribute. The electronic stopping mechanism is essentially an inelastic process; which is dominant when the ion has high energy (E0 ) and low atomic number
(Z1 ) [Nastasi96]. When the ion velocity v0 is much smaller than the Bohr velocity
vb (vb = 2.2 × 106 m/s) ∼10 keV or less, the ion mainly loses energy by the nuclear
stopping process.
the electronic stopping force is proportional to ve√ At low energies 2/3
dE
locity ( dx |e ∝ E) up to v0 = Z1 vb . For a very fast ion, or when the ion velocity
2/3
v0 ≥ Z1 vb , the electronic stopping decreases with increasing energy proportional to
Z1 /E0 [Nastasi96]. Between the two regions there is a broad maximum that is often
called the Bragg maximum, or peak.
The electronic stopping force is given by,
Z Tmax
dE
dσ(E)
|e = N Z 2
dT,
T
dx
dT
Tmin
and the electronic stopping cross section is determined by,
Z Tmax
dσ(E)
Se (E) = Z2
T
dT,
dT
Tmin

(3.15)

(3.16)

where Z2 is the atomic number of the target material. Tmin in this case is the smallest
excitation an electron energy.
The electronic energy loss, in SI units, can be estimated from the following equation [Sigmund04, Whitlow09],
dE
N Z12 Z2 e4
Le ,
|e =
dx
4πε20 me v02

(3.17)

where e is the electronic charge, ε0 is the vacuum permittivity, me is the rest mass of
electron, and Le is the electronic stopping number. Generally, there are two categories
for the electronic energy loss i.e. fast light ions and slower heavy ions. For the fast
light ion in the Bethe region where the 1st Born approximation is valid, the electronic
stopping number is defined as:
Le = LBethe = `n(

2me v02
),
I

(3.18)

in which I = 10Z2 is the average excitation energy in eV [Nastasi96]. Whereas, the
electronic stopping number of the slow heavy ion, follows the earlier estimate based
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on Bohr’s stopping theory [Sigmund04, Whitlow09],
Le = LBohr = `n(

3.1.4

1.12292ee v03
).
Z1 e2 ω

(3.19)

Multiple scattering

As discussed in the previous section, when an energetic ion passes through matter,
it collides with the nuclei and electrons of the target material. In each collision, not
only its energy is transferred but also the ion’s trajectory is deflected through a small
angle relative to the initial direction (scattering). Single scattering corresponds to
the situation in a very thin layer of the substrate when the ion experiences just one
collision. The ion can undergo many collisions as the thickness of the substrate is
increased, namely multiple scattering [Whitlow09, Amsel03].
The angular and lateral spreading from multiple scattering are important in many
applications e.g., ion beam analysis (IBA), ion implantation, particle detection, MeV
ion beam lithography, etc. In some applications of MeV ion beam lithography such
as metal lift–off [Whitlow04], optical waveguides [Bettiol06] and narrow micro– and
nanofluidics [Wang07, Shao07], an almost perfect vertical side wall of the patterns is
required. The deflection of the ion’s trajectory can give rise to an increasing deposited
energy outside the irradiated area leading to a deviation from a perfect vertical side
wall.

3.2
3.2.1

Chemical effects in ion beam irradiated polymers
Ion–polymer interaction

Polymers are macromolecules consisting of a set of regularly repeated chemical units
bonded covalently together. Typically, they are classified according to the structure
i.e. linear, branched and network polymers as schematically shown in Fig. 3.2. A kind
of polymer, which is commonly used in lithographic applications, is a so called "resist". These are sensitive to radiation such as visible or UV light, X–rays, electrons
and ions [Fink04]. When an energetic ion passes through a polymeric medium, it is
slowed down by its energy transfer in nuclear and electronic scattering as discussed
above. The interaction between the ion and the polymer can lead to two main effects,
namely chain scission and cross–linking. Bond cleavages of polymer chains can take
place both in the main chain and side chain upon ion irradiation [Fink04]. The chain
scissioning processes cause the degradation (lower average molecular weight) of the
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polymer and the formation of free radicals and gaseous products [Dong99, Chapiro98].
This leads to an increase in solubility of the polymer, where the shorter chains are the
more soluble [Fink04]. On the contrary, cross–linking takes place if two free dangling
ions or radical pairs on the neighboring chains are readily able to bond with each
other [Lee99]. This process results in an increase of molecular weight by formation of
a network polymer (Fig. 3.2(c)), which reduces the solubility of the polymer, and also
increases hardness and wear resistance [Dong99].
The resist, in which chain scission predominates, is called a "positive" resist. In contrast, a "negative" resist corresponds to a resist in which cross–linking predominates.
A general rule for considering if the structure of the polymer corresponds to a "positive" or "negative" resist is shown in Fig. 3.3. The "negative" resists usually have
a structure, in which carbon atom of the backbone has at least one hydrogen atom
(either R1 or R2 ). In contrast, if the polymer is a "positive" resist, neither R1 nor R2
bonded to the backbone carbon atom is hydrogen. This model for considering either
positive or negative resist is a rule of thumb proposed by Dong et. al. [Dong99]. A
summary of some "positive" and "negative" resists is depicted in Table 3.1.

3.2.2

Radiation G–value

One of general parameters used to determine the effect of high energy ion modification of polymers is the radiation G–value. It is determined by the number of chain
scission (Gs ) and cross–linking (Gx ) events produced per 100 eV energy absorbed
by the polymer. The scissioning radiation Gs –value can be calculated according to
[Adesida83],
1
1
DEGs
=
+
,
(3.20)
∗
Mn
Mn keρtNA
where Mn∗ and Mn are the average molecular weight of the initial and irradiated

a) linear

b) branched

c) network

Figure 3.2: Schematic illustration of (a) a linear polymer, (b) a branched polymer and (c) a network
polymer (After [Bower02]).
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[
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]n

Figure 3.3: A general structure of monomer for the consideration as "positive" or "negative" resist
(after [Dong99]).

polymer, respectively, D is the irradiation dose in C/cm2 , E is the absorbed energy
in eV, k = 100 eV, e is the electronic charge, ρ is the density of the target polymer
in g/cm3 , t is the thickness of the polymeric film in cm, and NA is Avogadro’s number.
On the contrary, the number of cross–linking bonds generated per 100 eV energy
absorbed (Gx ) is determined by [Herden98],
Gx =

100NA
,
2Mw Dgel

(3.21)

where Mw represents the average molecular weight before irradiation and Dgel is the
Table 3.1: Positive resists versus negative resists [Dong99].

Chain scission polymers
(positive resist)

Cross–linking polymers
(negative resist)

Polyisobutylene
Poly(α–methylstyrene)
Polymethacrylates
Polymethylmethacrylates (PMMA)
Polymethacrylamide
Poly(vinylidene chloride)
Cellulose and derivatives
Polytetrafluoroethylene
Polytrifluorochoroethylene (PTFE)

Polyethylene (PE)
Polypropylene (PP)
Polystyrene (PS)
Polyacrylates
Polyacrylamide
Polyvinyl chloride (PVC)
Polyimide (PI)
Polyesters
Polyvinylpyrrolidone
Rubbers
Polysiloxanes
Polyvinylalcohol (PVA)
Polyacroleine

3.3 Poly(methyl methacrylate): PMMA
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absorbed dose for gelation which is defined as:
Dgel =

Φtgel (dE/dx)
,
ρ

(3.22)

where Φtgel denotes the gelation fluence and dE/dx is the stopping force of the ion to
the polymeric medium. In practise there are no clear experimentally accessible signals
for the number of main–chain scissions and cross–linking bonds formed per ion. This
makes interpretation of exposure characteristics using the G–values non trivial.

3.3

Poly(methyl methacrylate): PMMA

Poly(methyl methacrylate), PMMA, is a common positive resist that has been widely
used in conventional lithography methods such as UV–lithography, electron beam
lithography (EBL), MeV ion beam lithography (MeV–IBL), etc. The molecular structure of PMMA is schematically illustrated in Fig. 3.4(a). It has a high hardness and
rigidity; however, it is brittle [Fink04]. Furthermore, it is highly transparent to visible
light and near UV. PMMA also is known under the tradenames as Plexiglasr and
Luciter . The main effect in PMMA, when irradiated with low ion fluences, is chain
scission. However, the modification can transform from chain scission dominated to
cross–linking dominant at high ion fluences.

3.4

Poly(dimethylsiloxane): PDMS

Poly(dimethylsiloxane) or PDMS is an elastomeric polymer. Fig. 3.4(b) shows the
molecular structure of PDMS. Recently, it has been used as an alternative material to
silicon and glass for microfluidic applications. This is because it has many advantageous properties; for example it is inexpensive and flexible and its optical transparency
extends to ∼230 nm [Sia03]. For this reason, the PDMS microfluidic devices can be
used for analysis based on optical detection. PDMS is also biocompatible; it is thus
suitable for biomedical microfluidic devices [Sia03]. Moreover, micro–structures can be
easily transferred to PDMS by replicating from the master mold in a straightforward
way with sub 100 nm precision [McDonald02] by using soft–lithography. This makes
it suitable for mass production.
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Figure 3.4: Molecular structures
Poly(dimethylsiloxane) PDMS.
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(b)

Amorphous silica: silicon dioxide (SiO2)

Amorphous silicon dioxide (SiO2 ), also known as silica, is a common material used
in many applications. These include the semiconductor industry (with uses ranging from the gate dielectric, furnace tubes to optical devices) and as the stationary
phase in chromatography etc. This is due to the fact that it has many advantageous
properties e.g. high chemical inertness, mechanical rigidity, high temperature resistance and optical transparency extending to deep ultraviolet [Klauk02, Wibbeler98,
Teng07, Martin82]. Silicon dioxide occurs as an amorphous structure and a range of
crystal structures. The crystalline structure is commonly known as quartz, whereas;
fused silica or fused quartz refers to the amorphous structure. The molecular structure of amorphous silicon dioxide is schematically shown in Fig. 3.5. Pattern transfer
to amorphous silicon dioxide can be achieved by many techniques such as ion track
lithography [Jensen06], X–ray lithography [Mekaru10] and electron beam lithography [Beaumont10]. Silica is commercially available with extremely high purity e.g.
synthetic fused silica. This makes it suitable for use as the stationary phase in chromatographic applications.

3.6 Lithography and soft–lithography
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Figure 3.5: Chemical structure of amorphous silica (SiO2 ). Amorphous silicon dioxide can be considered to be a network polymer.

3.6
3.6.1

Lithography and soft–lithography
MeV ion beam lithography (MeV–IBL)

In recent years MeV ion beam lithography (MeV–IBL) has emerged as a new tool
for fabricating micro– and nano–structures in polymeric materials e.g., PMMA, SU–8
and HSQ [Watt07, Van Kan04, Gorelick09]. Fig. 3.6 shows a schematic diagram of the
basic principle of micro– and nano–fabrication using MeV ions. At first, a polymer
resist film is prepared by spin coating on a cleaned substrate such as Si or SiO2 . Next,
the resist is exposed to high energetic ions such as protons, helium ions or heavy ions.
There are two types of exposure techniques (i) where a scanned focused beam is used
to paint the exposed region in the structure and (ii) where a beam shaped by a variable
aperture is used to expose pattern elements as depicted in Fig. 3.6(b). Proton Beam
Writing (PBW) is commonly used to describe the first case where MeV proton beams
are commonly used. It employs a focused MeV ion beam that is scanned directly
across a resist to produce the structures. In the second case, which is often termed
programmable proximity aperture lithography (PPAL) a pair of L-shaped aperture
blades are mounted on computer controlled motorised positioners. These are used to
shape the exposing beam to a rectangular form with 0.2–500 µm size. By combining sample and aperture movements, the micro–nano structures can be created by
using this technique [Paper I]. After exposure, the exposed sample is subsequently
developed in a suitable developer. If the polymer resist is a positive resist, only the
exposed area is removed by the developer leaving the unexposed areas. Whereas, for
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the negative resist, the developer removes the unexposed area while the exposed area
remains (see Fig. 3.6(c)). The MeV ion beam lithography technique can be used to
fabricate a master mold for casting poly(dimethylsiloxane) or PDMS. This process
will be discussed in the following section.
The MeV ion beam lithography technique can also be used for direct writing microstructures in amorphous silica (SiO2 ). Swift ion irradiation of silica introduces network damage by breaking the Si–O bonds. This network damaged area is subsequently
more susceptible to removal by selective etching in a 4% v/v aqueous hydrofluidic acid
(HF) solution. A process of direct microfabrication in silica using the MeV ion beam
lithography technique is schematically illustrated in Fig. 3.7.
One of the most important parameters in exposure of polymer resists with ion beams
is the ion fluence (Φ). In ion matter interactions it is generally taken to be the number of ions dN passing through the area dA (Φ = dN /dA). This has units ions per
unit area. This does not explicitly define the direction as discussed in [Hellborg09].
However, dA is generally taken to be normal to the ion direction. There are several
techniques for determining the ion fluence. However, a standard method is based on
Polymer resist

A. Spin coating

Focused beam

Substrate

Exposure through
aperture
Aperture

B. Exposure

C. Development

Substrate

Substrate

Substrate

Substrate

Positive resist

Negative resist

Figure 3.6: Principle of microfabrication in polymer resist using MeV ion beam lithography.
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a) Ion beam exposure
MeV ions
b) HF etch
Aperture blades
SiO2

Exposed
area

SiO2

Figure 3.7: Schematic illustration of direct writing microstructures in silica using MeV ion beam
lithographic technique (After [Paper VIII]).

measurement and integration of the current on a target [Pászti90, Redondo07]. In this
method, the number of impinging ions N is given by,
Rt 0
idt
N= 0
,
(3.23)
qe
where i is the measured current on the target during a period of exposure time t,
q is the charge state, and e is the electronic charge. Therefore, the accumulated ion
fluence can be determined by [Hellborg09],
Φ=

N
,
A

(3.24)

in which A is the area.
A Faraday cup is a simple and common device used for measuring the ion current.
However, an unstable beam which gives rise to beam current fluctuations commonly
occurs in many electrostatic accelerators. In this case, an alternative way for measuring the ion fluence can be realised by using a precision gold–coated dual–vane rotator
that periodically chops the beam in conjuction with synchronous current measurement
[Paper III]. This approach is based on measuring the yield of backscattered ions from
the vane that are proportional to the ion fluence and calibrating this against a pulsed
current integrator. The number of backscattered ions, Yg , is defined as [Chu78]:
Yg = nvane G,

(3.25)

where nvane is the number of ions that hit on the vane and G = (N t)ωσr (E, θ), in
which N t is the number of atoms per unit volume×thickness of the gold film, ω is
the small angle subtended by the silicon surface barrier (SSB) detector, and σr is the
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average differential scattering cross section of the incident ion beam. The relationship
between the number of backscattered ions and the ion fluence is then defined as:
Yg = γΦ,

(3.26)

where γ is the geometric constant. More details of calculations can be found in
[Paper III].

3.6.2

Soft–lithography

Soft–lithography is a standard technique used for fabricating poly(dimethylsiloxane),
PDMS, microfluidic devices because it is simple, flexible and inexpensive [Whitesides01,
McDonald02, Sia03]. This technique is straightforward and based on a replication of
PDMS from a master mold as shown schematically in Fig. 3.8. First, the master mold
is fabricated by MeV ion beam lithography as discussed in the previous section. Then,
a 10:1 (v/v) base:curing agent ratio of PDMS mixture (Sylgard 184 silicone elastomer
kit, Dow Corning, Midland, MI, USA), is degassed under vacuum for 20 minutes, and
subsequently poured over the master mold. The sample is subsequently cured at 70
◦
C for 1 hour. Next, the replica is peeled off the master. Then, the micro–channels
are enclosed by sealing the replica with a PDMS film, which is spin coated on a clean
glass substrate and pre–cured at 70 ◦ C for 6 minutes. This bonding process is made
under a coarse vacuum. To completely harden the PDMS, the microfluidic chip is
subsequently cured again at 70 ◦ C for 45 minutes.

3.6 Lithography and soft–lithography

Polymer resist
e.g. PMMA or SU-8

Si
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PDMS
Replicating process
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B
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C
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PDMS

Microfluidic device

Glass slide

D
Figure 3.8: Fabrication of a microfluidic device by soft–lithography: (A) lithography of master mold,
(B) PDMS replica molding, (C) separation of PDMS from the master mold, and (D) sealing.
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4 Ion beam lithography systems
MeV ions from electrostatic accelerators have been widely used not only for ion beam
analysis applications e.g., Rutherford backscattering spectrometry (RBS), particle induced X-ray emission (PIXE), ionoluminescence (IL), etc. [Chu78, Kamwanna08] and
for ion beam modification of materials [Intarasiri07] and more recently for ion beam
lithographic applications [Watt07, Paper I]. In this work, programmable proximity
aperture lithography (PPAL) systems have been developed at two facilities; in the
University of Jyväskylä (JYU) and Chiang Mai University (CMU). At JYU, a 1.7
MV Pelletron was used to produce MeV ions of proton, helium, carbon and oxygen
ions; whereas MeV nitrogen ions were produced from a cyclotron accelerator. For
the CMU system, MeV hydrogen and helium ion beams were produced by a 1.7 MV
Tandetron accelerator. Overviews of these systems are presented in this chapter.

