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Abstract

This thesis is focused on nanofabrication and its application in plasmonic chemical and bio-
sensors. The contribution thus is the development of novel nanofabrication techniques and nano-

structures for the sensors based on surface plasmon (SP).

Part | (Chapter 1-3) is about novel nanofabrication techniques, especially nanoimprint
lithography (NIL) and electron beam lithography (EBL). For NIL, the four major aspects of NIL
were discussed, including the resist, mold, imprint process and equipment for NIL. Combined
with NIL and soft lithography, hybrid nanoimprint-soft lithography was investigated. To
overcome the difficulty of mold fabrication, a more robust solution of mold fabrication through a
sacrificial poly(dimethyl glutarimide) (PMGI) master mold was designed in this work. Based on
this method, the mold was fabricated without structure distortion, and pattern replication with
sub-10 nm resolution was demonstrated. For EBL, several aspects were discussed to improve the
performance of EBL, including the resist, development, and exposure condition. The charging
effect to the pattern distortion was studied systemically for the electron beam exposure in large
area with high current (>nA). Tilted periodic nanostructure was achieved by electron beam
scanning on tilted sample with dynamic focus mode. EBL on irregular surface was realized by

the exposure on evaporated polystyrene.

Part 1l (Chapter 4-6) is the application in surface plasmonic chemical and bio-sensors. The first
type of sensors is surface enhanced Raman scattering (SERS) sensor based on localized SP.
Bowtie-shape nano-antenna structures of sub-10 nm gap were fabricated with the breakthrough
of EBL resolution to 3 nm by exposing resist on SisN, membrane. By controlling the gap size
during lithography, the surface plasmon enhancement was tuned accurately. High sensitivity of

Au bowties antenna with sub-10 nm gap was achieved at low concentration of the target



molecule (10”7 mM, 1,2-di(4-pyridyl)ethylene in ethanol solution) and high enhancement of 10’

resulting from the corresponding bowtie structure.

The second type of sensors is extraordinary optical transmission (EOT) sensor based on
propagating SP. The process of double liftoff was developed for the fabrication of nano-hole
arrays on 100 nm-thick Au film utilizing EBL. This technique is versatile for the fabrication of
many kinds of high-aspect-ratio noble metal structures. Additionally, annealing method was
employed in this work to improve the smoothness of Au film. It was found that the RMS
roughness of the deposited film was reduced by 72 % and the sensitivity was increased by 32
nm/RIU as a result of annealing. It was also found that the optical transmission intensity of the
annealed NHA of similar hole diameter was increased more than twice which is due to the
smaller absorption/scattering of the incident light and surface waves from the Au film surface.
Besides the double liftoff process, several techniques were developed for EOT structures,

including electroplating, imprint method, and deposition on membrane.



Acknowledgements

In this thesis, | would like to thank gratefully for the contributions from many people. First, there
are many thanks to my wife for her selfless supports to my work. During my Ph. D. study, | got
my most cherished gift in my life from her-our Cynthia. | would also thank my parents for
supporting my study oversea.

I would like to thank my supervisor, Dr. Bo Cui, for his guidance, encouragement and patience
throughout my Ph. D. study. | am grateful to Dr. Mustafa Yavuz, Dr. Omar M. Ramabhi, Dr.
Chris Backhouse, Dr. David Klymyshyn, who agreed to be my committee members and gave me
many suggestions. | would also thank to the following professors in University of Waterloo, Dr.
Ting Tsui, Dr. William Wong, Dr. Hany Aziz, Dr. Dayan Ban, Dr. Simarjeet Saini, Dr. Siva
Sivoththaman, for their help in my research. | would like to thank the lab managers in cleanroom,
Richard Barber, and Vito Logiudice, for their friendly supports in these years.

| feel fortunate to have worked in Waterloo nanofabrication group, especially with my group
mates Celal Con, Dr. Mehrdad Irannejad and Dr. Xiangcheng Sun. Thanks a lot for Dr. Mehrdad
Irannejad’s theoretical and computing contribution on the part of surface plasmonic devices. |
would also thank to my friends working together in cleanroom, Qi Wang, Bin Sun, Graeme
Williams, Yingjie Zhang, Chang Guo, Minoli Pathirane, Ruifeng Yang, Jaspreet Walia, Mina
Fouad, Mark Ferguson, Brandon Seo, Baolin Tian, Dr. Kai Wang, Dr. Ying Liu, Dr. Yipu Song,
Dr. Nathan Nelson-Fitzpatrick for their kind support during working. Best wishes for their
development in research and carrer.

The work is partly supported by the NSERC-Industrial Postgraduate Scholarships.

vi



This is dedicated to my wife and my Cynthia:

Love is giving; love is enough.

vii



Table of Contents

Part I: Nanofabrication

Chapter 1 Introduction to nanofabriCation.............ccccocveiiiieiecie s 1
1.1.  Introduction to NANOLECNNOIOQY .....ccveiiieiieieciec e 1
1.2.  Introduction to NANOTADICALION ..........oiieiiiie e s 2
1.3, The WOrk in thiS theSIS .....cc.eiiiiieicie e et 4

Chapter 2 Imprint methods for nanofabrication ... 5
2.1. Background of imprint methods in Nanoscale...........ccccoovveiiiiiinicc e, 5
2.2.  Traditional nanoimprint lithography and its prinCiple ..........cccoeiiiiiniii i, 8

2.2. 1 INLL TESIST. ittt sttt sttt b et sb e bt et e e nb e s b e e ae et e ebeenbe e st e sneenbe e 9
2. 2.4 EQUIPMENT FOI INLL. ..iiiiiiie et nneas 11
2.3, AIEINAIIVE NTL .ottt sttt et ae et e neenneas 12
2.3.1. Laser-assisted direct imprint (LADI) lithography ..........cccoceiiiiiiininnene e 12
2.3.2. Step and flash imprint lithography (S-FIL) ....cccooveiieceee e 13
2.3.3. UV NI ettt sttt et 14
2.4. Soft lithography based on poly(dimethysiloxane) (PDMS)........cccoevieviveieniieieeiinnnnn 16
2.4. 1. INEFOTUCTION ..ottt ettt bbbttt 16
2.4.2. Microcontact Printing (ACP) ....ccueiieieie ettt 17
2.4.3. Hybrid nanoimprint-soft lithography...........cccooeeieii i 18
2.5.  Hybrid nanoimprint-soft lithography using sacrificial PMGI master mold................... 20
2.5.1 The advantage of the hybrid mold fabricated by sacrificial PMGI master mold ......... 20
2.5.2 Three types of fabrication PrOCESSES ........cciveruiiiieiierieiieseereesee e ere e se e e e eesnees 21
2.5.3 RESUILS aNd QISCUSSION .....eovviviiiiiiiiiisieeiee ettt 23
2.5.3.1 Sacrificial PMGI mold fabrication by imprint (method-A&B)..........ccccccevvvevveinnen, 23
2.5.3.2 Sacrificial PMGI mold fabrication by EBL (method-C)..........ccoooeiiiiiiiiieiicine, 25

viii



2.5.3.3 The effect from the lifetime of the anti-adhesive layer on the hybrid mold.............. 26

P0G T O] 0 [od [V (o] o HO SR TOPTURRTOPPPRRPR 27
Chapter 3 Nanofabrication by electron beam lithography ..., 29
T8 I | 1 oo L1 T 4 o] PR OP TR RTROPURPRS 29
3.2. The most popular resists: PMMA and ZEP ..........cccooiiiiiiiiiieeee e 31
3.2.1. Poly(methylmethacrylate) (PMMA) and its developer ...........cccoeveiieiievn e 32
3.2.2. ZEP-520A and itS AEVEIOPET .......ceeiieeie e 34
3.3.  Novel resist and its deVEIOPMENT ........ccviiiiieiecie e 35
3.3.1. Self-developing aluminum fluOride reSiSt .........cccooveveiieriieiice e 35
3.3.2. High sensitive EBL using high molecular weight polystyrene (PS) resist.................. 36
3.3.3. High sensitivity EBL using MEK:MIBK developer for ZEP resist...........c.ccccevenenne. 38
3.4. Charging effect reduction in electron beam lithography with nA beam current............ 41
3.5.  Periodic tilted structure fabrication by electron beam lithography..........c..cccooeivennen. 46
3.6.  Electron beam lithography on irregular surfaces with evaporated resist ...............c....... 50
T R o] o [o] [V o] o USSRV PR TR PRURSPRPRPIN 58

Part I1: Surface plasmonic sensors

Chapter 4 Surface plasmon fundamentals and applications ............ccoocveiiiieiienieniencse e, 60
4.1.  Introduction to BUlK PlasmON ..o e 60
4.2, Introduction to SUrface PlaSMON ..o s 62
4.3, DISPErSION FEIALION ....coviiiiiiiiiieie ettt st enes 63
4.4. Spatial extension Of the SP field ..o 65
4.5.  Types of surface plasmONiC SENSOIS ......c.ccuiiieiiiie ettt 66
4.6. Basis introduction to FDTD simulation method ..o 68

Chapter 5 Surface enhanced Raman spectroscopy (SERS) for chemical sensors................ 70
5.1.  Introduction t0 Raman SPECIIOSCOPY ...cvvireeiirerieiiesieerieseesteetesseesreeseesseesseeeesneessaeneessens 70
5.2. Introduction to surface-enhanced Raman spectroscopy (SERS)........ccccoevevviieiveiinnnn. 71

5.2.1. Electromagnetic Enhancement Mechanism (EEM) ........ccccccovviieieieicecc e 72



5.2.2. Numerical methods for calculating electromagnetic enhancement factors................. 72

5.2.3. MEetals fOr SERS ..o e e 76
5.3.  Nano-fabrication technologies for SERS chemical Sensors............ccccevveviveiieiieeninnnn, 78
5.4. Proximity effect in EBL and Monte Carlo method for dose optimization..................... 81
5.5.  High-resolution electron beam lithography on SisNs membrane.............ccoccevveiininnen. 84

5.5.1. D0OSE SIMUIALION ...ttt sttt enes 84

5.5.2. Bowtie nano-antenna fabrication ... 86
5.6. Bowtie-shape nano-antenna for SERS SENSOIS .........ccvvveieeriesiieiieiesee e eiesee e eee s 89

5.6.1. The advantages of bowtie-shape nano-antenna in SERS ............ccccccooeviiin v, 89

5.6.2. NUMEriCal MOAEIING ...cveiieiiei e et 90

5.6.3. Surface enhanced Raman spectroscopy (SERS) measurement ..........cccccevvevvevvenenne 91
5.7.  RESUILS @Na AISCUSSION. ......eiuiiiiiiiiitesii ittt sttt n e 92

5.7.1. NUMETICAL ANAIYSIS ..c.vveuveieiecie ettt eaneesre e enes 92

5.7.2. SERS ChEMICAl SENSOIS ....c.voiiiiiieiiieiiseee e 93
5.8, CONCIUSION. ...ttt bbbttt bbb bbbttt 98

Chapter 6 Extraordinary optical transmission (EOT) for chemical and bio-sensors.......... 99
6.1. Introduction to existing sensors based on propagating SP..........ccccevcvviivirieniinnieieninn 99

6.1.1. Kretschmann configuration of attenuated total reflection (ATR) .....cccccceveiieiiiinnnen, 99

6.1.2. Grating COUPIING .....ovieiieie et nae e 102

6.1.3. Surface plasmoniC WaVEQUITE ..........coviiiiierieeierie e 103
6.2. Extraordinary optical transSmisSion (EOT) .....cccueiiriiiiniiiie e 104
6.3.  Nanofabrication techniques for EOT StrUCTUIES.........cccooiririiiiienieniee e, 106

6.3.1. Nano-hole array (NHA) fabrication through double liftoff process and its

ChAIACTEIIZALION. ...ttt ettt et e e s enbeeneenneas 107

6.3.1.1. FADIICALION PrOCESS ....veiueiiiieteeiiesiee e ee sttt sb e sre e be e ne e b e 107

6.3.1.2. Comparison to single liftoff ProCess........ccoouiieiiiii i, 109

6.3.1.3. The effect Of XPOSUIE UOSE.......cccueiiiieiierieeie e e 111

6.3.1.4. The effect of facing-up and facing-down during the second liftoff ...................... 112

6.3.1.5. The effect of low-temperature development ...........cccoveiiriiniininice e, 112

6.3.2. Methods to improve the smoothness of Au films...........cccooveviiiicice e, 114



6.3.3. Other fabrication methods for EOT StrUCIUIES .......cooeeeeeeeeeeeeeeeeeee 119

6.3.3.1. Fabrication of EOT structure on SizsNg membrane ..........cccccvveeviviiee i 119
6.3.3.2. Fabrication of EOT structures by electroplating of AU .........ccccoovviiiiieiciieenn, 122
6.3.3.3. Fabrication of EOT structure using nanoimprint lithography (NIL).........c............ 125

6.4.  NUMEIICAl ANAIYSIS ....oueiiiiiiiie ettt sre e 127
6.4.1. Effect 0f NOle IAMELET ......cceeiiece e 128
6.4.2. Effect of AU film thiCKNESS.......cciiiiiiieeee e, 129
6.4.3. Effect of hole array Period..........ccoovveiveieiieie s 131
6.4.4. Effect of tapered angle.........coov e 132

6.5.  Optical CharaCterization.............cccvuiiieiiieie e sre e 133
6.5.1. TransSmMiSSION MEASUIEIMENT ......c.ueiuiiiiiiieie ettt sttt 133
6.5.2. The effect of nano-hole array period and diameter on EOT result............ccccceveeneen. 134
6.5.3. The effect of tapered angle on EOT performance..........ccccovevevievvercsiesieece e, 136
6.5.4. The effect of annealing on Au EOT SamPIe......covviveiiiieiiee e 137
6.5.5. Transmission of the hole array structure in free-standing gold film ........................ 138

6.6. Application of annealed nano-hole array in Di0-SeNSING........c.cccveveevivererieci e, 139
I O] o] [V [ o FO SR UP PSRRI 140
Chapter 7 Conclusions of Completed WOIKS ..........cccoiiiiiiiieiieiee e 142
Appendix A: List of pUBIICAtION ........ooiiiiii e 144
Appendix B: Conference Presentations ..........ooveeeiieiieienee e 146
] (] =] (oL SRR 148

Xi



List of Figures

Figure 1.1 The Lycurgus cup, kept in the British Museum, is made in about 290-325 AD. The cup shows
green color when illuminated from outside and red color when illuminated from inside. Copyright 2014
DY the BritiSh IMUSEUM. ... ... ittt e s e st e sbesteeae e bestaeseeseesreenaeneenrens 1

Figure 1.2 Schematic diagram of (a) the top-down and (b)&(c) the bottom up approaches. In the top-
down approaches, (1) the resist is patterned by lithography, and then the pattern is transferred by (2)
deposition followed by (3) liftoff, or the pattern is transferred by (4)&(5) direct etch. In the bottom-up
approaches, method (b) is coating synthesized nano- particles or SAM layer; (c) is block-copolymer

annealing thography . ... ... e e e e 3
Figure 2.1 Schematic diagram of the optics of the projection lithography System. .........cccccvveiiininiinnns 5
Figure 2.2 Schematic of X-ray [Ithography. .......cocooii e 6

Figure 2.3 Patterns with high resolution by e-beam lithography. (a) Ring array with the line width of 60
nm on PMMA. (b) Grating pattern with the period of ~150 nm and the line width of 22 nm on ZEP-

Y0 OSSO 7
Figure 2.4 Schematic of the originally proposed NIL PrOCESS. ........cccciiireieiiniinerisisesie s 8
Figure 2.5 Peeling off the resist onto an untreated MOold. .........cccooieiiiiiic i 9
Figure 2.6 Formation of a monolayer of crosslinked fluoroalkyltrichlorosilane on oxide surface. ............. 9
Figure 2.7 SCheme OF the NIL. ...t 10
Figure 2.8 Viscosity of 110 kg/mol PMMA VS. tEMPETAtUe. .........coveiieriiiieieiesiseeeeee e 10
Figure 2.9 Moiré pattern used for alignment in NIL process. Copyright 2007 by the Elsevier. ............... 11
Figure 2.10 A miniaturized camera between the stamp and substrate before pressing down. .................. 12

Figure 2.11 (a-e) Schematic of laser-assisted direct imprint (LADI) of nanostructures in silicon; (f) The
reflectivity of a He-Ne laser beam from the silicon surface versus the time, which proves the imprint
process lasts about 220 ns; SEM image of the cross-section of (g) quartz mold and (h) imprinted silicon.

Copyright 2002 by Nature PUBIISRING GrOUP. ...cccoviiiiiiiiiiiicee e 13
Figure 2.12 Schematic of (a) thermal NIL and (b) UV-curing S-FILS processes. Copyright 2007 by the
Yo AT T0 < Y =T o - Vo SR 14
Figure 2.13 Schematic of UV-asSiStant NIL. ..........ccociviiiiiiiieic e 15

Xii



Figure 2.14 SEM images of UV-NIL result imprinted by (a) the original master mold, (b) the imprinted
polymer replica, (c) the tenth replica mold. Copyright 2005 by the American Chemical Society. ............ 16

Figure 2.15 Schematic of microcontact printing PrOCESS. .....c.ccviivererieieeiese e see e ste e s e s 17

Figure 2.16 Schematic illustration of possible deformations and distortions of microstructures in PDMS.
Copyright 1998 by the JOhn Wiley and SONS. ........cccciiiiiiiicie st 18

Figure 2.17 Schematic of the fabrication process of the hybrid mold and the hybrid nanoimprint-soft
lithography. Copyright 2009 by the American Chemical SOCIEtY. ........ccooveieieiiiiieiiee e 19

Figure 2.18 SEM images of 200 nm pitch grating on the surface of 125 um diameter optical fiber array
with the direction (a) parallel and (b) perpendicular to the fiber axis. Copyright 2009 by the American

CREMICAI SOCIBLY. ..eviieiitiiieiete et bbb bt bbbt bt b bbb et e bbb ene s 19
Figure 2.19 Optical images of (a) stable liquid resist film, (b) unstable liquid resist film, which shrank
(=] 01T oSSR 20
Figure 2.20 Schematic of the fabrication process of the hybrid UV-resist/PDMS mold. .............ccccuc....e. 22

Figure 2.21 Three methods for the fabrication of sacrificial mold in PMGI (or LOR-5A that is based on
PMGI). A) Direct imprint into PMGI at high temperature; B) Imprint into PVPK at reduced temperature,
then RIE transfer the pattern into LOR-5A; C) Electron beam lithography using PMGI as positive
(=1 ] SRS SPSPRN 23

Figure 2.22 SEM images of (a) hybrid mold containing UV-cured resist on PDMS duplicated from a
sacrificial PMGI mold that was patterned using the method as shown in Fig. 2.21A; (b) grating with a
crack imprinted into UV-curable resist using this mold. ... 24

Figure 2.23 SEM image of a grating imprinted into UV-curable resist using a mold in UV-cured resist on
PDMS, which was duplicated from a sacrificial PMGI mold that was patterned using the method as
shown in Fig. 2.21B. a) Overview; b) Z0OM-iN IMAQgE. .......cccooviiiiiiciece et 24

Figure 2.24 SEM image of a grating imprinted into UV-curable resist using a mold duplicated from a
sacrificial PMGI mold that was patterned using the method as shown in Fig. 2.21C. Grating patterns with
the periods of 150 nm, 100 nm, 80 nm were exposed with the line dose 5, 6, 7, 8 nC/cm, respectively. ..25

Figure 2.25 SEM image of a grating imprinted into UV-curable resist using a mold duplicated from a
PMGI sacrificial mold that was patterned using the method as shown in Fig. 2.21C. a) Grating of 100 nm
period with a trench-width ~17 nm; b) A collapsed grating shows features down to 8 nm. ..................... 26

Figure 2.26 SEM image of (left) the first and (right) the third imprint results by the same hybrid

116 [ TSSOSO TSP TP T PP T TSP PRPPPUPPP 27
Figure 3.1 Schematic of an electron beam lithography SYStem. ........c.cccoiveiiiicccicc e 30
Figure 3.2 Contrast curves of reSist A, B, @nd C. .....oocvoiiiiiiee e 31
Figure 3.3 Pillar array on PMMA resist with the exposure dose 10-time higher than normal one. .......... 33

xiii



Figure 3.4 SEM image of a trench with high aspect ratio on ZEP-520A, done by ELIONIX INC. ......... 34
Figure 3.5 The process of self-development of AlF; during e-beam exposure. ..........ccccoeevcviiieneieieennne 35
Figure 3.6 SEM image of lines with 16 nm period in AICls. ......ccooiiiiiie e 36

Figure 3.7 SEM images of 90 kg/mol polystyrene line array exposed at 5 keV with line dose of 0.54
nC/cm, and developed by tetrahydrofuran for 2 min. (a) 150 nm period, (b) 200 nm period. ................... 37

Figure 3.8 Contrast curves for 90 kg/mol polystyrene exposed at (a) 20 keV and (b) 5 keV, and
developed by tetrahydrofuran fOr 2 MIN. ... 37

Figure 3.9 (a-b) Contrast curves for ZEP-520A resist exposed at 5 keV and 20 keV, and developed by
MEK : MIBK = 40 : 60 for 30 sec at room temperature. (c-d) Contrast curves for ZEP-520A resist
exposed at 5 keV and 20 keV, and developed by amyl acetate for 1 min at room temperature. The
thickness is normalized to the original film thickness. For (a-b), the unexposed area (dose = 0 uC/cm?)
has normalized thickness <1.0 because the first developer dissolves slowly the unexposed resist. ........... 39

Figure 3.10 Line array pattern poorly defined in ZEP-520A that was spun on bare silicon wafer. The
resist was exposed at 5 keV and developed by MEK : MIBK for 30 sec. The array periods are 140 nm and
170 nm, which cannot be resolved due to resist’s poor adhesion to the substrate. ...........ccccovniviiernrene. 40

Figure 3.11 Line array pattern in ZEP-520A with periods of 70, 80 and 90 nm. The resist was spun on
oxygen plasma treated ARC film, and exposed at 5 keV and developed by MEK : MIBK for 30 sec. .....40

Figure 3.12 The four different pattern designs that all give a 200 nm period dot array. a) Large square
where array periodicity is defined by the exposure step size along the x- and y-direction; b) Line array
with offset at the beginning, where the “nodes” on each line indicate the position of exposed dots. The
resulted 200 nm period dot array is rotated by 45° c) Similar to b) but the step size and line-spacing is set
such that the resulted 200 nm period dot array is rotated by 26.6°; d) Dot array with 200 nm period along
DOLN IFBCLIONS. ...t b bbbttt b 43

Figure 3.13 Hole array with 200 nm period developed in PMMA coated on a heavily doped n-type Si
substrate with resistivity 0.01-0.02 Q-cm. (a-d) are exposed using the pattern design as shown in Fig. 3.12
o I (=TS 0L Tot LY S 43

Figure 3.14 Hole array with 200 nm period developed in PMMA coated on: (a-b) a lightly doped n-type
Si substrate with resistivity 1-10 Q-cm, exposed using the pattern design as shown in Figure 2.13(a-b),
respectively; (c-d) a quartz substrate with 20 nm Cr conductive layer coated on the resist, exposed using
the pattern design as shown in Fig. 3.12(c-d), reSPECLIVEIY. ......coeeiiiiiiiiee et 44

Figure 3.15 Hole array with 200 nm period. (a) Developed in PMGI resist using pattern design as shown
in Fig. 3.12a; (b-c) Developed in ZEP-520A resist using pattern design as shown in Fig. 3.12a and Fig.
3.12d, respectively. The exposure doses are 48 fC/dot for PMGI, and 2.4 fC/dot for ZEP-520A. ............ 45

Figure 3.16 SEM images of 45° tilted hole array in (left) 100 nm-thick ZEP-520A with the hole diameter
of 150 nm, and (right) 645 nm-thick ZEP-520A with the hole diameter of 250 NM. ........cccccoooiiiiiiiineee 49

Xiv



Figure 3.17 Top view SEM images of 45° tilted hole array in 645 nm-thick ZEP-520A showing hole-size
uniformity across the pattern area of ~1 mm. The images were taken on the bottom-left corner (a), center
(b), and top-right corner (¢) of the SCANNING Area. .......ccccueiviiie i 49

Figure 3.18 SEM images of 45°-tilted pillar array in 500 nm-thick SU-8 resist (left) and 1000 nm-thick
260 kg/mol polystyrene resist (right). The array period is about 1 um for SU-8 and 2 um for
01011517 (=10 SRR 49

Figure 3.19 SEM images of 45° tilted Au pillar arrays with 1.2 um periodicity by electroplating into tilted
hole arrays in ZEP-520A resist. (a) Tilted pillars of ~300 nm diameter and ~750 nm length without Au
over-plating. (b) Mushroom shaped Au pillar array due to over-plating. The images were taken at 45
o LeTo TRV 1= YT T =T S 50

Figure 3.20 Changes of PS structures from thermal evaporation to electron beam exposure. .................. 52

Figure 3.21 Microscope images of spin-coating defects. (a) Films shrink and form droplets on the
substrate with low surface energy. (b) Under layer swells and cracks caused by the solvent from spin-
coating. (c) A dust causes un-uniform resist film. (d) Edge beads occur regardless in spin-coating
1003 1 0o TSR 52

Figure 3.22 AFM images of PS films prepared by spin-coating method (left) and thermal evaporation
(T 01 OSSPSR TP PSP PP PRPRPR RPN 54

Figure 3.23 Contrast curves for 1.2 kg/mol polystyrene by spin-coating and evaporation. Both were
exposed at 5keV and developed by xylenes for 30 seconds. The sensitivity (dose for 100 % remaining
thickness) and contrast are 1920uC/cm?® and 4.3 for spin-coated PS, and 4500uC/cm?® and 2.6 for
YT oTo LT I o TSRS 55

Figure 3.24 Line array patterns with 60 nm period exposed by16.3, 18.4, 20.8 nC/cm, respectively. ......55

Figure 3.25 SEM images of patterned PS on an AFM cantilever by EBL. AFM cantilever written with
WIN (Waterloo Institute for NanoteChnology). ......cocvovoieiiieee e 56

Figure 3.26 SEM images of (a) Al pattern of starline to demonstrate the exposure uniformity along the all
directions. (b) Al circuit with line width of 36 nm, (c) transferred to Si substrate by deep RIE of 1 minute
with the depth of 180 nm. (d) High-aspect-ratio pattern of the name of our institute and group was etched
by deep RIE of 10 minute with the depth 0F 2 M. ..o 57

Figure 3.27 SEM images of nanostructures on an optical fiber with height/depth of 270 nm. (a) 2D
grating array with line-width of 167 nm; (b) dot array with diameter of 200 nm; (c) crossbar array with
line-width of 167 nm; and (d) starline pattern. The inserts show top view and/or zoom-in view of the
SETUCTUIES. ..ttt ettt ettt bbbt b e bt e bt e be e b e e st e e bt e sh e e eh e e e a b e eb e e eE s e e E b e e bt e eh e e e et e eb e e eb et eb b e embeebesnbeebeebeas 58

Figure 4.1 In a metal the nucleus and core electrons retain their configuration in the free atom, but the
valence electrons leave the atom to form the electron gas. ... 61

Figure 4.2 Simple model of a plasmon oscillation caused by a time-dependent electric field. ................. 61

XV



Figure 4.3 SPs at the interface have a combined electromagnetic wave and surface charge character. This
combined character also leads to the field component perpendicular to the surface being enhanced near
the surface and decaying exponentially with increasing distance from the surface. ...........cc.ccocveievvinnens 63

Figure 4.4 (a) The relationship between the charges and the electromagnetic field of SPs propagating on
metal/dielectric interface in x direction. (b) The field E, decreases exponentially away from the
117 o 7T = SRR 64

Figure 4.5 Dispersion curve for surface plasmons. At low k, the surface plasmon curve approaches the
Tree-SPACe PNOLON CUNVE. ...ttt et et e et et e e e et et e et et e et re et e e e aeaeeeaas 66

Figure 4.6 Localized surface plasmon on metal nanoparticles excited by free-space light. ..................... 67

Figure 4.7 Surface plasmon coupling schemes: (a) Schematic prism-coupled SPR bio-sensor
(Kretschmann configuration); (b) Grating-coupled SPR sensor. Here Au is deposited on a polymer as a
600nm-period grating created by nano-imprinting/hot embossing; (c) EOT-based SPR biosensor. Here a
600 nm period hole array in 120nm-thick Au is fabricated by e-beam lithography and liftoff. ................. 68

Figure 4.8 In FDTD method, the object is separated to a series of discrete UNits. ........cceevercvreereeierene. 69

Figure 5.1 (a) Diagram of energy levels involving Rayleigh scattering, Stokes scattering and Anti-Stokes
scattering. (b) Schematic of inelastic scattering on a small particle. ..........ccccooveviviviic i 71

Figure 5.2 Schematic of localized surface plasmon. ... e 72

Figure 5.3 Schematic of a sphere of radius a and dielectric constant &,, immersed in a dielectric extending
to infinity, With dielectric CONSTANE €. ..eoiviiiiiiiiiie ittt sb e saee e 74

Figure 5.4 The relationship between the wavelength and (a) the real part &;; (b) the imaginary part &, of
dielectric constant of the most PopUlar MELALS. .........cccceiieiiii i 78

Figure 5.5 SEM images of (a) open gold nanofingers with 68 nm radius and (b) closed nanofingers after
molecule trapping; (c) simulated distribution of electric field intensity |E(r)]? on the (b) structure at 750
nm laser, the hotspots exist at the nano gap. Copyright 2010 by the American Chemical Society. SEM
image of (d) 200 nm period nanostar array of 5 nm Ti/15 nm Au on silicon, and (e) zoom-in view of
nanostars with sub-10 nm apex and gap between adjacent stars; (f) simulated distribution of
electromagnetic near field at 750 nm wavelength, the hotspots exist at the nano tip. Copyright 2010 by the
AN | o 13 g o I PSS 79

Figure 5.6 (a) SEM image of typical bowtie structure fabricated by EBL on membrane with 8 nm gap; (b)
The FDTD simulated |E|* profile of the same bowtie structure, which shows the extremely high
electrometric field in the gap area (NOLSPOLS). ....cc.eiueeiieieii et 80

Figure 5.7 (a) Spin-coating the solution of polymer nano-sphere and Au deposition; (b) Formation of a
close-packed hexagonal array of Au nano-prisms after lift-0ff. ..., 81

XVi



Figure 5.8 Simulation of the electron scattering trajectories in silicon substrate with 100 nm PMMA
layer, with the incident beam energy: (a) 5 keV, (b) 10 keV, (c) 15keV, and (d) 20 keV. (e) Distribution
of the backscattering electrons dependent 0N depth. ..o 84

Figure 5.9 Simulation of the electron scattering trajectories with 20 keV on (a) 100 nm PMMA layer on
silicon substrate, (b) 100 nm PMMA layer, 150 nm SisN, layer on silicon substrate, (¢c) 200 nm PMMA
layer on 150 NM SizNy MEMDIANE. ...c.iiiiieie ettt see st neesteere e teneesneeeeseeneas 85

Figure 5.10 Top view of dose distribution of bowtie patterns on bulk wafer with the gap size of (a) 25
nm, (b) 6 nm. Cross-sectional view of proximity effects on bowtie with the gap size of (c) 25 nm, (d) 6
0] 1 TP U PO PP PRPPRPR 87

Figure 5.11 Schematic of the fabrication process of bowtie nano-antenna on SizN, membrane: (a)
photolithography on backside SizN4 and CF, reactive ion etching to remove the unpatterned SisNy; (b) Si
wet etch in KOH solution to form SizN, membrane; (c) spin-coating 100 nm PMMA layer and deposition
10 nm Cr for EBL; (d) e-beam lithography of bowtie array and development; (e) evaporation of 1nm Cr
and 25nm Au or Ag; (f) liftoff in anisole and rinse the surface; (g) illustration of the final bowtie structure
on SizN, membrane and SEM image of fabricated bowtie structure with gap size of 8 nm as an example of
the TADFICAIEA STIUCTUIE. .....viiiiieiteee bbb bbbt bbbt 88

Figure 5.12 (a) SEM image of bowtie array exposed on Si wafer; (b) SEM image of bowtie array exposed
on SisN, membrane, with the varied gap size from 3 nm to 24 nm. d) SEM image of gold bowtie array
with 6 nm gap. (e) SEM image of silver bowtie array With 6 NM gap. ......ccoocvvviieienienee e 89

Figure 5.13 Corresponding electric field in bowtie pattern with (a) nano-gap and (b) connection. .......... 90

Figure 5.14 Schematic of the simulated bowtie structure with 25 nm thickness on 150 nm SisN,
membrane in (a) 3D view and (b) cross-sectional view at bowtie center on x/z plane. ...........ccccceevvveneane. 91

Figure 5.15 Molecular structure of 1,2-di(4-pyridyl)ethylene (BPE) and its Raman spectroscopy. ........ 93

Figure 5.16 FDTD calculated electric field intensity , [E|2, on gold bowtie structure with 8 nm gap
illuminated by excitation wavelength of (a) 632.8 nm and (b) 785 NM. ..., 94

Figure 5.17 FDTD simulations of the electrical field intensity |E|? on the (a) gold and (b) silver
DOWVEIE. ..ttt h e bR R R R AR bttt n e nere s 94

Figure 5.18 (a) Recorded SERS Raman signal of 0.1 mM BPE from bowtie array of a) gap size of 6 nm
and different period in the range of 550 hm to 1000 nm, (b)The relationship between recorded Raman
intensity of C=N bond and the DOWLIE PEFIOQ. .........cveiieiiii i 95

Figure 5.19 Recorded SERS Raman signal of 0.1 mM BPE from bowtie array of (a) period of 550 nm,
excitation wavelength of 785 nm and different gap size, and (b) period of 550 nm, excitation wavelength
0f 632.8 NM and AIfFEreNT gaP SIZES. ....eiuiieieeiee ettt et e ne e e e e 96

Figure 5.20 Recorded Raman intensity of C=N bond from gold and silver bowtie nano-antenna with 8 nm
gap, period of 550 and excitation wavelength of 785 nm for gold and silver bowtie nano-antenna. ......... 97

xvii



Figure 5.21 Comparison of SERS spectra of BPE with varied concentration from 10 mM to 10° mM on

bowtie array with (2) 6 nm gap and (D) 25 NM QAP ...eoveieiiee e e 99
Figure 6.1 Prism coupling to surface plasmon polarizations (SPPs) using attenuated total internal
reflection in the Kretshmann (left) and Otto (right) configuration. ............ccocoeeiiiiiieiiene s 102
Figure 6.2 Prism coupling and SPP diSPErSION. ......cciciiiiiiiiiiecicre sttt st 102

Figure 6.3 (left) Schematic of the commercial SPR device with Kretschmann configuration; (right)
surface plasma resonance curves of silver film and the same film coated with a monolayer of p-4-BCMU.
Copyright 2007 DY the SPIINGET. ...ooueeiie ettt sttt et e sae e e eesneeneeneeseeenas 103

Figure 6.4 Phase-matching of light to SPPS USING & Qrating. .......c.ccccevrieiieevieesiesieeseeseeseeseesseeseee e 104

Figure 6.5 Schematic of a symmetric waveguide with width w, thickness t and length I, where I>>w,
B ettt et e et Ee LR e e R et e R et Rt e R oA et R et e R et e Re A e R e Rt e Re Rt R e R et e R e R e R e et e Re et e Re et e Rt et ere e ere e nens 106

Figure 6.6 SEM image of EOT-based SPR biosensor. Here 500 nm period hole array with the diameter of
150 nm in 100nm-thick Au film is fabricated by EBL and liftoff. ............cccocoiiiiiiii e 106

Figure 6.7 (A) SEM image of an array of nano-holes in a gold film. (B) EOT spectra for three hoe arrays
with different periodicities. (C) Schematic of EOT device. Copyright 2008 by the American Chemical
1000 1= SO PTT T RTRU PRSP PRT 107

Figure 6.8 Schematic diagram of the nano-hole array fabrication process which includes (a) EBL process,
(b) resist development, (c) Cr deposition, (d) first liftoff, () RIE, (f) gold deposition and (g) second liftoff
process, and (h) fINAl SITUCTUIE. ........ooii it be s sbesteebe e besreenea 108

Figure 6.9 AFM images of fabrication of EOT structure after three intermediate steps: (a) after first lift-
off; (b) after CF, and O, RIE to silica; (c) after second liftoff. ...........cccooeviiiiiiiii 110

Figure 6.10 (a)-(c) The schematic of fabrication process through single liftoff step. In (c) the mechanism
of three types of defects are described: 1. pattern covered by metal blocking dissolution; 2. chimney-
shape holes; 3. collapse of structures. (d) SEM image of final EOT pattern through double liftoff process.
(e) SEM image of final EOT pattern through single liftoff process. ........ccccooveveiiiiiiii i 112

Figure 6.11 SEM images of final EOT hole array with the dot dose of (a) 10 fc/dot, (b) 20 fc/dot, (c) 30
fc/dot, (d) 40 fc/dot, (e) 50 fc/dot, (f) 60 fc/dot, (g) 80 fc/dot, (h)100 fc/dot. Fewer pillars fall with
increasing exposure dose of 10-30 fc/dot. Higher exposure dose over 60 fc/dot leads to obvious noise.
After 100 fc/dot, central area was over exposed totally because of dose overlap. ........ccccoocvvvviveiennnnns 113

Figure 6.12 SEM images of final EOT hole array by facing up position during the second liftoff step. The
patterns were exposed with the dot dose of (a) 40 fc/dot, (b) 50 fc/dot, (c) 60 fc/dot, respectively. ....... 114

Figure 6.13 (a)-(g) SEM images of EOT hole array with the dot dose of 30, 40, 50, 60, 70, 80, 90 and 100
fc/dot, developed in low temperature, respectively. (h) The relationship between exposure dose and the
diameter of holes with the development at room temperature and low temperature (5 °C). .......c...cu....... 116

xviii



Figure 6.14 (a) Schematic of mechanism for reduced transmission by random scattering on rough surface
and gaps of grains and particles within the noble metal film. (b) Cross-sectional SEM image of the rough
surface of the evaporated Au film contained nano-hole array. .........ccccocveveieiiiice i, 117

Figure 6.15 Comparison of the roughness of (a) 1 nm Cr/100 nm Au, (b) 1 nm Ge/100 nm Au, and (c)
MPTMS/100 nm Au by AFM (left) and SEM (right). The RMS roughness for the three types of Au films
is 6.4 nm, 6.9 nm and 7.4 nm, respectively. (d) Chemical structure of MPTMS. ...........ccooiiiiiiiiiiinnnnne 119

Figure 6.16 Schematic of “Template stripping” method: (a) film deposition or pattering; (b) resin casting;
(C) teMPIALE SIIIPPING. «.ee ettt ettt s e ste st e se e tesse et et e e e nbeereeneeseeeteeneesreaneas 120

Figure 6.17 Comparison of the same EOT samples (a) before and (b) after annealing with the exposure
dose of 40 and 60 fC/Ot, FESPECLIVEIY. .....ooue ettt e 120

Figure 6.18 Schematic of the fabrication process of EOT pattern on SisN, membrane: (1) coating 15 hm
Al/100 nm ZEP-520A on cleaned SizN, membrane and EBL; (2) development in amyl acetate; (3) etching
through by BCl; and CF4 RIE; (4) deposition of 1 nm Cr and 100 NM AU. .....ccevviieveinee e 122

Figure 6.19 (a) The relationship between dot dose and the diameter of the final hole array. (b) Top-view
by microscope of the Au nano-hole array patterns. SEM images of the nano-hole arrays with varied
diameters exposed by (c)&(f) 10 pC/dot, (d)&(g) 40 pC/dot, (e)&(h) 70 pC/dot........ccceevvrriciirirne 123

Figure 6.20 Top-view SEM images of (a) bare SisN, membrane with etched-through nano-hole array, (b)
the same membrane with 100nm-thick Au by electron beam evaporation. ............cccooceveveieiciiienineneneenn 124

Figure 6.21 Schematic of the fabrication process of EOT pattern by electroplating: (a) coating 20 nm
ARC/300 nm ma-N 2403 on cleaned ITO and EBL; (b) development in MF-319; (c) electroplating of Au
film; (d) resist removal BY Oy RIE. .......ociiiiiicc ettt re e ne e 125

Figure 6.22 AFM imaging of Au film by electroplating current of (a) 2.8 mA and (b) 3.6 mA. (c) SEM
cross-sectional view of Au film by electroplating current 0f 2.8 = 3.6 MA. ... 126

Figure 6.23 SEM image of (a) electroplating result without ARC adhesive layer; (b) electroplating result
with ARC adhesive layer; (c) final EOT pattern after resist removal; (d) uniform resist pillar array after
EBL in large area; (e) uniform final EOT pattern in 1arge area. ........cccocvevveveiiieeiisie e seesesie e eiesie s 127

Figure 6.24 Schematic of the fabrication process of EOT pattern by hybrid nanoimprint-soft lithography:
(a) coating 200 nm PMMA/140 nm UV-curable resist on cleaned silica and imprinting by hybrid mold;
(b) CF4/O; RIE to bottom; (c) electron beam evaporation of 1 nm Cr and 100 nm Au, followed by liftoff.
(d) SEM image of final EOT NOIE @ITay. ......ccoiieieie ettt 128

Figure 6.25 Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied diameter from 140 nm to 300 nm, Au film thickness of 100 nm, and periodicity of 500 nm. ..... 130

Figure 6.26 Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied film thickness from 60 nm to 200 nm, diameter of 140 nm, and periodicity of 500 nm. ........... 131

Xix



Figure 6.27 Effects of film thickness on EOT transmission intensity at the first peak (1,0) and the second
0272 LG ) PSSR PSUSTSSRR 132

Figure 6.28 (a) Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied period from 400 nm to 600 nm, diameter of 140 nm, and 100 nm Au film. (b) The position of the
first and second peaks impacted by changing period from 400 nmto 600 nM. .............cooeivevneennnn. 133

Figure 6.29 Schematic of a periodic array of tapered nan-hole array in Au film fabricate by (a) double
lift-off process and (b) evaporation of Au onto the hole array patterned on a free standing membrane. The
structures are illuminated by TM polarized light from glass Side. ..........ccoooiiiiiii i 134

Figure 6.30 (a) FDTD simulated near filed transmission spectrum of non-vertical profile of nano-hole
structure at different tapered angle of nano-hole array with radius of 100 nm, hole depth of 100 nm, and
structural periodicity of 500nm. (b) Effect of tapered angle on the normalized electric field of the nano-
hole array with radius of 100 nm, hole depth of 100 nm, and period of 500 nm at wavelength of 820 and
200 nm away from the air/Au interface. (c) The FDTD calculated |EJ* profile of the (1,0)sitmglass resonance
mode. The raw shows the cross section across middle of the tapered nano-holes of period 500 nm at
wavelength of A= 807 nm and 0=0, A= 810 nm and 0=4, A= 814 nm and 0=8, A= 817 nm and 0=12, and
A= 820 nm and a=16, respectively. The hole radius and hole depth were 100 nm. Light incident from the
substrate medium through the NaN0-Nole ArTaY. .........ccceviiiiie e 135

Figure 6.31 Transmission spectrum of nano-hole arrays with varied periods and diameters. The thickness
f Au film is 100 nm. The diameters are 153.6 nm, 174.9 nm, 184.2 nm, 198.2 nm, 209.3 nm, and 234.5
nm, with the changing period from 400 nm to 550 nm with step of 25 NM. ..., 137

Figure 6.32 (a) SEM micrograph of the positive profile NHA before annealing. The inset shows the
positive profile NHA after annealing. (b) FDTD simulated transmission spectrum of the positive profile
NHA and measured one before and after annealing at 600 °C. .........cccooeiriiinineise s 138

Figure 6.33 Comparison of optical transmission spectrum of NHAs with the diameters of (a) —148.9 nm
after annealing, —174.9 nm before annealing, —153.5 nm as-fabricated, —150 nm in simulation;
(b) —208.4 nm after annealing, —235.5 nm before annealing, —209.3 nm as-fabricated, —209 nm in
SIMUIBLION. oottt e e b e e be e e be e sbe e s beesbeesbeeabeebeesbeebeesabessbeenbeebeenbeebeeras 140

Figure 6.34 Recorded and FDTD simulated far field transmission spectrum of the nano-hole array
patterned on free-standing Au film. The hole diameter, hole depth and period is 178 nm, 100 nm, and 500
A T TSY o L=Tot L] PP 141

Figure 6.35 Measured transmission spectrum of a) annealed hole array of diameter of 149 nm; b) as-
fabricated hole array of diameter of 153 nm; ¢) annealed hole array of diameter of 208nm and d)as-
fabricated hole array of diameter 0f 209 NIM. ........oci i 142

XX



List of Tables

Table 3.1 Influence of developer concentration on resist reSOlUtioN. ...........ccceeveveieie i s 32
Table 3.2 Typical exposure dose of PMMA with different accelerate voltage. ..........cccoovoeevviiviieicinens 33
Table 3.3 Different developer systems for ZEP-520A. ..o 34
Table 6.1 Positions for the first and second peaks with varied radius. .........c.ccocevoeieiiioeie i 131
Table 6.2 Positions for the first and second peaks with varied thickness. .........c.cccoc i, 132
Table 6.3 Positions for the first and second peaks with varied period. ............ccoceveenininiieneniinenens 133

XXi



Chapter 1

Introduction to nanofabrication

1.1. Introduction to nanotechnology

Human beings have utilized nano-materials and structures for a long history. A most cited
example is the Lycurgus cup, which is made of dichroic glass by the ancient Romans in about
290-325 AD. Because of the surface plasmon generated by the gold and silver nano-particles
dispersed within the glass, more blue light is scattered during light transmission. By these ~70
nm particles, the cup shows different color in transmission and reflection (as shown in Fig. 1.1).
Another example is handmade gold leaf, of which the thickness is achieved below 120 nm within
large area. The manufacturing process is systemically recorded in an ancient Chinese
encyclopedia: Tiangong Kaiwu, by Yingxing Song, published in 1673 AD. Last, activated
charcoal has been used to detoxicate and purify water throughout human’s history, because its
micro-/nano-porous structure can absorb organic small molecules. However, all these

applications do not involve the recognition in nano-scale.

Reflection Transmission

Figure 1.1 The Lycurgus cup,
kept in the British Museum, is
made in about 290-325 AD. The
cup shows green color when
illuminated from outside and red
color when illuminated from
inside. Copyright 2014 by the
British Museum.




Nanotechnology, as the fast developing technology in this century, means the recognition and
manipulation in the nano-scale. Nanotechnology includes the systemic study of observation,
characterization, synthesis, fabrication and application in nanoscale. The first transmission
electron microscope (TEM) was setup by Max Knoll and Ernst Ruska in Berlin in 1931. The first
well-focused scanning electron microscope (SEM) with high magnification was set up by Baron
Manfred von Ardenne in 1937. The first scanning tunneling microscope (STEM) was developed
by Gerd Binnig and Heinrich Rohrer in IBM in 1981. These techniques of electron microscopes
and other characterization techniques, such as atomic force microscope (AFM), X-ray diffraction
(XRD), Raman spectroscopy, and so on, improve the characterization and manipulation in the
nano-scale greatly. As Prof. Richard Feynman envisioned in 1956, “there is plenty of room at the
bottom”.> Nowadays, nanotechnology has been applied in many research fields, such as

nanomaterials, nanoelectronics, nanophotonics, and nanobiology.

1.2. Introduction to nanofabrication

Nanofabrication means fabrication technologies in nano-scale. Though film with nano-thickness
can be fabricated easily through deposition techniques, e.g. evaporation, and molecular beam
epitaxy (MBE), nanofabrication refers to patterning in three dimensions. From microfabrication
to nanofabrication, fabrication technology has been continually pushed by the main driving force
from semiconductor industry. As predicted in Moore’s law, “the number of transistors on
integrated circuits doubles approximately every 18 months”.? When the semiconductor
manufacturing technology was set up in the 1970s, the original critical dimension of integrated
circuits was 1 um. By the invention of deep UV photolithography in 1982, this feature size has
shrunk to 500 nm in 1990s and to sub-100 nm in 2000s.> In 2008, the 45 nm generation was
developed by Intel using immersion lithography, and then in 2009 the 32 nm generation was
achieved using 193 nm deep UV lithography (White Paper Introducing the 45nm Next-

Generation Intel® Core™ Microarchitecture). In April 2012, the 22 nm CMOS process



following the 32 nm process was started for CPU products. The 14 nm process was introduced

by the semiconductor industry in the 2014 timeframe.

Different from the standard nanofabrication process in the semiconductor industry, various
nanofabrication techniques are being developed in academic research, which can be classified
into two kinds: the top-down approaches and bottom-up approaches. For the top-down
approaches, the resist is patterned firstly by lithography (Fig. 1.2a-1), e.g. photolithography,
electron beam lithography (EBL), and nanoimprint lithography (NIL), then the pattern is
transferred by either metal deposition followed by liftoff (Fig. 1.2a-2&3), or direct etching (Fig.
1.2a-4&5). This process is very similar to the nano-manufacturing in semiconductor industry and
is mostly a physical process. For bottom-up approaches, the substrate is coated by chemically
synthesized nano-particles, or chemically grafted self-assembly monolayer (SAM layer), as
shown in Fig. 1.2b. Another popular bottom-up method is annealing the block-copolymer (BCP)
film on substrate to form nano-holes or pillars by phase separation, named as block-copolymer
annealing lithography (Fig. 1.2c).

(a) (1) Lithography (b) Coating nano-particles (C) (1) Coating resist

or SAM layer
7
_ Nano_partiCIes ﬁ 'L @
» N
(2) Deposmon (4) Etching ﬁ (2) Annealing

(3) Llft off (5) Resist removal

Figure 1.2 Schematic diagram of (a) the top-down and (b)&(c) the bottom up approaches. In the top-
down approaches, (1) the resist is patterned by lithography, and then the pattern is transferred by (2)
deposition followed by (3) liftoff, or the pattern is transferred by (4)&(5) direct etch. In the bottom-up
approaches, method (b) is coating synthesized nano-particles or SAM layer; (c) is block-copolymer
annealing lithography.

Phase separation



1.3. The work in this thesis

In this thesis, several nanofabrication techniques were investigated, developed and applied in the
nanostructures for surface plasmonic chemical/bio-sensors. Chapter 2 and 3 described the
experimental study in nanofabrication techniques of nanoimprint methods and electron beam
lithography, respectively. Chapter 4 described briefly the mechanism of surface plasmon. In
Chapter 5, the work was focused on the breakthrough of the EBL resolution limited by the
proximity effect and the application in surface enhanced Raman scattering (SERS). In Chapter 6,
structures of nano-hole arrays (NHAS) were achieved by several nanofabrication techniques and
applied in extraordinary optical transmission (EOT). The applications in chemical and bio-
sensors were discussed in Chapter 5 and 6.



Chapter 2

Imprint methods for nanofabrication

2.1. Background of imprint methods in nanoscale

Design and fabrication of sub-wavelength structures are important for surface plasmonic (SP)
and other applications. The most popular patterning technique in micro- and nanofabrication is
optical lithography (see Fig. 2.1). During the process a photomask (also called reticle) isimaged
onto a flat substrate surface coated with a thin layer of polymer material called a photoresist. The
deposited photonic energy will cause either chemical reaction/polymer chain breaking (positive

tone) or cross-linking (negative tone).

Based on Rayleigh Criterion:* Light source :55:
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illumination, phase-shift mask, double patterning, and so on.

Since semiconductor manufacturing technology was set up in 1970s, the critical dimension of
integrated circuits has shrunk from 1 um to 10s nm by industrial photolithography.® In 2008, the
45 nm generation was developed by Intel using immersion lithography, and then in 2009 the 32
nm generation was achieved using 193 nm deep UV lithography (White Paper Introducing the
45nm Next-Generation Intel® Core™ Microarchitecture). In April 2012, the 22-nm CMOS

process following the 32-nm process was started for CPU products.

While extreme UV (EUV) lithography at A=13.5 nm can fabricate sub-20 nm structures, there are
still many challenging problems. The photomask needs special Mo-Si layers and the cost of
fabrication is expensive.> What’s more important, the Rayleigh Criterion still limits the
achievable feature size. A deep ultraviolet (DUV) lithography system costs about $20M USD
and an industrial EUV lithography system can cost up to $50M USD. High maintenance costs

are also expected.

Proximity gap (40 pm)
|
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Resist - Beam line
™~ ¢
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—
A-ray
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Radiation (0.2-2 nm)
MNormal pressure T High
B igh vacuum
g X-ray mask €

Mask is made of absorber (Au...) on membrane (Si;N,...)

Figure 2.2 Schematic of X-ray lithography.



Several other lithographies can be used to achieve sub-micron structures. X-ray lithography can
achieve high resolution (as shown in Fig. 2.2). The source wavelength spans from 1 nm (‘soft’
X-rays) to 0.1 nm (‘hard’ X-rays). However, since no materials can diffract X-rays (the
refractive index is very close to 1.0), no lens exists and all pattern transfers are 1:1. Furthermore,
local stress caused by heavy metal absorption and internal stress of the supporting membrane can
have influences on the pattern resolution. The cost of setting up and maintaining the X-ray light
source is also not affordable in most labs.

Electron beam lithography (EBL) and focused-ion beam lithography (FIBL) employ particle
beams to pattern resists. EBL at 30 kV acceleration voltage has a beam wavelength of 0.007 nm.
Theoretically, the limit of EBL resolution is as low as 10 nm because of secondary electron
diffusion. As the examples, ring array and grating patterns with the line widths of ~60 nm and
~20 nm were achieved on poly(methyl methacrylate) (PMMA) and ZEP-520A, respectively (see
Fig. 2.3). It’s also reported that a 10 nm pitch has been achieved using hydrogen silsesquioxane
(HSQ).® EBL and FIBL write on resist point by point, and are useful to pattern in nano-scale, but

hours or days will be needed to expose over large area.

_ﬂ|

Figure 2.3 Patterns with high resolution by e-beam lithography. (a) Ring array with the line width of
60 nm on PMMA. (b) Grating pattern with the period of ~150 nm and the line width of 22 nm on
ZEP-520A.



One simple way of making sub-100 nm structures is by precise duplication of existing structures.
In 1995, nanoimprint lithography (NIL) with sub-25 nm resolution was first demonstrated by
Prof. S. Y. Chou.” The principle of traditional NIL is quite simple and is shown in Fig. 2.4. A hard
mold that contains nanostructures is imprinted by pressure into a softened polymer layer coated
on a substrate, thereby duplicating a thickness contrast in the polymer resist. A thin residual layer
on the resist is left underneath the mold protrusions, and acts as a buffer layer to avoid scratching
between the hard mold and the substrate. Typically, the residual layer needs to be removed by
oxygen reactive ion etching (RIE) then transferred into an under layer.