4.1

4.1.1

Programable proximity aperture lithography at
JYU
PPAL system

A PPAL system was developed at JYU in this study for lithographic applications and
creating nano–scale patterns of ion tracks. This system was designed to use with both
Pelletron and cyclotron accelerators. A 40 × 40 × 40 cm lithographic vacuum chamber
that can be mounted on two different supporting frames to accommodate the different
beam height of the two accelerators, as shown in Fig. 4.1. A schematic diagram of
the PPAL principle is depicted in Fig. 4.2. In the PPAL system, MeV ions from the
accelerators are shaped to a rectangular pattern by a pair of computerized L–shaped
aperture blades (see Fig. 4.2) each made from two tantalum sheets. The thickness of
each Ta sheet was 100 µm and can completely stop up to 6 MeV per nucleon helium
ions [Paper I]. To give extremely straight aperture edges one edge of the Ta sheets
was carefully polished. The Ta foils were mounted on a stainless steel polishing jig
and then polished with 150, 600, 800, 1500, and 2000 grade SiC papers followed by
a diamond paste of 6 and 0.5 µm grain size. Experimental results showed that the
edge roughness of the Ta sheets was close to 100 nm [Gorelick07]. Each L–shaped
aperture was made of two Ta sheets that were glued on a supporting block with a
27
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(a)

Pelletron accelerator

Lithography chamber

MeV

io n s

(b)

MeV ions from Cyclotron

Figure 4.1: Programmable proximity aperture lithography (PPAL) set–up with (a) Pelletron and
(b) cyclotron accelerators.

vacuum epoxy adhesive (TorrsealT M ) under an optical microscope. Then, two of the
L–shaped blades were mounted on an upper aluminum block and a lower aluminum
block, respectively, as shown in Fig. 4.2. The aperture blocks were mounted on motorized positioners and the sample holder was mounted on a motorised X–Y –Z stage.
The motorized linear positioners were fitted with vacuum–compatible dc servomotors
(Newport MFA–CCV6). Newport ESP 300 controllers were used to control the linear motion drives. A computer program, which was used to control the controllers,
was written in LabVIEW using a standard RS–232 serial ports for interfacing to the
motion controllers. A beam blanker was used to turn on and off the beam. This comprised a pair of parallel Cu plates 20 cm long and with 5 mm separation. It was biased
up to 3 kV potential difference that was delivered via a high voltage relay. A TTL
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Figure 4.2: A simplified schematic diagram of the PPAL system at JYU (After [Paper I]).

logic signal, which was generated by the control computer via a National Instruments
PCIe–6251 multifunction data acquisition (DAQ) card, was used to control the relay.
The beam shape was determined by a fluorescent screen that was mounted on the
lower Al block (see Fig. 4.2). The beam current was measured using two Faraday cups
that were mounted before and after the aperture. More details of the PPAL system
are described in [Paper I]. An ASCII format file was used to control the PPAL system.
The data structure for each rectangular pattern element consisted of six sequential
records as shown in Fig. 4.3. The first record is the keyword for writing a rectangle or
square. The upper left x (X1 ) and y (Y1 ) coordinates of the pattern are the second and
third records, respectively. The fourth and fifth records are used to specify the lower
of x (X2 ) and y (Y2 ) coordinate, respectively. The final record is used to determine
the fluence exposure time in seconds.
A schematic diagram of the PPAL geometry and penumbra broadening at JYU Pelletron is shown in Fig. 4.4. A primary aperture was located at 2.85 m from the
L–shaped aperture blades. The distance between the apertures and the sample was
typically about 1 mm (or less). From this geometry, the beam divergence is in order
of few mrad. This beam divergence leads to a penumbra broadening. This can be
minimized by close proximity of the L–shaped apertures to the sample. Typically, the
beam current profile of the focused beam can be considered to be a Gaussian distri-
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Figure 4.3: The structure of the PPAL file for writing rectangular or square pattern as shown on
the right (After [Paper I]).

bution. A small part of the Gaussian beam selected by the L–shaped apertures will
then have an approximately rectangular beam current profile.
The smallest feature that can be written is governed by the penumbra broadening,
aperture roughness and the positional accuracy of the aperture motor control. Features of the size of a few hundred nm in 7.5 µm thick PMMA resist have been written
[Gorelick].

4.1.2

MeV ion beam exposure

MeV ions from a 1.7 MV Pelletron (National Electrostatics Corp.) and the Jyväskylä
K=130 cyclotron accelerators were used in this work. The ion source for the Pelletron
was generally a RF positive ion source coupled to a Rb–vapour charge exchange oven
(Alphatros). A negative ion source (SNICS) was also connected to the Pelletron. In

Figure 4.4: Illustration of the PPAL geometry and penumbra broadening (not scale).
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this thesis, the Alphatros ion source was utilized for producing helium ions. Hydrogen
ions and heavy ions such as carbon and oxygen ions were produced using the SNICS
ion source.
The Alphatros ion source works by first producing positive ions and then converting them by electron capture to negative ions. In this ion source, a gas, typically
hydrogen or helium, is fed into a silica tube at low pressure. A plasma is produced by
capacitive coupling of the plasma to a 100 MHz radio frequency oscillator, as shown
schematically in Fig 4.5. Hydrogen or helium ions are extracted from the plasma and
then accelerated to a charge exchange cell by a potential difference, typically 2–6 kV.
Some of the positive ions are then converted in electron capture reactions to negative
ions in a rubidium vapor inside the charge exchange cell. The charge exchange process
is described in more detail in the next section.
The SNICS ion source was the other type ion source used in this work. It has been
widely used as an injector for tandem electrostatic accelerators because it can directly
generate negative ions of many elements in a solid form. The principle of the negative
Cs sputter ion source is shown in Fig 4.6. A Cs reservoir is heated to about 100
◦
C to generate Cs vapor. The Cs vapor fills a region between a cooled cathode and
a heated ionizer. The Cs atoms impinge onto the surface of the ioniser and become
ionised. They are then accelerated by a potential to the cathode where they sputter atoms of the cathode materials and ionise them negatively. Finally, the negatively
charged beams are extracted and injected to the accelerator by an extractor electrode.
In both Pelletron and cyclotron accelerators, the beam current density was determined by measuring the current that passes through a 1×1 mm2 aperture opening

Liquid cooled
Rb baffles

100 MHz
radio frequency
Quartz bottle
Gas

+
+
+ + + + +

Rb vapor
-

+ - - + -

2-6 kV
Charge exchange cell
H2

He

Rb reservoir
Figure 4.5: A schematic diagram of the RF ion source (After [Pelletron]).

32

Ion beam lithography systems

Ionizer
Cathode

Cs

Extractor

+

-- -- -- -- -- - --- - - - - - - --

Negatively charged beam

Target material

Cs reservoir
Figure 4.6: A schematic drawing of the negative Cs sputter ion source (After [Pelletron]).

area with a Faraday cup after the aperture system (see Fig. 4.2). In early tests with
the cyclotron, 56 MeV 14 N3+ ions from the JYFL cyclotron accelerator were used to
expose PMMA. This beam was chosen because it was easy to optimize and also can
provide a sufficient beam current. We estimated that 2.1 × 1012 ions/cm2 was required
in this irradiation. This means that each pattern was irradiated for 100 s. However, for
comparison when 3 MeV 4 He2+ was used for lithography in the same PMMA layer, we
determined 6.25 × 1012 ions/cm2 was needed to expose PMMA which was equivalent
to ∼ 20 s irradiation per pattern element. Typically, exposure times are between 10
and 100 s per pattern element.

4.2

4.2.1

Programmable proximity aperture lithography at
CMU
CMU–MeV IBL system

A similar approach to the PPAL system at JYU was developed at the Plasma and
Beam Physics Research Facility (PBP) of Chiang Mai University for the purpose of
fabrication of 3D micropatterns in polymeric materials such as PMMA. The structures
fabricated by this technique were used as a master mold for soft–lithography applied
in microfluidics. A main equipment, which was a 1.7 MV Tandetron accelerator from
High Voltage Engineering Europa (HVEE), was used for producing the energetic ions.
Fig. 4.7(a) illustrates a view of the tandem accelerator at the PBP. The negative ions
that are injected into the tandem accelerator are supplied by two ion injectors, which
are a duoplasmatron ion source and Cs sputter ion source as shown in Fig. 4.7(b).
However, only the duoplasmatron ion source was used for this study.

4.2 Programmable proximity aperture lithography at CMU

a)

Analysis chamber
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Ion source room

1.7 MV Tandetron accelerator

b)

Duoplasmatron
ion source

Cs sputter
ion source

Figure 4.7: (a) A view of 1.7 MV HVEE tandem "Tandetron" accelerator at CMU. (b) The CMU
duoplasmatron and Cs sputter ion sources.

The duoplasmatron ion source (PSX–100, Peabody Scientific) first creates positive
ions such as H+ or He++ from hydrogen and helium gases, respectively. This ion
source has advantage over the Cs sputter ion source that it can generate a helium ion
beam which the latter can not produce. Fig. 4.8 illustrates a schematic representation
of a typical duoplasmatron ion source. A plasma composing of ions, electrons and neutral particles is generated by a gas discharge. A magnetic field is used to confine the
plasma away from the ion source wall thereby increasing the plasma density. Positive
ions inside the plasma are extracted by an extraction electrode biased with several kV
potential difference relative to the plasma potential (typically, 10 kV is used in our
system). The positive ions are converted to negative ions by collisions with an alkali
metal vapour as for the RF ion source described above. An Einzel lens is used to focus
the ten’s of keV positive ions into the charge exchange canal. In our system, potas-
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Figure 4.8: Schematic diagram of a duoplasmatron ion source (After [Hellborg09, Kamwanna08]).

sium vapour is used as the charge exchange medium. During the collision processes
between the positive ion and the potassium vapor, the positive charge of the ion is
transformed to the negative charge by the following reactions [Alton05],
X + + K → X + K + + ∆E1 ,

(4.1)

X + K → X − + K + + ∆E2 ,

(4.2)

and
where X and K refer as the ion and the potassium (or rubidium) vapour, respectively,
∆E1 is the ionization energy difference of the ion and the alkali metal vapor, and ∆E2
is the difference between the electron affinity of the ion and the ionization energy of
the potassium vapour.
Fig. 4.9 shows a schematic diagram of the Tandetron accelerator system. Like the
JYU Pelletron, this accelerator is a "Tandem accelerator" because it uses a high positive potential at the terminal to accelerate ions twice. In the first stage, negative ions
which are preaccelerated to δE keV from the ion source are accelerated by a potential
difference, U , between ground potential at the low energy end to the positive potential
at the high voltage terminal (HV), as shown in Fig. 4.9. In this process, the ions gain
an energy which is equal to eU where e is the elementary charge (for singly charged
ions). In the HV terminal, nitrogen gas is used as a stripper. During the collisions
between the negative ions and the stripper gas, some negative ions are converted to
positive ions. Subsequently, these positive ions are accelerated in the second stage
from the positive HV terminal to zero potential. The total kinetic energy (E) of the
ions in all of the processes of the Tandem accelerator is given by E = (e + q)U + δE,
where q is the charge state of the positive ions which can be single or multiple.
The PPAL system in Chiang Mai for fabricating 3D microchannels in PMMA using the PPAL system at CMU is schematically shown in Fig 4.10 (a). In this system,
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Duoplasmatron ion source

Fluence monitoring chamber

HV generator
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Figure 4.9: Schematic of the 1.7 MV Tandetron accelerator system used for CMU–MeV IBL.

the MeV ion beam from the 1.7 MV Tandetron accelerator was collimated to a micrometer rectangular or square shaped for irradiating the sample. This shape was
controlled by a pair of computerized L–shaped aperture blades with well–polished
edges. The two apertures were mounted onto MM–3M–F–1 Motorized MicroMiniT M
stages with 0.49609 µm/step and 25.4 mm travel range. A picture of the aperture
system is illustrated in the close–up view in Fig. 4.10 (b). This system was installed
inside the analysis chamber (see also Fig. 4.9). One of the motorized stages can move
in the X direction and the other in the Y direction. The sample was mounted on the
X–Y stage that was normally used as a 6–axis goniometer for RBS and channeling
studies. A beam shutter to start or stop the beam was also controlled by a computerized rotation motor. A fluence monitoring system including a rotating dual–vane and
a silicon surface barrier (SSB) detector will be discussed in the next section.

4.2.2

Fluence monitor

At the CMU system, two approaches were developed for determination of the ion
fluence Φ (ions/cm2 ). The first approach was an in–situ ion beam fluence monitoring system. This system allows the unpredictable beam fluctuations to be taken into
account. It was attached to the Tandetron accelerator inside the fluence monitoring
chamber (see Fig.4.9). The approach used in this technique was based on a measurement of the yield of backscattered ions, by Rutherford Backscattering Spectrometry
(RBS), from a gold coated dual–vane rotator in combination with synchronous current measurement. In order to establish the current calibration a 8 mm inner diameter
and 65 mm deep Faraday cup was placed in the sample position. The configuration
of the fluence monitor, is shown in Fig. 4.11. In this set–up, the gold coated dual
vane rotator, of 30◦ angular span for each vane in 5 cm length with total mass of
3.82 g, was rotated with a constant angular speed of 6.15 rad/s by a unipolar stepper
motor to periodically chop the beam. A SSB detector connected to a pre–amplifier,
amplifier, multichannel analyser (MCA), and PC, respectively, was used to collect the
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Figure 4.10: a) Schematic of the CMU MeV–IBL system at the 1.7 MV Tandetron accelerator. b)
View of the aperture positioning system in a close–up view in the right pane.

number of backscattered ions at 150 degrees when the beam was blocked by the vane.
The detector subtended a solid angle (Ω) of 8.11 msr. The beam impinged at about
4 cm from the rotating center of the vane. This implies that 83.3 % of the beam can
pass through the vane. The FC was directly connected to a purpose–designed pulsed
current integrator for converting the beam current to the ion fluence (Φ). More details
of the in–situ ion fluence monitor can be found in [Paper III].
The second approach was based on a measurement of the ion charge that is intercepted
by the L–shaped aperture blades during the exposure by a purpose–built current integrator with a resolution of 4.8 pC. For calibration purposes, a Cu Faraday cup of
65 mm long and 8 mm inner diameter can be moved into the sample position (see
Fig. 4.12). A relationship between the total charge that is incident on the aperture
blades (QA ) and the charge that passes through the fixed opening aperture area A
(QF ) is determined by this calibration. The irradiating ion fluence on the sample is

4.2 Programmable proximity aperture lithography at CMU
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Figure 4.11: Schematic of the first approach for ion beam fluence monitoring at CMU (After
[Paper III]).

then estimated by transforming the QA to the QF from the calibration relation and
dividing by the known aperture area size. More discussions about this approach can
be found in [Paper IV, Paper VII].

Figure 4.12: Schematic diagram of the second approach for fluence monitoring at CMU and similarly
at JYU (After [Paper VII]).
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5 Experimental results and
discussions
5.1

Characterization of ion beam exposure
characteristics for poly(methyl methacrylate)

The exposure characteristics in term of ion fluence Φ of poly(methyl methacrylate),
PMMA, for MeV ion beam lithography was investigated in this study [Paper I, Paper III,
Paper IV]. In order to produce micro–structures in "positive" resist tone of PMMA,
the ion fluence must satisfy the condition,
Φ0 ≤ Φ < Φx0 ,

(5.1)

where Φ0 and Φx0 are the clearing and onset of cross–linking ion fluences, respectively.
In this ion fluence range, the primary effect in the PMMA is chain scission in which
the molecular weight is reduced by ion irradiation, as previously discussed in section
3.2.1. As a result, the exposed region is more susceptible to dissolution in mild solvents
such as a 7:3 by volume, propan-2-ol: deionised water mixture (IPA:DI) [Yasin02].
At the ion fluences below the clearing ion fluence (Φ < Φ0 ), the irradiated ion tracks
are too far apart so that the local dose1 does not uniformly exceed Φ0 . In this case,
the developer cannot completely dissolve the PMMA in the exposed region. This gives
a nanometer–scale rough surface as shown in Fig. 5.1. At sufficiently large fluences
the ion tracks are so close together that the clearing fluence (Eq. 5.1) is uniformly
exceeded. Here, the developer can completely dissolve the exposed regions. This gives
straight and vertical PMMA side walls as depicted in Fig. 5.2. At ion fluences above
the cross–linking fluence (Φ ≥ Φx0 ), the PMMA can undergo cross–linking. This allows PMMA to be used as a lithographic "negative" tone resist when the ion fluence
is,
Φx∞ ≤ Φ,
(5.2)
where Φx∞ is the full cross–linking ion fluence. In this case, the IPA:DI water (7:3)
developer can not dissolve the cross–linked regions in the exposed areas. In contrast,
the PMMA pattern can be developed in acetone. The developer was found to dissolve
1

Dose is strictly defined as energy deposited per unit mass. This can be conveniently expressed
in term of eV/(ρ nm3 ) where ρ is the density.
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2 µm
Figure 5.1: SEM image of a nanometer–scale rough pattern in PMMA fabricated with ion fluence
Φ < Φ0 using 56 MeV 14 N3+ ions (After [Paper I]).

only the unexposed regions leaving the exposed regions proud of the substrate surface, as discussed in sect. 3.5 above. Fig. 5.3 shows an example of the negative PMMA
patterns fabricated by the PPAL technique after development in acetone.
Table 5.1 summarizes the clearing (Φ0 ), onset of cross–linking (Φx0 ) and fully cross–
linking (Φx∞ ) fluences for 2 MeV protons, 3 MeV 4 He2+ and 6 MeV 12 C3+ ions. Details
of the measurements of these fluences can be found in [Paper IV].
Table 5.1: Fluences for clearing (Φ0 ), onset of cross–linking (Φx0 ) and fully cross–linking (Φx∞ )
fluences for 2 MeV protons, 3 MeV 4 He2+ and 6 MeV 12 C3+ ions in PMMA [Paper IV]. The stopping
force data is from SRIM [SRIM] (ρ = 0.95 g/cm3 ).

Ion

dE/dx
(eV /nm)

Φ0

Φx0
(ions/cm2 )

Φx∞

2 MeV proton
3 MeV 4 He2+
6 MeV 12 C3+

15.2
121
816.6

3.3×1013
2.4×1013
1.8×1012

3.5×1014
5.4×1013
3.4×1012

7.0×1014
1.5×1014
8.1×1012

5.2 Exposure characteristic of amorphous silica (SiO2 )
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Figure 5.2: SEM micrograph of a pattern in PMMA produced with a clearing fluence (Φ0 ≤ Φ <
Φx0 ) (After [Paper I]).