Manoimprint mold

Nanoimprint resist —
Transfer layer e
Si substrate et

Heating and pressing

Figure 2.4 Schematic of the originally proposed NIL process.

2.2. Traditional nanoimprint lithography and its principle

Thermal NIL was firstly proposed by Prof. S. Y. Chou in 1995.” In this process high temperature
(above the glass transition temperature (Tg)) and pressure are employed to imprint the mold into

a softened polymer layer.

There are four key issues in thermal NIL:



2.2.1 NIL resist. In the imprint process, mechanical embossing makes a direct replica from the
mold to the resist surface; this means the materials for NIL resist should be deformable easily
under a reasonable pressure and above its Tg. The basic requirements of NIL resist are (a) low Ty
to enable low imprinting temperature; (b) low viscosity to allow easy flow of polymer during the
process of filling mold cavity, and (c) low shrinkage after demolding to maintain pattern fidelity.
For example, as a NIL resist, PMMA with molecular weight of 15,000 g-mol™ can be imprinted
beyond 110 °C, as its T4 is 95~105 °C. Polystyrene (PS) has a T4 of 120 °C, but its viscosity is
much lower than PMMA for the same temperature.®

— " il

Figure 2.5 Peeling off the resist onto an untreated mold.

2.2.2 NIL mold. In thermal NIL, the pattern FiC E.C Fal F.C £oC

can only be duplicated by a 1:1 ratio. The er, CF, CF, CF; ©F,
NIL mold plays a key role in replicating RS FiC FoC, FiC F.-.r:f\
nanostructures into the polymer, because the S SR SR CR OR
i ! i £ £
duplication cannot be finer than the master. ™% T TE e BE
) ) . oF CF; CF CF CF
Due to the high-temperature/pressure imprint V2 A A A
HoC H;C HoC HyC H C;
process, the mold should be made of a hard
CH. CH; J_C,H_ CH; CH
materials with a low thermal expansion s S,-‘
coefficient, such as Si, quartz, SiC and Ni. "o~ [ ~o” | >N | N0 | N0 o
o] OH OH o OH 0
. . . HO ;-
One noticeable issue is that the surface area
of the mold, owning nanoscale protrusions, is OXIDE

much larger than the flat area of the resist. Figure 2.6 Formation of a monolayer of

This large contact area with the imprinted  crosslinked  fluoroalkyltrichlorosilane  on

polymer promotes strong adhesion of the OXide surface.
imprinted resist to the mold. During demolding, this effect can be seen as the sticking of the

resist on a mold without any special treatment (shown in Fig. 2.5).” An anti-adhesive layer is



coated for better mold release after the imprint.>** Typically, a fluoroalkyltrichlorosilane release
agent is applied to silicon, silica, or quartz molds via chemical reaction with silanol groups
(shown in Fig. 2.6).? The mold needs to be firstly treated with O, RIE to form —OH group on its
surface, then fluoroalkyltrichlorosilane can react with the —OH group and form a fluorinated self-

assembled monolayer on the mold surface, which provides a low surface energy.

2.2.3 Imprint process. The thermal NIL process

involves heating the resist past its Tg, imprinting, mold

and cooling. A high pressure is needed to R

overcome the viscosity and surface energy of the

resist to fully fill in the protrusions. Based on "eSist lhu

classic hydrodynamics, the force F needed for substrate_

squeezing resist flow can be expressed by
Equation 2.2:* Figure 2.7 Scheme of the NIL.

()

where R is the radial flow distance, hg is the initial

thickness of polymer layer, dh/dt is the ideal speed e AN

of polymer layer being pressed in depth direction, tesg b

and o is the viscosity of the polymer (see Fig. 2.7). ng 1e48 |

Higher process temperature can decrease the g | & =
viscosity, permitting lower pressure (Fig. 2.8), but I ~—_

this will also increase the thermal expansion 1e45 .. .
between the mold and resist layer. Increased initial o 150Te1rfse,;:§re1;0c) o e

thickness of the resist layer can be useful as well, Figure 2.8 Viscosity of 110 kg/mol
but sometimes it will affect the following O, RIEto  PMMA vs. temperature.

remove the residual layer.
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2.2.4 Equipment for NIL. The whole NIL process needs to be executed in vacuum to avoid air
bubble formation. Uniform heating and pressure is essential for uniform results. For single-level
patterning in large area NIL is more efficient than other lithography techniques, but for
multilevel patterning alignment becomes crucial. One way to solve this issue is to use the Moiré
method for high accuracy alignment (as shown in Fig. 2.9).* The Moiré method can amplify the
misalignment between the mold and patterned substrate. The Moiré pattern period Py can be

expressed as:

Py =% (2.3)

where the periods of the alignment gratings
on the substrate and mold are P; and Py,

respectively.

For example, if the periods of the grating on
the mold and substrate are 1.96 pm and 2 pm

respectively, the period of the formed Moiré

Figure 2.9 Moiré pattern used for alignment in  pattern will be 98 pm. Using the above
NIL process. Copyright 2007 by the Elsevier. formula a shift misalignment of 150 nm

corresponds to a movement of the large
Moire pattern by 7.35 um, which can be observed readily by an optical microscope. Another way
for NIL alignment with nontransparent imprint mold is to insert a miniaturized camera between

the stamp and substrate before pressing down (as shown in Fig. 2.10).
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Figure 2.10 A miniaturized camera between the stamp and substrate before pressing down.

2.3. Alternative NIL

2.3.1. Laser-assisted direct imprint (LADI) lithography was reported by Prof. S. Y. Chou in
2002, where nanostructures were transferred directly from quartz into silicon (the scheme is
shown in Fig. 2.11)."> The method does not use resist and the process is very fast. A single XeCl
excimer laser pulse melts the top surface of a silicon wafer (within nanoseconds the melted depth
of the silicon surface can be about 300nm), and a mold is embossed into the melted liquid layer
by pressure. Features with resolution below 10 nm have been imprinted into silicon using LADI,
and the embossing time is less than 250 ns.

12
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Figure 2.11 (a-e) Schematic of laser-assisted direct
imprint (LADI) of nanostructures in silicon; (f) The
reflectivity of a He-Ne laser beam from the silicon
surface versus the time, which proves the imprint
process lasts about 220 ns; SEM image of the
cross-section of (g) quartz mold and (h) imprinted
silicon. Copyright 2002 by Nature Publishing
Group.

200 nrm

2.3.2. Step and flash imprint lithography (S-FIL) was developed by Prof. C. G. Willson in
1999." The process is quite similar to thermal NIL with the comparison shown in Fig. 2.12.1"18
A low-viscosity solution containing photo-curable resist and organosilicon precursors is dropped
into the gap between the template and substrate. The low viscous resist automatically fills the
recessed feature on the mold due to the capillary effect. The solution trapped between the
surfaces is photopolymerized by UV-exposure through the quartz template. After exposure the
template is separated from the substrate, leaving a UV-cured replica on the substrate. Grating

structures with 60 nm resolution has been achieved over large area (6 in. X 6 in.). A quartz mold

13



is required for S-FIL. To fabricate a quartz mold, chromium is deposited and patterned by
nanolithography method. During dry etching, Cr acts as etching mask and the pattern is

transferred into quartz.

(@) (b)
7 L1 Hard stamp [= ,_, =5
. Transparent : T, -14-
Hard stamp Liquid resin
=l -
Salid polymer

Expose through

Substrate ﬁ Y
-_‘[_ stamp 21 -
/T% o D gnttl §

Giap | L P I

Viscous polymer

Ty--1-

Crosslinked

Salid polymer polymer

Figure 2.12 Schematic of (a) thermal NIL and (b) UV-curing S-FILS processes.
Copyright 2007 by the Springer-Verlag.

2.3.3. UV-NIL. Thermal NIL uses high temperature to melt a polymer resist and high pressure to
imprint structures into this viscous resist. This process may damage the samples. As an
alternative, the aforementioned UV-curing S-FIL utilizes liquid resist drops and allows
imprinting performed at low pressure and low temperature. But merging liquid droplets into a
thin film by capillary force may cause a non-uniform thickness of the residue layer under the
imprinted patterns, with residual thickness varying from about 10s nm to 100s nm. Moreover,
such variation of film thickness is undesirable for pattern transferring from solid polymeric
material to the substrate, thereby significantly limiting the applicability of this method for device

fabrication.
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Chou’s group proposed a novel low-viscous

and photo-curable liquid resist system for

Fused silica mold

spin coating.’® Contrary to S-FIL resists,
UV-curable resist

which employ small and volatile monomers,

this resist is a UV-curable acrylated oligomer Si substrate

formulation with a low viscosity around 100
mPa-s, which was able to meet the

requirements both for formation of a thin \ \ \ UV exposure

uniform liquid film by spin-coating and low

Imprinting
imprint pressure and temperature. They
demonstrated that their photo-curable resist

Mold release
Pattern duplicated on resist

was capable of 14 nm pitch lines, 5 nm

critical dimension features, and could be

uniformly patterned over an entire 4 in. wafer
In a single imprint step. This UV-NIL process Figure 2.13 Schematic of UV-assistant NIL.
was performed at room temperature and

requires less than 15 psi of pressure, thus allowing for a wide range of temperature- and

pressure-sensitive applications.

One of the most popular applications of UV-NIL is mold duplication. Since the resist includes
siloxane its surface can form silanol (Si-OH) groups by O, RIE and is thus capable of receiving
anti-adhesive treatment. This cross-linked polymer substrate provides good release properties
and can be applied as a repeated mold for imprint. Thermal and UV imprinting tests
demonstrated the quality of the resulting molds.*® The typical fabrication process of a NIL mold
requires patterning by other lithographic techniques and RIE for pattern transfer. Compared with
the above time-consuming and expensive process, mold duplication by UV-curable resist is a
quite high-throughput and low-cost technique (as shown in Fig. 2.14). Another application is
reverse-contact UV nanoimprint lithography (RUVNIL). The first-layer resist is cured after first
NIL so it cannot be deformed by subsequent imprint processes. Hence, this resist can be
imprinted layer by layer. In 2007, N. Kehagias reported 3-layer grating structures through
RUNIL.?

15



Figure 2.14 SEM images of
UV-NIL result imprinted by (a)
the original master mold, (b) the
imprinted polymer replica, (c)
the tenth  replica  mold.
Copyright 2005 by the American
Chemical Society.

2.4. Soft lithography based on poly(dimethysiloxane) (PDMS)

2.4.1. Introduction

The imprint techniques introduced previously are based on hard mold or stamp, such as silicon,
quartz and nickel. High pressure, normally higher than 1 bar, is applied on the mold. The low-
viscosity UV-curable resist reduces the required pressure, and facilitates the embossing by
capillary force. This wetting process is more important in soft lithography, which can be used to
transfer “*ink’” (as liquid resist in NIL) from the stamp to substrate. In fact, this concept of
stamping ink onto a surface was proposed before the advent of nanoimprint. Soft lithography
was demonstrated in 1993 by A. Kumar and G. M. Whitesides,** while thermal NIL appeared in
1994.

This silicone polymer (PDMS), consisting of repeating chemical structures of -OSi(CHj3),0- , is
commercially available from Dow Corning Corp. under the trade name Sylgard 184. To form
solid PDMS, the oligmer is mixed with the curing agent in a 10:1 volume ratio and cured by

baking. PDMS has several advantages for microfluidics and biological applications. It is non-
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toxic, chemically inert and friendly for living environment. It is optically transparent between
~240 nm and 1000 nm, non-fluorescent, and therefore allows standard optical measurement. It
has a high bulk electrical resistivity which is important for electrokinetic applications. Moreover,

its surface chemical properties can be modified for anti-adhesive treatment.

2.4.2. Microcontact printing (UCP)

The first replica technique in soft lithography was pCP. In 1993, A. Kumar and G. M.
Whitesides reported using an elastomer stamp, made by casting PDMS on a master mold, to
transfer alkanethiol ink to a substrate coated with thin gold film.?* The alkanethiol ink pattern
then acts as a gold wet etching mask to transfer the ink pattern into the thin gold film pattern on a

substrate. The process is schematically illustrated in Fig. 2.15.

PDMS
Stamp
T —
(1) Casting PDMS on (2) Separatingstamp after (3) Soaking ink
master mold PDMS cured
’ SAM Iaver .
(4) Printing (5) Releasing stamp (5) Wet etching

Figure 2.15 Schematic of microcontact printing process.

Soft lithography allows for patterning on a curved surface, which is desirable in many fields such
as MEMS, electronic devices, and optics. But because of its low Young’s modulus, a PDMS
pattern will be distorted when the aspect ratio increases or the feature size is below order of 1 um
(as shown in Fig. 2.16).2* The feature size of soft lithography should be above 100 nm and the

ideal aspect ratio is around 1:1,
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Figure 2.16 Schematic illustration of

possible deformations and

distortions of microstructures in

/hbsté PDMS. Copyright 1998 by the John
geese s Wiley and Sons.

,f,%ubstrate

Ea /

2.4.3. Hybrid nanoimprint-soft lithography

Dr. Z. W. Li in Nanjing University developed hybrid nanoimprint-soft lithography in 2008. The
process is shown in Fig. 2.17.% To fabricate this hybrid mold consisting of a rigid UV-cured
resist layer on top of a cured soft PDMS, an elastic PDMS support was prepared by casting and
thermal curing of Sylgard 184. UV-curable resist is spin-coated on a bare wafer, and a PDMS
support is then placed against the resist-covered wafer. PDMS absorbs the liquid resist, and
repetition for 3 total steps forms a uniform absorption film. The UV-resist-absorbed PDMS
support is then placed against the resist-covered master mold and is UV-exposed in ambient
nitrogen. During curing, the resist absorbed in the PDMS and the resist on the master mold forms
an interpenetrating polymer network and links to the PDMS surface firmly. Consequently, after
separation the pattern is transferred onto the PDMS support. After O, RIE and anti-adhesive

treatment, the hybrid mold was fabricated and applied in the following imprint process.
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Figure 2.17 Schematic of the fabrication process of the hybrid mold and the hybrid nanoimprint-soft
lithography. Copyright 2009 by the American Chemical Society.

As a demonstration, the hybrid mold was imprinted on a segment of a cylindrical single-mode
optical fiber (125 pum in diameter) placed on the surface of a Si wafer. A 200 nm grating pattern
was achieved over large area, as shown in Fig. 2.18.
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Figure 2.18 SEM images of 200 nm pltch grating on the surface of 125 pm diameter optical fiber
array with the direction (a) parallel and (b) perpendicular to the fiber axis. Copyright 2009 by the
American Chemical Society.

The above parts introduced briefly the various nanoimprint techniques. In the following, I will
cover my contribution to this field.
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2.5. Hybrid nanoimprint-soft lithography using sacrificial PMGI master mold

2.5.1 The advantage of the hybrid mold fabricated by sacrificial PMGI master mold

Hybrid nanoimprint-soft lithography using molds of a rigid UV-cured resist layer on a soft
PDMS support allows intimate contact with non-flat surface during imprinting. It has achieved
sub-15 nm resolutions, as compared to soft lithography using PDMS mold with >100 nm
resolution. For the fabrication of the hybrid molds from a master mold, one remaining critical
issue is the surface energy of the master mold relative to the liquid UV resist: if it is too high, the
resist will wet the mold and thus the demolding will be difficult; if it is too low, the liquid UV
resist will dewet and cannot fully fill the trenches and holes in the master mold. In order for a

perfect wetting condition, the spreading coefficient Sjiguiassolia Should satisfy:?*

Sliquid/solid = Vsolid — (Vliquid + Yquuid/solid) >0 (24)

where Ysoig IS the surface tension of the solid, Yjiqid IS the surface tension of the liquid, and
Ysoliisolia 1S the interfacial tension between the liquid and the solid. Only when Sjiquidssolia 1S
positive, can the liquid wet the surface well (Fig. 2.19(a)). Distinct from other resists, UV
imprint resist contains Si, which makes its surface tension too low to yield a uniform film (Fig.
2.19(b)).

(a)

Figure 2.19 Optical images of (a) stable liquid resist film, (b) unstable liquid resist film, which
shrank after 30sec.
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The solution to this dilemma has been a partial treatments of the master mold surface by
exposing it for a shorter time in (1H,1H,2H,2H)-perfluorooctyltrichlorosilane (FOTS) to form
sub-monolayer, but narrow process windows and low yields have resulted. A more robust
solution designed here is to use a sacrificial organic master mold that the resist wets well, and
dissolve the master mold after the resist is UV-cured. We proposed to duplicate the mold from a
sacrificial mold fabricated in poly(dimethyl glutarimide) (PMGI, MicroChem Corp.). The UV-
curable resist wets the PMGI and can thus fully fill the trenches and holes in it. After UV curing
of the resist, PMGI can be dissolved in an aqueous basic solution that, unlike most organic
solvents, does not swell and deform the PDMS.% More importantly, PMGI is resistant to most of
the solvents, so the pattern will not be affected (dissolved or swelled) by the solvent of the UV-

curable resist.

2.5.2 Three types of fabrication processes

The fabrication process is described in Fig. 2.20 and is very similar to the original hybrid
nanoimprint-soft lithography. Instead of silicon master mold, pattern on PMGI is fabricated and
used as master mold. Briefly, to fabricate the mold for hybrid nanoimprint-soft lithography, the
UV-curable resist was absorbed into the PDMS elastic support several times, as well as spin-
coated onto the master mold. The elastic support was then placed against the resist-covered
PMGI master mold and exposed to UV radiation. The PMGI was subsequently dissolved by AZ-
300 developer containing 0.22 M tetra-methyl ammonium hydroxide (TMAH). After O, plasma
treatment, the hybrid mold was coated with FOTS anti-adhesive layer. For hybrid nanoimprint-
soft lithography, a silicon substrate was first coated with PMMA as an adhesive and liftoff layer,
and then with UV-curable resist layer, upon which the mold was laid down. Next, the mold-
substrate stack was placed in a plastic bag that was flushed with nitrogen gas, and the stack was

exposed to UV light of 365 nm wavelength until the resist was fully cured.
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Figure 2.20 Schematic of the fabrication process of the hybrid UV-resist/PDMS mold.

To fabricate the sacrificial PMGI master mold, we developed three methods as shown in Fig.
2.21. (A) In the first method, we imprinted directly into a thick PMGI layer (spun three times to
attain 200 nm thickness) with 1.2 MPa and 230°C (41°C above the Ty of PMGI). (B) In the
second method, to avoid the use of high temperature of >200 °C ,which is unachievable for some
commercial imprint tools, we carried out imprint on poly(vinyl phenyl ketone) (PVPK) at 90°C
and 1.2 MPa. The pattern in PVPK was then transferred into the underlying 700 nm-thick LOR-
5A (similar product based on PMGI, MicroChem Corp.) using low-pressure oxygen RIE that
etched LOR-5A approximately twice as fast as PVPK. To further improve the adhesion of
PMGI/LOR-5A to the silicon substrate, an anti-reflection coating (ARC, Brewer Science) may
be coated and baked before spinning PMGI/LOR-5A. (C) In the third method, as PMGI is a high
resolution resist for electron beam lithography (EBL), it can be patterned readily by EBL. A
silicon wafer was first coated with a thick LOR-5A layer that dissolves faster than a thin PMGI
layer with AZ-300, followed by a 20 nm conduction layer of Cr deposited by e-beam evaporation
that separates the LOR-5A and PMGI layer, and finally a 70 nm PMGI layer (thin PMGI layer
reduces pattern collapse due to capillary force during developer drying). After exposure using
Raith 150™° at 30 kV acceleration voltage and 1.3 nA beam current, the pattern was developed

using methyl isobutyl ketone (MIBK) : 2-propanol =1 : 3 for 1 min.
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Figure 2.21 Three methods for the fabrication of sacrificial mold in PMGI (or LOR-5A that is based
on PMGI). A) Direct imprint into PMGI at high temperature; B) Imprint into PVPK at reduced
temperature, then RIE transfer the pattern into LOR-5A; C) Electron beam lithography using PMGI as
positive resist.

2.5.3 Results and discussion

2.5.3.1 Sacrificial PMGI mold fabrication by imprint (method-A&B)

Fig. 2.22 shows (a) the SEM image of a mold duplicated from a sacrificial PMGI mold that was
fabricated by the first method, and (b) an image of the 200 nm period grating in UV-curable
resist imprinted using this mold. As can be seen, the line width of the mold matches well with the
trench width of the imprinted resist. It was also found that the high imprint temperature of 230°C
made PMGI less soluble in the AZ 300 developer, so the dissolution of the sacrificial mold took
hours and some cracks resulted from mechanical separation. The crack on the imprinted result
shown in Fig. 2.22b was copied from the cracked hybrid mold which was released from

sacrificial PMGI mold assisted by mechanical separation.

The imprint result using the 200 nm period grating mold duplicated from the PMGI master mold

that was fabricated by the second method is shown in Fig. 2.23. Due to the low imprint
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temperature of only 90°C for PVPK, LOR-5A was not hardened and could be dissolved quickly
by AZ-300.

Figure 2.22 SEM images of (a) hybrid mold containing UV-cured resist on PDMS duplicated from a
sacrificial PMGI mold that was patterned using the method as shown in Fig. 2.21A; (b) grating with a
crack imprinted into UV-curable resist using this mold.

Figure 2.23 SEM image of a grating imprinted into UV-curable resist using a mold in UV-cured resist on
PDMS, which was duplicated from a sacrificial PMGI mold that was patterned using the method as
shown in Fig. 2.21B. a) Overview; b) Zoom-in image.
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2.5.3.2 Sacrificial PMGI mold fabrication by EBL (method-C)

To test the capability of the imprint resolution using hybrid mold, line arrays with different doses
and periods were patterned on PMGI layer by electron beam lithography, which was applied as
the sacrificial master mold for the fabrication of the hybrid UV-resisttPDMS mold. The final
result imprinted by the hybrid mold was shown in Fig. 2.24. The distorted line arrays shown in
the right side of the Fig. 2.24 was caused by the capillary force during PMGI development for

the minimum period of 80 nm here.
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Figure 2.24 SEM image of a grating imprinted into UV-curable resist using a mold duplicated from a
sacrificial PMGI mold that was patterned using the method as shown in Fig. 2.21C. Grating patterns with
the periods of 150 nm, 100 nm, 80 nm were exposed with the line dose 5, 6, 7, 8 nC/cm, respectively.
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As can be seen in Fig. 2.25, high resolution features of 17 nm width can be created readily.
Moreover, the narrow trenches of ~8 nm in PMGI (due to PMGI pattern collapse by capillary
force during developer drying) were faithfully duplicated, indicating that the resolution of the
current process is below 10 nm. This is not possible for imprint process with soft mold materials
like PDMS.

Figure 2.25 SEM image of a grating imprinted into UV-curable resist using a mold duplicated from a
PMGI sacrificial mold that was patterned using the method as shown in Fig. 2.21C. a) Grating of 100 nm
period with a trench-width ~17 nm; b) A collapsed grating shows features down to 8 nm.

2.5.3.3 The effect from the lifetime of the anti-adhesive layer on the hybrid mold

Lastly, we want to point out that, despite the ultra-high resolution and ease of fabrication
(without the need of vacuum, applied pressure and thermal cycle), there are still some critical
issues to be addressed before the hybrid nanoimprint-soft lithography can be employed for
commercial application.

One issue is the lifetime of the anti-adhesive layer that may be degraded by the UV-curable resist.
Since both of the pattern layer on the hybrid mold and the imprinted resist layer are made of the
same UV-resist, the anti-adhesive layer is important for separation. After being imprinted for
more than three times, the anti-adhesive layer was degraded partly leading to the peeling off of
the pattern layer in the mold, shown in Fig. 2.26.
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Another issue is the cracking of the brittle UV-cured resist on the soft PDMS, which is also a
major concern for the hard PDMS/regular PDMS combination.?® Because of this strength
mismatch between the rigid UV-resist layer and the soft PDMS stamp, cracking usually happens
during mold separation. For the hybrid mold achieved by the traditional method, the cracking
appears on the hybrid mold during the separation from the master mold. By the method of
sacrificial PMGI mater mold we developed here, a crack-free hybrid mold can be achieved easily.
But it still happens in the following imprinting process (see in Fig. 2.26). One needs to be very
careful during the fabrication of the hybrid mold and the separation after imprint.

Figure 2.26 SEM image of (left) the first and (right) the third imprint results using the same hybrid mold.

2.6. Conclusion

In conclusion, imprint methods especially by soft molds were discussed in this chapter. Hybrid
nanoimprint-soft lithography is capable of high resolution patterning without the need of
vacuum, applied pressure or high temperature. As a more robust process, hybrid molds
consisting of features in rigid UV-cured resist on an elastic PDMS support were fabricated
through using a sacrificial PMGI master mold. PMGI was chosen because it can be dissolved
using an aqueous basic solution that did not swell the PDMS support, and it is resistant to the
solvent in the UV-curable resist. Three methods were developed to fabricate the sacrificial PMGI
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mold: direct imprint into it at >200 °C, imprint into another polymer layer at sub-100 °C and then
RIE transfer the pattern into PMGI, and direct writing by e-beam lithography. The third method
is the most flexible, but also the most time-consuming. Using the hybrid nanoimprint-soft
lithography process, we demonstrated pattern replication with sub-10 nm resolution.
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Chapter 3

Nanofabrication by electron beam lithography

3.1. Introduction

In electron beam lithography (EBL), resist is exposed with electrons, analogous to
photolithography’s use of photons. The energetic electrons fragment or cross-link the molecular
chains in the resist, decreasing or increasing its molecular weight respectively, thus adjusting the
dissolvability of the exposed resist in a developer. The wavelength of the electrons A, can be

expressed based on wave-particle duality:

h h 1226
VZmE \2meV AV

(nm) (3.1)

h
AeZEZ

where p is the momentum of the electron, V is the voltage. For example, ata 30
kV acceleration voltage the wavelength of the electrons is 0.007 nm, and at 100 kV it is 0.004
nm. It indicates that EBL provides much higher resolution than optical lithography.

EBL evolved from scanning electron microscope (SEM), and the systems for e-beam generation
are quite similar to SEM. The first popular electron-sensitive polymer material is
poly(methylmethacrylate) (PMMA) developed in the 1960’s.”’ EBL demonstrated
nanofabrication much earlier than photolithography at that time. Because of the fine beam
enabled by electron optics, EBL using PMMA resist immediately demonstrated much higher
resolution capability than optical lithography. In the early 1970’s EBL was already able to
pattern features as small as 60 nm.?® The modern EBL system, combined with special e-beam

resist materials and processes, can fabricate structures below 10 nm.*
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Figure 3.1 Schematic of an electron beam lithography system.

Fig. 3.1 shows a schematic of an electron beam lithography system. Generally, the electron beam
is generated from an electron gun by applied acceleration voltage. The astigmatism and focus
distance of the beam are adjusted through the lens. The pattern generator controls the deflection
of the beam to write on the resist within the write field; it also blanks the beam during shifting
between write fields or patterns. A laser detects the stage movement in X, Y and Z directions; all
these signals are collected and analyzed by a computer to make sure that exposure is executed
precisely. The writing process can be analogous to drawing pictures on a piece of paper (silicon
wafer or other substrate) with an extremely sharp pen (sub-10 nm resolution).

In this chapter, several kinds of resists and their different development methods are introduced.
The next section discusses novel resists and developments for high sensitivity electron beam
lithography and resist for in situ development without the proximity effect. Ways for reducing
the charging effect in EBL with a nano-Ampere beam current are discussed. This is used for

patterning large-area dot arrays with an area dose to save exposure time and memory. The final
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part shows the development of non-traditional EBL methods including tilted exposure and

patterning on non-flat surface using evaporated resist.