5.2

Exposure characteristic of amorphous silica (SiO2)

The 6.8 MeV 16 O3+ ion beam was used to study the lithographic exposure characteristic of amorphous silica (SiO2 ). Here, the relationship between the effective etched
depth z, which is the difference in etch depth between irradiated and unirradiated
areas, and the ion fluence (Φ) was investigated. Fig. 5.4(a) shows an optical micrograph of 8 square patterns (200 × 200 µm) irradiated with different ion fluences of
6.8 MeV 16 O3+ ions, after development in an aqueous solution of 4% v/v HF for 60
minutes. A stylus profilometer (KLA–Tencor P–15 Profiler) was used to measure the
etch depths. The ion fluence and the effective etch depth of each pattern element in
Fig. 5.4.(a) is summarized in Table 5.2. The relation between the effective etch rate
and the ion fluence is illustrated in Fig. 5.4(b). Empirically, the effective etch depth
z(µm) asymptotically approaches a constant value with increasing ion fluence following the relation: z(µm) = 2.9[1 − exp(−1.5Φ)], where Φ is in units of 1014 ions/cm2 .
We found that the effective etch depth approaches the asymptotic value at fluences
above 1.6 × 1014 ions/cm2 . The wet etching behavior of SiO2 is complex because unirradiated SiO2 is etched at a lower rate than irradiated. Furthermore, the asymptotic
behavior may indicate an overlapping ion track effect. For this reason, the absence of
more data, no detailed analysis can be put forward at this stage. More details of this
investigation can be found in [Paper VIII].
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PMMA

Si
substrate
Figure 5.3: SEM image of the negative PMMA pattern made with high fluence (Φx∞ ≤ Φ) after
developing in acetone (After [Paper VII]).

5.3

Study of dose spreading at edges

Multiple scattering of the incident ion gives a deviation in the ion’s trajectory. This
leads to a deposition of the ions’ kinetic energy outside the irradiated area that affects
spreading and the wall straightness in the developed pattern. In this study, a combination of computational results from the SRIM code [SRIM] and a simple integral
transformation was used to study the ion fluence distributions across the straight edge
of a semi–infinite irradiated area and along the bisectors of the internal and external
90◦ corners of semi–infinite irradiated areas for 2 MeV protons and 3 MeV helium ions
passing through a 7.5 µm thick PMMA film. The detail of calculations is described in
[Paper I]. Fig. 5.5 shows the fluence distribution along the transverse distance d (nm),
where d = 0 corresponds to the edge or corner location. It is clearly seen that the
shape of the curves in Fig. 5.5 is similar to a complimentary error function, cerf(x).
Table 5.2: The ion fluence (Φ) parameters and the effective etch depth (z) of each pattern element
(after development in 4% v/v HF for 60 minutes) [Paper VIII].

Pattern no.

Φ
(ions/cm2 )

z
(µm)

Pattern no.

Φ
(ions/cm2 )

A1
A2
A3
A4

3.3×1013
7.0×1013
1.0×1014
1.3×1014

0.93
1.98
2.34
2.57

A5
A6
A7
A8

1.6×1014
1.9×1014
2.2×1014
2.5×1014

z
(µm)
2.67
2.72
2.72
2.72

5.3 Study of dose spreading at edges
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Figure 5.4: (a) Optical micrograph of 8 square patterns in silica irradiated with different ion fluences
of 6.8 MeV 16 O3+ ions, after development in 4% v/v HF for 60 minutes. (b) The effective etch depth
(z) vs fluence (Φ) (After [Paper VIII]).

We found that the spreading widths after penetrating 7.5 µm thickness of PMMA
are ∼ 50 and ∼ 64 nm for 2 MeV protons and 3 MeV helium ions, respectively. This
implies that the spreading of the fluence for 2 MeV protons is less than for 3 MeV
helium ions in a 1–10 µm thick PMMA film [Paper I]. Furthermore, from Fig. 5.5,
it can be seen that it did not depend significantly on if the edge was straight or an
internal or external 90◦ corner.
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(a)

(b)

(c)

Figure 5.5: The distributions of ion fluence along the transverse distance d (nm) for unirradiated
areas with (a) straight edge, (b) external 90◦ corner, and (c) internal 90◦ corner (After [Paper I]).

5.4

Microstructure fabrication by the PPAL
technique

The PPAL technique was found very suitable for microfabrication of microfluidic
devices. An entire microfluidic circuit usually consists of large reservoirs which are
interconnected by microchannels and also to external pumps and sensors etc. PPAL
is a very useful technique for fabricating the microfluidic structures compared to PBW
with a scanned focused beam since the large reservoir can directly be written by one
exposure. In this work, we used the PPAL approach to produce three dimensional
(3D) micro–structures using both positive and negative resist modes of PMMA. Some
microfluidic prototypes were produced in the positive PMMA tone. Whereas, negative

5.4 Microstructure fabrication by the PPAL
technique
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resist tone was used to produce the master mold that was used for replication of
PDMS by standard soft–lithography. Moreover, a test microfludic prototype pattern
was produced in natural fused silica (SiO2 ) using the PPAL technique.

5.4.1

"Positive" tone PMMA structures

Exposure with a clearing ion fluence in the range Φ0 ≤ Φ < Φx0 was used to fabricate
3D micro–structures in PMMA by using positive characteristic. Here, we have used
the PPAL systems at the University of Jyväskylä and Chiang Mai Universiy (CMU) to
produce some microfluidic prototypes. Fig. 5.6(a) shows SEM image of a prototype of a
sorting device produced in "positive" resist tone PMMA by using the PPAL technique.
The device consists of 22, 12, 5 and ∼1.6 µm wide channels. A close–up of a ∼1.6 µm
width channel is illustrated in Fig. 5.6(b). We realized that this sorting prototype can
be used for cellular and sub–cellular studies [Paper I, Paper V, Paper VI]. Fig. 5.6
(c) and (d) reveal SEM micrographs of 20 µm wide grooves and an array of 40 µm
squares produced in ∼9 µm thick PMMA using 3 MeV 4 He2+ ions at the CMU.

5.4.2

"Negative" tone PMMA structures

PMMA can be used as a negative resist by high ion fluence exposures so that the total
cross–linking dose is uniformly exceeded. A micro–channel in poly(dimethyl siloxane),
PDMS, can be made by casting a micro–ridge from a master mold. In this study, we
have used the PPAL approach to fabricate negative PMMA master molds. Fig. 5.7
shows a test pattern consisting of a T–junction microfluidic structure of the negative
master mold fabricated using a high fluence of 2 MeV protons. The structure consists
of a main straight ridge, an inlet ridge, two inlet reservoirs and one outlet reservoir.
The main ridge is perpendicular to the second inlet reservoir as depicted in Fig. 5.7.
Some stitching errors can be observed in this pattern. However, these errors could be
reduced by careful alignment of the L–shaped aperture blades. During the fabrication, it was found that stability of the proton beam is very important since only one
imperfection of the pattern element can cause the entire mold to fail (see the details
of the fabrication in [Paper VII]).

5.4.3

SiO2 microfluidic structure

Fig. 5.8 shows an SEM image of a test microfludic prototype produced by 6.8 MeV
16 3+
O ions using the PPAL technique after development in 4% v/v HF for 60 minutes.
The ion fluence used for this structure was 3 × 1014 ions/cm2 . This ion fluence was
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b)

a)
22 μm

12 μm

5 μm

~1.6 μm

c)

d)

Figure 5.6: SEM images of (a) a prototype of cell–organelle sorting device, (b) a closed–up of ∼1.6
µm channel width in Fig.(a) (After [Paper I]), (c) 20 µm wide grooves, and (d) 40 µm square arrays,
fabricated using the PPAL systems at the JYU and CMU.

chosen to give an effective etch depth approaching the asymptotic value as discussed
in the section 5.2. The depth of this pattern was ∼2.5 µm. This pattern consists of
three inlet reservoirs (200 × 200 µm) connected with an outlet reservoir (200 × 200
µm) through ∼20 µm wide channels. More details of the fabrication can be found in
[Paper VIII].

5.5

PDMS replication

At Chiang Mai University, we have developed a combination of MeV-IBL with PDMS
casting. Often the latter is referred to as soft–lithography. The technique has advantages for making microfluidic devices because it is simple and it is possible to
use in mass production. In this technique, micro–structures in poly(dimethylsiloxane)
PDMS were transferred from a master mold which is made by the PPAL technique.
Fig. 5.9(a) shows a SEM micrograph of a PDMS replica of 20 µm wide bars. This

5.6 Test microfluidic device

Main ridge

First inlet reservoir
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Outlet reservoir
Inlet ridge

Second inlet reservoir
Figure 5.7: SEM images of T–junction negative PMMA microstructure fabricated by PPAL technique with high fluence protons (After [Paper VII]).

PDMS structure is replicated from the master mold shown in Fig. 5.6(c). A SEM
image of the 40 µm grid pattern PDMS replica, which is transferred from the mold
depicted in Fig. 5.6(d), is illustrated in Fig. 5.9(b). Both of these PDMS replicas
have replicated well the master mold that was produced in the positive resist tone
of PMMA. In addition, the PDMS replication can also be produced from a negative
PMMA master mold. Fig. 5.9(c) shows the PDMS replica of the T–junction microfluidic device replicated from the negative PMMA master mold as shown in Fig. 5.7. A
close–up of the outlet reservoir of the Fig. 5.9(c) is depicted in Fig. 5.9(d).

5.6

Test microfluidic device

Fig. 5.10 shows an example of PDMS microfluidic device made by a soft lithography method as described in section 3.6.2. The microfluidic chip is composed of two
injection inlets and one outlet. In this experiment, fluids are propelled through microchannels by pressure–driven flows using syringe pumps. A Zeiss optical microscope
(100× maximum) fitted with a Sony CCD camera (30 fps) was used to characterize
the fluid flows in the microfluidic device. Here, we have tested the PDMS T–junction
microfluidic device by injecting oil into the first inlet and red–dyed DI water into the
second inlet. The main channel for flowing the oil stream is 95 µm wide whereas, the
width of the second inlet for red–dyed DI water flow is 150 µm, measured using the
ImageJ image analysis software [ImageJ]. The formation of water droplets in the oil
phase is illustrated in the optical micrographs shown in Fig. 5.11. Equal volumetric
flow rates of both water and oil (Qwater = Qoil = 0.16 µL/min) were used in this
experiment. By calculating from the Eq. 2.12, the length of the droplets is Ldcal =
245 µm. Experimental results showed that the droplet has a length of Ldexp = 237.5
µm. This agrees well with the calculation with a difference of 3% [Paper VII]. It can
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Figure 5.8: SEM image of a test microfluidic prototype in silica fabricated using 6.8 MeV
ions with 3 × 1014 ions/cm2 (After [Paper VIII]).

16

O3+

be observed that there were small perturbations in the replica at some connecting
spots. These could be associated with stitching errors, see Fig. 5.11. However, these
perturbations were not strong enough to break the droplets.

5.7
5.7.1

Summary of the Papers
Paper I

Programmable proximity aperture lithography with MeV ion beams
A novel MeV ion beam programmable proximity aperture lithography system was
developed at the Accelerator Laboratory of the University of Jyväskylä, Finland. In
this paper, the basic principle of the PPAL technique is described. This paper also
reports on technical development of the PPAL system, the controlling software, the
calibration procedures and investigations of multiple scattering effects. Here, a 3 MeV
4
He2+ ion beam from a 1.7 MV Pelletron accelerator was used to fabricate channel structures. In addition, 56 MeV 14 N3+ ion beam from K130 cyclotron accelerator
was used to produce lithographically defined regions with nanometer–scale ion–track
structures. It was found that the smallest pattern produced by the PPAL system at
this stage was an approximately 700–800 nm wide wall in 7.5 µm thick PMMA. This
corresponds to the aspect ratio of the structure about 10.

5.7 Summary of the Papers
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b)

c)

d)

Second inlet reservoir

Outlet reservoir

Micro channel
First inlet reservoir

Figure 5.9: SEM images of PDMS replicas of (a) 20 µm wide bars, (b) 40 µm grid pattern, (c) the
T–junction microfluidic device and (d) a close–up of the outlet reservoir in the previous image (c).

5.7.2

Paper II

Resolution Performance of Programmable Proximity Aperture MeV Ion Beam Lithography System
In this paper, the resolution performance of the PPAL system was investigated. This
investigation primarily studied effects associated with scattering from the proximity
aperture using a Monte Carlo approach. The beam divergence, aperture blade straightness, and secondary and scattered particle from the aperture blade edges defined the
pattern edge sharpness. The beam spatial resolution on the sample defined by the
proximity aperture was investigated by ray–tracing simulations using object oriented
toolkit GEANT4 [GEANT4]. Experimental results show that the edge–scattering does
not significantly affect the pattern edge sharpness.
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et
Outl
Oil inlet

PDMS

Water inlet
PDMS spin coated
on glass slide

1 cm

Figure 5.10: A test microfluidic device of the T–junction geometry fabricated using a standard soft
lithography (After [Paper VII]).

5.7.3

Paper III

In–Situ Ion Beam Fluence Monitoring System For MeV Ion Beam Lithography at
CMU
An in–situ ion beam fluence monitoring system was developed at Chiang Mai University. This approach was based on Rutherford Backscattering Spectrometry (RBS) using a gold–coated dual–vane rotor. In this system, the computer controlled dual–vane
rotor was installed in front of the sample holder. A built–in Faraday cup connected to
a synchronous pulsed current integrator was used to calibrate the monitoring system.
The system development and some preliminary results were presented in this paper.

5.7.4

Paper IV

Lithography exposure characteristics of poly(methyl methacrylate) (PMMA) for carbon, helium and hydrogen ions
Poly(methyl methacrylate) is well–known as a positive resist for lithographic applications. The clearing ion fluence (Φ) required for this application lies in the interval
Φ0 ≤ Φ < Φx0 , where Φ0 and Φx0 are the clearing and cross–linking onset fluences, respectively. Here, the programmable proximity aperture ion beam lithography systems
in Chiang Mai and Jyväskylä were used to determine the exposure characteristics of
PMMA in terms of fluence for 2 MeV protons, 3 MeV 4 He2+ and 6 MeV 12 C3+ ions,

5.7 Summary of the Papers
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Figure 5.11: Optical images of water droplets generated using the T–microfluidic PDMS chip shown
in Fig. 5.10 (After [Paper VII]).

respectively. Experimental results showed that the threshold for both clearing and
the onset of cross–linking decreases with increasing electronic stopping force. The exposure latitude was considerably greater for protons than for heavy ions. It was also
observed that at fluences less than the clearing fluence, the PMMA is incompletely removed, leaving a surface that is rough on a nanometer scale. This is associated with a
spatial dose non–uniformity presumably resulting from individual ion impingements.

5.7.5

Paper V

3D Micro–channel fabrication in PMMA based on MeV ion beam lithography
This paper demonstrated use of the PPAL technique for fabricating three–dimensional
(3D) micro–channels in PMMA. A comparison between MeV ion beam lithography
and electron beam lithography (EBL) is described. Here, we have shown that the
quality of the L–shaped aperture blade defined the quality of the pattern features.
Moreover, a prototype 3D micro–channel pattern in 7.5 µm thick PMMA was demon-
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strated in this paper using 3 MeV 4 He2+ ions.

5.7.6

Paper VI

Fabrication of microfluidic devices using MeV ion beam Programmable Proximity
Aperture Lithography (PPAL)
Microfluidic patterns were produced in PMMA using 56 MeV 14 N3+ and 3 MeV 4 He2+
beams from K130 cyclotron and a 1.7 MV Pelletron accelerators, respectively, at the
University of Jyväskylä. A stitching issue, where the fluence was doubled in overlapping exposed regions was discussed in this paper. We have shown that the PPAL
system can be used to lithographically define regions of ion tracks with nanometer–
scale ion–track structures. This could be used for biomedical analytical and cellular
applications.

5.7.7

Paper VII

Fabrication of a negative PMMA master mold for soft–lithography by MeV ion beam
lithography
In this paper, poly(methyl methacrylate) (PMMA) was investigated as a negative
resist by irradiation with a high–fluence 2 MeV proton beam produced from a 1.7 MV
Tandetron accelerator at the Plasma and Beam Research Facility (PBP) of Chiang
Mai University. It was observed that the PMMA transforms from being a positive to
negative resist at the threshold fluence of 3.5 × 1014 ions cm−2 for 2 MeV protons.
A negative PMMA master mold for a T–junction pattern was fabricated. This master mold was used for casting poly(dimethylsiloxane) (PDMS) following a standard
soft–lithography process. The PDMS chip produced by this technique was tested as
a microfluidic device for formation of water droplets in an oil phase. We also found
that dozens of PDMS devices can be produced from the negative PMMA master mold
without any deterioration.

5.7 Summary of the Papers
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Paper VIII

Direct writing of channels for microfluidics in silica by MeV ion beam lithography
The PPAL technique was used to investigate the lithographic characteristic exposure of amorphous silica (SiO2 ) for 6.8 MeV 16 O3+ ions. The exposed samples were
developed in 4% v/v HF for 60 minutes. The correlation of the effective etched depth
(z) in term of ion fluence (Φ) was investigated in this work. The experimental results
indicated that the effective etched depth asymptotically approaches a constant value
with increasing the ion fluence as: z = 2.9[1 − exp(−1.5Φ)] in which the fluence Φ is in
units of 1014 ions/cm2 . It was found that the etched depth approaches a constant value
at ion fluences above 1.6×1014 ions/cm2 . In this paper, a test microfluidic pattern was
fabricated in SiO2 with 6.8 MeV 16 O3+ ions at a fluence of 3×1014 ions/cm2 .
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6 Conclusions
The main objective of this thesis was to develop a novel MeV ion beam lithography
technique, namely programmable proximity aperture lithography (PPAL) technique,
at both the University of Jyväsklyä (JYU) in Finland and Chiang Mai University
(CMU) in Thailand. The overall goal was to achieve a method to rapidly develop
microfluidic devices. In this technique, a rectangular or square shape of ∼micrometre
size exposure area is determined by a pair of L–shaped aperture blades, which are
computer controlled by precise linear motion drivers.
We have shown that:
• The PPAL technique is capable of processing 3D micro–structures not only in "positive" resist tone but also in a "negative" resist tone of poly(methyl methacrylate)
(PMMA) and also direct writing in amorphous silica.
• The patterns fabricated using this technique have useful properties i.e. straight
and vertical side walls with high aspect ratio (about 10, or greater).
• The PPAL system can be used for both light ions such as protons and helium
ions, and heavy ions such as carbon, oxygen and nitrogen ions.
• Two approaches were developed for determining the ion fluence.
• A sensitive and reliable ion fluence monitoring system is very important for reproducibility of the experimental results especially for fabrication of the negative PMMA
master molds.
• It was demonstrated that the negative PMMA pattern can be used as a master
mold for replicating poly(dimethylsiloxane).
• A microfluidic device fabricated from the negative PMMA master mold by using
the standard soft–lithography was tested to produce water droplets in an oil phase.
• Direct writing of patterns into silica was demonstrated with PPAL using 6.8 MeV
16
O ions.
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7 Future vistas
MeV ion beam lithography has truly outstanding possibilities in point form and applications. Here, as examples, few potential avenues for research are outlined as points
below.
1. Fundamental studies
• Investigation of ultimate small–feature size limit in the PPAL technique to elucidate quantitative edge broadening, nanoroughness from breakdown of continuous
slowing down model (CSDA) [Udalagama07].
• Characterization of MeV ion enhanced etching process for SiO2 ion species, fluence, stopping force, etc.
• Optimisation of irradiated conditions ion species and energy for different resist
materials (e.g. novolac, polyimide, PET).
• Establish statistical models for chain scission and cross–linking dependence on ion
species, energy in PMMA under MeV ion irradiation.
2. Improvement of the PPAL system
• Fabrication of structures down to nm sizes.
- Improving the precision of motion drivers to work on nm scales.
- Improving the quality of the L–shaped aperture edges down to few
nanometre e.g. magnetic float polishing, electrochemical polishing.
- Improving polynomial calibration over a limited range.
• Large area patterning.
- Replacing X–Y–Z sample stages to allow writing 110 × 76 mm areas.
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3. Future applications
• Direct patterning in poly(dimethlysiloxane) (PDMS) using the PPAL technique
(etching, optical changes etc.).
• Fabrication of durable nanoimprint lithography stamps in glass by direct writing.
• Integration of optical waveguides for readout of fluorescent markers.
• Develop MeV–ion produced rough surfaces for capillary pumps and optical absorbers.
• Construction of purposed–tailored microfluidic Lab–on–a–Chip (LOC) devices for
diagnosis of diseases, pharmaceutical preparation, environmental monitoring, etc. (e.g.
malaria, H5N1, dengue fever, soil pollution from industry, micro fuel–cells etc.).
• Optical waveguide devices base on liquid bubble array e.g. Bragg–grating waveguides, evanescent mode detector etc.

APPENDIX: Publications by the author not included in the
thesis
1. Microfluidics Pumping Mechanism Based on a Microliter Syringe Pump. N. Puttaraksa, S. Unai, R. Pinchaipat, M.W. Rhodes, K. Singkarat, H.J. Whitlow, and
S. Singkarat, (In manuscript).
2. Influence of MeV H+ Ion Beam Flux on Crosslinking and Blister Formation in
PMMA resist. S. Unai, N. Puttaraksa, N. Pussadee, K. Singkarat, M.W. Rhodes,
H.J. Whitlow, and S. Singkarat, (Submitted to Maejo International Journal of Science
and Technology).
3. Fast and Blisters Free Irradiation Conditions for Complete Crosslinking of PMMA
Induced by 2 MeV H+ Ion Beam. S. Unai, N. Puttaraksa, N. Pussadee, K. Singkarat,
M.W. Rhodes, H.J. Whitlow, and S. Singkarat, (In manuscript to be submitted to Microelectronic Engineering).
4. Why are hydrogen ions best for proton beam writing?. R. Norarat, N. Puttaraksa,
M. Napari, T. Sajavaara, and H.J. Whitlow, (In manuscript to be submitted to Microelectronic Engineering).
5. Advanced time–stamped total data acquisition control front–end for MeV ion beam
microscopy and proton beam writing. H. Kivistö, M. Rossi, P. Rahkila, P. Jones,
R. Norarat, N. Puttaraksa, T. Sajavaara, M. Laitinen, V. Hänninen, K. Ranttila,
P. Heikkinen, L. Gilbert, V. Marjomäki and H.J. Whitlow, (In manuscript to be submitted to Microelectronic Engineering).
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A novel MeV ion beam programmable proximity aperture lithography system has been constructed
at the Accelerator Laboratory of the University of Jyväskylä, Finland. This facility can be used to
fabricate three dimensional microstructures in thick 共⬍100 m兲 polymer resist such as
polymethylmethacrylate. In this method, MeV ion beams from the 1.7 MV pelletron and K130
cyclotron accelerators are collimated to a beam spot of rectangular shape. This shape is defined by
a computer-controlled aperture made of a pair of L-shaped Ta blades which are in close proximity
to the sample to minimize the penumbra broadening. Here the authors report on development of the
system, the controlling software, the calibration procedures, investigations of multiple scattering
effects, and present illustrative results using 3 MeV 4He2+ ion beams for lithography and 56 MeV
14 3+
N ion beams for creating patterns of regions with ion tracks. © 2008 American Vacuum
Society. 关DOI: 10.1116/1.2978173兴

I. INTRODUCTION
MeV ion beam lithography is a very useful technique for
the fabrication of the three dimensional 共3D兲 micro- and
nanostructures with very high aspect ratio, i.e., the ratio between feature height and width in the etched patterns.1–10
This maskless technique can be used for low-cost rapid and
flexible prototyping in polymeric materials as well as for the
production of master stamps for mass production, e.g., by
hot-embossing. The most common form of MeV ion beam
lithography is proton-beam writing 共PBW兲 which uses a
magnetic multielement lens focusing system to produce a
micro- or nanobeam of MeV protons that is scanned directly
across a polymer resist.11,12 One of the advantages of PBW is
that the demagnified beam spot can be used to machine patterns down to nanometer dimensions with straight and
smooth vertical sidewalls in thick resists of about 1 – 30 m.
This is significantly better than can be achieved with electron
beam lithography because of the smaller lateral spreading of
secondary electrons produced by penetrating MeV ions
which results in localization of the deposited energy around
the ion tracks.13 Structures made in polymers with PBW
have been used for 共i兲 fabrication of micromachined components by electrodeposition,14 共ii兲 microfluidic devices,15,16
共iii兲 cell growth substrates,17 共iv兲 stamps for nanoimprinting
and -contact printing,18,19 and 共v兲 maskmaking for using
with x-ray lithography.20
a兲
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In an alternative approach to PBW, namely, proton-beam
lithographie galvanoformung abformung 共LIGA兲,7 rather
than focusing the beam and scanning it across the sample,
the sample is moved relative to a finely collimated fixed
beam.21–23 Driven by the needs of our biomedical research
program which requires writing large areas with many pattern elements, we extended this technique to programmable
proximity aperture lithography 共PPAL兲 which, in addition to
moving the sample relative to the collimated beam spot, also
shapes the beam spot using a computer-controlled aperture
in close proximity to the target. The aperture and target are
maintained in close proximity to minimize broadening of the
edges of the irradiated area because of penumbra broadening
and scattering from the aperture edges.21,24
There are several advantages in the PPAL approach. It is
considerably faster than lithography with focused or collimated beams 关e.g., PBW, electron beam lithography 共EBL兲,
and P-beam LIGA兴 where the pattern is written serially pixel
by pixel. This is because in PPAL an entire rectangular pattern element is written in one exposure. Our method is thus
intermediate in speed between writing with rastered focused
beams and a true parallel exposure method such as exposure
through a mask. Furthermore, the PPAL method is not susceptible to distortions introduced by scanning and it is tolerant of poor beam energy stability and divergence, which is
often the case when the ion beam is provided by a cyclotron.25 A further key advantage is that it allows very high
energy heavy ions up to the limit set by the thickness of the
apertures21 that define the exposed area. Such very high en-
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FIG. 2. 共a兲 R p + 2 p of He ion in Ta vs He ion energy and 共b兲 projected range
in PMMA vs He ion energy. 关Data calculated using SRIM 共Ref. 26兲.兴
FIG. 1. Schematic of the MeV ion beam PPAL system at the University of
Jyväskylä Pelletron Accelerator.

ergy heavy ions are difficult to focus with conventional
quadrupole magnetic lens systems because of their high rigidity. However, these advantages are at the expense of not
being able to focus the beam down to spot sizes of a few tens
of nanometres, the need to write each pattern element sequentially, and the restriction to rectangular pattern elements.
Here, we report on the practical development of the PPAL
method and calibration procedures using high energy 4He2+
ions for microfabrication and high energy 14N3+ ions for producing patterned areas made up of ion tracks.
II. PRINCIPLE
The basic principle of the PPAL system is that the shape
and size of the incident ion beam are defined by an aperture
formed by two L-shaped aperture blades that move over each
other rather like a pair of scissors 共Fig. 1兲. Tantalum was
chosen as the aperture blade material because it has a high
atomic weight, low coefficient of thermal expansion, and is
not easily activated by high energy ions. The latter would
lead to undesirable exposure of the resist from radiation emanating from the region of induced radioactivity.21 Obviously
the aperture blade must be sufficiently thick to completely
stop incident ions outside the aperture opening. The penetration of He ions in Ta estimated using the SRIM code26 is
illustrated in Fig. 2共a兲, where the penetration depth at which
the ions are completely stopped, was taken to be R p + 2 p.
Here R p and  p are projected range and projected range
straggling, respectively. The projected range of He ions in
polymethylmethacrylate 共PMMA兲, which corresponds to the
maximum film thickness that can be exposed, is also shown
in Fig. 2共b兲. Reference to this figure shows that 100 m of
JVST B - Microelectronics and Nanometer Structures

Ta will completely stop He projectiles of up to 6 MeV per
nucleon while enabling patterns to be written in up to
450 m thick PMMA resist. For 3 MeV He ions, which can
be produced by many small accelerators, the projected range
in PMMA is about 20 m, which allows patterns in up to
10– 12 m thick PMMA to be written with sharp vertical
edges. Swift MeV ions deposit energy in resist polymers
such as PMMA through electronic excitation which creates
mainly low energy ␦-electrons.27 These low energy
共5 – 100 eV兲 secondary electrons have short ranges5,28 and
cause chain scission and cross-linking in resist polymers that
modify the solubility in developer around the ion trajectories.
The mean free path for ion-nucleus scattering is much longer
than for ion-electron scattering29 and the ion trajectories normally exhibit only a small divergence. Although this divergence which arises from multiple scattering is small, it governs the straightness of the vertical walls because it leads to
a spreading of the dose into unirradiated areas from adjacent
irradiated regions. This effect increases with the thickness of
the material traversed by the ion.
III. MULTIPLE SCATTERING AND WALL EDGE
STRAIGHTNESS
An important factor for some applications such as metal
lift-off,5 narrow microfluidic channels,15,16 and optical
waveguides30 is the departure of the wall sides from perfect
verticality. The deviation is primarily governed by multiple
scattering which gives rise to an increasing deposition of
energy outside the irradiated area as the penetration distance
of the ions increases. This effect can be estimated by using a
3D simulation code, e.g., GEANT4;24 however, it requires considerable expertise. Here we have used a more computation-
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corresponding reduction in fluence in the irradiated regions
close to the boundary, where d is just smaller than zero. The
implication is that for high contrast resists, the vertical profile of the wall and if it is over- or undercut at the bottom,
will depend on both the multiple scattering and the exposure
fluence. As one expects, comparing the fluence along the
bisectors of corners in Fig. 3 shows that the spreading of the
fluence outside the irradiated region is greater for the internal
corner 共c兲 than the external corner 共b兲.
The intersection of the distribution for H and He ions in
Fig. 3 at d = 0 is a consequence of normalization to the same
dose for d Ⰶ 0.

IV. EXPERIMENTAL DETAILS
A. Preparation of aperture blades

FIG. 3. The fluence distribution along the transverse distance d 共nm兲 for
unirradiated areas with 共a兲 straight edge, 共b兲 external 90° corner, and 共c兲
internal 90° corner. The position d = 0 corresponds to the edge or corner
location.

ally easy approach by combining the SRIM code26 with a
simple integral transformation 共Appendix兲.
Monte Carlo binary collision approximation codes such as
SRIM 共Ref. 26兲 generally provide fluence distributions for
ions incident along the z axis at the origin of the 共x , y兲 plane.
For our purposes we are interested in the spreading of the ion
fluence by multiple scattering across the edges of an irradiated area. This distribution can be obtained from the SRIM
data by a simple integral transformation, which, because of
its general application in ion-matter interaction work, is presented in the Appendix. Figure 3 presents the fluence distributions across the straight edge of a semi-infinite irradiated
area and along the bisectors of the internal and external 90°
corners of semi-infinite irradiated areas for 2 MeV protons
and 3 MeV He ions that have traversed a 7.5 m PMMA
film.
The shape of the curves in Fig. 3 is similar to a complimentary error function, cerf 共x兲. As one expects the distributions are symmetric in the case of a straight boundary to the
irradiated area 关Fig. 3共a兲兴 and skewed in the case of the external and internal corners 关Figs. 3共b兲 and 3共c兲, respectively兴.
Taking the 12%–88% width corresponds to the full width at
half maximum of the Gaussian derivative of the cerf共x兲. The
widths after penetrating 7.5 m thick of PMMA are ⬃50
and ⬃64 nm for 2 MeV protons and 3 MeV He ions, respectively. The implication is that the spreading of the fluence for
2 MeV protons is less than for 3 MeV helium ions in a
1 – 10 m thick PMMA film. It can be seen in Fig. 3 that the
spreading of the fluence distribution 共and hence dose兲 into
the unirradiated regions where d ⬎ 0 is accompanied by a
J. Vac. Sci. Technol. B, Vol. 26, No. 5, Sep/Oct 2008

The operating principle of the PPAL technique is shown
schematically in Fig. 1. A rectangular beam spot is produced
by a shadow casting by a pair of L-shaped Ta aperture
blades. Each of these blades is made up from two 8
⫻ 13 mm2, or 9 ⫻ 13 mm2, 100 m thick Ta foils. The four
Ta foils were stacked together and clamped vertically in a
stainless steel polishing jig. The edges were milled flat so
they were the same height as the surface of the polishing jig.
Subsequently the edges were mechanically polished successively with 600, 800, 1500, and 2000 grade SiC papers followed by a diamond paste of 6 and 0.5 m grain sizes.31 The
flatness of the Ta surface was investigated by using a profilometer, and the polishing was stopped when the desired Ta
edge roughness 关⬍100 nm 共Ref. 21兲兴 was reached. It was
found that, after the blades were removed from the polishing
jig, the separated debris tended to accumulate on the edges.
The Ta blades were cleaned with acetone in an ultrasonic
bath for 10 min, followed by a 2 min rinse in ethanol and
de-ionized water to remove this debris. Each pair of blades
were then glued under an optical microscope using vacuumcompatible epoxy glue at right angles on two separate aluminum blocks that mount onto the computer-controlled
linear-motion stages, as shown in Fig. 1.

B. Description of the PPAL system

Our PPAL system is designed to be used with the 1.7 MV
pelletron and K130 cyclotron accelerators at the University
of Jyväskylä Accelerator Laboratory. The PPAL system can
be moved between the two accelerators by changing the support frame to accommodate the different beam heights. A
schematic layout of the PPAL system at the 1.7 MV pelletron
is shown in Fig. 1. The beam blanking is achieved by biasing
a pair of 20 cm long plates, separated by 5 mm with a potential difference of 3 kV delivered via a high voltage relay.
The relay is controlled by transistor-transistor logic signals
delivered by the control computer via a PCIe-6251 multifunction data acquisition 共DAQ兲 card.32 A fluorescent screen
on one of the aluminum blocks, which support the aperture
blades, is used for focusing the beam. For measurement of
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To ensure mechanical stability of the system, the sample
and aperture stages are mounted on a small homemade optical mounting board in the vacuum chamber. At the pelletron
accelerator, the 40⫻ 40⫻ 40 cm3 vacuum chamber is well
isolated from building vibrations. It is mounted on a separated concrete floor that rests on a thick sand bed. The chamber is isolated from vacuum pump vibrations by edge-welded
steel bellows and vibration damping sections. Additional information about PPAL system can be found elsewhere.21
C. Sample preparation

In this work we used PMMA as a resist material. This is a
widely used positive electron beam lithography resist. The
PMMA A11 solution35 with a molecular weight of
950 000 Da was spun onto a clean Si wafer at 2500 rpm for
45 s. After spinning, the excess solvent was removed by a
soft-bake on a hotplate at 160 ° C for 5 min. This process
was repeated three times to obtain an approximately 7.5 m
thick PMMA resist layer.
D. Sample exposure and development
FIG. 4. 共a兲 A PPAL file record structure for writing a rectangular or square
pattern. 共b兲 An example of a patterning file and the resulting pattern.

the beam current before and after the apertures, Faraday cups
are installed both on the aperture block and behind the
sample 共see Fig. 1兲.
The sample is mounted on a computer-controlled XYZ
stage that allows the beam spot to be positioned within a
20⫻ 20 mm2 field on the sample and allows for precise adjustment of the aperture-sample distance. The XYZ stage and
the aperture positioning use vacuum-compatible Newport
MFA-CCV6 dc servomotor driven linear-motion drives.33
According to the manufacturers specification, these have a
25 mm travel, with 100 nm minimum increment and a unidirectional setting accuracy of 180 nm, bidirectional setting
accuracy of 2 m, and accuracy in position of 4 m 共the
latter is determined by the end-of-travel switch兲. The linearmotion drives are controlled using Newport ESP 300 controllers linked to the controlling PC using a standard RS-232
interface. A LABVIEW™ program is used to control the apertures, XYZ sample stage, exposure time, and beam blanking.
The pattern is specified in a simple ASCII file arranged as
sequential blocks of six records. The structure of the PPAL
file is shown in Fig. 4共a兲. Figure 4共b兲 shows a typical example of the pattern file with the corresponding patterns. For
compatibility, the LABVIEW™ program also accepts the Singapore group’s emc file format.34 In order to achieve optimum positioning accuracy the exposures were carried out
when the sample and apertures were stationary. Furthermore,
the final approach to the exposure position was always made
in the same direction to minimize the detrimental effects of
windup, backlash, and hysteresis in the mechanical components.
JVST B - Microelectronics and Nanometer Structures

For heavy ion irradiations, 56 MeV 14N3+ ion beams from
a cyclotron were used because sufficient current was available and this beam is easily optimized. The stopping power
of 56 MeV 14N3+ ions in PMMA is 423 eV/ nm,26 which is
about 28 times larger than that of 2 MeV protons. While
knowing that the required fluence of the 2 MeV protons to
completely expose PMMA is 80 nC/ mm2,12 we estimate that
the fluence of 10 nC/ mm2 or 2.1⫻ 1012 ions/ cm2 is required
for the 56 MeV 14N3+ ions. The current of 14N3+ ions transmitted through a 1 ⫻ 1 mm2 aperture opening was measured
by means of a Faraday cup positioned behind the sample 共see
Fig. 1兲. This current density translates into 100 s per pattern
element exposures which was verified by a series of exposure and development tests.
For MeV ion beam lithography using ion beams from the
pelletron accelerator, a 3 MeV 4He2+ ion beam was used. In
this case the stopping power is 121 eV/ nm 共Ref. 26兲 and the
current, measured under the same conditions as above, was
1 nA. The exposure time was typically 10– 20 s per pattern
element. The stopping power of 3 MeV 4He2+ ions in
PMMA is about eight times larger than that of 2 MeV protons, so we estimate that in order to completely expose
PMMA 20 nC/ mm2 or 6.25⫻ 1012 ions/ cm2 is required.
After exposure, the PMMA samples were developed in an
isopropanol+ water 7:3 mixture. This developer was chosen
because it is reported to have good sensitivity, latitude, and
contrast.36 Moreover, its viscosity and toxicity are lower than
that of conventional PMMA developers used for x-ray and
EBL work. Subsequently, the samples were rinsed in deionized water twice and dried under the flowing helium gas.
V. RESULTS AND DISCUSSION
A critical first step when setting up the PPAL system to
write patterns is to define the origin position where the apertures are just fully closed 关i.e., X⬘ and Y ⬘ 共Fig. 1兲 are zero兴.
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FIG. 5. An example of the set of calibration patterns produced by using
3 MeV 4He2+ in 7.5 m thick PMMA where the bar length is varied from
200 to 20 m in 20 m steps in x and y directions.