3.2. The most popular resists: PMMA and ZEP

In electron beam lithography, electron-sensitive materials are used as resists. Due to the exposure
of electron beam the molecular chains of some resists are broken into shorter chains, which can
be dissolved by solvent developer. The exposed area can thus be removed by a developer.
Similar in photolithography, this is termed a positive resist. Conversely, if polymerization
happens by electronic energy, the exposed area becomes less soluble. This is termed a negative

resist.

Contrast and sensitivity are important resist

parameters which directly decide the resist’s negative

resolution capability. To calculate the contrast
and sensitivity, the development curves, also
called contrast curves, are obtained by

measurements of the remaining resist thickness

Resist thickness

after exposure and development of a series of

large-square patterns with increasing doses. The D,D, D, D,

o Exposure dose
sensitivity is defined as the lowest dose needed P

for full development, such that a lower dose for Figure 3.2 Contrast curves of resist A, B, and C.
full exposure implies a higher sensitivity. For
example, in Fig. 3.2, the necessary dose (D) is lower for positive resist A than B, which means
that A is more sensitive than B. Resist contrast is defined by the slope of its development curve

and it can be calculated by:

1

log10(D1/Dy) (2.2)

Y =
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where Dy is the dose at which resist dissolution by developer begins, and D is the lowest dose at
which the resist is fully dissolved. The steeper the slope, the higher the contrast. For example, the
resist A in Fig. 3.2 has higher contrast than resist B. An ideal resist gives a sharp transition with
D; = D,, thus its contrast is infinity according to Egn. 2.2. Typical high-resolution resist has a

contrast of y > 2.

3.2.1. Poly(methylmethacrylate) (PMMA) and its developer

PMMA is one of the most popular resists for EBL, and was the first one used. Solid PMMA is a
white powder, and normally it is dissolved in chlorobenzene for spin-coating. Concentration and
spin-coating speed will affect the thickness of the resist layer. For example, at 2,500 rpm a 2 um
thickness was achieved with 9% PMMA in chlorobenzene, but a thickness of only 0.5 um results
from using 4% PMMA at the same rpm. Chlorobenzene is very inflammable and harmful to
health, so in our experiment 2.5% PMMA (Mw. 950kg/mol) dissolved in anisole was normally
used. A 100 nm thickness is achieved at 3,000 rpm.

The mixture of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) is used as the
PMMA developer. The concentration of the developer mixture affects the sensitivity and
resolution. As shown in Tab. 3.1, higher fractions of MIBK make the PMMA more sensitive, but
with lower resolution.*® The most popular conditions for high-resolution patterning are MIBK:
IPA=1:3 for 1 minute with the typical resist thickness of 100~200 nm. The exposure dose is

shown in Tab. 3.2.

1:3 Low Extremely high
1:2 (MIBK: methyl isobutyl ketone) Medium Very high

1:1 High High

Pure MIBK Very high Low

Table 3.1 Influence of developer concentration on resist resolution.
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Area dose (nC/cm?) 100 180 250
Line dose (nC/cm) 0.5 0.9 1.3
Dot dose (fC/dot) 1.5

Table 3.2 Typical exposure dose of PMMA with different accelerate voltage.

In some reports, development in Cellosolve (2-ethoxyethanol): methanol=3:7 for 7-10 seconds is
claimed to have slightly higher contrast than MIBK system.* In another study, MEK (methyl

ethyl ketone): ethanol=53:147 for 2-5 seconds also works well.*

One report by Shazia Yasin
suggests that water/IPA solution can also develop PMMA even though neither of these agents
can dissolve PMMA individually.*®* PMMA in this developer has even higher contrast than 1:3

MIBKI/IPA. In addition, PMMA has been found to reverse to a negative tone when the exposure

dose is very high (around 10 times of normal dose*), as shown in Fig. 3.3.

Figure 3.3 Pillar array on PMMA resist with the exposure dose 10-time higher than normal one.

In summary, PMMA resist is cheap and yields a high contrast. Its downsides are low sensitivity

(50-500 pC/cm?, as shown in Tab. 3.2), and poor dry etch resistance relative to photoresist.
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3.2.2. ZEP-520A and its developer

ZEP-520, developed by ZEON Inc. in Japan, is the most popular commercially positive resist for
EBL. Its sensitivity is 3-5 times higher than PMMA. The dry etch resistance of ZEP is 5 times
higher than PMMA.

0.05 (L m Isolated space

Process Conditions
Resist : ZEP520
Film thickness : 15000 A
Exposure : 75kV

Figure 3.4 SEM image of a trench
with high aspect ratio on ZEP-
FEBZ42 5.8kwu if 2%k A aBaliod 520A, done by ELIONIX INC.

ZED-N50 (100% amyl acetate), ZEP-RD (xylenes, o-, m-, p- mixed) and ZEP-SD (40 % 2-
butanone, 60% methyl isobutyl ketone) can be used as the developer for ZEP (shown in Table
3.3). Anisole can be used for a liftoff process or diluting the resist for a thinner film.

ZEP-RD Xylene(o-, m-, p- mixed) standard
ZED-N50 n-Amyl acetate high resolution
ZEP-SD 2-Butanone 40% high sensitivity

Methyl isobutyl ketone 60%

Table 3.3 Different developer systems for ZEP-520A.

ZEP-520A only has a one-year shelf life and it costs > $20/ml, much more expensive than
PMMA.

In the following sections I will show my work in EBL.

34



3.3. Novel resist and its development

3.3.1. Self-developing aluminum fluoride resist

All of the popular resists introduced previously are organic resists. After electron beam exposure
the resists need to be developed in organic solvent as an additional step before the pattern can be
examined. Another problem arises from the fact that the primary electrons do not directly
interact with the resists. The energy of the primary electrons is between thousands and hundreds
of thousands of electron volts, too high to match the bond energy of resists. Only the generated
secondary electrons with energy below 400 eV can affect the bonds of the resist. These
secondary electrons diffuse laterally in the resist away from the small spot of incident electron

beam and thus limit the resolution of EBL.

Inorganic halides could potentially be suitable materials for

extremely high resolution, since only the primary, high energy !
electrons are responsible for exposure. As shown in Fig. 3.5, Beam size

during electron beam exposure, AlF; undergoes a self- AlF3
developing process. The irradiation by primary electrons (3} Beginning of exposure
causes dissociation of the metallic state. After ionic bonds are . N /FE
broken floride becomes gas and is removed. The aluminium A< AlFg
self-assembles on the surface, making the resist layer thinner. e ™

. T ) . (k) After some irradiation
This “milling” phenomenon proceeds until the layer is broken

L ] -

through. f, $ ;AlFs

[c} More irradiation

*3e .
=2 ty  AlF5

P —
(d) Complete exposure

Figure 3.5 The process of self-
development of AlF; during e-
beam exposure.
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Figure 3.6 SEM image of lines with 16 nm period in AICls.

In our work, the patterning of 16 nm period lines is achieved by a line dose of 1C/cm at 20kV.
The AlF3 film is prepared by thermal evaporation and the thickness is controlled at 20 nm.

However, only line and dot array can be achieved by AlF; resist.

3.3.2. High sensitive EBL using high molecular weight polystyrene (PS) resist

PMMA and ZEP-520A are the most popular positive resists. Negative resists are preferred for
some applications, such as fabrication of hole arrays in a metal film via liftoff. HSQ and SU-8
are common negative resists, but they are expensive and unstable, and have limited shelf lives. It
is therefore desirable to have a simple and inexpensive negative resist analogous to PMMA.
Previously, our group demonstrated ultra-dense patterning using 2 kg/mol polystyrene negative

electron beam resist that has low sensitivity.*

To drastically improve its sensitivity, the exposure behavior of polystyrene with molecular
weight of 90 and 900 kg/mol was studied here. Very high sensitivity of 1 uC/cm2 was obtained
for 900 kg/mol when exposed at 2 keV. The sensitivity for 90 kg/mol polystyrene is about one
order lower. The resist has a contrast around 1.5 that is nearly independent of molecular weight
for the current range of molecular weight. It can achieve fairly well-defined patterns of 150-200
nm period line arrays (as shown in Fig. 3.7). Fig. 3.8 shows the contrast curves for 90 kg/mol
polystyrene resist exposed at 20 and 5 keV. The contrast for exposure at 20 keV, defined as:
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y =[lg (g—i)]‘l, is calculated to be 1.5, which is very close to the contrast at 5 keV exposure.

The contrast is much lower than the popular chain-scission positive resist PMMA and ZEP-520A.

Polystyrene is a simple and low-cost resist with easy process control and practically unlimited
shelf life. It is also considerably more resistant to drying etching than PMMA. Therefore, the
current high molecular weight polystyrene could be employed for applications that need

moderate resolution but high sensitivity for a reasonable exposure time.
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Figure 3.7 SEM images of 90 kg/mol  Figure 3.8 Contrast curves for 90 kg/mol
polystyrene line array exposed at 5 keV with  polystyrene exposed at (a) 20 keV and (b) 5 keV,
line dose of 0.54 nC/cm, and developed by  and developed by tetrahydrofuran for 2 min.
tetrahydrofuran for 2 min. (a) 150 nm period,

(b) 200 nm period.
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3.3.3. High sensitivity EBL using MEK:MIBK developer for ZEP resist

Low throughput is the major drawback for electron beam lithography (EBL). ZEP as the popular
non-chemically amplified electron beam resist, though ~3x more sensitive than PMMA, it is still
very insensitive when using high resolution developers such as amyl/hexyl acetate or xylene (e.g.
sensitivity ~100 pC/cm? at 30 keV ).*®

In our work, we found that the sensitivity for ZEP (520A) resist can be substantially increased
from 10 uC/cm?to 2.6 pC/cm? at 5 keV beam energy and from 41.9 uC/cm?to 9.2 pC/cm? at 20
keV beam energy by using MEK (methyl ethyl ketone) : MIBK (methyl isobutyl ketone) = 2:3
developer, though at the cost of reduced contrast compared to standard developers xylene, amyl
acetate or hexyl acetate, as compared in Fig 3.9. The achievable resolution was found to depend
strongly on the resist’s adhesion to the substrate or under-layer; and we obtained the resolution
of 40 nm half pitch using ZEP resist spun on a layer of anti-reflection coating that was treated by

oxygen plasma.

In experiment, as-purchased ZEP-520A was further diluted with anisole with a ratio of 1:2,
which gave the film a thickness of 45 nm when spun at 2000 rpm. After spin-coating, the film
was baked on a hotplate at 180°C for 10 minutes. Exposure was performed using Raith 150™°
system at acceleration voltages of 20 kV and 5 kV. For high-resolution study, we exposed
periodic line arrays with the lines defined as single-pass lines with beam step size of 15 nm.
After exposure, the samples were developed using MEK : MIBK = 40 : 60 for 30 seconds,

followed by rinsing with 2-propanol and nitrogen drying.

Fig. 3.9a-b shows the contrast curves for ZEP-520A exposed at 5 keV and 20 keV, and
developed using MEK : MIBK = 40 : 60 for 30 sec. Atomic force microscope (AFM) was used
to obtain the contrast curves. The resist sensitivity was found to be 9.2 uC/cm? and 2.6 uC/cm?
for 20 keV and 5 keV exposure, respectively. The dependence of sensitivity on electron beam

energy is fair in agreement with the fact that sensitivity is expected to be roughly inversely
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proportional to the beam energy (E) as predicted by the Bethe equation for electron energy loss

(Eioss) 1IN the resist: Ejpssocl/E-log(aE) with o being a constant. As shown in Fig. 3.13, the

contrast of ZEP resist using the current developer is 2.6 and 9.2 for 5 keV and 20 keV exposure,

respectively; these values are lower than the contrast by normal developer using amyl acetate
(shown in Fig. 3.9 c-d).

1.0

0.8

0.6

0.4

0.2

0.0

Normalized Remaining Thickness

= =
[ &o

Normalized Remaining Thickness
=
=9

N
L Exposeat SkeV

Sensitivity: 2.6 uC/em?
L . Contrast: ~1.8

u

— [ ]

[ ]
B [ ]

u
| | A, o o B _ =

0 1 2 3 4 5

(@) Dose (uClcm?)

_ M Expose at SkeV
*

Sensitivity: 10 pC/cm?
L Contrast: ¥4.3

40_0_._..._’_0_1
0 10 20 30

(C) Dose (uC/cm?)

1.0
Exposeat 20keV
0.8 o Sensitivity: 9.2 nC/em?
" Contrast: ~3.0
0.6 r
04 B ]
02 "
0.0 | I
0 5 10 15
(b) Dose (uC/ecm?)
1 Expose at 20keV
\ Sensitivity: 41.9 pC/cm?
0.8 F L 4 Contrast: ~2.6
0.6
*
0.4
0.2
¢ .
0 50 100 150

(d) Dose (uC/cm?)

Figure 3.9 (a-b) Contrast curves for ZEP-520A resist exposed at 5 keV and 20 keV, and developed
by MEK : MIBK =40 : 60 for 30 sec at room temperature. (c-d) Contrast curves for ZEP-520A resist
exposed at 5 keV and 20 keV, and developed by amyl acetate for 1 min at room temperature. The
thickness is normalized to the original film thickness. For (a-b), the unexposed area (dose = 0
nC/cm?) has normalized thickness <1.0 because the first developer dissolves slowly the unexposed

resist.
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In addition, even the un-exposed resist was found to be developed by ~4 nm within the
development time of 30 sec, which is due to the presence of the relatively strong solvent MEK.
In principle, increasing the development time can increase resist sensitivity to an infinitely high
value. However, we fixed the development time to be 30 sec for the current film thickness of 45

nm, because longer development time was found to lead to poorer pattern definition.

Figure 3.10 Line

S R BRI @ defined in ZEP-520A
that was spun on bare
: ' = g silicon wafer. The
5 resist was exposed at 5
keV and developed by
MEK : MIBK for 30
Sample#5: ZEP, 20,20 row 34, C789, 30 sec sec. The array periods
' ) are 140 nm and 170
nm, which cannot be
T resolved due to resist’s
poor adhesion to the

substrate.

140nm pitch

170nm pitch

1pm Withintherightdoserange Under-exposure

Figure 3.11 Line array
pattern in ZEP-520A with
periods of 70, 80 and 90 nm.
The resist was spun on
oxygen plasma treated ARC
film, and exposed at 5 keV
and developed by MEK :
MIBK for 30 sec.
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To study the achievable resolution (half-pitch) of this resist, we exposed dense line arrays at 5
keV since low e-beam energy increases resist sensitivity. We first coated the ZEP resist on a bare
silicon wafer that was cleaned by solvents (acetone and 2-propanol) and oxygen plasma.
However, no well defined pattern was obtained as seen in Fig. 3.10. Evidently once the resist
was developed to the bottom at certain spots, the spots expanded quickly in an uncontrolled way
possibly due to the lack of adhesion to the substrate. Alternatively, an ARC layer was spin coated
on a clean wafer and then thinned to 10~20 nm thickness by O, RIE, which can modify its
surface energy and thus resist’s adhesion to it. The exposure performance is shown in Fig. 3.11.
We claim that the current process can achieve a resolution of 40 nm half pitch. This resolution is

13" However, in

slightly lower than SU-8 resist (34 nm half pitch) as demonstrated by Bonam et a
that study the authors did not mention the pattern area as compared to the range of proximity
effect for 100 keV exposure. In addition to proximity effect (backscattering range is about 200
nm for 5 keV e-beam into silicon), the noticeable defects for the 35 nm half pitch pattern may be
due to inadequate adhesion of the film to the substrate and agglomeration or phase separation of

additives in the resist film.

3.4. Charging effect reduction in electron beam lithography with nA beam
current

Sub-wavelength hole/pillar arrays are very important for EOT-based SPR biosensors (EOT
means “Extraordinary Optical Transmission”, which will be discussed in Chapter 5). EBL can
pattern nanostructures easily with 10-100 nm feature size. However, with a necessarily large
sensor area, semi-infinite nano-hole/pillar arrays are needed. For example, if a 200 nm-period dot
array within 2 cm? is needed for one sensor, there will be 10'° dots on the wafer. If one dot needs
10 ps for exposure, the whole exposure time will be 27.7 hours. The total time includes two parts.
The first part is dwelling time, which is the real time of exposure. The second part, setting time,
partly aims to reduce the charging effect from previously exposed dots. If the beam needs to wait
5 us for the charge electrons from the previous dots to completely disperse into the wafer, the
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total setting time will be 13.9 hours for the same example. The charging effect becomes a more

serious issue when performing EBL in large area with high beam current.

In our work, we studied three methods to minimize the charging effect with a pattern of 200 nm
period hole array on PMMA, PMGI and ZEP-520A resists. EBL was carried out using Raith
150™° system with 30 kV acceleration voltage and 60 pm beam aperture for fast exposure,

resulting in a beam current of 1.2-1.5 nA (typical currents for EBL are sub-100 pA).

Firstly, charging effects can be reduced by increasing the spacing between adjacent dots. The
periodic dot arrays were exposed using four different pattern designs, as shown in Fig. 3.12: (a) a
large 100 um square with the exposure step size set to 200 nm in both x- and y-direction (we
name it the (100) lattice); (b) parallel horizontal lines with offset of 100xV2 nm (that is the
spacing between adjacent dots is increased by V2) at the beginning, step size of 200xV2 nm, and
spacing between two adjacent lines of 200/v2 nm ((110) lattice); (c) same as (b) but replacing V2
with V5 ((120) lattice); d) periodic dot array, which leads to a very large CAD file (we name it
dot array). The area, line and dot doses are set such that the exposure dose for each dot is the
same: 12 fC/dot for PMMA. All four designs will result in the same pattern, except that the b
array is rotated by 45°, and the c array by tan™(1/2)=26.6°. However, the total writing time,
including both dwelling time and setting time (the pause before exposing each element, 0 for a-c,
finite for (d)), is much longer for d than for a-c. Fig. 3.13 shows the SEM images of a 200 nm
period hole array in 100 nm thick PMMA developed using methyl isobutyl ketone (MIBK): 2-
propanol (IPA) = 1: 3 for 30 seconds. Because of the charging effect it was found that the holes
were noticeably elongated along the beam scanning (horizontal) direction. The direction of
elongation is consistent with the direction of electrostatic force between deposited electrons from
the previous exposure and incoming electrons. The elongation is highest (hole-width 86 nm) for
the (100) lattice pattern design, followed by the (110) lattice pattern design (hole-width 68 nm),
and the lowest (hole-width 53 nm) occurred in the (120) lattice pattern design. This indicates that
pattern distortion due to charging effect can be greatly reduced simply by re-arranging the

exposure sequence. The pattern elongation (hole-width 60 nm) for the dot array pattern design is
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also much lower than that for the (100) lattice pattern design, because of the longer charge
dissipation time. However, this means a longer writing time (28 us per dot, including a dwelling
time of 8.2 us and a setting time of 19.8 us) when using the dot array pattern design, as
compared to that of the (100) lattice pattern design (8.2 ps per dot for beam a current of 1.46 nA).

— 8 & 8 & & & 5 & & s

(a) b (

—_—
o

Figure 3.12 The four different pattern designs that all give a 200 nm period dot array. a) Large square
where array periodicity is defined by the exposure step size along the x- and y-direction; b) Line array
with offset at the beginning, where the “nodes” on each line indicate the position of exposed dots. The
resulted 200 nm period dot array is rotated by 45°% c) Similar to b) but the step size and line-spacing is
set such that the resulted 200 nm period dot array is rotated by 26.6°% d) Dot array with 200 nm period
along both directions.
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Figure 3.13 Hole array with 200 nm period developed in PMMA coated on a heavily doped n-type Si
substrate with resistivity 0.01-0.02 Q-cm. (a-d) are exposed using the pattern design as shown in Fig.
3.12 a-d, respectively.
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The substrate conductivity also affects the rate of charge dissipation/screening, and higher
conductivity can offset the effects more obviously. For the (100) lattice pattern design as shown
in Fig. 3.13a that used a lightly doped n-type wafer with a relatively high resistivity of 1-10
Q-cm, the pattern distortion and positioning error is much more severe than that shown in Figure
3.11a, made with a low-resistivity wafer. As expected, the hole array is better defined for the
(110) lattice pattern design as shown in Fig. 3.14b. For a quartz substrate, even with a 20 nm Cr
layer on the resist, the hole array is not defined for the (100) lattice and (110) lattice pattern
design (not shown), and very poorly defined for the (120) lattice pattern design (Fig. 3.14c). The
“traces” that link the holes along the horizontal direction due to partial development when under-
exposed are clearly seen. Here we want to mention that the traces are not because of exposure by
the un-blanked beam between exposing two adjacent holes, since the patterning speed of the tool
is 20 MHz, indicating only ~0.05 ps of transfer time. The hole array is reasonably well-defined
for the dot array pattern design, implying that the characteristic charge screening time through
the Cr layer is of the same order as the writing time of each hole (28 ps, including dwelling and
setting time). We can also conclude that, for the current experimental parameters, the charge
dissipation through the lightly doped substrate is more efficient than charge screening through

the Cr layer.

200nm

KX WOD=8dmm  Oute SApr2010  Time 14:48:12
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Figure 3.14 Hole array with 200 nm period developed in PMMA coated on: (a-b) a lightly doped n-
type Si substrate with resistivity 1-10 Q-cm, exposed using the pattern design as shown in Figure
2.13(a-b), respectively; (c-d) a quartz substrate with 20 nm Cr conductive layer coated on the resist,
exposed using the pattern design as shown in Fig. 3.12(c-d), respectively.

Besides PMMA, we also studied poly(dimethyl glutarimide) (PMGI, MicroChem Corp.) resist,
which is ~4x less sensitive than PMMA when using the same developer (MIBK:IPA) for 30
sec;*®® and ZEP-520A resist, which is ~5x more sensitive than PMMA when using amyl acetate
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developer for 1 min. As shown in Fig. 3.15a for PMGI resist, contrary to general intuition, it is
found that the charging effect is negligible even for the (100) lattice pattern design and high-
resistivity wafer. This is because even though the deposited charge is significantly higher than
that for PMMA resist, the charge dissipation/screening time is also higher to balance this out;
and as the resist is less sensitive, the exposure due to scattered electrons will not result in
noticeable development. However, for the same beam current, the writing time is longer when
using less sensitive resists. The exactly opposite holds for the ZEP-520A resist, where the hole
array is not well defined for the (100) lattice pattern design (except for the first hole along each
writing line - see Fig. 3.15b - though the array is clearly defined for the dot array pattern design
due to the long setting time (Fig. 3.15¢).

2 200nm°

Figure 3.15 Hole array with 200 nm period.
(a) Developed in PMGI resist using pattern
design as shown in Fig. 3.12a; (b-c) Developed
in ZEP-520A resist using pattern design as
shown in Fig. 3.12a and Fig. 3.12d,
respectively. The exposure doses are 48 fC/dot
for PMGI, and 2.4 fC/dot for ZEP-520A.
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3.5. Periodic tilted structure fabrication by electron beam lithography

Tilted micro- and nano-structures have various applications. For example, tilted periodic pillars
in soft materials like PDMS is important for the study of directional cell movement,* and
surface enhanced Raman spectroscopy,*® as well as artificial surface mimicking gecko feet for
dry adhesive pads application.**** Tilted nanostructures can also be employed for directional

44,45

adhesion and wetting or introduced into photovoltaic device to avoid a short circuit between

the two electrode.*®

Micro-scale tilted structures in polymer resist can be fabricated readily by photolithography with
the substrate tilted because the depth of focus for collimated UV light is effectively
infinite.**"*® Nanoscale tilted structures have been fabricated by reactive ion etching with tilted
substrate; however, modification of the etching system is needed as otherwise the spontaneously
generated self-bias field in the plasma (that determines the etching direction) would remain
normal to the substrate surface.”® In principle, one can fabricate tilted nanostructure by electron
beam lithography with tilted substrate using laser auto-focus; however, in practice this could be
very time consuming because the depth of focus of the electron beam is typically on the order of
10 pum, and thus each write field has to be in the same order for 45 degree tilt in order to
maintain focus within each write field, which leads to tens of thousands of write fields over an

exposure area of 1 mm? and thus very long stage movement and focus adjustment time

In this work, we demonstrated that 2D periodic array of tilted nanostructure can be conveniently
fabricated through SEM exposure of an electron beam resist during normal imaging of a tilted
resist-coated substrate using the dynamic focus function, which is designed to maintain the focus
across a tilted substrate by adjusting the working distance continuously during scanning. Since
the exposure is carried out in the normal imaging mode, there is no need of pattern generator or
beam blanker. The main limit of the current approach is that only 2D periodic structures can be
fabricated, and the number of the fabricated structures is the same as the image resolution (e.g.
1024x768).
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ZEP-520A was chosen as positive resist that leads to 2D hole array pattern after exposure and
development. The resist (as purchased or diluted by anisole for thinner film) was spin-coated on
a silicon wafer and baked at 180°C for 10 min. For negative resist that leads to pillar array
pattern, chemically amplified resist SU-8 diluted by cyclopentanone was spin-coated to achieve a
film of ~500 nm, and pre-baked at 90°C on a hotplate to drive away the solvent. As well,
polystyrene resist with the molecular weight of 260 kg/mol is dissolved in chlorobenzene at 10%
concentration to achieve ~800 nm-thick film after spin-coating.>>*® A LEO 1530 FE-SEM was
used to expose the resist at 20 kV acceleration voltage and 0.1~2.5 nA beam current. Pixel
average was chosen for noise reduction that is advantageous over line average or frame average
because the electron beam was found not to go to the exact pixel location when the scan area is
on the order of 1 mm. For the same reason, each exposure was carried out using only one scan.
The scan speed was set such that the scanning times per frame was 0.1-1.0 min depending on
beam current and resist sensitivity. The substrate was typically mounted on a 45°-tilt sample
holder. In the experiment, the imaging frame center was first focused at high magnification by
adjusting working distance as usual, then at the target magnification using reduced scanning area
on the top or bottom of the frame, the amount of tilt compensation is adjusted until the clearest
image was obtained (that is, here the best focus is achieved by adjusting the amount of tilt
compensation with the working distance fixed). Exposed ZEP-520A films were developed by n-
amy| acetate for 1 min, exposed SU-8 films were post-exposure baked at 90°C on a hotplate for 1
min before development using propylene glycol monomethyl ether acetate (PGMEA) for 2 min,

and exposed polystyrene was developed using xylenes for 2.5 min.

One way to transfer the pattern in the resist to another layer or material is electroplating of a
metal into the resist template. The wafer was coated with Cr/Au as conduction layer before spin-
coating ZEP-520A resist. After exposure and development, the sample was treated with NaOH
solution for 1 min to remove possible grease, followed by HCI solution for 3 min to de-passivate
the surface. Au electroplating was carried out using a commercial cyanide-free bath at 60°C with
2.0 V constant voltage for ~3 minutes. After electroplating, the sample was rinsed with DI water,
followed by soaking in anisole to remove the ZEP-520A resist. Another way of pattern transfer is

cast-molding of PDMS onto the resist template.
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Fig. 3.16 shows the cross-sectional view of the tilted holes in 100 nm ZEP resist (ZEP-520A
diluted with anisole at 1:1 ratio) and 645 nm ZEP resist (undiluted) exposed with the sample
tilted by 45 degree at the beam current of 100 pA. The exposure dose per dot is calculated to be
on the order of 10 fC/dot. Forward scattering of the electron beam is more serious for tilted
incidence than for normal one (partly because of the increased trajectory by 1/cos(tilt angle)),
leading to apparent diameter variation along the hole direction for the case of thick (645 nm)
resist. As expected, the hole diameter is rather uniform across the entire pattern area of ~1 mm
when using the dynamic focus function (see Fig. 3.17). Though ZEP-520A is a high-resolution
resist with sub-20 nm resolution readily achievable when using normal electron beam
lithography, here the resolution is limited to roughly 100 nm by the beam positioning accuracy
and stability when using large scanning field of ~1 mm that is one order larger than that for
typical high resolution EBL. It is possible to generate holes larger than 500 nm by using
significantly higher dose. In fact, the hole size is ultimately determined by the point spread
function of the electron trajectory that predicts an exponential relationship between point dose
and hole size. For instance, holes of diameter 600-700 nm (not shown) were formed when using

a very high beam current of 2.3 nA.