Measurement of the origin position for each run was
found to be much more reproducible than the zero position
derived from the end-of-travel limit switches. This calibration was done by exposing a test pattern consisting of sets of
horizontal and vertical bars of different lengths. Figure 5共a兲
shows an example of the calibration patterns where the bar
length is varied from 200 to 20 m in 20 m steps for both
X⬘ and Y ⬘ directions. It is then trivial to obtain the positions
corresponding to X⬘ = 0, Y ⬘ = 0, by straight line regression, as
illustrated in Fig. 5共b兲. Inspection of the residuals in this plot
共not shown兲 revealed no evidence of systematic deviation
from straight lines. The standard errors in determining the
zero position from the data in Fig. 5共a兲 were 1.4 and 0.8 m
in the X⬘ and Y ⬘ directions, respectively. This uncertainty is
mainly associated with the finite pixel width in the optical
micrographs. The origin position can then be further refined
using this procedure with shorter bars.
Figure 6共a兲 shows a scanning electron microscope 共SEM兲
image of a smooth sidewall pattern produced in 7.5 m thick
PMMA with the 56 MeV 14N3+ beam. A higher magnification SEM image of the pattern sidewall is shown in Fig. 6共b兲.
In this case the fluence is sufficiently high that the ion tracks
completely overlap so that the clearing dose within the irradiated area is exceeded and the PMMA is completely removed from the irradiated area. Lower fluences give a different result as shown in Fig. 6共c兲 where the clearing dose is
only exceeded around the individual ion tracks. The stochastic variation in ion impingement then gives rise to a strong
nanometer-scale texture. This situation is discussed in more
detail elsewhere.37 Similar structures were also obtained with
a low fluence of He ions. This situation is in contrast to the
J. Vac. Sci. Technol. B, Vol. 26, No. 5, Sep/Oct 2008

FIG. 6. 共a兲 SEM image of a smooth sidewall pattern in 7.5 m thick PMMA
written using 56 MeV 14N3+ ions. 共b兲 A close-up of the area in 共a兲 marked
with a white square. 共c兲 SEM image of the nanostructures obtained using a
low fluence of 56 MeV 14N3+ ions.

case for 2 MeV protons38 where the dose around individual
ions is insufficient to exceed the clearing dose.
Figure 7 shows a SEM image of a pattern written using
3 MeV 4He2+ ions in 7.5 m thick PMMA. The pattern in
Fig. 7共a兲 shows 1.6 m wide channels between large reservoir areas 共not shown兲. The smallest structure produced in
PMMA so far is the 700– 800 nm thick self-supporting wall
shown in Fig. 7共b兲. The wall thickness to height aspect ratio
is approximately 10. Inspection of the walls in Fig. 7共a兲 reveals that they are close to vertical as expected on the basis
of SRIM estimations. Although no systematic study was
made, this is consistent with the multiple scattering data in
Fig. 3, which shows that the fluence broadening from multiple scattering is on a scale of 50 nm which is too small to
be reliably measured. Moreover, the roughness features on
corresponding edges are reproduced, indicating that the
dominating contribution to pattern roughening originates
from deviations in the straightness of the polished edges of
the aperture blades.
It is an interesting question to consider the limits to the
size of pattern features that can be written by the PPAL ap-
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FIG. 7. 共a兲 SEM image of 1.6 m wide channels. 共b兲 SEM image of a detail
of the smallest structure 共a 700– 800 nm thick freestanding wall兲 produced
by using 3 MeV 4He2+ ions in a 7.5 m thick PMMA.
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of 10 if piezoelectric linear-motion drives were used instead.
These are capable of fine movements with an accuracy of
10 nm or below. Thermal drifts 共c兲 can also limit the accuracy and are difficult to estimate for our system because of
the complex structure of the aperture blade mounting. A
simple estimation, based on a thermal resistance of
0.5 K / W cm2 共typical for a transistor mounting兲 between the
aperture blade and the aluminum block, shows that a current
of 10 nA of 3 MeV He ions will lead to an expansion of a Ta
blade anchored 3 mm from the Al block edge by 100 nm.
This corresponds about ten times greater current than that is
usually employed.
The effect of multiple scattering is subtle because, as
mentioned above, it can lead to over-and undercutting of the
edge or even no effect at all. The penumbra spreading and
edge scattering have potentially the largest contribution to
the resolution. Penumbra broadening is associated mainly
with beam divergence which can be minimized by close
proximity of the aperture and target. For 1 mrad beam divergence, the fluence spreading at the edge of the irradiated area
is 1 m.21,24,37 Similarly spreading from the aperture
edges21,24 also limits the broadening and hence the smallest
sized features that can be written. However, by choice of a
high contrast resist and careful control of fluence, the effects
of broadening can be mitigated in a similar way to control
the proximity effect in electron beam lithography. Thus on
the basis of the above, with careful control of the divergence
and mechanical movements, structures on a scale of hundreds of nanometers in thick resist should be achievable.
VI. CONCLUSIONS

proach. The limits are governed by 共a兲 the roughness and
alignment of the aperture blades, 共b兲 the positioning accuracy
of the aperture and the XYZ sample stage, 共c兲 thermal effects,
共d兲 spreading of the dose at the edges of the irradiated area
associated with multiple scattering, 共e兲 penumbra broadening, and 共f兲 aperture edge scattering. Considering 共a兲, close
inspection of Fig. 7共a兲 reveals that ⬃100 nm roughness features on the edges of the aperture blades are faithfully reproduced. This roughness sets one limit to the minimum feature
size and improvement of polishing technique; using e.g.,
electropolishing could reduce the roughness to 10 nm rms or
so. Angular missalignment of the aperture blades will lead to
a tapering of the rectangular pattern elements. Conventional
metal machining practices can easily achieve an alignment
accuracy of 0.1° over 20 mm. This corresponds to 10 nm
over 5 m. Thus the taper will not be a major problem for
short pattern elements but becomes critical for long thin rectangular elements, e.g., a 100 nm wide and 500 m rectangular line. The accuracy of the linear-motion drives 共b兲 is of
crucial importance. It is quite difficult to predict this performance because it depends on details of the control scheme
and the position encoder and moreover, the data are generally given in terms of the entire range of travel rather than
over small increments of motion. The minimum incremental
motion is an indicator of this accuracy, which is 100 nm for
our linear-motion drives. This could be improved by a factor
JVST B - Microelectronics and Nanometer Structures

We have developed a MeV ion beam PPAL system at
University of Jyväskylä as a powerful lithographic instrument. This system enables the use of ion beam over a wide
energy range to fabricate channel structures and lithographically defined regions with nanometer-scale ion-track structures. At present, the smallest structure produced by our system was an approximately 700– 800 nm wide wall in 7.5 m
thick PMMA with a corresponding aspect ratio of about 10.
In the future, the aspect ratio can be increased by producing
structures in thicker resists or reducing structure dimensions.
This system is suitable for making the structures for fundamental cellular or subcellular biomedical research in our
group. Multiple scattering leads to a spreading of the fluence
distribution at the edges of the irradiated regions on a scale
of 50 nm after penetrating 7.5 m of PMMA.
ACKNOWLEDGMENT
This work has been supported by the Academy of Finland
Centre of Excellence in Nuclear and Accelerator-Based
Physics 共Ref. 213503兲. One of the authors 共N.P.兲 also gratefully acknowledges financial support from the Royal Golden
Jubilee Scholarship of the Thailand Research Fund and owes
special thanks to the staff of the Accelerator Laboratory for
their enthusiastic support and encouragement throughout his
studies in Jyväskylä.

1738

Puttaraksa et al.: Programmable proximity aperture lithography

2 =

1738

再

2 ,

r艋d

2 − cos 共d/r兲, r ⬎ d
−1

冎

and for d 艌 0,

1 =

2 =

FIG. A1. Geometry for transformation of N共r兲 to N共d兲.

APPENDIX
SRIM 共Ref. 26兲 and other simulation programs for particlematter interactions 关e.g., CASINO 共Ref. 28兲兴 mainly provide
distributions N共x , y兲 of physically interesting quantities 共fluence, dose, ionization, displacement damage, etc.兲 in Cartesian coordinates. Generally, the distributions are in a plane
perpendicular to the beam direction, z, where the origin 共0, 0兲
in the plane of the surface corresponds to the point of the
impingement of the ions.
A commonly met question in ion-matter interaction studies is that the quantity of interest is a distribution N共d兲,
where d is the perpendicular distance from the straight edge
of an irradiated area, such as that defined by the edge of a
scanned region or mask. This may be obtained from N共x , y兲
using the transformation below. It is trivial to extend this
approach to the bisectors of semi-infinite area bounded by
two straight edges 共e.g., the bisectors for internal and external corners兲.
The first step is to transform N共x , y兲 to a radial distribution N共r兲 according to r = 冑x2 + y 2 and subsequently apply
proper normalization.
Then, using the symmetry property N共r兲 = N共−r兲, the contribution to N共d兲 from the arc of the circular shell of thickness dr is obtained by integrating along the arc 1 → 2 inside the irradiated area 共Fig. A1兲. Then integrating a second
time over r we have
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0

2

1

N共r兲ddr,

共A1兲

where the limits of integration 1 and 2 are as follows: for
d ⬍ 0;
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−1
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The distribution of lateral spreading N共x , y兲 for a uniformly distribution of 104 projectiles of 2 MeV protons and
3 MeV helium ions traversing 7.5 m of PMMA was determined using SRIM simulation.26 To avoid uncertainties associated with the selection of mean free path at small impact
parameters, which are expected to have a large influence on
multiple scattering distributions, the calculation was set up to
calculate scattering with each atomic layer. The distribution
of lateral spread N共d兲 across a straight edge of an irradiated
area 共Fig. 3兲 was then obtained by numerical integration of
Eq. 共A1兲. The transformation 关Eq. 共A1兲兴 was extended to
calculate N共d兲 for internal and external corners of irradiated
areas bounded by two straight lines by a trivial selection of
different angular integration limits 1 and 2. The fluence
distributions N共d兲 along the bisectors of 90° forming external
and internal corners are presented in Figs. 3共b兲 and 3共c兲.
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ABSTRACT
An ion beam lithography system for light and heavy ions has been developed at the
University of Jyväskylä’s Accelerator Laboratory. The system employs a programmable
proximity aperture to define the beam. The proximity aperture is made up of four Ta blades with
precise straight edges that cut the beam in the horizontal and vertical directions. The blade
positions and dimensions are controlled by a pair of high-precision linear-motion positioners.
The sample is mounted on a X-Y-Z stage capable of moving with 100 nm precision steps under
computer control. The resolution performance of the system is primarily governed by the
proximity aperture. Pattern edge sharpness is set by the beam divergence, aperture blade
straightness, and secondary and scattered particles from the aperture blade edges. Ray tracing
simulations using object oriented toolkit GEANT4 were performed to investigate the beam
spatial resolution on the sample defined by the proximity aperture. The results indicate that the
edge-scattering does not significantly affect the pattern edge sharpness.
INTRODUCTION
MeV proton beam writing (PBW) is a rapidly evolving lithography technique capable of
patterning high 3D nanopatterns with very high line-width to resist-thickness aspect ratio (more
than 100), and with a high resolution of better than 20 nm [1-3]. The PBW technique is analog to
electron beam lithography (EBL). A beam of protons from an electrostatic accelerator is
magnetically focused and scanned over the resist surface. However, the MeV protons, as
opposed to keV electrons, can penetrate deep into the resist along a straight path with minimal
scattering.
Proton beams from cyclotrons generally have higher energies (tens of MeV), which
enables pattern writing in thicker resists (up to 400 µm for 6 MeV protons in PMMA [4]).
However, even if large beam currents are available (up to 100’s of µA), the rather large
divergence (about 1 mrad) and poor energy resolution imply that it is not straightforward to use a
focusing in order to reach µm beam spot sizes. An alternative approach is to raster the target
relative to a small beam spot defined by an aperture [5,6]. In MeV ion programmable proximity
aperture lithography (PPAL), which is used in our system, a rectangular beam spot is defined by
a “shadow” of a computer-controlled variable aperture in close proximity to the sample (Fig. 1).
The aperture is made up of two L-shaped Ta blades with straight edges (each blade is made up of
two 100 µm thick Ta sheets glued together). Precise movement of each L-shaped blade in the X’
and Y’ directions defines the size of the beam spot (Fig. 1(a)). By combining X’ and Y’
movement of the defining aperture with x and y movement of the target, entire rectangular

pattern elements up to 500×500 µm2 can be written in a single exposure over 20×20 mm2 field. A
technical overview of the PPAL system can be found elsewhere [7].
The PPAL approach considerably speeds up the writing time for large patterns compared
to writing by scanning a small beam spot over the entire pattern element. This system is a
valuable tool for our biomedical research programs at a cellular and sub-cellular level [8], where
we are interested in rapidly exposing patterns with a large numbers of pattern elements of 10-300
µm size over a large area in thick (≤200 µm) resists in order to form cell-growth substrates.
However, we believe that the PPAL system, besides production of cell culture substrates, may be
also employed for a rapid production of 3D micro- and nanostamps, lab-on-chip and fluidic
devices, micro- and nanophotonics structures.
The pattern edge sharpness is set by the beam divergence, aperture blade straightness,
and secondary and scattered particles from the aperture edges. Ray tracing simulations were
performed to investigate the beam spatial resolution on the sample as defined by the proximity
aperture taking into account the beam divergence.

Figure 1. PPAL system. a) Two L-shaped aperture blades (each blade is made up of two 100 µm
thick Ta sheets glued together). By combining the X’ and Y’ movement of the blades with x and
y movement of the target entire rectangular pattern element of various sizes can be written in one
step. b) and c) Examples of patterns written with PPAL system in 7.5 µm thick PMMA using 56
MeV 14N beam.
SIMULATION OF THE EXPERIMENTAL SET-UP
The GEANT4 toolkit [9] was used to test the concept of the PPAL system. GEANT4 is
an object-oriented Monte Carlo simulation tool written in C++ that provides comprehensive
detector and physics modeling capabilities. Promising results of simulations at micrometer scale
[10,11] made GEANT4 a natural choice to investigate the PPAL system resolution performance.
In GEANT4 users can define their own materials and system geometry. We have defined four
100 µm thick Ta sheets combined together in space to form the defining aperture. The primary
Ta circular aperture (2 mm thick and 1 mm diameter) was placed 1.76 m upstream from the
defining aperture. Collisions with the residual gasses in the beam line were neglected in order to
investigate a pure slit-edge scattering. The PPAL system was investigated using the latest release
of GEANT4 (version 4.8.2) and its low energy extension (G4LOWEM3.0). Ion processes, such
as multiple scattering and ionization, were simulated using standard EM physics provided by
GEANT4 [12]. The general particle source (GPS) was used to produce proton beams with the
desired energy, angular and spatial distributions. To provide reliable multiple scattering of the
protons in the primary aperture and in the defining aperture’s blades the maximal simulation step
was set to 50 nm. The value of the secondary particle cut has been set to 100 µm in the primary

Ta aperture and in the four Ta sheets for 2 MeV protons. The values for the cut-value and the
maximal simulation step have been optimized from a comparison between GEANT4 and SRIM
2006 [4] beam straggling simulations. In this calibration 2 MeV protons entering perpendicularly
to the target surface passed through Ta foils of different thicknesses, and the positions of exiting
protons were measured. Having position distributions of the transmitted protons it is possible to
calculate quantities characterizing scatterings in the material, such as lateral projected range,
lateral straggling, radial range and radial straggling. In this study, we used definitions of these
quantities proposed by SRIM 2006 [4]. The GEANT4 and SRIM 2006 predictions show a
reasonable agreement over the range of 1-15 µm of Ta foil thicknesses (Fig. 2). This suggests we
can be confident in the predictions obtained in our calculations.

Figure 2. Comparison of 2 MeV proton beam straggling in Ta simulated by SRIM 2006 and
GEANT4.
RESULTS AND DISCUSSION
To investigate the beam spot spatial resolution we modeled the target as a sensitive
detector (sample) that could be placed at different distances behind the defining aperture. The
detector recorded each proton’s hit position coordinates (x,y) and its energy. This information
could then be stored in files and processed by numerical analysis software, such as Matlab or
ROOT [13]. In initial simulations we found out that the protons, that undergo scattering at the
edges of the first aperture, have a negligible probability to transverse through the defining
aperture. In these simulations the diverging (1 mrad) beam with a 600 µm radius was incident on
the first collimator 1 mm in diameter. Fig. 3(a) shows the spatial distribution of protons
transmitted through the first collimator and recorded 1 m downstream (0.76 m before the
defining aperture). For 600 µm radius proton beam centered on 500 µm radius collimator with
3.4×106 incident protons we obtain 2.36×106 transmitted, giving 69.4% transmission efficiency

in the simulation, which is the proton beam spot to collimator opening surface ratio (π·5002/
π·6002). Among the transmitted protons 0.29% or 6865 protons have been scattered by the
collimator edges. Because the detector had a form of a 500×500 mm2 square we estimate that the
number of the scattered protons could be larger, since those hits further than 250 mm from the
aperture center were not recorded.

Figure 3. Transmission of 2 MeV protons through the first Ta aperture of 1 mm diameter and 2
mm thickness. a) Lateral distribution of the proton hits measured 1 m downstream b) 10 µm
thick stripe cut from the previous distribution and presented in the histogram form, particle yield
not normalized, c) Schematic presentation of the PPAL system made up of two apertures (not to
scale). A proton beam with divergence θ=1 mrad is incident on the first aperture. Only that
fraction of the beam having divergence set by the geometry of the system θ’=A/2D, where A=1
mm is the diameter of the first aperture and D=1.76 m is the distance between the primary and
secondary apertures, will be able to pass through the second aperture. R, which is the opening of
the second aperture, is of the order of a few µm’s and can be neglected.
It can be seen that the beam is well-confined at the target position (Fig. 3(a-b)), while scattering
events are rare. The only fraction of the beam that is able to pass through the second aperture has
a smaller divergence defined by the geometrical dimensions of the system. Therefore, we can
approximate the system by neglecting the primary aperture, moving the proton source closer to
the second aperture and making it smaller, and setting the maximal divergence to θ’=A/2D=0.28
mrad instead of θ=1 mrad (see Fig. 3(c)). Such approximation allowed speeding up considerably
(factor of 10) of the Monte Carlo calculations by allowing a smaller number of protons to be
used. In our simulations we used a proton source of r'=50 µm radius with 0.28 mrad divergence
placed 176 mm upstream the second aperture. Typically, 7.86×106 protons were simulated for
aperture openings 1×10 µm2 and 10×10 µm2, while 26.5×106 protons for 0.1×10 µm2 opening to
ensure good statistics. The spatial distributions of the proton hits were measured at 0.5 mm, 1
mm, 2 mm and 5 mm distances behind the fourth Ta blade. For 7.86×106 incident protons, on
average 9.5×104 and 9.5×103 are transmitted, and 2.6×104 and 1.8×103 are scattered through
10×10 µm2 and 1×10 µm2 apertures, respectively. For 26.5×106 incident protons, on average
3×103 are transmitted and 6×104 are scattered through 0.1×10 µm2 aperture. Fig. 4(a) shows a
typical spatial distribution of protons transmitted and scattered through the second aperture. The
transmitted protons create rectangles well-confined within the intended locations (Fig. 4(b)). The
scattered protons create a large “halo” spreading to several tens of mm. The protons are scattered
mainly to the upper left corner of the sample (due to the geometry of the Ta blades). The
scattered protons are separated by a few µm’s and sometimes even by a few mm. The results

indicate that the slit-edge scattering will not degrade the pattern edge sharpness. The pattern
dimensions will therefore be mainly set by the beam divergence and the Ta blades sharpness.

Figure 4. a) Spatial distribution and energy of the protons passing through 10×10 µm2 second
aperture measured 1 mm behind the fourth Ta blade. b) Distribution of the transmitted particles.
c) Histogram built from 2 µm thickness stripe cut from the transmitted proton data, particle yield
not normalized. FWHM of the beam spot can be found from Gaussian fits to the histogram tails,
FWHM=(C2+1.7741·σ2)-(C1-1.7741· σ1).
Stripes of 2 µm thickness from the hits distributions were “cut” and plotted in histogram form.
The FWHM’s of the beam spots were found from the Gaussian fits to the histograms’ tails (e.g.
see Fig. 4(c)). Fig. 5(a-c) show FWHM of the beam spots “shadowed” by the 10×10 µm2, 1×10
µm2, and 0.1×10 µm2 aperture openings plotted against the distance between the sample and the
fourth Ta blade. Linear functions were fitted to the results.

Figure 5. FWHM of beam spots measured at different sample-aperture separation L for a) 10×10
µm2, b) 1×10 µm2 and c) 0.1×10 µm2 aperture openings.
From the linearity of the spot dimensions it follows that the beam divergence is responsible for
the spot broadening, whereas contribution from the edge-scattering is negligible. Note, however,
that because we used maximal allowed beam divergence, the calculated beam-spot spreading on
targets presents an upper limit. Realistic beam spot spreading is anticipated to be smaller since
accelerator beams are significantly paraxial.
CONCLUSIONS
Ray-tracing simulations using GEANT4 toolkit were performed to calculate the PPAL
system’s resolution performance. The calculations indicate that the slit edge-scattering will not

degrade the pattern edge sharpness. The beam spot spreading is mainly associated with the beam
divergence. Since maximal possible beam divergence, set by the geometry of the system, was
used in this paper, the calculated beam spreading represents an upper limit. The resolution
performance of the PPAL system is expected to be better due to a significant paraxial component
of typical accelerator beams.
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a b s t r a c t
Poly(methyl methacrylate) is a common polymer used as a lithographic resist for all forms of particle
(photon, ion and electron) beam writing. Faithful lithographic reproduction requires that the exposure
dose, H, lies in the window H0 6 H < H0 , where H0 and H0 represent the clearing and cross-linking
onset doses, respectively. In this work we have used the programmable proximity aperture ion beam
lithography systems in Chiang Mai and Jyväskylä to determine the exposure characteristics in terms of
ﬂuence for 2 MeV protons, 3 MeV 4 He2þ and 6 MeV 12 C3þ ions, respectively. After exposure the samples
were developed in 7:3 by volume propan-2-ol:de-ionised water mixture.
At low ﬂuences, where the ﬂuence is below the clearing ﬂuence, the exposed regions were characterised by rough regions, particularly for He with holes around the ion tracks. As the ﬂuence (dose) increases
so that the dose exceeds the clearing dose, the PMMA is uniformly removed with sharp vertical walls.
When H exceeds the cross-linking onset ﬂuence, the bottom of the exposed regions show undissolved
PMMA.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
MeV ion beam lithography methods such as proton beam writing (PBW) [1] and programable proximity aperture lithography
(PPAL) are gaining interest as a powerful tool for direct-writing high
aspect ratio structures. The direct-writing capability makes these
techniques particularly well-suited for prototyping and master
stamps for mass fabrication because no expensive mask is needed.
This is driven by applications such as rapid prototyping of waveguides, optotronic metamaterials [2], bioscience applications [3]
and microﬂuidics [4,5]. Poly(methyl methacrylate) (PMMA) is a
widely used positive resist in MeV ion beam lithography. This resist
is commonly used for electron beam lithography and is commercially available in a range of compositions for deposition by spinning and spray coating. The ions expose the resist by creating a
cascade of low-energy electrons [6–9] around the ion track that induce main-chain scission in the PMMA [10]. This reduces the mean
molecular weight of the polymer in the exposed regions rendering
it more susceptible to dissolution by a suitable solvent (developer).
After development, the exposed regions are dissolved away while
the unexposed regions remain, creating a 3D structure with sharp
⇑ Corresponding author.
E-mail address: rattanaporn.norarat@phys.jyu.ﬁ (R. Norarat).

vertical sidewalls. For very high doses, pendant side-chains are also
removed in the PMMA, creating short chains with broken bonds
that cross-link to form a 3D network that resists dissolution by solvent and creates a negative resist [10].
Patterns can be written by either intensity modulating a focused ion beam that is rastered over the resist-coated substrate
or by writing complex patterns made up of a number of simple pattern elements, (circles, rectangles etc.). The former is widely used
to write irregular structures, e.g. logos, while the latter is faster
and generally used for microﬂuidics and optics patterns. Stitching
by overlapping different pattern elements is used when writing
complex pattern to avoid gaps associated with electrical and
mechanical tolerances. The dose in the overlapped regions can be
two, (or more) times that for the non-overlapped irradiated regions. An important question is then the choice of the optimal
ion ﬂuence for exposure of the pattern so that the pattern is fully
exposed without over-exposure in the stitched regions. Generally,
literature reports only give the ﬂuence used for pattern writing
without indication of how this relates to the clearing and crosslinking ﬂuences.
In this work we have investigated the exposure characteristics
of PMMA for different ion beams to determine the ﬂuence (H),
needed to completely remove the resist (clearing ﬂuence, H0 )
and the onset of cross-linking (cross-linking ﬂuence, H0 ).
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2. Method
The samples for irradiation were prepared by spinning at 2500
rpm followed by a soft-bake at 160 °C of 950 kDa PMMA (A11 from
MicroChem [11]) onto silicon substrates. This was repeated two or
three times to give PMMA ﬁlms of 6 lm or 9 lm thickness. Initial
cleaning of the Si by a HF dip, O2 plasma exposure and cleaning in
acetone and propan-2-ol were tested. It was found that the best
adhesion after ion exposure, development of unsupported walls
of 3 lm thickness and lowest level of particulate defects were obtained by using the HF dip and this was therefore used
subsequently.
The ion exposures were carried out using the PPAL systems at
the 1.7 MV Tandetron accelerator in Chiang Mai [12,13] and
1.7 MeV Pelletron in Jyväskylä [14,15]. The ion ﬂuences were
determined by integrating the current from the proximity apertures [13]. These currents were calibrated against the straightthrough current measured in a Faraday cup without the sample
in place. A correction factor to account for aperture size was applied. SNICS ion sources were used to obtain proton and 12C ion
beams while an Alphatross source was used for He ions.
After exposure the samples were developed in a freshly prepared 7:3 by volume mixture of propan-2-ol and de-ionised water
at 25 °C for 5 min [16,17]. This developer was adopted because it is
capable of nanometre resolution, poses no severe hazards and has
a low viscosity allowing it to penetrate easily in narrow channels.
Subsequently, the samples were rinsed in two changes of de-ionized water and allowed to dry under ﬁltered air. The removal of
the resist was characterized by optical and scanning electron
microscopy (SEM).

Table 1
The ion ﬂuence parameters for rectangular pattern elements exposed with 2 MeV
protons.
Pattern no.
A1

Fluence (ions cm2)

Pattern no.

Fluence (ions cm2)

12

C1

2:0  1014

A2

12

9:6  10

C2

2:2  1014

A3

1:4  1013

C3

2:4  1014

A4

13

1:8  10

C4

2:7  1014

A5

2:2  1013

C5

3:0  1014

A6

13

2:6  10

C6

3:2  1014

B1

4:0  1013

D1

3:5  1014

B2

13

5:4  10

D2

3:8  1014

B3

7:9  1013

D3

4:2  1014

B4

14

1:1  10

D4

5:2  1014

B5

1:3  1014

D5

6:2  1014

B6

14

D6

7:8  1014

4:3  10

1:6  10

3. Results and discussion
Fig. 1 shows a sequence of square shaped pattern elements that
been exposed to different ﬂuences with 2 MeV protons. The corresponding ﬂuences are speciﬁed in Table 1. It is clearly seen from
Fig. 1 and Table 1, that for ﬂuences less than 2:6  1013 ions cm2
the patterns are not fully exposed. While cross linking starts at
 3:5  1014 ions cm2 . Fig. 2 presents the pattern ﬁle and the
associated image for 6 MeV 12 C3þ ions in a 6 lm PMMA/Si sample.
In this case a PMMA thickness of 6 lm was used to ensure the ion
range (Table 2) exceeded the ﬁlm thickness to minimise the effects
of end of range spreading. This is an example of correct exposure
where the pattern elements are stitched. The PMMA is completely
removed down to the underlying Si in both the large (single expo-

Fig. 1. SEM image of pattern elements on a PMMA/Si sample after development
(see text.) that has been exposed with sequentially larger proton ﬂuences. The
ﬂuences increased in small steps along each column and larger steps along each row
from 4:3  1012 to 7:8  1014 ions cm2 .

Fig. 2. (a) Exposure pattern made up of two large vertical rectangle exposed regions
and 20 horizontal rectangular exposed rectangles. The ‘‘stitching’’ where the
horizontal and vertical exposed regions overlap are shown in grey. (b) Corresponding SEM image of a 6 lm PMMA/Si sample after exposure with 2  1012 ions cm2 of
6 MeV 12 C3þ ions.
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Table 2
Clearing ðH0 Þ, onset of cross-linking ðH0 Þ and fully cross-linking ðH1 Þ ﬂuences in
PMMA.
Ion

Range
(lm)

H0 (ions
cm2 )

H0 (ions

H1 (ions

cm2 )

cm2 )

2 MeV 1 Hþ

80.4

3:3  1013

3:5  1014

7:0  1014

3 MeV 4 He2þ

18.8

2:4  1013

5:4  1013

1:5  1014

9.44

1:8  1012

3:4  1012

8:1  1012

6 MeV

12 3þ

C

ð1Þ
ð2Þ

where, n is the number of pattern elements that are overlapped by
stitching. Similarly for negative tone, we have

H1 < nH

the product of the breakdown voltage of the PMMA ﬁlm and ion
charge.
4. Conclusions

sure) regions and the stitched regions at the ends of the open channels (See Fig. 2(a)).
In these experiments we varied the ﬂuence of the ions directed
perpendicular to the surface. We can deﬁne a clearing ﬂuence, H0
that is the ﬂuence required to completely remove the resist down
to the resist/substrate interface. The condition for this is that the
dose averaged over both depth and the many neighboring ion
tracks, is able to deposit sufﬁcient energy to create enough chain
scissions to allow the polymer to be dissolved during development.
Likewise, we can deﬁne a cross-linking ﬂuence, H0 which represents the onset of cross-linking. In order to write a positive tone
pattern with straight vertical sidewalls that delineates regions
where the resist has been completely removed the ﬂuence must
satisfy the conditions :

H0 6 H;
nH < H0 ;

3

ð3Þ

Table 2 presents the measured ﬂuences for clearance and crosslinking. Comparison of the ion stopping forces [18] (15.2, 121 and
816 eV/nm for protons, He and C ions, respectively) showed that
as the stopping force increase, H0 , H0 and H1 decreased. The corresponding mean distance between ions at H0 of 1.7, 2.0 and 7.4 nm
forpH,
ﬃﬃﬃ He and C ions respectively gives an effective ion track radius
of 2 times these values. The effective track radius is an important
parameter because in conjunction with the stoichiometrics of ion
impingement [7], it determines the ultimate writing resolution [6]
and edge roughness that can be achieved. The ratio, H0 =H0 gives
a measure of the exposure tolerance analogous to the latitude of a
photographic ﬁlm. The values are 10 for protons and somewhat
smaller 2 for He and C. This limits the number of areas, n that
can be superposed by stitching about ten in PBW and two for He
and C.
For ﬂuences H 6 H0 , close inspection of the SEM images revealed that the PMMA was incompletely removed with a surface
that has a roughness on a scale of tens of nanometres [4,19]. Close
inspection also revealed that for H J H0 the edges of the irradiated
areas were also rough with the features of individual ion tracks.
Even for H < H0 , individual ion tracks could be discerned for
4
He2þ ions outside of the irradiated area that are presumably associated with edge scattering for the PPAL deﬁning aperture [20–22].
The voltage build-up on the PMMA surface is unlikely to be the origin. This is because the energies of the ions are vastly greater than

The clearing and cross-linking threshold ﬂuences for 2 MeV protons, 3 MeV 4 He2þ and 6 MeV 12 C3þ ions in PMMA resist have been
investigated. The results show the threshold for both clearing and
the onset of cross-linking decreases with increasing electronic
stopping force. The exposure latitude is somewhat greater for protons than for heavy ions. At ﬂuences less than the clearing dose the
PMMA is incompletely removed, leaving a surface that is rough on
a nanometre scale which reﬂects the spatial dose non-uniformity
associated with individual ion impingement.
Acknowledgements
This work was supported the Academy of Finland, The OSKE
organisation, Centre of Excellence in Nuclear and Accelerator Based
Physics, ref. 213503 and grant 129999. RN was supported by a
CIMO Fellowship. HJW is grateful for travel support from the Magnus Erhnrooth Foundation, which made this work possible.
References
[1] J.A. van Kan, A.A. Bettiol, Proton beam writing: a new 3D nanolithographic
technique, in: R. Hellborg, H.J. Whitlow, Y. Zhang (Eds.), Ion Beams in
Nanoscience and Technology, Springer, Heidelberg, 2010, p. 297.
[2] A.A. Bettiol, Proton beam writing of optical structures, in: R. Hellborg, H.J.
Whitlow, Y. Zhang (Eds.), Ion Beams in Nanoscience and Technology, Springer,
Heidelberg, 2010, p. 311.
[3] J.A. van Kan, A.A. Bettiol, Tissue engineering and bioscience methods using
proton beam writing, in: R. Hellborg, H.J. Whitlow, Y. Zhang (Eds.), Ion Beams
in Nanoscience and Technology, Springer, Heidelberg, 2010, p. 297.
[4] S. Gorelick, N. Puttaraksa, T. Sajavaara, H.J. Whitlow, Nucl. Instrum. Methods B
266 (2008) 2461.
[5] H.J. Whitlow, L.P. Wang, L. Gilbert, Adv. Mater. Res. 74 (2009) 129.
[6] H.J. Whitlow, M.L. Ng, V. Auzelyte, I. Maximov, L. Montelius, J.A. van Kan, A.A.
Bettiol, F. Watt, Nanotechnology 15 (2004) 223.
[7] C.N.B. Udalagama, A.A. Bettiol, F. Watt, Nucl. Instrum. Methods B 260 (2007)
384.
[8] R. Spohr, in: K. Bethge (Ed.), Ion Tracks and Microtechnology: Principles and
Applications, Vieweg, Braun chweig, 1990, pp. 112–116.
[9] Y. Zhang, H.J. Whitlow, Modiﬁcation of materials by MeV ion beams, in: R.
Hellborg (Ed.), Electrostatic Accelerators, Springer, Berlin Heidelberg New
York, 2005, p. 506.
[10] A. Chapiro, Nucl. Instrum. Methods B 32 (1988) 111.
[11] NANOTM PMMA and Copolymer, Microchem, 1254 Chestnut St. Newton, MA
02464, USA, 2001.
[12] H.J. Whitlow, S. Sangyuenyongpipat, L.P. Wang, S. Gorelick, T. Sajavaara, V.
Marjomäki, L. Gilbert, N. Puttaraksa, S. Singkarat, Thai Phys. J. 5 (2010) XV.
[13] N. Puttaraksa, S. Unai, M.W. Rhodes, K. Singkarat, H.J. Whitlow, S. Singkarat,
Nucl. Instrum. Methods B, doi:10.1016/j.nimb.2011.01.053.
[14] S. Gorelick, T. Ylimäki, T. Sajavaara, M. Laitinen, A. Sagari A.R., H.J. Whitlow,
Nucl. Instrum. Methods B 260 (2007) 77.
[15] N. Puttaraksa, S. Gorelick, T. Sajavaara, M. Laitinen, S. Singkarat, H.J. Whitlow, J.
Vac. Sci. Tech. B 26 (2008) 1732.
[16] Shazia Yasin, D.G. Hasko, H. Ahmed, Appl. Phys. Lett. 78 (2001) 2760.
[17] J.-S. Wi, H.-S. Lee, K.-B. Kim, Electr. Mater. Lett. 3 (2007) 1.
[18] J.F. Ziegler SRIM-2010.01, from <www.SRIM.org>.
[19] M. Skupinski, J. Jensen, A. Johansson, G. Possnert, M. Boman, K. Hjort, A. Razpet,
J. Vac. Sci. Technol. B 25 (2007) 862.
[20] S. Gorelick, T. Sajavaara, H.J. Whitlow, Nucl. Instrum. Methods B 267 (2009)
2050.
[21] S. Gorelick, T. Sajavaara, H.J. Whitlow, J. Vac. Sci. Tech. B 27 (2009) 1102.
[22] S. Gorelick, T. Sajavaara, H.J. Whitlow, J. Vac. Sci. Tech. B 27 (2009) 1109.