Tilted nano-pillar array was resulted using negative resist SU-8 (Fig. 3.18a) that is about 20x
more sensitive than ZEP-520A. The pillar is larger at the pillar bottom than the top, which is due
to strong forward scattering of the incident electron beam and the very low contrast of SU-8

(contrast y~1).

To fabricate tilted nano-pillars, as well as to reveal the profile of the holes, we carried out Au
electroplating into the hole array in ZEP and subsequently removed the ZEP resist using anisole.
The 45 degree tilted Au pillar array with the length of ~750 nm sitting on top of Cr/Au plating
base layer is shown in Fig. 3.19. Tilted mushroom-shaped pillars with a “cap” were resulted

when the holes were over-filled with Au.
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Figure 3.16 SEM images of 45° tilted hole array in (left) 100 nm-thick ZEP-520A with the hole
diameter of 150 nm, and (right) 645 nm-thick ZEP-520A with the hole diameter of 250 nm.

"'_ .

1pm  gottom left corner | 1HM  pattern center 1pm Top right corner

Figure 3.17 Top view SEM images of 45° tilted hole array in 645 nm-thick ZEP-520A showing
hole-size uniformity across the pattern area of ~1 mm. The images were taken on the bottom-left
corner (a), center (b), and top-right corner (c) of the scanning area.

Figure 3.18 SEM images of 45°tilted pillar array in 500 nm-thick SU-8 resist (left) and 1000 nm-
thick 260 kg/mol polystyrene resist (right). The array period is about 1 um for SU-8 and 2 um for
polystyrene.
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Figure 3.19 SEM images of 45° tilted Au pillar arrays with 1.2 um periodicity by electroplating into
tilted hole arrays in ZEP-520A resist. (a) Tilted pillars of ~300 nm diameter and ~750 nm length
without Au over-plating. (b) Mushroom shaped Au pillar array due to over-plating. The images were
taken at 45 degree viewing angle.

3.6. Electron beam lithography on irregular surfaces with evaporated resist

One challenge in nano-fabrication is to pattern on non-flat and prestructured surfaces, termed as
3D nanofabrication, which is desired in many fields such as MEMS,*! electronic devices,*
super-adhesive surface®® and optical devices.* Imprint method by flexible mold can make a
conformal contact on the curved surface.”® Since 1998, PDMS stamp is reported in soft
lithography and in step and flash imprint lithography (S-FIL) for patterning features on non-flat
surfaces.™ But structures were limited on the size scale of 500 nm and larger by this kind of soft
mold. Focused ion beam lithography (FIBL) can locate the pattern area accurately.®® A similar
patterning process is available in Helium lon Microscope by ion milling.>” But these two

techniques are expensive and very slow.

Though electron beam lithography (EBL) is the most available and versatile nano-patterning

technology in academic research area, there is still a great challenge in its application in non-flat
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surface. This is because the usual film coating method, spin-coating, can form a film only on flat
surfaces. Spin-coating on non-flat surface will lead to non-uniform resist thickness. Previously,
Pedersen et al. have reported the coating of electron beam resist using plasma polymerized
hexane®®. The resulted hydrocarbon resist presented a negative tone when it was developed in a
1:1 mixture of cyclopentanone and o-xylene for 40 min. However, besides its low sensitivity and
poor resolution (demonstrated 150 nm wide sparse line array), this approach is not ideal for a
wide range of applications as it needs a special custom-built plasma chamber. Eric Lavallle, et al.
have developed a negative evaporated sterol resist, named QSR-5, which was employed to
pattern on optical fiber and laser diode facet, as well as on the backside of membranes for the
fabrication of the x-ray mask.>*®! Yet, in addition to its moderate resolution, this specially
formulated resist is not commercially available. Daniel et al. introduced water vapor into SEM
chamber and formed ice on AFM cantilever or graphene film which was cooled < 120 K. The
thin ice layer was patterned by e-beam exposure with low voltage. This novel patterning process
is named ice lithography.®** However, for ice lithography the resist has to be kept at very low
temperature before pattern transfer by liftoff or dry etching is completed, thus specially designed
tool is needed. In addition, the resist sensitivity is very low, three orders lower than PMMA that
is already considered as an insensitive resist. Similar to ice, frozen CO, might also be used as an
electron beam resist, though it would suffer from the same drawbacks as ice resist®. Metal halide
such as AlFs, as discussed in Section 3.1, is another type of inorganic evaporated resist, which
again suffers from extremely low sensitivity; and it is able to form only line or dot (not areal)
patterns.®®®” Lastly, silicon dioxide, which can be grown or coated by various thin film
deposition methods, has been used as a kind of electron beam resist, yet its sensitivity are again

extremely low.®®

Previously, we have demonstrated high-sensitivity patterning using high molecular polystyrene
([-(CH,)-CH-(CgHs)-]n, PS) as a negative electron beam resist (as shown in Fig. 3.7). Here, we
introduced thermal evaporation to deposit a high-purity and uniform polystyrene film on

substrate for patterning by e-beam lithography (the brief process was shown in Fig. 3.20).
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Figure 3.20 Changes of PS structures from thermal evaporation to electron beam exposure.

Compared with spin-coating method, evaporation has many advantages. Firstly, it can form
uniform resist film on nearly any types of surface. While in spin-coating, substrate with low
surface energy will shrink the resist not to form a flat film (Fig. 3.21a). And organic substrate or
sub-layer could be dissolved or swelled by solvent (Fig. 3.21b). Secondly, to prepare the solution
for spin-coating, many aspects should be considered to achieve an ideal result, including
concentration, viscosity, surface tension, dissolvability and harmfulness to health. Evaporation is
a dry process and can be controlled easily. Impurity also will impact the spin-coating process.
Normally, spin-coating needs to be carried in cleanroom and the solution needs to be kept
carefully. Any dust or particle from the solution and the atmosphere will block the distribution of
the resist (Fig. 3.21c). In thermal evaporation, by fixed power, only the material with the relative
boil temperature can be evaporated onto the substrate. Moreover, hard baking is not necessary in
evaporation. Last, edge beads occur regardless in spin-coating method (Fig. 3.21d). By

evaporation, every corner can be covered by a uniform resist film.

(a) -

Figure 3.21 Microscope images of spin-
coating defects. (a) Films shrink and form
droplets on the substrate with low surface
energy. (b) Under layer swells and cracks
caused by the solvent from spin-coating. (c)
A dust causes un-uniform resist film. (d)
Edge beads occur regardless in spin-coating
method.
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To form PS film by thermal evaporation,® the tradeoff between evaporation temperature and
degradation should be made. For PS with higher molecular weight, higher vaporization
temperature is needed, which will lead to fast degradation of the molecule (or oxidation to CO,
and H,O gas if vacuum is poor). Here we used 1.2 kg/mol PS for thermal evaporation. The
roughness of the PS films prepared by evaporation and spin-coating method on Si wafers is also

compared by AFM scanning (Dimension 3100 Scanning Probe Microscope).

Normal low-resistivity wafer (0.01-0.02 Q-cm) is coated by PS for dose test. AFM tips and
optical fibers were used to demonstrate its capability of patterning on non-flat surface. The
buffer layer of fibers was removed by soaking in acetone and scratch. Before coating, all the
substrates were cleaned using acetone and 2-proponol, followed by short exposure to oxygen
plasma. For pattern transfer in the future step and a conductive layer in E-beam exposure, 10 nm
Aluminum layer was coated by WLOS Cluster Sputtering System to achieve a uniform coverage
on curved surface. The thickness of evaporated PS film is controlled at ~100 nm. E-beam

lithography was conducted using Raith 150™°

system with 5 kV acceleration voltage and 0.2
nA beam current. Exposed PS films were developed in xylenes for 1 min and observed by LEO
1530 FE-SEM. The sample of AFM tip was dried carefully in atmosphere without N, blow to
avoid the tiny tip broken. For pattern transfer, patterns on AFM tip and fiber were etched by O,
reactive ion etch (RIE, 20sccm, 20 mTorr, RF 20 w) for 3 seconds to clean the residual organic
layer, and BCl3 RIE (50 sccm, 5 mTorr, ICP 800 w, RF 200w) for 15 seconds to remove un-
patterned Al. By the etched Al layer as etching mask, deep silicon RIE was carried on the AFM
tip to get high aspect-ratio Si structure. Fig. 3.22 shows the comparison of the film roughness
prepared through the two methods. Considering the mean roughness (Ra) is 0.223 nm for the
evaporated film and 0.239 nm for the spin-coated film, evaporation method can achieve an ideal

film as flat as spin-coating method.
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Figure 3.22 AFM Vimages of PS firlms prepared by spin-cbating method (left) and thermal eVaporation
(right).

Since it is known that for simple cross-linking resist like polystyrene the sensitivity (LC/cm?) is
inversely proportional to molecular weight (kg/mol),”® we examine the degradation of evaporated
film by comparing its sensitivity with the spin-coated film. Polystyrene powder with the same
molecular weight of 1.2 kg/mol was dissolved in chlorobenzene with a concentration of 1.3
wt/vol%, which gave a film thickness of 140 nm (measured by Dektak profilometer). After spin

coating, the film was baked at 90°C for 5 min on a hotplate.

Fig. 3.23 shows the contrast curves of the PS as EBL resist coated by spin-coating and
evaporation. The contrast of the evaporated PS for exposure at 5 keV, defined as y =
[log(D10o/Do)] %, is calculated to be 2.6 with sensitivity at 4500pC/cm?. The contrast of the spin-
coated PS is 4.3 with sensitivity at 1920uC/cm? As seen, the sensitivity is lower for evaporated
polystyrene, which indicates the evaporated film has lower molecular weight due to partial
decomposition during evaporation. PS with higher molecular weight including 13 kg/mol and
260 kg/mol also were applied in evaporation. As mentioned before, PSs with higher molecular
weight need higher evaporation temperature which leads the degradation of the organic polymer.
The deposition rate was uncontrollable and no film forms on wafer substrate.
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To study the resolution capability of the polystyrene resist, we exposed periodic dense line arrays

with periods 40 nm, 50 nm, 60 nm, 70 nm, and 80 nm, all at 5 keV. Line was written by single-

pass exposure with the step size of 6 nm. Fig. 3.24 shows line array patterns of 50 nm and 60 nm

periods. Grating with 60 nm period was well defined with the minimum dose of 18.4 nC/cm,

whereas the 50 nm one is fairly well defined. Lines with narrower period become cross-linked or

fall to each other because of the capillary force. The minimum half pitch of 30 nm is achieved

here, which is much higher than the previous reported evaporated resists.

60 nm period 16.3nC/cm

60 nm period 18 4nC/em

60 nm period 20.8nC/cm

30 nm period 16.3nC/cm

530 nm period 18 4nC/em

50 nm period 20.8nC/cm

Figure 3.24 Line array patterns with 60 nm
period exposed by16.3, 18.4, 20.8 nC/cm,
respectively.



To demonstrate its capability of patterning on non-flat surface, evaporated PS on an AFM tip is
exposed with same condition here. An array of letters “WIN” (Waterloo Institute for
Nanotechnology) with line-width of 28 nm was successfully patterned on an AFM tip using 50

nm evaporated polystyrene, as seen in Fig. 3.25.

Figure 3.25 SEM images of
patterned PS on an AFM cantilever
by EBL. AFM cantilever written
with WIN (Waterloo Institute for
Nanotechnology).

Metal patterns and high aspect-ratio Si patterns were fabricated by deep RIE on patterned AFM
tips. 10 nm Al film was deposited on AFM tips before PS evaporation. After e-beam exposure
and development, the AFM tips were cleaned by a quick O, RIE of 3 seconds to remove the
residual organics and followed by BCI3; RIE to etch Al mask. After this, deep RIE of 10 minutes
was carried out to achieve the maximum depth of 2 um. The etched samples were characterized
by microscope (Olympus MX61) and SEM (LEO UltraPlus SEM). Fig. 3.26(a) shows the Al
pattern of starline to prove the exposure uniformity along the all directions. Fig. 3.26(b) shows
Al circuit with line width of 36nm. The circuit pattern was transferred to Si substrate by deep
RIE of 1 minute with the depth of 180 nm, shown in Fig. 3.26(c). High-aspect-ratio pattern of the
name of our institute and group was etched by deep RIE of 10 minute with the depth of 2 um,
shown in Fig. 3.26(d).
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Figure 3.26 SEM images of (a) Al pattern of starline to demonstrate the exposure uniformity along
the all directions. (b) Al circuit with line width of 36 nm, (c) transferred to Si substrate by deep RIE
of 1 minute with the depth of 180 nm. (d) High-aspect-ratio pattern of the name of our institute and
group was etched by deep RIE of 10 minute with the depth of 2 um.

Not only on AFM tips, The techniques for nano-structured optical fiber attracted growing

attention in various aspects, such as the application in Bragg gratings,’* optical filters,’>”® SERS

74,75 76,77

Sensors, plasmonic lens, and transmission measurement.”®”® Qur process using
evaporated resist can be equally applied to pattern an optical fiber, as shown in Fig. 3.27.
Evaporated PS on a fiber (cladding layer removed) was exposed by EBL, then the patterns were
transferred to Al layer and fiber (SiO,) by BCl; RIE followed by CF4 RIE for high-aspect-ratio
structures. Fig. 3.27(a) shows the tilted SEM image of the two-dimensional grating array after
CF4 RIE. With the patterned Al structure as etching mask, pattern on fiber having a depth of 270

nm was achieved. Fig. 3.27(b) and (c) show the dot array with diameter of 200 nm and crossbar
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array with line-width of 167 nm, both etched into the fiber for 270 nm, respectively. To

demonstrate the uniformity along different directions, a pattern of starline was exposed and

etched to the fiber as shown in Fig. 3.27(d).

Zoom-in

Figure 3.27 SEM images of nanostructures on an optical fiber with height/depth of 270 nm. (a) 2D
grating array with line-width of 167 nm; (b) dot array with diameter of 200 nm; (c) crossbar array with
line-width of 167 nm; and (d) starline pattern. The inserts show top view and/or zoom-in view of the

structures.

3.7. Conclusion

In this Chapter, several aspects were discussed to improve the performance of EBL, including
the resist, development, and exposure condition. For the resist, both of the common resists, such
as PMMA, ZEP-520A, and PS, and the uncommon resist, such as AlF; and evaporated PS, were

examined. High sensitivity electron beam lithography can be achieved by using ZEP resist and
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MEK:MIBK developer, or using PS with higher molecular weight. The charging effect to the
pattern distortion was studied systemically for the electron beam exposure in large area with high
current. Two novel exposure methods were developed here. On one hand, tilted periodic nano-
structures can be achieved by electron beam scanning on tilted sample with dynamic focus mode.
On the other hand, EBL on irregular surface can be achieved by the exposure using evaporated
PS.

The breakthrough of EBL resolution by limiting the proximity effect through exposure on
membrane substrate was discussed in Chapter 5. This part of the work was applied in SERS
sensor. Moreover, EBL method and double liftoff process were utilized in the fabrication of

nano-hole array for EOT sensor covered in Chapter 6.
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Chapter 4

Surface plasmon fundamentals and applications

4.1. Introduction to bulk plasmon

Plasmon is the collective oscillation of free electrons which can be explained intuitively by the
classic Drude model.?’ In Drude model, or free electron model, electrons in metal are divided as
two parts. One part is core electrons, which are fixed around positively charged nucleus; the
other part is valence electrons. Atoms of a metallic element are brought together to form a solid
metal, while the valence electrons become detached and wander freely through the metal (as

shown in Fig. 4.1).

—— t=0 +0p
— Eext +
Y= AN — 2
— e — +
{ A8 t=T/2=n/o (half period)
on B Nucleus + -
[ ] Core electrons Bt + -
_ + —
E= Valence electrons
+ —
Figure 4.1 In a metal the nucleus and core Figure 4.2 Simple model of a plasmon
electrons retain their configuration in the free oscillation caused by a time-dependent
atom, but the valence electrons leave the atom electric field.

to form the electron gas.
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In Drude model, at any time t, the relationship between the momentum of each electron pg) and

external force f(t) can be expressed as:

dp(t) _  p(®)
dt T

+ f(t) (4.1)
When the bulk metal is put in a time-dependent electric field:
E(t) = E(w)e 't (4.2)

A rapid oscillation of the valence electron density occurs along the changing electric field, which
can be described as an instability in the dielectric function of a free electron gas (as shown in Fig

4.2). The momentum p(t) = p(w)e™*®t can be expresses in Equation (4.1):

—iwp(w) = —@ — eE(w) (4.3)

Since the current density j = —nep/m, combined with Equation (4.3), j can be expressed as:

2 E
@ =T yp@) @)

Supposing o(w) as the frequency-dependent conductivity, o(w) can be expressed as:

ne?t

o(w) = (4.5)

)
-_ On =
(1/7) —iw " °
To get the dielectric constant ¢(w), Maxwell’s equations can be rewritten as:

10H 4w 10E

V-E=0,V-H=0, VXE=———:VXH=— - 4.6
c ot c]+cat (4.6)
Then:
iw iw (4o iw w? 4mio
Vx(VxE)=—V2E=—V><H=—(—E——E)=—2<1+ )E (4.7)
c c\ c c c )

So the complex dielectric constant is given by:

4mtio

e(w)=1+ (4.8)

61



Here, if wt > 1, ¢(w) can be expressed as:

_ 9
e(w)=1- 2 (4.9)

where w, is known as the frequency for bulk plasmon oscillation. For typical metals, w, lies in

the visible or UV range.

4.2. Introduction to surface plasmon

A surface plasmon (SP) is a travelling, evanescent surface electromagnetic wave caused by
collective and coherent free electron oscillation at a metal-dielectric interface through the
interaction between the electromagnetic field and the free electrons of the metal. Fig 4.3 shows
that SP is excited by the magnetic field component (Hy in Fig 4.3) of the electromagnetic wave,

and as expected the charge oscillates surround the magnetic field lines.*

Dielectric Figure 4.3 SPs at the interface have
a combined electromagnetic wave

- - — m» E ¢ :
\ /\ m m / H, and surface charge character. This

° combined character also leads to the
“ m\ m\ m ﬁ field component perpendicular to the
"\JTTUTTYU surface being enhanced near the

surface and decaying exponentially
with increasing distance from the
surface.

Metal

Surface plasmon resonance (SPR) refers to the excitation of SP by light or incident electrons. As
the SP is confined to the metal-dielectric interface with an extension of only ~200 nm from the
interface (as discussed in Chapter 4, Section 4), its resonance frequency is highly sensitive to
refractive index changes at the interface. For this, SPR resonance is a sensitive probe for

assessment of interfacial compositions and morphologies.
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For example, the binding of a monolayer of (bio-) molecules on a metal surface will lead to a
detectable shift of resonance wavelength; therefore, SPR can be used as a bio-sensor with high
sensitivity to detect, in real time, biological binding events, such as DNA hybridization and
antigen-antibody binding.2? Compared with other types of bio-sensors, like ELISA (Enzyme-
linked immunosorbent assay) immune-assays or DNA micro-array based on fluorescent
detection, SPR sensors don’t involve any labeling process that may be expensive and result in

label-induced changes or bleaching.

4.3. Dispersion relation

wave direction

e Z
2 I +
e ONgE N I\h R
B L et e T
metal H®
(@ (b)

Figure 4.4 (a) The relationship between the charges and the electromagnetic field of SPs
propagating on metal/dielectric interface in x direction. (b) The field E, decreases exponentially
away from the interface.

The electric field of a propagating electromagnetic wave (Fig. 4.4a) can be expressed as:
E = Eyexpli(k,x + k,z — wt)] (4.10)

where k is the wave number and o is the angular frequency of the wave.

By solving Maxwell's equations for the electromagnetic wave at an interface between two
materials with relative dielectric functions €; and &, with the appropriate continuity relation, the

boundary conditions are:
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where c is the speed of light in a vacuum, and Kk is the same wave vector for both media at the

interface.

Solving these two equations, the dispersion relation for a wave propagating on the surface is:

W &8
ky = —(—2)12 (413
= KN D)

Here, kx can be considered as the wave vector along the propagation direction of the SP, which
can be renamed as Ksp, and ko = % , Which is the free-space wave vector. For metals and doped
semiconductors, &; < 0 and |&;| > &,, which makes ks, in Equation 4.13 a real number, though

with a finite imaginary part representing attenuation along the propagating direction (x-direction),

due to the non-zero imaginary part of metal dielectric function.®

From Equation 4.13 we can deduce the dispersion relationship between ky and o, as show in Fig.
4.5. The dispersion curve shows the momentum mismatch problem that must be overcome in
order to couple light and SP modes together, with the SP mode always lying beyond the light line:

it has greater momentum (hksp) than a free space photon (hkp) of the same frequency w.
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Figure 4.5 Dispersion curve for
surface plasmons. At lowk, the
surface plasmon curve approaches
Ky the free-space photon curve.

4.4. Spatial extension of the SP field

Wave vectors kz; and kz, will affect the extension depth of SPs. As showed in Equation 4.10, the
field amplitude of the SPs decreases exponentially as exp(-|Kzil|z]) from the boundary. The value
of the depth at which the field falls to 1/e, becomes:

z (4.14)

kil
where Kz; is the imaginary part of K,.
&1+

. . . . )
In the dielectric medium with ez: z, = —— | 8—282 |2 (4.15)
2

. A
In the metal with &;: z; = ——| Elg% Y2 (4.16)
1
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For 1 = 600 nm, one can obtain z, = 3900 A and z, = 240 A for silver; and for gold, 2800 A
and 310 A, respectively. This shows that SP nearly only occurs at the interface (Fig 4.4b), which
also means that SPR can be a very sensitive probe to examine the morphology and composition

of the surface.

4.5. Types of surface plasmonic sensors

M

Metal sphere I I

NS L\

lll

Figure 4.6 Localized surface plasmon on metal nanoparticles excited by free-space light.

Without additional momentum, the momentum mismatch between SPs mode (hksp) and the free-
space photon (hko) leads to confined SPs.® It is reported that metal particles (<250 nm in
diameter) can interact strongly with light and this leads to localized surface plasmon resonances
within 10s nm of the particle surface (as shown in Fig. 4.6).2> One of the most important
applications from localized SPs is for Raman spectroscopy.®® Raman spectroscopy probes
molecular vibration with high selectivity, but it suffers from weak signal intensity due to the
extremely small cross section of the inelastic Raman scattering (discussed in Chapter 5, Section

1). However, it was found that the Raman signal can be enhanced by a factor up to 10** when the
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molecules are adsorbed on a rough or nano-structured noble metal surface, which is termed as
surface enhanced Raman scattering (SERS). In Chapter 5, SERS will be introduced and
discussed.

Light in Frflertedl 1 T AN paermA
(a) (b) (©

Figure 4.7 Surface plasmon coupling schemes: (a) Schematic prism-coupled SPR bio-sensor
(Kretschmann configuration); (b) Grating-coupled SPR sensor. Here Au is deposited on a polymer as a
600nm-period grating created by nano-imprinting/hot embossing; (c) EOT-based SPR biosensor. Here a
600 nm period hole array in 120nm-thick Au is fabricated by e-beam lithography and liftoff.

If additional momentum is provided, SPs will be excited by free-space light and propagate along
the surface. Several methods are feasible: this can be achieved by prism coupling (Kretschmann
configuration, shown in Fig. 4.7a); by patterning a grating structure on the surface, with the
additional momentum being K=2n/period (shown in Fig. 4.7b); or by patterning a 2D grating
structure in the metal film (shown in Fig. 4.7c). Recently it was found that light transmission
through a hole array (see Fig. 4.7c, hole diameter << wavelength) in optically thick metal films is
one order higher than that predicted by Bethe’s theory, termed extraordinary optical transmission
(EOT).®” The light has to pass through the holes through “tunneling” with an amplitude that
decays exponentially, generally attributed to the coupling of incident light into the holes by SPR.
In Chapter 6 EOT sensors will be discussed and compared with prism-coupled SPR sensors, the

most popular and commercially available SP sensors.
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4.6. Basis introduction to FDTD simulation method

As one of the most popular numerical methods, the finite difference time domain (FDTD)
method was introduced in this work to model the distribution of electromagnetic field on metal
structures.

Based on Maxwell's differential equations:

v-E=L  @in
&o

V-B=0  (4.18)

VXE = B (4.19)
ot '

VX B =, (]+?Tf) (4.20)

the change of the E and B field in time is dependent on the spatial curl of the B and E field,
respectively. To calculate the change of electromagnetic field in time, this inter-relationship
makes the calculation much complicated. In 1966, Kane S. Yee originally proposed the so-called
method of Yee’s cell, in which the electromagnetic field and the object is separated to a series of
discrete units, shown in Fig. 4.8.%% For each cell, its EM field is only based on the EM field of the
previous cells in time, which simplifies the inter-relationship of the E and B field. By this way,

the calculation is simplified greatly.
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Figure 4.8 In FDTD method, the object is separated to a series of discrete units.
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In Chapter 5 and 6, FDTD method was used in the software OptiFDTD10 and Lumerical FDTD
Solutions for modeling the SPs in SERS and EOT, respectively. The modeling process and
conditions will be discussed in more detail in those chapters.
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Chapter 5

Surface enhanced Raman spectroscopy (SERS)

for chemical sensors

5.1. Introduction to Raman spectroscopy

Briefly, when the energy of the incident light matches energy level of the electron cloud and the
bonds of the small particles such as molecules and atoms, there are mainly three types of
scattering occurring: Rayleigh scattering, Stokes scattering and Anti-Stokes scattering. The first

scattering is considered as elastic scattering, and the other two are inelastic scattering.

a b —
(@) Virtual energy states () ::___———:’
—
-
_______:-‘l' 410
‘ _::______::-
‘::__——_";
J'-:,‘ LY -‘
AT o) b Target
E. Vibrational energy states
E|
Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering

Figure 5.1 (a) Diagram of energy levels involving Rayleigh scattering, Stokes scattering and Anti-
Stokes scattering. (b) Schematic of inelastic scattering on a small particle.
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As shown in Fig. 5.1b, through Stokes scattering, the relationship between incident light (v),

scattered light (v°), and the energy shift can be expressed as:
h(v-V) = ha, (5.1)

where hwy, is the energy absorption between different energy levels, which is related to the
molecular/atomic vibration, rotation, and bonding. Based on this, Raman spectroscopy is a very
accurate technique to identify the fingerprint of molecules.® However, there is only ~1 photon
out of 10° incident photons contributing to inelastic scattering, which leads to very weak Raman

signal and limits the application of Raman spectroscopy.

5.2. Introduction to surface-enhanced Raman spectroscopy (SERS)

Raman spectroscopy probes molecular vibrations with
high selectivity (distinguishing the fingerprint of each 4
type of molecule), but it suffers from weak signal Metal sphere 111

intensity due to the extremely small cross section of

inelastic Raman scattering. However, in 1970s it was \ TR <

lll

found that the Raman signal can be enhanced by a

nominal factor of >10% when the molecules are

adsorbed on rough or nanostructured noble metal
Figure 5.2 Schematic of localized

surface, which is termed as surface enhanced Raman
surface plasmon.

scattering (SERS).%*%* Besides spectral specificity,
SERS is a label free sensing method capable of single molecule detection. Like SPR sensors,
SERS is a powerful tool in the diagnosis of disease and pathogens, as well as detection of

chemicals such as explosives and pollutants.
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5.2.1. Electromagnetic Enhancement Mechanism (EEM)

Since Raman intensities scale as the product of the incident field intensity, the first commonly

considered explanation for SERS is the electromagnetic enhancement mechanism.

In EEM theory, the enhancement factor E at each molecule can be approximately given by the
equation (5.2):%

E = |E(w)|?|E(w")]? (5-2)

where E(o) is the enhancement factor for local electric field at the incident frequency ® and E(®’)

is the corresponding factor at the Stokes-shifted frequency ® .

First, the maximum enhancement Enax for single-molecule SERS (SMSERS) is more important
than the E in equation (5.2), which is averaged over the surface area where molecules can be
adsorbed to generate the enhancement factor <E>. Since the Enax can be orders of magnitude
larger than <E>, it is necessary to distinguish between these two enhancement estimates. Second,

for approximation, E(®w) and E(®”) are usually assumed to be the same, and hence:
E = |E(w)]* (5.3)

This assumption makes sense under some conditions, but in the condition of isolated
homogeneous particles it may lead to a noticeable overestimate of the enhancement factor E, by

orders of 3 or more.

5.2.2. Numerical methods for calculating electromagnetic enhancement factors

Combined with the electromagnetic enhancement mechanism (EEM) by solving Maxwell's
equations, the other mechanism for increased signal intensity involves enhancement in

polarizability due to chemical phenomena such as charge-transfer excited states.”* For example,
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an enhancement of the Raman cross section, which is not found on the basis of the gas phase

properties of the molecule, appears as a new excited state caused by chemisorptions.®®

Basic calculations are based on simple models of the roughness or e, Ey
particle structures, such as spheres or spheroids. Taking a sphere as
example, as shown in Figure 5.3,% a single sphere of radius a with a
dielectric constant of &, is immersed in an infinite medium with a e

dielectric constant of €;. To determine the relationship between the

electric field potential &, the general solution of Laplace’s equation

IS represented by:

Figure 5.3 Schematic of a
sphere of radius a and
dielectric ~ constant &,
immersed in a dielectric
extending to infinity, with
dielectric constant &;.

for outside the sphere:

MS

( nr™t n+1>P(cos€) (5.4)

S

for inside the sphere:

M8

(C r’ + n+1>P (cos ) (5.5)

S

The boundary conditions for this system are:

(1) (P1)row = —Egz = —Egrcos6  (5.6)

Since far from the origin the field approaches Eo.

(@) (P1)r=a = (P2)r=a (5.7)

Since @ is continuous across the boundary.
] a
() &1 rma = 2250 (5:8)
or ar
Since the normal component of D must be continuous at the surface of the sphere.

(4) At the centre of the sphere (when r=0), &, must not have a singularity.
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The solution of equations (5.4) and (5.5) is:

b, = (ﬂaj — 1) Eyz  (5.9)

261 + &, 13

3¢

—-—FE 5.10
2e1 + &, oz ( )

b, =

Since the external potential is given by ¢ = —E,z, equations (5.9) and (5.10) can be rewritten as:

3

¢, = 2”4 Eyz 5.11

1726 1370 1)

¢, = £2 glEz 5.12
27 28+, 0 (G12)

where ¢; and ¢, are contributed from the polarization of the sphere.

For a dipole moment p=aEy, with the metals’ dielectric constant set at € and the dielectric

constant of the medium set at &g, it can be established that:

£E—&
€+ 2¢

ag a®>  (5.13)

For an ellipsoid particle, the ellipsoid major axis a and minor axis b dimensions being such that a,
b << A, a further simplification can be made:
1 1—¢/¢

— __gh?
TE = T3 T T e /e)A

(5.14)

A is a depolarization factor which has been tabulated. For a 3:1 aspect ratio ellipsoid, A=0.1; for

a sphere (1:1 aspect ratio), A=1/3.%’
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In recent years, more theoretical work to investigate SERS has considered non-resonant
molecules on nano-particle surfaces using computational electrodynamics methods including the
discrete dipole approximation (DDA)® and the finite difference time-domain (FDTD)* method
to solve Maxwell’s equations for the local fields E(w). Similar to the basic calculation above,
finite elements replace actual particle structures to describe a particle of any shape within a 100
nm scale size. Based on this simplification, many particles can be described together using

coupled multi-pole expansions.

Further works also discovered that besides the size and shape of the particles the size of the gap
between particles is also a key parameter for predicting the enhancement factor. In the work from
Hao and Schatz,"® Enay varies rapidly with different gap size and it is only for gaps on the order

of 1-2 nm that one can obtain exceptionally large enhancement values such as |Eq|* =10

The group of Prof. P. Van Duyne concluded that the governing equation for the electromagnetic
field outside the particle in a sphere mode is:'*

(xX + yy + z2) (5.15)

fin — & Z 3z
Epui(x,y,2z) = EgZ — in out ] 3 0[

(ein + 2equ)] ™ L3S

where &, is the dielectric constant of the metal nanoparticle, and &q IS the dielectric constant of

the external environment.

The extinction spectrum of the metal particles is expressed as:

2472 Na3e>/? g(A)

out

E =
* ACL0) | (£,(A) + xeoue@))” + €2(D)

(5.16)
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Here, Eg, is the enhancement factor; & and &; are the real and imaginary components of the metal
dielectric function, respectively. x, which appears in front of &, iS the shape index equivalent to
A in Equation 5.14. For example, the value of i is 2 for spherical particles, but it takes on values
as large as 20 to account for particle shape with high aspect ratios. Noticeable in Equation 5.16 is

the wavelength dependences of the metal dielectric function.

5.2.3. Metals for SERS

Based on Equation (5.14), a singularity occurs when 1 — (1 —i)A reaches 0. Solving the

€o

suggested function:

&

1—(1——)A=0 (5.17)
€o

We can conclude that the dielectric constant should satisfy the condition for maximum SERS

effect:

For a sphere, this resonance occurs when e~ — 2&,. And for a 3:1 aspect-ratio ellipsoid, it occurs
when e~ — 8.25¢,. Generally speaking, for strong SERS, the metal should have a large
(negative) real and small imaginary electric permittivity. Figure 5.4 (a) and (b) shows the
relationship between wavelength (L) and the real part 3/the imaginary part &, of the dielectric
constant of most popular metals, respectively, in which silver, gold and copper have the lowest
values of &; at the same A. This means that SERS can mainly be associated with three metals:
silver (the most popular one), gold and copper. Other metals which are rarely reported include

102,103

rhodium and platinum*®, and are used only when the experiments are well-characterized

for SP enhancement.
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Figure 5.4 The relationship between the wavelength and (a) the real part €;; (b) the imaginary part €,
of dielectric constant of the most popular metals.
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5.3. Nano-fabrication technologies for SERS chemical sensors

SERS owns the importance as a sensitive chemical sensing technique capable of single molecule

10511 mainly utilizing the LSPR of noble metal nano-particles (NPs) onto which the

112,113

detection,
target molecules adsorb. Since SERS was discovered in 1970s, the two factors of great
concern exist in the controllable SERS application are: (1) the adsorptivity of the target
molecules, and (2) the electromagnetic field enhancement E, which is a function of localized

electric field at incident frequency of w,(E = E(w)*).

Figure 5.5 SEM images of (a) open gold nanofingers with 68 nm radius and (b) closed nanofingers
after molecule trapping; (c) simulated distribution of electric field intensity |[E(r)]* on the (b) structure
at 750 nm laser, the hotspots exist at the nano gap. Copyright 2010 by the American Chemical
Society. SEM image of (d) 200 nm period nanostar array of 5 nm Ti/15 nm Au on silicon, and (e)
zoom-in view of nanostars with sub-10 nm apex and gap between adjacent stars; (f) simulated
distribution of electromagnetic near field at 750 nm wavelength, the hotspots exist at the nano tip.
Copyright 2010 by the AIP Publishing LLC.

Strong LSPR and consequently strong SERS enhancement occurs at the “hotspots™, 114115

18120 or the tiny gaps between adjacent NPs.'*"*#%% Metallic

such as the sharp tips of the NPs,
structures with nanoscale gaps will increase dramatically the local electromagnetic field intensity

E(w).* On the other hand, nano-structured surface can improve the absorption of the target
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molecules®®'?® by making the specific surface area much larger than flat metal film. Fig 5.5

shows two examples of patterned nano-structures for SERS sensors. '

Based on these considerations, artificial antenna through nano-fabrication such as bowtie array
(Fig. 5.6a), which is defined as an array of two triangular structures facing each other, with nano-
gap is one of the most promising candidate for tunable and reproducible SERS application.'?%*%
Here we will show that the hotspots only exist within the gap area, and SERS performance can

be controlled by the size, shape, gap distance and period of the array.
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Figure 5.6 (a) SEM image of typical bowtie structure fabricated by EBL on membrane with 8 nm gap;
(b) The FDTD simulated |E* profile of the same bowtie structure, which shows the extremely high
electrometric field in the gap area (hotspots).

Nanofabrication techniques with ultra-high resolution of sub-10 nm are critical in LSPR
structures. Simply, the localized electric field intensity is inversely proportional to the separation
d.* Both experiments and numerical studies shows that large enhancement factor occurs for
small gap with several nanometers (hotspots).*?**3" A few fabrication methods for sub-10nm

feature size are reported:

(1) Fabrication through focused ion beam lithography (FIBL) is utilized in most of literatures.***
3% Gold structures can be achieved by milling on gold film directly or by pattern transfer in the
next step. However, this method is time-consuming for large area patterning and Ga

contamination is an issue.**®
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(2) Nanoimprint lithography (NIL) is also applied in SERS patterning by utilizing NIL combined
with randomly aggregation of gold particles by evaporation.’?** Yet the nano-pattern transfer is

challenging due to the residual resist layer.

(3) Nanosphere lithography (NSL) is another way to form triangular particle arrays which can
be used for SERS. As shown in Fig. 5.7, after spin-coating and drying of polymer nano-spheres
onto substrate, the self-assembly process prompts the nano-spheres to form a close-packed
hexagonal array. In the following deposition and lift-off, gold forms triangular patterns in the
gaps. However, only one kind of shape can be achieved by this way, which limits the study of
SERS structures.

Au deposition

Polymer nano-spheres .
Au nano-prisms

Si wafer

(@) (b)

Figure 5.7 (a) Spin-coating the solution of polymer nano-sphere and Au deposition; (b) Formation of
a close-packed hexagonal array of Au nano-prisms after lift-off.

Compared with the nanofabrication methods described above, EBL is a more versatile method to
achieve nano-patterns with different arrays, shapes, sizes and spacings. Patterns are designed and
exposed on resist by EBL to serve as a deposition mask; metal is then deposited through this
mask and the resist is removed by lift-off, leaving the tone-reversed metal pattern. By this
technique plasmonic coupling between nano-patterns of arbitrary shape with different inter-

particle spacing has been investigated.'*""*
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5.4. Proximity effect in EBL and Monte Carlo method for dose optimization

Though electron beam lithography (EBL) is one of the most powerful techniques in
nanostructure fabrication, it is still challenging to fabricate sub-10 nm gap due to the proximity
effect.***2 In typical EBL process, poly(methyl methacrylate) (PMMA) electron beam resist is
spin-coated on bulk substrate such as silicon wafer.*® During electron beam exposure, the
incident electron beam generates secondary electrons with the energy of ~10eV, which can react
with the polymer chain and change its solubility. Generated secondary electrons are also

contributed from back-scattered electrons, which enlarge the feature size.

Four techniques are developed to improve the EBL resolution. First, higher voltage increases the
penetration depth of incident electrons and reduces the dispersion of back-scattered electrons on
surface.'**'* Thus all reported EBL patterns of sub-10 nm resolution were exposed by 100 keV
system which is extremely expensive. Second, less back-scattered electrons stay within a thinner
resist layer, but thin resist layer makes liftoff of a thick metal layer difficult.** Third, resists with
lower sensitivity such as PMMA and hydrogen silsesquioxane (HSQ) are employed for the
feature size with sub-20 nm.**® The sensitivity of the resist also can be reduced carefully by low-

17149 and different developer.’®**! Finally, substrate with lower

temperature development.
density and higher conductivity reduces the charge accumulation.*®® However, all the methods
described above are expensive, difficult or not stable and researchers still need to face the

challenge when the feature size is close to sub-10 nm since the proximity effect still exists.

The proximity effect can also be significantly reduced by optimizing exposure dose distribution
using numerical computation of electron trajectory and energy loss to generate secondary
electrons in the resist and substrate.’***>> Several numerical packages based on Monte Carlo
method are available for dose modification up to around 10 nm, such as Casino and NanoPECS.

The principle of Monte Carlo simulation is to approximate the mean energy loss from inelastic
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scattering and compute the elastic scattering for the next collision during each electron trajectory.
After the position, angle and the energy (eV) of the incident electron is settled, a random distance
number D of the electron during two successive collisions within resist is evaluated within the
electron elastic cross number and a random scattering angel @ is also generated. So the energy

loss AE is then calculated as:

AE—dED 5.19
_dx (' )

The mean energy loss Z—i is calculated based on the incident energy of the electron beam till the

incident electron energy drops below threshold energy (can be set manually to reduce

unnecessary calculation) or the electron moves out of the materials.

Fig. 5.8 shows the simulation results of electron scattering trajectories during electron beam
lithography on 100 nm PMMA as the resist layer on silicon wafer. 2000 electrons are calculated
by Casino 2.0 with the incident beam energy of 5, 10, 15, 20 keV, respectively. Two facts are

revealed from Fig. 5.8 a-d:

(1) Higher beam energy will increase both of the vertical and lateral dispersion of the primary
electrons. While, with the same dose (C/cm?) in electron beam exposure, which means the same
amount of electrons in Monte Carlo calculation, this means more primary electrons disperse
deeper into the substrate and less energy contributes to resist layer on the surface. Based on this
idea, all reported EBL patterns of sub-10 nm resolution were exposed by 100 keV system which

is extremely expensive®**®.

Fig. 5.8e shows the relationship between the amount of
backscattering electrons and the depth at 5, 10, 15, 20 keV. With the increasing e-beam energy,
the peak of max backscattering electrons moves to deeper substrate, leading less proximity effect

on surface.

(2) Backscattering still happens with high beam energy, which means that proximity effect

cannot be eliminated with high-voltage system. Backscattering electrons are mainly generated
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during the scattering in substrate, and they can re-enter into resist layer causing unwanted

exposure.
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Figure 5.8 Simulation of the electron scattering trajectories in silicon substrate with 100 nm PMMA
layer, with the incident beam energy: (a) 5 keV, (b) 10 keV, (c¢) 15keV, and (d) 20 keV. (e)
Distribution of the backscattering electrons dependent on depth.
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5.5. High-resolution electron beam lithography on SisN, membrane

5.5.1. Dose simulation

By optimizing exposure dose distribution using numerical computation of electron trajectory and
energy loss in the resist and substrate, the proximity effect can be significantly reduced *3*%,
Several numerical packages based on Monte Carlo method are available for dose modification up
to around 10 nm, such as Casino and NanoPECS. However, researchers still need to face the

challenge when the feature size is close to sub-10 nm.

wem  Figure 5.9 Simulation of the electron

Al scattering trajectories with 20 keV on (a) 100

(e, f it wem M PMMA layer on silicon substrate, (b) 100

nm PMMA layer, 150 nm SisN, layer on

©) szem - silicon substrate, (¢) 100 nm PMMA layer on
150 nm SizN, membrane.

~240nm -1 20mm Orme= 120mm 240mm

In this work, we prove that using a thin membrane as the EBL substrate, most of incident
electrons penetrate the membrane and thus much fewer backscattering electrons are generated.
Within the ultra-thin membrane as the substrate, less scattering trajectory reduces backscattering
electrons, nearly eliminating the proximity effect. Fig. 5.9 shows the Monte Carlo simulation
result of the e-beam exposure with 20 keV on normal silicon wafer, silicon wafer with 150 nm
silicon nitride film and free standing silicon nitride membrane with the thickness of 150 nm.
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From Fig. 5.9a&b, the dispersion of scattering electrons are slightly increased, because of one
more layer of different material (SisN4 here) is inserted which will enhance the reflection of
electrons. In contrast, on the SisN4 membrane with the same thickness the dispersion of incident

beam is much smaller and nearly no backscattering electron is generated in calculation.

NanoPECS from Raith 150™° e-beam lithography system can offer more professional
calculation for e-beam exposure based on Monte Carlo method. In EBL the typical dose is
1pC~1fC/dot, therefore 500,000 trajectories with the beam energy of 20 keV and a Gaussian
beam of radius of 2.5 nm were considered in the numerical calculation. The advantage of
NanoPECS is that it can calculate and modify the distribution of exposure dose clearly. Fig.
5.10a&b show the distribution of exposure dose of bowtie pattern with 25 nm and 6 nm gap size
on bulk wafer, respectively. And Fig.5.10c&d show the dose distribution on the cross-section of
the same pattern. As can be seen from these figures, the gap size of 25 nm could be achieved by
dose modification; however, for the gap size of 6 nm, there was overlapped region on the two
facing tips of the bowtie even after modification. This overlap was attributed to the electron

dispersion length which was larger than the gap size.
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Figure 5.10 Top view of dose distribution of bowtie patterns on bulk wafer with the gap size of (a) 25
nm, (b) 6 nm. Cross-sectional view of proximity effects on bowtie with the gap size of (¢) 25 nm, (d) 6
nm.

5.5.2. Bowtie nano-antenna fabrication

A 4 inch silicon wafer with 150 nm SisN4 on both sides was used as substrate. Photolithography
was carried out on the backside of the substrate. The un-patterned area of SizN4 was developed
and removed by using CF, reactive ion etching (RIE) (Fig. 5.11 step (a)). The nitride membrane
was first fabricated using wet chemical etching with hot KOH solution that etches silicon

anisotropically at a rate of ~1 um/min with negligible etching of the nitride film (Fig. 5.11 step
(b)).

Next, the top surface of the membrane was cleaned by O, plasma, and a 100 nm PMMA layer as
the resist and 10 nm Cr as the conductive charge dissipation layer were coated by spin-coating
and electron beam evaporation, respectively (Fig. 5.11 step (c)). EBL was carried out using Raith
150™ system at 20 kV acceleration voltage and 0.33 nA beam current. The conductive layer
was removed after exposure and the pattern was developed using methyl isobutyl ketone
(MIBK): 2-propanol (IPA) = 1:3 and rinsed by fresh IPA (Fig. 5.11 step (d)).

Finally, 1 nm Cr as the adhesive layer and a 25 nm gold or silver were deposited by e-beam
evaporation (Fig. 5.11 step (e)). The metal film was deposited at rate of 0.2 A/s to reduce the
surface roughness. The sample was soaked in anisole for several hours to liftoff the metal (Fig.
5.11 step (f)).
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Figure 5.11 Schematic of the fabrication process of bowtie nano-antenna on SizN, membrane: (a)
photolithography on backside SisN, and CF, reactive ion etching to remove the unpatterned SizNg; (b)
Si wet etch in KOH solution to form SisN, membrane; (c) spin-coating 100 nm PMMA layer and
deposition 10 nm Cr for EBL; (d) e-beam lithography of bowtie array and development; (e)
evaporation of 1nm Cr and 25nm Au or Ag; (f) liftoff in anisole and rinse the surface; (g) illustration
of the final bowtie structure on SizN4 membrane and SEM image of fabricated bowtie structure with
gap size of 8 nm as an example of the fabricated structure.

Fig. 5.12a shows the SEM image of bowtie patterns with 6 nm gap exposed on bulk Si substrate.
The gaps in bowties are exposed because of the proximity effect even after dose modification by
NanoPECS. This kind of connected bowtie structure shown in Fig. 5.13 does not possess

“hotpots”, shown in Fig. 5.13.

In contrast, Fig. 5.12b shows that bowtie nano-antenna with varied gaps from 3 nm to 25 nm
could be fabricated on membrane. Considering the beam size of about 5 nm, the proximity effect
was eliminated totally. The narrowest gap was obtained as 3 nm, though for this size the gap was
not uniform with many gaps connected. Larger gaps were more uniform and reproducible. Both

of the Au and Ag bowtie with narrow gap were achieved, as shown in Fig. 5.12c&d.
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Figure 5.12 (a) SEM image of bowtie array exposed on Si wafer; (b) SEM image of bowtie array
exposed on SisN, membrane, with the varied gap size from 3 nm to 24 nm. d) SEM image of gold
bowtie array with 6 nm gap. (¢) SEM image of silver bowtie array with 6 nm gap.
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5.6. Bowtie-shape nano-antenna for SERS sensors

5.6.1. The advantages of bowtie-shape nano-antenna in SERS

In this research, bowtie shape was selected for SERS applications. There are several advantages

for bowtie-shape sensors:

(1) The gap size affects the enhancement factor sensitively since with certain wavelength the
hotspots exist within the gap area. The gap size, shape, and sharpness, can be studied
systematically based on bowtie antenna. Compared with gap-shape antenna, tip-shape antenna is
also considered in SERS study. For tip-shape antenna, since the sharpness of the tips is very
important, many reasons besides EBL resolution will affect the enhancement. For example, the
grain size of the noble metal will changed greatly when the temperature and evaporation rate
varies. And smaller grain size is more desirable for smooth metal film and sharp structure. So

gap-shape antenna such as bowtie is more robust for SERS application.

(2) The enhancement based on bowtie-shape antenna is generated from electric dipole,
compared with the enhancement generated from single point in tip-shape antenna. So the

enhancement factor will be higher in bowtie with the same experimental condition.
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5.6.2. Numerical modeling

The electrical near field profile in gold bowtie nano-antenna was simulated using the 3D full
wavevector finite difference time domain (FDTD) method, which is a reliable technique in
solving Maxwell’s equations in dispersive media. Each media was specified by a relative
permittivity &(w). For the substrate layer permittivity was assumed as n?, and for the gold layer
the Lorentz-Drude model was utilized to describe its permittivity.*****” The FDTD was carried
out using the Lumerical FDTD from Lumerical Solutions, Inc. The planewave source, sub-
wavelength hole and monitors were co-planar with boundary conditions that made them
effectively infinite. In this study, a plane wave of linearly polarized light along Y-axis
(Acentre=680 nm, time offset of 0.8x10™* s and half width of 0.1x10™* s) which propagates along
Z-axis was used. The simulation background was taken as air (n=1.0). The gap in the bowtie
structure was varied in the range of 6 nm to 25 nm. Metal film with 25 nm thickness was selected
corresponding to the fabrication process. The simulation cell was considered as 400x400x400
nm® and the periodic boundary condition (PBC) was used in the X- and Y- directions.
Anisotropic perfect matching layer (APML) was used in the Z-direction as absorbing boundary
condition. The calculation grid resolution was as high as 5 nm (grid point-to-point distance) in
the simulation cell. The calculation time was set as 100 fs, with calculation step size of 0.00834
fs for a total of about 12000 time steps per simulation. The transmission spectra were calculated
using an X-Y monitor at 150 nm away from the bowtie nano-antenna surface as it is shown in
Fig.5.14.
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Figure 5.14 Schematic of the simulated bowtie structure with 25 nm thickness on 150 nm SizN,4
membrane in (a) 3D view and (b) cross-sectional view at bowtie centre on x/z plane.
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5.6.3. Surface enhanced Raman spectroscopy (SERS) measurement

The Raman spectrum was recorded by using Bruker Senterra Raman spectrometer equipped with
confocal microscope and a nitrogen-cooled multichannel CCD detector. A He-Ne laser with
wavelength of 632.8 nm and a diode laser with wavelength of 785 nm were used as the excitation
sources. The light source was focused on the sample using a 100x objective lens to obtain a spot
size of ~4 um?, and the acquisition time was set as 100s. The laser power was chosen as low as 1

mW to avoid burning effect and surface carbonization of the adsorbed organic molecules.

1,2-di(4-pyridyl)ethylene (BPE) (Sigma-Aldrich), of which the chemical structure and Raman
spectrum are shown in Fig 5.15, was selected as the molecule to be detected. A BPE solution in
ethanol with the concentration of 100 mM was diluted to a series of different concentrations in
the range of 10™ to 10° mM. The diluted solution was dropped on the bowtie nano-antenna
samples and dried at room temperature before each experiment. It was found that a brief O,
plasma cleaning of Au bowtie nano-antenna structures led to more reproducible Raman
measurement, whereas the same surface treatment led to very poor results for Ag bowtie
structures. Hence the Au bowtie structure was cleaned by O, plasma right before BPE
application.
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5.7. Results and discussion

5.7.1. Numerical analysis

Fig. 5.16a shows the FDTD calculated electric field profile,|E|?, of gold bowtie of gap size of 8
nm at excitation wavelength of 785 nm. As can be seen from this figure the electric field was
highly confined in the gap area. It was also found that on changing the excitation wavelength
from 785 nm to 632.8 nm, the electric field confinement in the gap area was eliminated and more
electric field propagation was observed on the triangles sides of the bowtie structures as it is
clear from Fig. 5.16b. This indicates that 785 nm is close to the wavelength for the surface
plasmon resonance at the gap of the gold bowtie. Also, longer wavelength is preferred to reduce

the background fluorescence effects during exposure of organic sample.
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Figure 5.16 FDTD calculated electric field intensity , |E|?, on gold bowtie structure with 8 nm gap
illuminated by excitation wavelength of (a) 632.8 nm and (b) 785 nm.

Fig. 5.17 shows the FDTD calculated 3D electric field intensity,|E|?, of both gold and silver
bowtie nano-antenna at excitation wavelengths of 785 nm with the gap size of 8 nm. The later
experiment conforms that the maximum obtained electric field enhancement for the gold and
silver bowtie at wavelength of 785 nm was 10" and 10°, respectively.
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Figure 5.17 FDTD simulations of the electrical field intensity |E|? on the (a) gold and (b) silver bowtie.

5.7.2. SERS chemical sensors

Nobel metals such as gold and silver are usually employed in SERS applications because of their
inert activity, absorbability to amino/thiol group, low energy absorption and high reflectivity in
the visible range of electromagnetic field."®® It is more interesting to use gold than silver due to
the higher stability of gold nanostructure in atmosphere conditions and recycling by O, plasma

cleaning, whereas silver bowtie nano-antenna is not stable in atmospheric conditions.
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A series of bowtie nano-antenna structures with different periods in the range of 550 nm to 1000
nm with step of 150 nm were fabricated to study the impact of bowtie density on the SERS
signal enhancement. The effects of varying structural periodicity on the Raman signal intensity
of the gold bowtie nano-antenna of gap size of 6 nm is shown in Fig.5.18a. As it is clear in
Fig.5.18b, on reducing the periodicity from 1000 nm to 550 nm the recoded Raman intensity at
wavenumber of 1610 cm™ (i.e. c=N bond) increased linearly, and bowtie array of 6 nm gap and

1000 nm period can still support a large Raman signal.
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Figure 5.18 (a) Recorded SERS Raman signal of 0.1 mM BPE from bowtie array of a) gap size of 6
nm and different period in the range of 550 nm to 1000 nm, (b)The relationship between recorded
Raman intensity of C=N bond and the bowtie period.