Please cite this article in press as: N. Puttaraksa et al., Lithography exposure characteristics of poly(methyl methacrylate) (PMMA) for carbon, helium and
hydrogen ions, Nucl. Instr. and Meth. B (2011), doi:10.1016/j.nimb.2011.01.056

Paper V
This article was published in THAI JOURNAL OF PHYSICS,
SERIES 4,
Nitipon Puttaraksa, Sergey Gorelick, Timo Sajavaara, Somsorn Singkarat,
Harry J. Whitlow
3D Micro-channel fabrication in PMMA based on MeV ion beam
lithography,
Copyright THAI PHYSICS SOCIETY (2009).

Reproduced with the permission of the publisher.

Paper VI
This article was published in Nuclear Instrument and Methods, Section
B, volume 266,
Sergey Gorelick, Nitipon Puttaraksa, Timo Sajavaara, Mikko Laitinen,
Somsorn Singkarat, Harry J. Whitlow,
Fabrication of microfluidic devices using MeV ion beam Programmable
Proximity Aperture Lithography (PPAL),
pp. 2461-2465
Copyright Elsevier (2008).

Reproduced with the permission of the publisher.

Available online at www.sciencedirect.com

NIM B
Beam Interactions
with Materials & Atoms

Nuclear Instruments and Methods in Physics Research B 266 (2008) 2461–2465
www.elsevier.com/locate/nimb

Fabrication of microﬂuidic devices using MeV ion beam
Programmable Proximity Aperture Lithography (PPAL)
S. Gorelick a,*, N. Puttaraksa a,b, T. Sajavaara a, M. Laitinen a, S. Singkarat b, H.J. Whitlow a
b

a
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Abstract
MeV ion beam lithography is a direct writing technique capable of producing microﬂuidic patterns and lab-on-chip devices with
straight walls in thick resist ﬁlms. In this technique a small beam spot of MeV ions is scanned over the resist surface to generate a latent
image of the pattern. The microstructures in resist polymer can be then revealed using a chemical developer that removes exposed resist,
while leaving unexposed resist unaﬀected. In our system the size of the rectangular beam spot is programmably deﬁned by two L-shaped
tantalum blades with well-polished edges. This allows rapid exposure of entire rectangular pattern elements up to 500  500 lm in one
step. By combining diﬀerent dimensions of the deﬁning aperture with the sample movements relative to the beam spot, entire ﬂuidic patterns with large reservoirs and narrow ﬂow channels can be written over large areas in short time. Fluidic patterns were written in
PMMA using 56 MeV 14N3+ and a 3 MeV 4He2+ beams from K130 cyclotron and a 1.7 MV Pelletron accelerators, respectively, at
the University of Jyväskylä Accelerator Laboratory. The patterns were characterized using SEM, and the factors aﬀecting patterns quality are discussed.
Ó 2008 Elsevier B.V. All rights reserved.
PACS: 29.20.Ba; 29.20.dg; 41.85.Si; 87.85.Lf; 87.85.Ox; 61.80.Jh
Keywords: MeV ion beam lithography; Heavy ion beam lithography; Single ion-tracks; Proximity aperture; Microﬂuidic device; Cell-growth substrate;
PMMA

1. Introduction
Microﬂuidic devices become increasingly relevant in biomedical applications and research. Such devices can be
eﬀectively used to manipulate and navigate selected cells
to a desired location on a patterned substrate [1], to sort
diﬀerent types of cells [2], to evaluate membrane electrical
properties of single cells to determine their viability [3], to
detect, sequence and size DNA molecules [4–6], and for
other numerous applications [7,8]. For our bone–tissue
research at cellular and sub-cellular levels [9] we are interested in rapid production of cell-growth substrates and
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microﬂuidic devices in thick polymer ﬁlms with a large
number of pattern elements covering large areas. For this
purpose we have constructed a lithography facility for writing patterns with MeV ion beams in polymer resist ﬁlms,
e.g. PMMA [10].
The MeV ion beam writing is a rapidly evolving lithography technique which has proven its capability to produce
3D structures in thick resists with extraordinarily high linewidth to resist-thickness aspect ratio (>100), nanometre
feature sizes (20 nm), and a high degree of smoothness
[12–14].
MeV ion beam writing, such as Proton Beam Writing
(PBW) [12–14], is similar to electron beam lithography
(EBL). An ion beam (typically protons or alpha particles)
from an accelerator is focused into a small beam spot
which is magnetically scanned over the resist surface to
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generate a latent image of the desired pattern. The advantage of MeV ions, as opposed to electrons, is that MeV ions
can penetrate deep into the resist along a straight path and
with minimal scattering. In an alternative approach, rather
than focusing the MeV ion beam and scanning it across the
resist, the target is moved relative to a small beam spot
deﬁned by collimators [15,16]. In Programmable Proximity
Aperture Lithography (PPAL) used in our system, the size
of the rectangular beam spot of MeV ions is programmably
deﬁned by two L-shaped tantalum blades (each blade is
made of two 100 lm Ta sheets with well-polished edges
that are glued together). To control the size of the penumbra the aperture blades are in close proximity to the resist.
Precise movement of each L-shaped blade in the X0 and Y0
directions deﬁnes the size of the beam spot (Fig. 1). This
allows rapid exposure of entire rectangular pattern elements with sizes up to 500  500 lm in one step. By combining diﬀerent dimensions of the deﬁning aperture with
the x and y sample movements relative to the beam spot,
entire ﬂuidic patterns with large reservoirs and narrow ﬂow
channels can be written on large areas in short time
(Fig. 1). In addition, the PPAL approach eliminates the
need of time consuming beam focusing and beam optimization routines. As the PPAL approach is purely based on
shadowcasting, it can be used with accelerators where
beam focusing is not straightforward, e.g. for high rigidity
MeV heavy ion beams or with cyclotron beams having
large divergence. A more detailed technical description of
the PPAL system can be found elsewhere [10,11].
To examine the feasibility of the PPAL approach several
test patterns were written in PMMA using 56 MeV 14N3+
beam from the Jyväskylä cyclotron and a 3 MeV 4He2+
beam from a Pelletron accelerator.

Fig. 1. Schematic illustration of the PPAL system. Two L-shaped
aperture blades, each made up of two 100 lm thick Ta sheets glued
together, deﬁne the beam spot shape and size on the sample. By combining
X0 and Y0 of the blades with the x and y movement of the sample, entire
patterns made up of rectangular structures can be rapidly exposed.

2. Experimental procedures
PMMA A11 resist solution was spin-coated on Si substrates at 2500 rpm followed by a soft-bake at 160 °C for
5 min. The procedure was repeated three times to yield a
ﬁnal 7.5 lm resist thickness. The ion beam irradiations
were carried out at the Accelerator Laboratory of the
Jyväskylä University using the K-130 cyclotron [17] for
14 3+
N and the recently commisioned NEC 1.7 MV Tandem
Pelletron accelerator for 4He2+. Typically 100 nC mm2 of
2 MeV protons are required to expose PMMA [18]. Taking
into account that the stopping force of 56 MeV 14N and
3 MeV 4He in PMMA is 30 and 8 times larger than that
of 2 MeV protons [19], respectively, we estimated that the
required ﬂuence is 3.3 particle-nC mm2 for 14N and 12.5
particle-nC mm2 for 4He. To verify the estimated exposure parameters, a series of lines were written in PMMA
with gradually increasing delivered ﬂuences spanning two
orders of magnitude. The required exposure ﬂuences
appeared to be in good agreement with the previously
reported proton ﬂuences [18] taking into account diﬀerences in the stopping forces for diﬀerent ions.
The exposure times were determined by means of a Faraday cup positioned behind the sample holder measuring the
current of the beam collimated by 1  1 mm2 or 0.5 
0.5 mm2 variable aperture openings. To prevent the excessive
heating of the computer-controlled aperture by energetic 14N
ions, the 9 W cyclotron beam was ﬁrst collimated by a
water-cooled 1 mm diameter Ta aperture located 1.76 m
upstream close to the exit of the switching magnet. With
close to 500 nA of 14N3+ available at the water-cooled aperture, only 100 pA was transported through a 1  1 mm2
opening of the computer-controlled aperture. With such current densities, approximately 100 s exposure per rectangular
pattern element was required. Between the pattern elements
exposure the beam was blanked by a TTL signal that gated
the cyclotron injection system.
The heating power of 3 MeV 4He is much reduced compared to 56 MeV 14N, therefore the water-cooled aperture
was not used when the He irradiations were performed.
As one might expect, removing this aperture also increased
the available beam current on target. With approximately
20 nA of 4He2+ measured by a Faraday cup near the exit
from the switching magnet of the Pelletron, 1–2 nA are
transported through the 1  1 mm2 opening of the computer-controlled aperture. With such current densities,
15–30 s irradiations per pattern element are suﬃcient to
fully expose PMMA. The beam control between the
exposures was realized using an electrostatic two-plate
beam blanker positioned downstream from the Faraday
cup immediately after the switching magnet. The beam
blanking was controlled by a TTL signal fed to a high
voltage relay connected to a high voltage supply that
applies 1–3 kV to the plates to deﬂect the beam away from
the sample. The apertures and samples stage as well as
the the beam blanking were controlled by purpose-built
LabViewTM software.
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Normally, a safety-factor of 50% was added to the exposure times in order to compensate for the beam current and
position instabilities. During the exposures the samples
were positioned at 1–1.5 mm behind the blade.
After the exposures the samples were developed in
IPA:de-ionized water (7:3) solution [20] for 4–6 min followed by rinsing in de-ionized water and dried under
helium ﬂow.
3. Results and discussion
Fig. 2 shows a test pattern written using the PPAL system with a 56 MeV nitrogen beam. The pattern is made of
three large (100  100 lm) reservoirs connected by two
ﬂow channels (12 lm and 30 lm wide). This image reveals
the limitations of the system. Firstly, the pattern edge quality is clearly sensitive to dust particles adhering to the aperture edges and also the straightness of the aperture blades.
In general, the patterns were written with only limited success with nitrogen ions. One problem is that PMMA is sensitive to the nitrogen ﬂuence ﬂuctuations and easily
crosslinks in the stitching areas that receive double the ﬂuence (not shown). At low ﬂuences (Fig. 3(a)) the PPAL system can be used to write regions of non-overlapping ion
tracks. These could be used as capillary pumps and as ﬁlters and permeable membranes in 3D microﬂuidics circuits.
At increasing ﬂuences the ion tracks overlap (Fig. 3(b) and
(c)). At still higher ﬂuences, but not so high that the crosslinking occurs, the exposed PMMA is completely removed
after development (Fig. 3(b)). It was observed that the pattern-edges were relatively rough (e.g. as compared to He
irradiation, below). This may be attributed to the stochastic dose variations close to the edge of the irradiated area as
the individual ion tracks have relatively large diameter. The
case where the ion tracks overlap is a particularly interesting situation where a ‘‘carpet” of ﬁber-like polymer columns with nanometre dimensions is formed (Fig. 3(c)).
These structures have potential application as a substrate
for biomimetic studies as they can be coated with signal
substances to probe the inﬂuence of chemical signalling

Fig. 3. Illustration of structures formed in PMMA resist by exposure with
diﬀerent ﬂuences of 56 MeV 14N3+ ions. (a) Lithographically deﬁned
region of single ion-tracks, (b) higher ﬂuences giving partial overlap of the
ion tracks and a fully exposed region and (c) magniﬁed region of the
underexposed region in (b).

Fig. 2. SEM micrograph of a test pattern produced in a 7.5 lm thick
PMMA layer using PPAL system with 56 MeV 14N3+ beam from the
Jyväskylä cyclotron (tilt angle 45°).

combined with nanometre-scale topography on cell
proliferation.
Fig. 4 illustrates a prototype pattern written using 3 MeV
4
He2+ beam. The pattern consists of ﬁve large
(200  200 lm) reservoirs (not shown) connected through
30 lm wide ﬂow channels to a sorting device illustrated in
Fig. 4(a). The sorting device consists of a series of ﬂow
channels with decreasing dimensions. Fig. 4(b) shows magniﬁed image of 22 lm and 12 lm wide channels, while
Fig. 4(c) and (d) shows 5 lm and 1.6 lm wide channels,
respectively. These 1.6 lm wide channels are the smallest
feature written systematically so far with the PPAL system.
One may expect that ions scattered from the aperture edges
degrade the sharpness of the pattern in a stochastic way.
Aperture edge roughness on the other hand is not stochastic
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Fig. 4. SEM micrographs of patterns written in 7.5 lm thick PMMA layer using PPAL system with 3 MeV He beam from a Pelletron accelerator, (a)
closeup of the sorting device, in the central area of a microﬂuidic device. The device consists of large 200  200 lm reservoirs (not shown) connected via
ﬂow channels to the sorting device that has a series of ﬂow channels with decreasing dimensions, (b) magniﬁed image of the 20 lm and 10 lm wide
channels, (c) magniﬁed image of the 5 lm wide channels and (d) magniﬁed image of the 1.5 lm wide channels.

but will follow the departures from perfectly straight aperture edges. Close inspection of Fig. 4(c) and (d) show that
the detailed shape of the upper and lower edges of the channels is reproduced for each channel. The major contribution
to pattern-edge roughness (the smallest channel meanwidth d mean ¼ 1:6 lm, minimal width d min ¼ 1:3 lm, and
maximal width d max ¼ 1:9 lm) can be associated with aperture edge roughness. This is in agreement with the preliminary theoretical study of the ion-scattering by the aperture
edges [21] performed using the GEANT4 toolkit [22]. It is
then clear that the pattern quality can be further improved
by improved polishing of the Ta blade edges, e.g. using
sputtering or cluster-ion bombardment [23]. Positioning
accuracy of the linear-motion drives [24] is important for
obtaining the correct dimensions of the desired structures.
To estimate the positioning accuracy, corresponding channel-edge-to-channel-edge distances were measured for the
smallest channels. In this case, the standard deviation of
the measured distances distribution (0.14 lm), or the
FWHM of the distribution (0.34 lm), are measures of the
positioners accuracy. The measured positioning accuracy
is then comparable with the edge-to-edge measurement
error (0.3 lm) resulting from an uncertainty in the pattern
edge thickness of a few pixels and an uncertainty of the pixel
size in the SEM images of the channels.
Sometimes, cross-linked PMMA can be observed in
some of the stitching areas, (regions where two rectangular
pattern areas are overlapped to prevent unwanted gaps).
These can be associated with variations in the beam current

and were particularly prominent in the case of the 56 MeV
N3+ exposures. This can be corrected by normalising the
exposure time for each pattern element according to the
beam current (e.g. using a Rutherford backscattering signal, secondary electron signals [25] or ionoluminescence
[26]). Likewise, we have observed a tendency for some large
pattern elements areas (>200 lm) to be exposed non-uniformly. This could be attributed to beam spot inhomogeneity. A simple correction for this is by de-focussing the beam
albeit at the expense of increasing the exposure times.
14

4. Conclusions
Test microﬂuidic patterns were fabricated in thick
PMMA using a novel approach of MeV ion beam Programmable Proximity Aperture Lithography (PPAL).
The patterns exhibit sharp edges, straight and relatively
smooth walls thus proving the feasibility of the PPAL
approach with MeV ions. The minimal size structure systematically written with the system is 1.5 lm at the
moment, which can be further improved. The system can
also be used to lithographically deﬁne regions of ion tracks
having features with nanometre dimensions, which may be
useful in biomedical and cellular studies.
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a b s t r a c t
In this study, poly(methyl methacrylate) (PMMA) was investigated as a negative resist by irradiation with
a high-ﬂuence 2 MeV proton beam. The beam from a 1.7 MV Tandetron accelerator at the Plasma and
Beam Physics Research Facility (PBP) of Chiang Mai University is shaped by a pair of computer-controlled
L-shaped apertures which are used to expose rectangular pattern elements with 1–1000 lm side length.
Repeated exposure of rectangular pattern elements allows a complex pattern to be built up. After subsequent development, the negative PMMA microstructure was used as a master mold for casting
poly(dimethylsiloxane) (PDMS) following a standard soft-lithography process. The PDMS chip fabricated
by this technique was demonstrated to be a microﬂuidic device.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Poly(methyl methacrylate), or PMMA, is well-known as a lithographic ‘‘positive’’ resist due to the predominant main-chain scission reactions upon exposure to ionizing radiation [1]. As a resist
material, it has many useful features such as high insulation, good
resolution, good etch resistance, and acceptable sensitivity and
adhesion. Because of this, PMMA is one of the most commonly
used polymers as a mask in the semiconductor fabrication process
and in LIGA applications [2,3]. However, because of this positive
behavior, PMMA has not been considered to be a practical resist
for particle beam writing of master molds for casting poly(dimethylsiloxane) (PDMS) microﬂuidic structures. For this application, a
SU-8 ‘‘negative’’ resist is favored; but its shorter shelf life, high sensitivity to UV/ambient room light, and very hard-to-remove contamination from equipment makes it difﬁcult to handle in some
workplaces. Recently it was found that a PMMA resist has a twoin-one characteristic. At a sufﬁciently intense ﬂuence of radiation,
PMMA can also undergo cross-linking which allows it to be used as
negative resist [4,5]. This condition makes possible the fabrication
of molds with ridges that can be used for casting channels using an
ion beam. In this work, utilization of the negative tone of PMMA
⇑ Corresponding author at: Plasma and Beam Physics Research Facility, Department of Physics and Materials Science, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand. Tel.: +66 53 222973; fax: +66 53 222776.
E-mail address: nitipon@fnrf.science.cmu.ac.th (N. Puttaraksa).

was investigated for making a micropatterning mold by using
2 MeV H+ beam programmable proximity aperture lithography
(PPAL) [6,7] for microﬂuidic application. The results obtained for
protons constitute useful basic information for using beams of heavier ions. There is evidence that higher linear energy transfer (LET)
ions induces higher cross-linking in polymers [8,9] so that lower
ﬂuence is expected for the same level of chemical modiﬁcation.
2. Experimental
2.1. Ion beam irradiation
The experimental arrangement for ion beam irradiation when
using the PPAL technique is shown in Fig. 1. A PMMA ﬁlm was prepared by spinning PMMA A11 solution of 950 kDa (MicroChem,
Newton, MA) [10] onto a silicon substrate at 2500 rpm for 45 s;
this was followed by soft-baking on a hot plate at 160 °C for
2 min. The procedure was repeated three times to reach a PMMA
total thickness of 8.8 ± 0.1 lm as measured by an ellipsometer
[11]. For ion irradiation, a 1.7 MV Tandetron accelerator at the
Plasma and Beam Physics Research Facility (PBP) of Chiang Mai
University was used to produce a 2 MeV proton beam. Two
L-shaped aperture blades, each independently mounted on computerized MM-3M-F-1 Motorized MicroMini™ stages (National
Aperture, Salem, NH) [12], were used to shape the proton beam
into a rectangle of variable width and height between 1 lm and
1 mm. In combination with X–Y micro-step translation of the

0168-583X/$ - see front matter Ó 2011 Elsevier B.V. All rights reserved.
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Fig. 1. Simpliﬁed schematic diagram of the experimental system (not to scale).