The effects of varying the gap size and excitation wavelength on the recorded SERS signal are
compared in Fig. 5.19a&b. As it is clear from Fig. 5.19a, in case of using excitation wavelength
of 785 nm, on reducing the gap size from 25 nm to 6 nm, Raman intensity of BPE molecules was
increased by up to two orders of magnitude. However, in case of using the excitation wavelength
of 632.8 nm, there was no significant changes in the Raman intensity of BPE molecules in the

bowtie nano-antenna structures with different gap sizes.
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Figure 5.19 Recorded SERS Raman signal of 0.1 mM BPE from bowtie array of (a) period of 550
nm, excitation wavelength of 785 nm and different gap size, and (b) period of 550 nm, excitation
wavelength of 632.8 nm and different gap sizes.

The effects of varying the BPE concentration on the recorded Raman signal at wavenumber of
1610 cm™ (i.e. c=N bond) of gold and silver bowtie of different gap sizes at excitation
wavelength of 785 nm are compared in Fig.5.20. As it is clear from this figure, the recorded
sensitivity of C=N bond was reduced on reducing the concentration of BPE for both gold and
silver bowties. Below 10" mM BPE, Raman signal of silver bowtie nano-antenna was recorded
larger than that of gold bowtie nano-antenna of same gap size. Based on Fig. 5.20, the EF
enhancement of the gold bowtie with 8 nm gap was achieved at 10’ with the BPE concentration
of 10°; whereas the EF enhancement of silver bowtie was achieved at 10® with the BPE
concentration of 10°. Silver owns higher SERS enhancement because of its larger |es| and
smaller |e,|. The non-ideal vibration of the decreasing Raman intensity from silver bowtie might
be due to higher roughness of the silver film surface compared to gold one which leads to more
absorption of target molecules, as compared in Fig. 5.12c-d. For the highest BPE concentration
of 10" mM, the Raman intensity of Au bowtie is abnormally higher than the silver one, which is

probably because of the uncontrolled agglomeration of BPE.
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Figure 5.20 Recorded Raman intensity of C=N bond from gold and silver bowtie nano-antenna with 8
nm gap, period of 550 and excitation wavelength of 785 nm for gold and silver bowtie nano-antenna.

From Fig. 5.20, it is clear that the sensitivity of gold bowtie nano-antenna at BPE concentration
of 10° mM and lower was recorded as nearly zero at excitation wavelength of 785 nm, however,
the silver bowtie nano-antenna of the same small gap size was still sensitive to diluted BPE

solution as high as 10° mM at excitation wavelength of 785 nm.

The enhancement factor (EF) is one of the most important parameters in SERS application which

is given by: ™

EF = Isers Mcon'AcoN (5.20)

Icon MsERsASERS

where Isgrs, Icons Msgrs @and Moy are the measured Raman intensities of the SERS sample and
the reference samples, the molar concentration of the SERS sample and reference samples,

respectively, Asgrs IS the actual normalized area of the gold pattern and Aoy is the reference
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area which is 1 um? in this work. Since in the bowtie nano-antenna the hotspot only exists
within the area of several nanometers around the gaps, the actual effective area is much smaller
than the whole bowtie area and hence the corresponding EF is much larger than calculated one.

Raman spectroscopy is a simple way to direct understanding of the enhancement change affected
by varied bowties structures. The gap size plays an important role in the enhancement of SERS.
Fig. 5.21a show the Raman spectra of bowtie nano-antenna of gap size of 6 nm at different BPE
concentrations in the range of 10 to 10° mM. It was found that the bowtie nano-antenna of gap
size of 6 nm achieved at EF of 10 at BPE concentration of 10> mM. Whereas on using nano-
antenna of gap size of 25 nm, the highest sensitivity was recorded at BPE concentration of 107
mM with an EF of 10° as shown in Fig. 5.21b. This confirms that the hotspots are only obtained
in nano gap between facing tips of the bowtie structure and the amplitude of the local electric
field was significantly increased by reducing the gap size, which is in good agreement with

numerical results.
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Figure 5.21 Comparison of SERS spectra of BPE with varied concentration from 10 mM to 10° mM
on bowtie array with (a) 6 nm gap and (b) 25 nm gap.

5.8. Conclusion

An efficient method was developed to achieve large-area electron beam lithography with a
breakthrough of the resolution from 10s nm to 3 nm. A bowtie nano-antenna structure of sub-10
nm gap was fabricated and SERS measurements were carried out. The effect of different
structures including different gap sizes, different period, different metals and different excitation
wavelengths on the SERS performance were studied experimentally and numerically. On using
excitation wavelength of 785 nm, the SERS signal intensity shows a strong dependence on the
gap size, which proves the localized hotspots and confirmed by numerical analysis. Different
BPE concentrations were used for SERS measurements. It was shown that silver bowtie nano-
antenna performs higher sensitivity than gold one as was confirmed by FDTD calculation.
However, on using the excitation wavelength of 633 nm, the electric field profile scatters along

the triangle edges which reduces the SERS signal intensity.
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Chapter 6

Extraordinary optical transmission (EOT) for

chemical and bio-sensors

6.1. Introduction to existing sensors based on propagating SP

The SP momentum (hksp) is always greater than a free-space photon (hko) of the same frequency
. So the SP mode is always lying beyond the light line, leading to the challenge of coupling
light and SP modes together. By providing an additional momentum, SPs become
electromagnetic waves that can propagate along the metal/dielectric interface. To excite
propagative SP mode, different methods are developed to provide this additional momentum.

6.1.1. Kretschmann configuration of attenuated total reflection (ATR)

Most of the commercial SPR sensors use the so-called Kretschmann configuration, where a
prism with high refractive index is employed to excite SPR by attenuated total reflection (ATR)
(see Fig. 6.1(left)).*®® This method including a phase-matching mechanism which can be
achieved by a sandwich structure consisting of a thin metal layer and two insulating layers of
different dielectric constants (¢). Normally, one of the insulating layers is air and its dielectric

constants is 1. An incident beam from prism side is reflected on the interface between the metal

and insulator of higher dielectric constants with in-plant momentum k,, = k+/e sin 8. Obviously,
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this wave vector is higher than the incident light from air side, so it is sufficient to excite SP
polarization at the metal/air interface. Thus such prism can overcome the momentum mismatch
between air and metal/air interface. The difference between wave vectors of air, prism, metal/air
interface and metal/prism interface is shown in Fig. 6.2. The value of the wave vector in prism

crosses the one on metal/air interface which proves that SP resonance can be excited by ATR in

prism.
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Figure 6.1 Prism coupling to surface plasmon polarizations (SPPs) using attenuated total internal
reflection in the Kretshmann (left) and Otto (right) configuration.
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Figure 6.2 Prism coupling and SPP dispersion.
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! another method of prism coupling is Otto

Similar to Kretschmann configuration,®
configuration.'® The metal and prism surface is separated by an air gap. Total internal reflection
occurs at prism/air interface, exciting and coupling with the SP polarizations on air/metal
interface. Compared to Kretschmann configuration, which is the commercially employed, this
method is preferred only when direct contact between metal layer and target molecules is not

desirable. And the gap needs to be controlled exactly.

J'| Flow cell 1
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: . SPR angle
100 pm ' Sensor chip ] = =
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prism -

source

Data analysis

Figure 6.3 (left) Schematic of the commercial SPR device with Kretschmann configuration; (right)
surface plasma resonance curves of silver film and the same film coated with a monolayer of p-4-
BCMU. Copyright 2007 by the Springer.

In commercial SPR device of Kretschmann configuration (see in Fig. 6.3), a p-polarized laser
beam is incident into one side of prism. A microscope is set on the other side to monitor the total
reflection angle (0sp). The electromagnetic field will couple with SP on the interface at certain
Osp, exciting an evanescent field propagating along the interface. At the same time, the ATR
signal drops. Prasad firstly published the work of SPR and showed the dip in the curve of
reflectivity.'®® The relationship for the wave vector SPs (ksp), the wave vector of incident wave

(k), the refractive index of the prism (np) and 6sp is expressed as:
ksp = knp Sin QSP (61)

And the wave vector of SPs (ksp) is already expressed in Equation (4.13):
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W &8
k, = — (—L2 y1/2 413
P2 ()

Based on this, the change of dielectric constant of dielectric layer can be calculated for further

inspection. In Kretschmann configuration, the angle shifts after SPR coupling is utilized for

sensing target molecule.*®

6.1.2. Grating coupling

165-168

Periodic nanostructures such as grating and

169170 can also offer additional

holes (2D gratings) |
momentum for SP polarization. Take grating for =~ == =====2>
example, the lattice constant a is equal to the period, : a

Gratin
and the additional momentum is expressed as: _

21
|k9m“'"9| T a (6.2) Figure 6.4 Phase-matching of light to
SPPs using a grating.
The mismatch between ksp and ko can be overcome by:

ksp = ko + nkgrating (6.3)
where 0 is incident angle, |ko| = =Fandn = (£1,+2, 43 ...).

Considering the diffraction in 3D condition, Equation 6.3 can be expressed as:

2
ksp = ki + nkgrating = I? + 8 (6'4)
z

Since k, = |ky|cos8, 0 is the incident angle and k, is the imaginary part, the relation between

ksp and 6 can be expressed as:

|ksp|? — (|ko|cosB +nz—7T)2 =kZ2<0 (6.5)
Sp 0 a z -
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The imaginary part of k, approaches to zero at the angle 6sp given by:

21
ksp = kOCOSHSP + n7 (66)

6.1.3. Surface plasmonic waveguide

Unlike planar propagation in planar metal/insulator (M/I) or insulator /metal/ insulator (I/M/1)
interfaces, structured metals such as stripe, groove, wire and metal dot array, can route SPs in 1D
direction, resulting surface plasmonic waveguide. By adjusting the geometries of metal
structures, the lateral dispersion of SP propagation can be confined properly. The first kind of SP
waveguide is 2D nano-structure array. SP propagation can be achieved by reflection via

81,171,172

structures like Bragg mirrors or focus via lateral confinement!’>!"*. Different from the

first SP waveguide, the second kind of SP waveguide is based on the structures of I/M/I multi

layers with w <« .17 Specially, when w < 1,, the SP waveguide is considered as nanowire

type.

178-180

Considering the propagation of SP following z direction within a dielectric waveguide of &.,,.. at
core and &g444ing at cladding, the phase constant g, wave vector k, , k, , and the angular

frequency w should satisfy:

2

R Y
B°+kx + y_gcorecz (6.7)

For metal nanowire ¢.,,. < 0 in visible and near-infrared wavelength, so at least one of k,, and

k,, must be imaginary. This means that SP propagation can be realized.

103



Figure 6.5 Schematic of a symmetric waveguide with
width w, thickness t and length I, where I>>w, t.

6.2. Extraordinary optical transmission (EOT)

\In 1998, T. W. Ebbesen found that the coupling of light e omemamn- .

with SPs also happens in transmission instead of

7

reflection,?” in contrast with previous work on SPs in [ = & = = e s e s s e

Section 1.1-13. This strong enhancement of transmitted

light can be one order higher than predicted by Bethe’s f =0

theory (see Equation 6.8), by the contribution from the | = = = = = = = = & ¢ 1 0m’
coupling of the light with the SP of the two-dimensional :

array of sub-wavelength holes (see Fig. 6.6, hole

Figure 6.6 SEM image of EOT-based

diameter << wavelength). SPR biosensor. Here 500 nm period
hole array with the diameter of 150
64 (kd)* nm in 100nm-thick Au film is

=7 (68) fabricated by EBL and liftoff.

21

where k = - ngis the transmission efficiency, and d is the diameter of the nano-hole.

Similar to SP in grating, the matching for the wave vector of SPs (ksp) and the wave vector of
incident wave (ko) can be achieved by:

where G, and G,, are lattice vectors in x and y direction®”. For the condition of 2D dot array in

square lattice with period P, |G, | = |Gy| = 27”, and the peak for surface plasmonic enhancement

can be estimated as:

104



Ay = P Emed (6.10)
V@2 +j2) |émtéa

where i, j is the integers, and en, &g are the dielectric constant for metal and the dielectric material,

respectively.

Unlike slits, no direct transmission mode exists for sub-wavelength holes, and light has to pass
through the holes through “tunneling” of which the amplitude decays exponentially. Different
from aforementioned prism- or grating-coupled SPR, in EOT the disturbance from light and the
environment from incident side can be minimized. EOT spectrum is extremely sensitive to the
dielectric environment near the metal surface, thus it can be used as bio-sensor. Fig. 6.7 shows
one typical EOT device for bio-sensor.®" EOT cannot be simply attributed to interference effect
for that this repeated sub-wavelength structures enable much higher transmission efficiency to

occur, up to several orders of magnitude greater than that predicted by classical aperture theory.

Transmission [ a.u.

Figure 6.7 (A) SEM image of an array of nano-holes in a gold film. (B) EOT spectra for three hoe
arrays with different periodicities. (C) Schematic of EOT device. Copyright 2008 by the American
Chemical Society.
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Compared to sensors based on Kretshmann configuration, advantages of EOT bio-sensor
includes: 1) transmission mode operation at normal incidence makes low cost portable tools
possible; 2) the footprint of EOT device, i.e. the area covered by the hole array, can be as small
as ~5 um, over one order smaller than that for prism-coupled SPR sensor (~200 um), enabling
detection of thousands of targets in the same chip without sacrifice of sensitivity; (Note: in
principle, a prism-coupled SPR sensor is also capable of parallel detection, but at the expense of
sensitivity due to the optical constrains at non-normal incidence); 3) the intrinsic sensitivity, in
term of resonant wavelength shift/mass of attached biomaterial over device area (hm/pg), is 2-3
orders higher, again due to its much smaller device area, thus making trace amount detection
possible; 4) the non-contact optical measurement obviates the need for a prism and index-
matching fluids, and greatly facilitates high-resolution imaging for highly parallel arrayed

measurement.

6.3. Nanofabrication techniques for EOT structures

Up to now almost all EOT devices were fabricated by focused ion beam (FIB) milling of nano
holes array (NHA) into the metal film because: 1) it is rather straightforward to mill nano-holes
into a metal film by a focused energetic beam; 2) it is challenging to pattern noble metal by
lithography plus reactive ion etching because metal is difficult to etch; 3) it is also challenging to
fabricate the device by liftoff because the film is too thick for ordinary liftoff process. However,
the throughput of FIB is extremely low, taking months to pattern a nano-hole array over a 4”
wafer. Here, several novel techniques were developed and examined in the application of EOT

SENSOrs.
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6.3.1. Nano-hole array (NHA) fabrication through double liftoff process and its
characterization

6.3.1.1. Fabrication process

' E-beam hthegraphy Development
10 nm Cr

A, e P-520A

20nm 5102

PMGI o
Silica (b)
EB-evp. Cr 1% lift-oft
10nm Cr
- -
(d)
EB-evp. Au
CF4 RIE and O2 RIE
100nm Au
L L]
(e} 8 f)
2ed Jift-off
EOT pattern of

nano-hole array

-

Figure 6.8 Schematic diagram of the nano-hole array fabrication process which includes (a) EBL
process, (b) resist development, (c) Cr deposition, (d) first liftoff, () RIE, (f) gold deposition and (g)
second liftoff process, and (h) final structure.
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In the normal manufacturing process through electron beam lithography (EBL), metal deposition
and single liftoff is not suitable for the metal thickness over 100 nm (discussed in the following
Section 3.1.2). Here, the nano-hole array fabrication was carried out using EBL followed by
double liftoff process on 2 in. fused silica substrate as shown in Fig. 6.8. Cleaned 2” silica wafer
was coated by 400 nm poly(dimethyl glutarimide) (PMGI, MicroChem Corp.) as the sacrificial
layer, 20 nm SiO, by electron beam evaporation as the separating layer, 90 nm ZEP-520A
(ZEON Inc.) as the resist, and 10 nm Cr as the conductive charge dissipation layer, respectively.
EBL was carried out using Raith 150™'° system at 20 kV acceleration voltage and 0.33 nA beam
current. Dot array pattern with the period of 500 nm and the write field of 100 um? was exposed
with the typical dose from 10 to 100 fC/dot. The Cr layer was removed by etchant after EBL, and
the patterns were developed using amyl acetate (Sigma-Aldrich) for 1 min and rinsed by fresh
IPA. For the first liftoff step, the sample was coated by 10 nm Cr and soaked in anisole for 4
hours. By using the Cr as the RIE mask, the unexposed area of SiO, and PMGI was etched to
bottom by CF4 RIE (20 sccm CF,4, 20 mTorr, 100 w) and O, RIE (20 sccm Oy, 20 mTorr, 20 w)
respectively. 1 nm Cr and 100 nm Au were deposited by electron beam evaporation with the rate
of 0.2 A/s and lifted off by AZ-300 for the second liftoff step.

The fabrication process is monitored by atomic force microscopy (AFM). Fig. 6.9 shows the
profile of EOT pattern after (a) first liftoff, (b) O, RIE to bottom, and (c) second liftoff scanned
by AFM. The changed color and scale bar indicates the changes of pattern height.

Q0am

Figure 6.9 AFM images of fabrication of EOT structure after three intermediate steps: (a) after first
lift-off; (b) after CF, and O, RIE to silica; (c) after second liftoff.
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6.3.1.2. Comparison to single liftoff process

For comparison, the normal process of EBL, metal deposition and liftoff was tested to prove the
advantage of double liftoff process. 300 nm ma-N 2403 (Micro Resist Technology GmbH.) as
the negative resist was spin-coated on cleaned silica wafer and baked at 90°C for 1 min (Fig.
6.10a). Electron beam lithography was carried out by using Raith 150™° system at 20 kV
acceleration voltage and 0.33 nA beam current with varied dot dose from 10-200 fc/dot. The
sample was developed in MF-319 (Rohm and Haas Electronic Materials LLC.) for 90 sec and
rinsed by DI water for twice (Fig. 6.10b). 1 nm Cr and 100 nm gold was deposited by electron
beam evaporation with the rate of 0.2 A/s and lifted off in Remover PG (MicroChem Corp.)

Three problems by single liftoff process are shown in Fig. 5.10c:

(1) Normally, the exposed resist pillars are tapered, unlike Fig 6.9(b) with under-cutting, so the
sidewall of the pillars is easily covered with metal by lateral deposition, which will prevent

the dissolution of resist during liftoff (see Fig. 6.10c-1).

(2) For the same reason as above, the metal on sidewall is remained after lift-off. Thus chimney-

shape structures are formed instead of flat hole array (see Fig. 6.10c-2).
(3) For ideal liftoff process, the thickness of resist is required to be more than three times of the

deposited metal. But pillars with high aspect ratio collapse frequently during development

because of capillary force (see Fig. 6.10c-3).

109



' E-beam lithography Development & deposition Lift-off

Figure 6.10 (a)-(c) The schematic of fabrication process through single liftoff step. In (c) the
mechanism of three types of defects are described: 1. pattern covered by metal blocking dissolution;
2. chimney-shape holes; 3. collapse of structures. (d) SEM image of final EOT pattern through
double liftoff process. (¢) SEM image of final EOT pattern through single liftoff process.

Fig. 6.10d&f compare the final results through single and double liftoff process. Three types of
defects formed in single liftoff are marked in the SEM image corresponding to the mechanism

described in Fig. 6.10c.
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6.3.1.3. The effect of exposure dose
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30 fc/dot, (d) 40 fc/dot, (e) 50 fc/dot, (f) 60 fc/dot, (g) 80 fc/dot, (h)100 fc/dot. Fewer pillars fall with
increasing exposure dose of 10-30 fc/dot. Higher exposure dose over 60 fc/dot leads to obvious noise.
After 100 fc/dot, central area was over exposed totally because of dose overlap.

During electron beam exposure, dot dose was varied from 10-100 fc/dot for different hole size.

As shown in Fig. 6.11, the relationship between the hole size and the dose was examined by

SEM after final liftoff step. Too low or too high doses caused problems, other than the change of

hole size. After O, RIE to bottom, PMGI pillars were formed. The pillars with smaller diameter

could not stand firmly and will collapsed in the step of RIE or Au deposition, leading to the

distorted hole shape. SEM images of Fig. 6.11 a-c prove the collapse of pillars with dose of 10-

30 fc/dot. Exposure with higher dose required longer exposure time. SEM image of Fig. 6.11e
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shows the final pattern with dose of 80 fc/dot, with the obvious distortion of the hole shape.
Higher dose also increased the proximity effect. In the SEM image of Fig. 6.11h, the central area
is completely exposed with no hole structure by dose of 100 fc/dot, while the edge area is in
hole-shape because of less proximity effect. Therefore, the correction between dose and hole size

was considered. Nano-hole array pattern was normally exposed with dot dose of 40-60 fc/dot.

6.3.1.4. The effect of facing-up and facing-down during the second liftoff

The effect of position of samples during second liftoff was also noticed here. For thicker metal
layer (Au film with 100 nm thickness here), liftoff is more difficult. The second liftoff steps by
facing-up and facing-down were carried out under the same exposure dose and compared by
SEM. From Fig. 6.12, it is noticeable that during liftoff with wafer facing-up, once the pillars
falled onto nearby surface they could not be removed easily by repeated rinse and ultrasonic
cleaning. In comparison, the surface of samples through liftoff with wafer facing-down is much

cleaner as shown in Fig. 6.11 d-f above.

Figure 6.12 SEM images of final EOT hole array by facing up position during the second liftoff step.
The patterns were exposed with the dot dose of (a) 40 fc/dot, (b) 50 fc/dot, (c) 60 fc/dot, respectively.

6.3.1.5. The effect of low-temperature development

The resolution of the same resist can be improved by low-temperature development, since the
dissolvability of the developer is reduced at lower temperature. Finer features can be achieved by

limiting the dissolution of partially-exposed polymer fragments at the edges of exposed area. In
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our consideration, the noise of the pattern can also be averaged out by decreasing the sensitivity
thus increasing exposure time at the same time. In the experiment, the sample was exposed with
the same dose range from 10 to 100 fc/dot and developed in amyl acetate (Sigma-Aldrich Corp.)
for 1 min at 5°C controlled by a cold plate (Echo Therm 1C20 Chilling/heating Plate, Torrey

Pines Scientific Inc.), then followed by the same process of double liftoff method.

It is found from Fig. 6.13 that the sizes of the series of holes were reduced obviously, in
agreement with the mechanism of reduced sensitivity at lower temperature. Also, the smaller
pillars with the dose below 30 fc/dot collapsed easily like in room-temperature development.
During longer exposure with the dose over 60 fc/dot, the noise was reduced significantly and

smoother pattern with maximum dose of 100 fc/dot was achieved.
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Figure 6.13 (a)-(g) SEM images of EOT hole array with the dot dose of 30, 40, 50, 60, 70, 80, 90 and
100 fc/dot, developed in low temperature, respectively. (h) The relationship between exposure dose and
the diameter of holes with the development at room temperature and low temperature (5 °C).

&

6.3.2. Methods to improve the smoothness of Au films

Nobel metal film by physical vapor deposition (evaporation and sputtering) is inherently rough
due to low surface energy and polycrystallinity even though a Ti or Cr adhesive layer is used.

The rough surface leads to absorption, scattering and limited SP propagation (propagation length
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reduced by nearly 10 times). which all reduce the sensitivity of the EOT-based bio-sensor.

Fig. 6.14 describes the brief mechanism of the effect from evaporated metal film on silica:

(1) The rough surface causes random reflection of part of the incident light that reduces the
transmission intensity;
(2) The gaps of grains and particles increase the scattering and absorption, reducing the

transmission intensity.

(a)
Incident light

$ 3 3

—
o -

e $§ 3

Transmission

Figure 6.14 (a) Schematic of mechanism for reduced transmission by random scattering on rough
surface and gaps of grains and particles within the noble metal film. (b) Cross-sectional SEM image
of the rough surface of the nano-hole array in evaporated Au film.

It was reported that super-smooth silver and gold films with both thickness of 20 nm were
achieved by utilizing 1 nm germanium'® and a self-assemble monolayer of  (3-

mercaptopropyl)trimethoxysilane (MPTMS, SAM layer) %

as a seed layer respectively.
However, for 100 nm thick noble metal films in EOT, the improvement is not significant
compared with that using the common adhesive layer of 1 nm chromium or titanium (as shown
in Fig. 6.15). Film stripping method was also applied widely in EOT fabrication®™, for which
the smooth gold film can only exist on the resin as shown in Fig. 6.16. Chemical polishing is
another possible way to achieve the smooth surface, but the film and nanostructures will be
attacked during chemical reaction.® In comparison of all the above methods based on physical

vapor deposition (PVD), single-crystalline Au film through chemical synthesis was also applied
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in surface plasmonic study.!’819%19

To be pointed out, it is difficult to form Au film by
chemical synthesis onto patterned template. As a result only FIB milling on synthesized Au film

was used for EOT patterning.

Here, in the Fig. 6.15a-b, 1 nm Cr and Ge layer were electron beam evaporated at 0.5 A/s and
100 nm Au was electron beam evaporated with 0.2 A/s. In the Fig. 6.15c, the wafer was treated
with HCI:HNO3:H,0=1:6:60 for 10min to induce active hydroxyl groups on the wafer surface
and then treated with one drop of MPTMS (Sigma-Aldrich Corp.) in vacuum desiccator for
overnight to form a self-assembled monolayer of MPTMS on wafer surface. The treated wafer
was coated by 100 nm Au by electron beam evaporation at 0.2 A/s. The roughness of the Au
films was examined by AFM. The final EOT patterns were observed in SEM. The RMS
roughness for the films of Cr/Au, Ge/Au and MPTMS/Au are 6.4 nm, 6.9 nm and 7.4 nm,
respectively. The results are very close and show that the smoothness of the Au film with over

100 nm thickness is less impacted by adhesion layers.
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Figure 6.15 Comparison of the roughness of (a)
1 nm Cr/100 nm Au, (b) 1 nm Ge/100 nm Au,

/\/_ S|—OCH3 and (c) MPTMS/100 nm Au by AFM (left) and
HS )

OCHg

SEM (right). The RMS roughness for the three
types of Au films is 6.4 nm, 6.9 nm and 7.4 nm,
respectively. (d) Chemical structure of MPTMS.
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Rough side

Smooth side

Figure 6.16 Schematic of “Template stripping” method: (a) film deposition or pattering; (b) resin
casting; (c) template stripping.

Recently, annealing procedure was applied in surface plasmonic study, such as surface plasmon
enhanced solar cell**®, metal-enhanced fluorescence®® and nanodisk surface plasmon resonance
sensor'®®. In this work, thermal annealing under Ar atmosphere was carried out to improve the
film quality. The optical transmission spectra and sensitivity of the nano-hole arrays were

compared for both annealed and as-fabricated structures.

23.98 nm

(a-2) 20fC/dot

000
CHORO O () O

0.00 nm
Figure 6.17 Comparison of the same EOT samples (a) before and (b) after annealing with the
exposure dose of 40 and 60 fc/dot, respectively.
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For annealing method, EOT sample with the film of 1 nm Cr and 100 nm Au was fabricated
through double liftoff process shown previously. The sample was annealed in a tube furnace at
600°C with the protection of Ar atmosphere for one hour. The annealed samples were examined
by AFM and SEM as shown in Fig. 6.17. The RMS roughness after annealing was obviously
reduced from 1.87 nm to 0.89 nm. Interestingly, the SEM images show the shrinkage of hole size
after annealing from 178.6 nm to 148.9 nm and from 256.8 nm to 208.4 nm. Another interesting

change from the SEM images is that the small grains disappeared after annealing.