PDMS
sample holder, a large-area complex pattern can be drawn on the
sample by stitching together the rectangular subpatterns. For
observation of the transformation mechanism and to determine
the cross-linking ﬂuence threshold (in ions cm2), the sample
was separately irradiated with several single-square areas of different ion ﬂuences, followed by developing in a 7:3 mixture (by
volume) of isopropyl alcohol (IPA) and deionized (DI) water to remove PMMA that had undergone scission. Part of the result is
shown in Fig. 2. To make the master mold, the designed pattern
must be drawn at the cross-linking ﬂuence on the PMMA layer
through a serial writing method, as mentioned above. Final development with acetone revealed the master mold, as shown in
Fig. 3(a).
2.2. Fluence monitoring
For the reproducibility of the process mentioned above, a sensitive and reliable ion ﬂuence monitoring system is very important. Here, the accumulated charges were measured by a
purpose designed current integrator with a resolution of 4.8 pC.

a

PMMA

Si

Water inlet
PDMS spin coated
on glass slide

1 cm

Fig. 3. (a) SEM micrograph of the T-junction pattern of the negative master mold
made by the method of this work and (b) its microﬂuidic chip fabricated via softlithography.

The front end is battery operated, with an isolated grounding system to reduce sensitivity to noise and ground loop issues. The
calibration curve for the setup shown in Fig. 1, is the relationship
between the total charges of the incident beam on the aperture
blades (QA) and of the beam passing through the aperture (QF).
This must be determined ﬁrst, which was done by integrating
the currents measured on the aperture blades and a faraday
cup behind the aperture for a ﬁxed aperture size and different
times and assuming the beam current density is constant over
the area of the aperture. The measurement was performed by
moving the faraday cup (65 mm long, 8 mm inner diameter,
made of copper) to the irradiation position so that its opening
was centered on the beam passing through the aperture. The
ion ﬂuence at the PMMA was calculated from QF. This was estimated (by using the calibration curve) from the measured QA,
which was also an in situ ion beam monitor, and the known area
of the rectangular aperture. In this system; to prevent secondary
electrons, from escaping, an electron suppressor made of a copper
ring with a 5 mm diameter hole biased at -200 V, was mounted
in front of the aperture.
2.3. Device fabrication

b

PMMA

Si
substrate
Fig. 2. (a) SEM image of patterns exposed to 2 MeV H+ beams at four ion ﬂuences of,
from left to right, 2.67  1013, 1.08  1014, 1  1015 and 1.14  1015 ions cm2 after
developing in a mixture of IPA + DI water in 7:3 by volume at 25 °C for 4 min. (b)
SEM image of the sample after developing in acetone at 25 °C for 5 min.

Soft-lithography is commonly used for fabricating microﬂuidic
devices from PDMS because the process is simple, fast and inexpensive [13]. Typically, a microﬂuidic channel in the PDMS is transferred from a micro-ridge of a master mold. Here, a 10:1 ratio (by
volume) of base to curing agent of PDMS from a Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI) was mixed together. The mixture was degassed under coarse vacuum to
remove air bubbles, poured over the negative PMMA master mold,
and then placed on a hot plate for curing at 70 °C for 1 h. Subsequently, the embossed PDMS layer was peeled off. After that the
PDMS replica was sealed with a PDMS ﬁlm prepared by spin coating the PDMS mixture onto a clean glass slide pre-cured at 70 °C for
6 min. To achieve full hardening of the PDMS ﬁlm, the microﬂuidic
chip was cured again at 70 °C for 45 min. The device is shown in
Fig. 3(b).
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2.4. Microﬂuidic experiments

Vwater

In this experiment, oil and dyed deionized water were used as
the working ﬂuids for formation of water in oil (W/O) droplets
using the PDMS microﬂuidic chip, as shown in Fig. 3(b). Positive
pressure was applied to both of the streams by means of two independent computerized microliter syringe pumps. This allowed the
volumetric ﬂow rates to be easily adjusted. A Zeiss optical microscope (100 maximum) in connection with a Sony CCD camera
(30 fps) were employed to observe the motion of ﬂuids and to collect images, either as still photos or as movies on a personal computer, for further detailed analysis. The video images were
analyzed using the ImageJ program [14].

d
w
Voil
t = 0 ms

t = 80 ms

t = 160 ms

t = 240 ms

3. Results and discussion
Fig. 2(a) shows a scanning electron microscope (SEM) micrograph of patterns exposed to 2 MeV protons at four levels of ion
ﬂuences, after ﬁrst being developed in a solution of IPA and DI
water (7:3 by volume), then rinsed twice with DI water, and dried
by a ﬂow of nitrogen gas. At low ion ﬂuences, the irradiated PMMA
patterns are dissolved by the developer solution due to the effect of
the chain scission mechanism in accordance with its well-known
characteristic as a ‘‘positive’’ resist. When increasing the ion ﬂuence, as shown on the right-hand side of Fig. 2(a), the two irradiated areas are inert to the developer (similar to the pristine
PMMA) due to the transformation from a dominant chain scission
mechanism to a dominant cross-linking mechanism. More investigation of this phenomenon can be found elsewhere. Here we only
conclude that cross-linking fully occurs at a ﬂuence above
Hx = 3.5  1014 ions cm2. This value is based on several repeat
measurements. After 5 min in the second developer (an acetone)
at 25 °C rinsing in DI water and then drying with nitrogen gas,
the two cross-linked square patterns still existed while all other
PMMA was removed, as is clearly seen in Fig. 2(b). This is strong
evidence that this method can be used to fabricate a negative
PMMA master for standard soft-lithography. It was found that
the master mold could be used repeatedly without deterioration.
Fig. 3(a) illustrates a SEM micrograph of a T-junction microﬂuidic pattern in a 7.5 lm thick PMMA resist irradiated by 2 MeV
proton beams at an ion ﬂuence of 1.9  1015 ions cm2. The mold
is for a PDMS replica, consisting of a main straight ridge with inlet
and outlet reservoirs at the ends and perpendicularly connected
with the second inlet reservoir. A magniﬁed image of the master
mold reveals the effects of the doubled ﬂuence in the stitching regions where the exposed pattern elements overlap, as has been
discussed elsewhere [6,7]. This results in an increased microchannel depth in these regions, which is caused by swelling of the
PMMA when irradiated by higher ﬂuence. The stitching error can
be decreased by careful alignment of both of the aperture blades
so that their edges are closely parallel to the X–Y translation axes
of the sample holder. We also found that a constant proton beam
is important to the success of the process, since only one imperfect
pattern element (due to temporary beam variation) is enough to
ruin the entire pattern-drawing process. The PDMS microﬂuidic
device is shown in Fig. 3(b). It was tested by injecting oil into the
ﬁrst inlet, and red-dyed DI water into the second inlet.
Fig. 4 shows microphotographs of the formation of water droplets in an oil phase using the T-junction microﬂuidic chip. The
length of the droplet, L, can be calculated from the following equation [15]:

L ¼ ½1 þ ðd=wÞðV water =V oil Þw;

ð1Þ

where w is the main channel width (95 lm), d is the width of the
second inlet channel (150 lm), and Vwater and Voil are the ﬂow rates

Fig. 4. Optical micrographs of water droplets (darker color from the red dyed)
generated in a main stream of oil using T-junction PDMS microﬂuidic device.

of the dyed water and oil streams, respectively. Here, equal volumetric ﬂow rates of 0.16 lL/min were used. The experiment indicates that the droplet has a length of Lexp = 237.5 lm, which is in
good agreement with the calculation from Eq. (1), within 3% of
the error (Lcal = 245 lm). A small perturbation was observed at
some connecting spot, but was not strong enough to break the
droplets.
4. Conclusions
We have demonstrated an alternative method for making a
master mold that uses PMMA as a negative rather than a positive
resist. We observed that the PMMA transforms from positive to
negative resist at the threshold ﬂuence of 3.5  1014 ions cm2
for 2 MeV protons. This value was conﬁrmed by repeating several
times. This also indicates that the current integrator together with
the experimental system, enables precise determination of the
beam ﬂuence. The results also suggest that dozens of PDMS devices
can be generated from a common PMMA master, since our PMMA
mold has been used many times without any deterioration. This
demonstrates the suitability of the method for fabricating a PDMS
microﬂuidic device.
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Abstract. The lithographic exposure characteristic of amorphous silica (SiO2) was investigated for
6.8 MeV 16O3+ ions. A programmable proximity aperture lithography (PPAL) technique was used
for the ion beam exposure. After exposure, the exposed pattern was developed by selective etching
in 4% v/v HF. Here, we report on the development of SiO2 in term of the etch depth dependence on
the ion fluence. This showed an exponential approach towards a constant asymptotic etch depth
with increasing ion fluence. An example of microfluidic channels produced by this technique is
demonstrated.
Introduction
Amorphous silica (SiO2) is used in microfabrication because it is commercially available
with extremely high purity (e.g. synthetic fused silica) and it has a high chemical inertness,
mechanical rigidity, high-temperature resistance and optical transparency extending deep into the
ultraviolet [1-4]. These make it suitable for demanding applications such as the stationary phase in
chromatography. Microfabrication in silica is also used for components such as waveguides and
microfluidic channels. Pattern transfers to silicon dioxide have been made by several techniques,
namely ion track lithography [5-6], X-ray exposure [7], and electron beam lithography (EBL) [8].
Recently, MeV ion beam lithography (MeV-IBL) has emerged as a technique for fabricating
three-dimensional (3D) micro- and nanostructures not only in polymer resists e.g. PMMA, SU-8
and HSQ [9-13], but also in inorganic materials, such as Si and GaAs [14]. Here, we used the MeV
ion beam programmable proximity aperture lithographic (PPAL) technique [9] for studying the
exposure characteristics of silica using 6.8 MeV 16O3+ ion beams. This technique is considered to be
a fast writing method since large area rectangular pattern elements (500 × 500 μm) can be written in
one exposure. This makes the PPAL technique suitable for making microfluidic structures. The
irradiation introduces network damage into the silica, which is subsequently more susceptible to
removal in selective etching in an aqueous hydrofluoric acid (HF) solution.
In this paper, we report on an investigation of the ion fluence (ions/cm2) dependence of the
effective etch depth and demonstrate the use of the technique for direct writing of microfluidic
channels in silica.
Experimental details
Natural fused silica samples were cleaned in an aqueous solution of 2% v/v HF for 30 s,
followed by rinsing with deionised water for 3 minutes, and dried at room temperature. The samples
were then exposed to 6.8 MeV 16O3+ ions in the PPAL system [9]. A 1.7 MV Pelletron accelerator
in the Accelerator Laboratory of the University of Jyväskylä, Finland, was used to produce the
oxygen ion beam. The beam was shaped to a rectangular area of 0.2-500 μm side length by two L-

shaped aperture blades in close proximity to the sample. The two L-shaped aperture blades and the
sample holder were mounted on five vacuum-compatible Newport MFA-CCV6 DC servo motor
driver linear motion drives. The size and shape of the rectangular apertures, the X-Y sample
position, and the beam blanking were controlled by a LabVIEWTM program. More details of the
principle of the PPAL technique are given elsewhere [9].
In order to precisely determine the ion fluence (Φ, ions/cm2), a current integrator was
developed. A Keithley Instruments model 6485 picoammeter was used to measure the beam current.
Then, the accumulated charge was determined by integrating the measured current every second.
Details of the ion fluence determination procedure were reported previously [11].
Aqueous hydrofluoric acid (HF) solution etches irradiated and unirradiated silica at different
rates [5,6]. The effective etch depth, z is the difference between the etch depths of the irradiated and
unirradiated silica. A part of the unexposed area was masked by PMMA film prior to development.
Subsequently, the sample was etched (developed) in a 4% v/v HF solution for 60 minutes and
rinsed in deionised water for 5 minutes. Finally, the PMMA film was removed in hot acetone and
rinsed with iso-propanol (IPA). The experimental procedure is shown schematically in Fig. 1.
The etched depths of the exposed and unexposed regions were measured by a stylus
profilometer (KLA-Tencor P-15 Profiler).

Figure1. Schematic diagram of the experimental procedure.
Results and discussion
Fig. 2a shows an optical microscope image after development of 200 × 200 μm square
irradiated patterns in silica, which were exposed to different fluences of 6.8 MeV 16O3+ ions.
b)

a)
A1

A2

A3

A4

A5

A6
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A8

Figure 2. a) Optical micrograph of square patterns after development, that were irradiated with
different ion fluences of 6.8 MeV 16O3+ ions. b) The effective etch depth vs fluence (60 minutes
development).

Table 1. The ion fluence parameters and effective etch depth of each pattern element (60 minutes
development).
Pattern no.
A1
A2
A3
A4

Fluence
(ions/cm2)
3.3×1013
7.0×1013
1.0×1014
1.3×1014

Effective etch
depth (μm)
0.93
1.98
2.34
2.57

Pattern no.
A5
A6
A7
A8

Fluence
(ions/cm2)
1.6×1014
1.9×1014
2.2×1014
2.5×1014

Effective etch
depth (μm)
2.67
2.72
2.72
2.72

Table 1 presents the fluence and the effective etch depth for each pattern element in Fig. 2a for an
etching time of 60 minutes. The experimental results (Fig. 2b) show that the effective etch depth
asymptotically approaches a constant value with increasing ion fluence according to:
z = A[1– exp(–kΦ)], where z is the effective etch depth, A is the amplitude, and k is the exponential
etch constant. The fitted values of A and k are 2.9 μm and 1.5×10-14 cm2/ions, respectively. The
respective uncertainties in Φ and R are estimated to be ± 5% and ± 3%. z reaches ~90% of its
asymptotic value at an ion fluence level of Φt = 1.6×1014 ions/cm2. At this fluence the mean spacing
between ion impingements in the irradiated areas is ~1.3 nm. Similar behaviour was observed for
different development times. The etch depth of the unexposed region, d (Fig. 1) was 0.49 μm.
Swift ion irradiation of solid materials causes atomic target displacements from their
original atomic sites in the network by two main processes, nuclear and electronic stopping. In
silica this presumably leads to network disruption by breaking the Si–O bonds. This network
damage enhances the etch rate of exposed areas in 4% v/v HF [6].
Fig. 3 presents a scanning electron microscope (SEM) image of a test prototype pattern. This
structure was fabricated using 6.8 MeV oxygen ions at a fluence of 3×1014 ions/cm2, and 60
minutes development time was used. The ion fluence was chosen to be above the level for
asymptotic etch depth, to maintain a nearly constant etch depth, as discussed above. The effective
depth of the pattern was ~2.5 μm measured with the profilometer. The pattern can be used as the
basis of microfluidic devices for hydrodynamic focusing or droplet generation [11]. In order to
change the open channel structure into a closed channel system, conventional SiO2-SiO2 fusion
bonding can be used [15].

Figure 3. SEM micrograph of a test pattern fabricated using 6.8 MeV 16O3+ at a fluence of
3×1014 ions/cm2, and after development in an aqueous 4% v/v HF for 60 minutes.

Conclusions
We have demonstrated Programmable Proximity Aperture Lithography (PPAL) using 6.8 MeV
16 3+
O ions for direct writing of lithographic patterns in silica. The dependence on the ion fluence of
the effective etch depth of silica in 4% v/v HF was measured. We found that for a 60 minute
development the effective etch depth, z (μm) follows a z  2.91  exp1.5 law, where Φ (1014
ions/cm2) is the ion fluence. The etch depth approaches an asymptotic value above a fluence of
about 1.6×1014 ions/cm2. Channel structures suitable for fabricating practical microfluidic devices
have been produced using this technique.
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