6.3.3. Other fabrication methods for EOT structures

6.3.3.1. Fabrication of EOT structure on SizNs membrane

The fabrication process of nanostructures on SisN;s membrane has been discussed in Chapter 5.
This technique shows competence for varous free-standing nanostructures and received
increasing interests.***%® Various metal patterns can be obtained by deposition on etched-
through free-standing membrane. On one hand, continuous metal patterns can be achieved
directly by deposition on free-standing membranes with etched-through apertures.®® On the
other hand, isolated metal structures can be deposited through membrane as shadow mask onto
the wafer below (named as stencil lithography).?® The fabrication process of double liftoff
discussed previously shows the limitation of exposure dose. Lower dose leads to smaller PMGI
pillar which is apt to collapse. Higher dose leads to rougher patterns and greater proximity effect.
The maximum dose is limited by proximity effect. Based on this, the designed hole size of EOT
pattern is limited between 100 nm and 280 nm with the dose of 30-70 fc/dot. In comparison, by
using membrane the proximity effect is eliminated. So higher dose can be utilized without the

problem of the total areal exposure. Also, there is no issue of the collapse of pillars.
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Figure 6.18 Schematic of the fabrication process of EOT pattern on SizN4 membrane: (1) coating 15
nm Al/100 nm ZEP-520A on cleaned SisN4 membrane and EBL; (2) development in amyl acetate; (3)
etching through by BCl; and CF, RIE; (4) deposition of 1 nm Cr and 100 nm Au.

The fabrication process is shown in Fig. 6.18. The free-standing SisN4 membrane was prepared
through the same process described in Chapter 5, Section 5.2. The cleaned SizN, membrane was
coated with 15 nm Al layer by electron beam evaporation and 100 nm ZEP-520A (ZEON Inc.,
the resist was diluted by anisole to reduce to the target thickness) (step-1). Electron beam

lithography was carried out by using Raith 150™"°

system at 20 kV acceleration voltage and
0.33 nA beam current with varied dot dose from 10-200 fc/dot for various hole size. The pattern
was developed using amyl acetate (Sigma-Aldrich Corp.) for 1 min at room temperature and
rinsed by fresh IPA (step-2). The uncovered Al was etched by BCl; RIE (50 sccm, 5 mTorr, ICP
800 W, RF 200 W, Vpc -360 V, Oxford Ill-V & Metals Etch) for 20 sec. Then the Si3N4
membrane was etched through by CF4 RIE (20 sccm, 20 mTorr, RF 100 W, Oxford Si Etch) with
the etched Al as mask (step-3). The residual layers were cleaned by O, RIE (20 sccm, 20 mTorr,
RF 20 W), Al etchant (the mixture of H3PO,4 : HNO3 : DI water = 30 : 1: 10), and DI water.
Finally, 1 nm Cr and 100 nm Au were deposited by electron beam evaporation with the rate of

0.2 A/s (step-4). The final samples were examined by AFM and SEM.
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Figure 6.19 (a) The relationship between dot dose and the diameter of the final hole array. (b) Top-

view by microscope of the Au nano-hole array patterns. SEM images of the nano-hole arrays with
varied diameters exposed by (c)&(f) 10 pC/dot, (d)&(g) 40 pC/dot, (e)&(h) 70 pC/dot.

Fig. 6.19 shows the top view of the final Au structures on SisNs, membrane. The relationship
between the diameter of Au hole array and the exposure dose was concluded in Fig. 6.19a.

A remarkable aspect here is that, because of the lateral agglomeration on the sidewall during Au
deposition, the hole size will shrink and the sidewall will be tapered, as shown in Fig. 6.18(4).
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Observed by top-view SEM imaging, the diameter of the hole array was reduced from 216 nm to
179 nm by the shrinkage of 17.3% (see in Fig. 6.20). Tapered nanostructures have been studied
by many researchers about its optical transmission properties.?’*?® In this work, the effects of
the tapered angle on the EOT sensor through non-vertical cylindrical nano-hole (i.e. the

geometries which were shown in Fig. 6.18) were considered. The work on simulation and optical

characterization is discussed in later part.

Figure 6.20 Top-view SEM
images of (a) bare SisN,
membrane with etched-through
nano-hole array, (b) the same
membrane with 100nm-thick
Au by electron  beam
evaporation.

6.3.3.2. Fabrication of EOT structures by electroplating of Au

Gold is one of the most popular metals for surface plasmon devices due to its unique optical
properties, stability and adsorbility with amino/thiol groups.?®*?°® Importantly, the topography of
the Au film, including the film quality and surface roughness, affects the applications in surface

105206 g perhydrophobicity®®” and chemical activity.?®® Until now the manufacturing

plasmon,
process of gold film is mainly based on physical vapor deposition (PVD), including
thermal/electron beam evaporation, sputtering and molecular beam epitaxy. For EOT application,
a thicker Au film (>100 nm) is normally required, for which the simple liftoff process is not

competent as described previously.

Here, electroplating is investigated as an alternative technique to prepare thick Au film.
Compared with PVD process, electroplating process requires no high vacuum or cleanroom
environment, so it is lower cost, faster, more efficient and commercially available. More
importantly, there is no concern about the liftoff issue since Au only forms within the patterned

resist as the template.
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Figure 6.21 Schematic of the fabrication process of EOT pattern by electroplating: (a) coating 20 nm
ARC/300 nm ma-N 2403 on cleaned ITO and EBL; (b) development in MF-319; (c) electroplating of
Au film; (d) resist removal by O, RIE.

The fabrication process by electroplating is shown in Fig. 6.21. As the plating substrate needs to
be conductive and transparent, indium tin oxide on glass (ITO, 15 Q/sq., from Luminescene
Technology Corp.) was cleaned by ultrasonic washing and O, RIE. For ideal electrochemical
reactivity, a thin layer of 1 nm Cr and 5 nm Pt was deposited by electron beam evaporation. at
the rate of 0.2 A/s. 20 nm anti-reflective coating layer (ARC, from Brewer Sciences) as the
adhesion layer and 300 nm ma-N 2403 (Microresist Technology GmbH.) as the negative resist
was spin-coated and baked at 90°C for 1 min (step-a). The glass was cut into pieces with the size
of 0.5 cm x 1 cm before future steps. Electron beam lithography was carried out using Raith
150™° system at 20 kV acceleration voltage and 0.33 nA beam current with varied dot dose
from 10-200 fc/dot. The sample was developed in MF-319 (Rohm and Haas Electronic Materials
LLC.) for 90 seconds and rinsed by DI water for twice (step-b). Before electroplating, the
developed sample was briefly cleaned by O, RIE for 10 seconds to remove the thin ARC layer.
The cleaned sample was then set as the working cathode combined with a bare Cr/Pt on ITO
piece of the size of 2 cm x 4 cm as the balancing cathode, and a piece of Pt-coated steel mesh as
the anode in the electrolyte of potassium aurocyanide solution (434 HS RTU, Technic Canada
Inc.) (step-c). The plating was carried out at 60°C with the applied potential between 2.8V and
3.6 V without stirring. After plating, the sample was rinsed with DI water and the resist was
removed by O, RIE (step-d). The surface roughness of the deposited Au films was examined by
AFM and SEM. To test the plating rate, the samples with varied plating time and potential were
partially removed with aqua regia (mixture of HNO3 : HCI =1 : 3) to create a step to be tested
by Dektak 8 Stylus Profilometer.
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There are two issues identified for the fabrication of EOT structures by electroplating:

(1) The surface roughness is affected by the plating rate, which is decided by the applied current.
A faster growth process may introduce the higher stress of the metal grain, leading to rough
surface.?®® By AFM scanning (Fig. 6.22a&b), the RMS roughness increases from 5.9 nm to
11.5 nm with the increasing current from 2.8 mA to 3.6 mA. Fig. 6.22c shows the cross-

sectional images of Au film prepared by various electroplating current for 6 minutes.

Figure 6.22 AFM imaging of Au film by electroplating current of (a) 2.8 mA and (b) 3.6 mA. (c)
SEM cross-sectional view of Au film by electroplating current of 2.8 — 3.6 mA.

(2) In the previous work as described in Chapter 3, periodic tilted Au pillar array was fabricated
by electroplating into hole-array pattern in resist film directly. Considering the tone-reversed
structures here, the resist pillars were extruded frequently, probably caused by the much
greater stress from the surrounding growing Au film (see Fig 6.23a). To overcome this
problem, a thin ARC layer was coated before spin-coating ma-N 2403 resist to improve the
adhesion (see Fig 6.23b). Fig. 6.23c shows the final EOT hole array with the diameter of 128
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nm after removal of ma-N 2403. SEM images in Fig. 6.23e shows the uniform final result of
EOT pattern in large area based on the EBL result shown in Fig. 6.23d.

. __ Wy " .

Figure 6.23 SEM image of (a) electroplating result without ARC adhesive layer; (b) electroplating
result with ARC adhesive layer; (c) final EOT pattern after resist removal; (d) uniform resist pillar
array after EBL in large area; (€) uniform final EOT pattern in large area.

6.3.3.3. Fabrication of EOT structure using nanoimprint lithography (NIL)

NIL is a high throughput (~1 min/wafer), high resolution (<5 nm) parallel patterning method in
which a surface pattern of a mold (stamp) is replicated into a polymer by mechanic contact-
induced material displacement.?®® As described in Chapter 2, hybrid nanoimprint-soft
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lithography through sacrificial PMGI mold was developed by us as a versatile duplication
technique especially on non-flat surface. Here, EOT nano-hole array was fabricated by hybrid

nanoimprint soft-lithography.

The fabrication process of hybrid imprint mold through sacrificial PMGI master mold was
already described in Chapter 2.2** For imprinting using the hybrid mold, cleaned silica was first
coated with 300 nm PMMA as adhesive and liftoff layer, then with 140 nm UV-curable resist
onto which the mold was laid down and the mold-substrate stack was exposed to UV light of 365
nm wavelength. The mold was peeled off the substrate after the resist was fully cured (Fig.
5.21a). The imprinted sample was etched by CF4 RIE for 1 minute to remove residual UV-resist
layer and O, RIE for 2 minutes (Fig. 5.21b). The sample was coated with 1 nm Cr as adhesion
layer and 100 nm Au by evaporation and soaked in PG remover for lift-off (Fig. 5.21c). Fig.
5.21d shows the SEM image of final nano-hole array with the diameter of 116 nm. To be pointed

out, the hole array was not uniform probably because of the deformation of the soft mold during

- I I J ke

(a) Imprint by hybrid mold )cm@m (¢) Au deposition and lift-off

imprinting.

i Figure 6.24 Schematic of the fabrication process of
EOT pattern by hybrid nanoimprint-soft lithography:
(@) coating 200 nm PMMA/140 nm UV-curable
resist on cleaned silica and imprinting by hybrid
mold; (b) CF4/O; RIE to bottom; (c) electron beam
evaporation of 1 nm Cr and 100 nm Au, followed
by liftoff. (d) SEM image of final EOT hole array.
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6.4. Numerical analysis

Optical behavior of the incident EM field through the nano-hole arrays were analyzed using the
3D full wavevector FDTD method, which is a reliable method in solving Maxwell’s equations in
dispersive media like gold and silver. Each media was specified by relative permittivity, (o).
For glass substrate and superstratum (i.e. target molecule) layers g(®) were assumed respectively
as n%(=1.45%) and n;® =(1.48%). The Lorentz-Drude model was employed in calculating the

permittivity of metal film layer.?'?

The FDTD was carried out using the commercial software package (FDTD solution 8) from
Lumerical Inc. The plane wave source, nano-hole structure and monitor were co-planar with
boundary conditions that made them effectively infinite. In this study, a plane wave of
wavelength in the range of 400 nm to 900 nm with electric field amplitude of 1V/m which
propagates in the Z-axis was used. The asymmetric boundary condition in the X-direction and
symmetric boundary condition in the Y-direction and perfect matching layer (PML) in the Z-
direction was used as absorbing boundary condition to study the transmission properties at
normal incidence of electromagnetic wave through the subwavelength hole structure. The
asymmetric and symmetric boundary conditions were considered in order to reduce the
calculation time.”*® The calculation grid resolution was as high as 5 nm (grid point-to-point
distance) in the simulation cell and the conformal mesh method was used to calculate the electric
and magnetic field at the corner and rounded region of the nano-holes. Although this method
gives better convergence than staircasing method for small enough mesh sizes, at larger mesh
sizes it could results in worst results. In case of using metal and surface plasmon phenomena the
5 nm mesh gird is sufficient. The calculation time was set to 150 fs, and the transmission spectra

were calculated using an X-Y monitor at 200 nm away from the film/air interface.

Based on this, surface plasmon excitation and propagation on the surface of hole-structured
metal film and its transmission into air was studied systematically. The numerical analysis was

applied for the optimization of the EOT pattern design in order to improve its sensitivity.
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6.4.1. Effect of hole diameter

In this simulation, hole array structure with the period of 500 nm in 100 nm-thick Au film was
investigated by changing the hole diameter between 140 nm and 300 nm. The transmittance was
calculated based on broad-band white light with the wavelength from 0.4 to 0.9 pm.

P fmfa 6.10)
e J@ +j2) | emtea

Based on the approximate Equation 6.10, peak position will not shift by only changing the

diameter since the period is fixed. However, with the increasing hole size the simulation result of
transmittance in Fig. 6.25 shows the redshift for the first peak (i=1, j=0) and stable location for
the second peak (i=1, j=1). The reason for this is that the holes in the (1, 0) direction are closer
and the increasing diameter will shorten the distance of the two edges of the neighboring holes
with greater ratio than the change in the (1, 1) direction. The positions of the first peaks and

second peaks are summarized in Table 6.1.
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Figure 6.25 Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied diameter from 140 nm to 300 nm, Au film thickness of 100 nm, and periodicity of 500 nm.
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Radius (nm) 70 80 90 100 | 110 |120 |130 |140 | 150
1st peak (nm) 773.8 | 777.6 | 784.4 | 788.3 | 798.4 | 803.2 | 806.8 | 813.3 | 814.9
2nd peak (nm) | 618.4 | 619.2 | 629.0 | 618.8 | 630.3 | 633.1 | 630.7 | 636.1 | 632.2

Table 6.1 Positions for the first and second peaks with varied radius.

6.4.2. Effect of Au film thickness

In this simulation, Au film with varied thickness from 60 nm to 200 nm was investigated, on
which the period of hole array was 500 nm and the hole diameter was 140 nm. The transmittance

was calculated based on broad-band white light with the wavelength from 0.4-0.9 um.
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Figure 6.26 Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied film thickness from 60 nm to 200 nm, diameter of 140 nm, and periodicity of 500 nm.

Again, based on the approximate Equation 6.10, peak position will not shift by changing the film
thickness since only the period is related. However, with the increasing thickness the simulation
result of transmittance in Fig. 6.26 shows the blueshift for both of the peaks. There are two
conclusions based on simulated result for different thickness:
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Transmittance (%)

(1) This indicates that surface plasmon on both sides of the Au film takes charge of the
enhanced transmission, which is totally different from the SPP based on grating reflection
and Kretschmann configuration. Since for propagating surface plasmon the momentum
mismatch is provided by periodic structures and the increasing thickness of Au film
causes longer distance between the coupling surface plasmon on top and back sides of the
Au film, the changing LSPR within the individual tunnel leads to the shift as shown in
Table 6.2.

(2) A thicker Au film reduces the extraordinary optical transmission. By increasing Au film
from 60 nm to 200 nm, the intensity of the 2" peak (1,1 mode) decreases dramatically
from 1.2% to 0.1% (as shown in Fig. 6.26). The trade-off should be considered since
thinner Au film will lead greater direct transmission, as shown in the transmission

spectrum with the wavelength range of 0.3-0.5 um in Fig. 6.27.

Thickness 60 [80 [100 [120 [140 [160 |180 |200
(nm)

1st peak (nm) | 813.6 | 809.6 | 805.7 | 805.7 | 805.7 | 805.7 | 805.7 | 805.7

2nd peak (nm) | 648.6 | 643.6 | 638.7 | 638.7 | 636.2 | 636.2 | 636.2 | 636.2

Table 6.2 Positions for the first and second peaks with varied Au film thickness.
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0.00- Figure 6.27 Effects of film
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] intensity at the first peak (1,0)

Thickness (nm) and the second peak (1,1).
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6.4.3. Effect of hole array period

The effect of period (the center-to-center distance) was examined by simulation of nnao-hole
array with the diameter of 140 nm on 100 nm-thick Au film. Since the diameter and thickness

were fixed, their effects on LSPR were eliminated. Period, as the only long-range parameter, was

varied from 400 nm to 550 nm in the calculation (see Fig. 6.28).

The location of the first peak (1,0 mode) and the second peak (1,1 mode) was summarized in

Table. 6.3. The simulated transmission spectrum shows redshift with increasing period, which

matches the simple Equation 6.10:
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Figure 6.28 (a) Simulated optical transmission spectrum of the EOT hole array fabricated on silica with
varied period from 400 nm to 600 nm, diameter of 140 nm, and 100 nm Au film. (b) The position of the
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first and second peaks impacted by changing period from 400 nm to 600 nm.

Period 400 |450 |500 |550 |600
1st peak (nm) | 700.5 | 751.1 | 805.7 | 805.7 | 873.4
2nd peak (hm) | 586.8 | 12.8 | 638.7 | 638.7 | 672.2

Table 6.3 Positions for the first and second peaks with varied period.
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6.4.4. Effect of tapered angle
(b)

Iymer metal

& H B f"
membrane

Figure 6.29 Schematic of a periodic array of tapered nan-hole array in Au film fabricate by (a) double
lift-off process and (b) evaporation of Au onto the hole array patterned on a free standing membrane.
The structures are illuminated by TM polarized light from glass side.

As seen in Fig. 6.29, the tapered angle of nano-hole array is unavoidable because of the lateral
agglomeration during Au deposition. However, this effect from fabrication process is normally
ignored in theoretical simulation. In this part of work, the nano-hole array is patterned in 100
nm-thick gold film with a periodic array of 500 nm, tapered angle a in the range of 0 to 16°, hole
radius R of 75 nm to 125 nm, and tapered radius, Riap, Which is given by:

Riap = R + 100 x tan(a) 6.11

The effect of increasing the tapered angle on the near-field electric near field of the output
surface was shown in Fig. 6.30 for hole period of 500 nm. A broad peak around 490 nm with a
transmission of 7-10% (at different tapered angle) was observed in nano-hole array. This peak
was attributed to the direct transmission of gold film and occurs regardless of the hole array
structure and incident EM wave polarization.”**?*> Another broad peak at wavelength of 656 nm
with a transmission of 17% was also observed in the tapered hole array of structural periodicity
of 500 nm at tapered angle of 0°. This broad peak was attributed to the surface plasmon
resonance mode of (1,1). An anti-symmetric sharp peak was recorded at wavelengths of 807 nm
with transmission intensity of 50-48 % in the nano-hole array with tapered angle of 0 and
structural periodicity of 500 nm, which was attributed to the SPP resonance mode of (1,0). The
anti-symmetric peaks were indicative of Fano resonances?® which were characteristics of
interference between a resonant transmission and non-resonant one and have been reported
elsewhere.?*** The near-filed profile of the FDTD calculated |E]* of the (1,0) resonance mode
in the glass/film interface of tapered nano-hole profile at different tapered angle in the range of
0° to 16° with step of 4° and periodicity of 500 nm are shown in Fig. 6.30c.
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Figure 6.30 (a) FDTD simulated near filed transmission spectrum of non-vertical profile of nano-hole
structure at different tapered angle of nano-hole array with radius of 100 nm, hole depth of 100 nm, and
structural periodicity of 500nm. (b) Effect of tapered angle on the normalized electric field of the nano-
hole array with radius of 100 nm, hole depth of 100 nm, and period of 500 nm at wavelength of 820 and
200 nm away from the air/Au interface. (c) The FDTD calculated |E|2 profile of the (1,0)fimgiass
resonance mode. The raw shows the cross section across middle of the tapered nano-holes of period 500
nm at wavelength of A= 807 nm and 0=0, A= 810 nm and a=4, A= 814 nm and o=8, A= 817 nm and
0=12, and A= 820 nm and a=16, respectively. The hole radius and hole depth were 100 nm. Light
incident from the substrate medium through the nano-hole array.

6.5. Optical Characterization

6.5.1. Transmission measurement

The optical transmission spectra were recorded using a fiber optical spectrometer (Ocean Optics
- USB4000), with spectral resolution of 1nm. The fabricated nano-hole array were illuminated
using a tungsten halogen lamp which provides broadband radiation in the wavelength range of

200 nm to 900 nm and a 10x objective lens of numerical aperture (NA) of 0.15 was used as
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collimator. The transmitted spectrum was collected using a 40x objective lens of NA of 0.4 and
coupled to the fiber which is connected to the spectrometer. All spectra were recorded by

average of 100 accumulations and an integration time of 100 ms.

Both of the annealed and as-fabricated samples were treated by O, plasma and RCAL cleaning
before each measurement. The 16-mercaptohexadecanoic acid (16-MHA, Sigma-Aldrich) was
utilized as the target molecule. A drop of 1 mM 16-MHA in ethanol was coated on the EOT
sample surface area followed by rinse with fresh ethanol for three times and baked at room
temperature to form a self-assemble monolayer of target molecule. The spectrum was recorded in

situ before and after each coating.

6.5.2. The effect of nano-hole array period and diameter on EOT result

For periodic Au hole array with the square lattice P at normal incident light, the SPP wavelength
(Asp) of maximum intensity at the resonance mode (i, j) can be calculated by Equation 6.10. Fig.
6.31 shows the normalized transmission spectrums of nano-hole arrays with the hole diameters
of 153.3, 174.9, 184.2, 198.2, 209.3, 234.5 nm, respectively. For each diameter, both of the (1,0)
and (1,1) resonance modes shows redshift with the increasing period from 400 nm to 550 nm.
When reducing the period or increasing the diameter of the hole array, the transmission increases

which can be explained by the increasing effective transmission area.
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Figure 6.31 Transmission spectrum of nano-hole arrays with varied periods and diameters. The
thickness f Au film is 100 nm. The diameters are 153.6 nm, 174.9 nm, 184.2 nm, 198.2 nm, 209.3
nm, and 234.5 nm, with the changing period from 400 nm to 550 nm with step of 25 nm.
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6.5.3. The effect of tapered angle on EOT performance

The tapered angle of hole array is unavoidable because of the lateral agglomeration during Au
deposition. However, this effect from fabrication process is normally ignored in theoretical
simulation. In this part of work, the tapered nano-hole profile was considered and compared. Fig.
6.32a shows the SEM image of non-vertical nano-hole with hole depth and radius of 100 nm and
periodicity of 500 nm, which were fabricated via double liftoff process on a silica substrate.
Measured and FDTD simulated far-field transmission of tapered nano-hole with tapered angle of
10° (Fig. 6.32a) is shown in Fig. 6.32b. As can be seen in this figure, except the transmission
amplitude, a very good agreement in terms of peak position and overall trend between the FDTD
result (red) and experimental one (black) was observed. The difference between the transmission
amplitude of FDTD and measured values for un-annealed sample might be due to the
imperfection in the fabricated nano-hole structures such as roughness of the surface and edges
which increases the light scattering and reduces the transmission intensity. The film roughness
was reduced by annealing at 600 °C for 1 h, as described in Chapter 6, Section 3.2. The EOT
measurement of the annealed nano-hole array and non-annealed one were also compared with
FDTD in Fig. 6.32b. As can be seen from this figure, the transmission of the NHA after
annealing (green) was improved, and the discrepancy between the FDTD and measurements was

reduced.
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Figure 6.32 (a) SEM micrograph of the positive profile NHA before annealing. The inset shows the
positive profile NHA after annealing. (b) FDTD simulated transmission spectrum of the positive profile
NHA and measured one before and after annealing at 600 °C.
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6.5.4. The effect of annealing on Au EOT sample

Here, the transmission enhancement was compared with the annealed and non-annealed samples
with the similar diameter. The optical transmission of the annealed and as-fabricated samples of
hole diameter in the range of 149 nm to 235 nm and period of 500 nm were compared in Fig.
6.33a&b. It was found that the (1,0) resonance mode of the annealed samples shows a blueshift
of 19 nm and 23 nm which can be attributed to the hole diameter shrinkage from 185 to 149 nm
and 235 nm to 208 nm, respectively, as it is shown in the red and black lines in Fig.6.33a-b. To
understand the effect of annealing on the quality of fabricated samples, the optical transmission
of both annealed and as-fabricated hole array structures of hole diameter of 149 nm and 208 nm
are compared in the blue and black lines in Fig. 6.33. As can be seen from these figures, the
optical transmissions of annealed EOT structures of both diameters were enhanced. This
enhancement was attributed to the surface roughness reduction of the gold film.
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Figure 6.33 Comparison of optical transmission spectrum of NHAs with the diameters of (a) —148.9
nm after annealing, —174.9 nm before annealing, —153.5 nm as-fabricated, —150 nm in simulation;
(b) —208.4 nm after annealing, —235.5 nm before annealing, —209.3 nm as-fabricated, —209 nm in
simulation.

6.5.5. Transmission of the hole array structure in free-standing gold film

Hole array structures were patterned on SisN, membrane as described in Chapter 5, Section 2.
After coating Au onto the hole array in SizN4, membrane, the SisN4 membrane was removed by
CF4 RIE, resulting in free-standing Au EOT structure. In the case of hole array in free-standing
Au film, the surface plasmon resonance is excited uniformly on both Air/Au sides. Both the
simulation and experimental measurement show that there is only single peak for transmission
spectrum. Fig. 6.34 shows the peak is at 817 nm for simulation and 842 nm for experimental
measurement, based on the same parameters of 178 nm diameter, 100 nm film thickness, 500 nm
period. The slight shift between theoretical and experimental results is caused probably by the
non-ideal fabrication process, such as lateral deposition, shift in real thickness, and the roughness
of Au film. To be pointed out, since the Au film is only 100 nm and there is no absorption from
substrate, the interaband transition (direct transmission) of gold film causes a broad and intense
peak around 490 nm which overlaps the EOT peak partly. This can be resolved by using larger

period of nano-hole array, of which the transmission intensity will be reduced significantly.
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6.6. Application of annealed nano-hole array in bio-sensing

The effect of annealing on the sensitivity of the fabricated samples on the silica glass was studied
by using the 16-MHA as the target molecule. The optical transmission of the target-coated
annealed and as-fabricated EOT structures of the hole diameter of 150 nm are compared in Fig.

6.35. The sensitivity was defined as:

Sensitivity = ML/(n _ (6.11)
target

o)

where A4 is the peak shift before and after coating target, ny,,ge: and ng are the index of the
target molecule and media (air here, n, = 1.0). It was found that on using the 16-MHA molecule
(n=1.48) as sensing medium in the EOT structure with the diameter of 150 nm and period of 500
nm, the (1,0) resonance mode sensitivity was measured as 6.7 nm/RIU and 6.0 nm/RIU
respectively for as-fabricated EOT sample with the diameter of ~150 nm (Fig. 6.35b) and ~200
nm (Fig. 6.35d). However, on using annealed EOT samples, the sensitivity of 16.77 nm/RIU for
~150 nm (Fig. 6.35a) diameter and 40 nm/RIU for ~200 nm diameter (Fig. 6.35c) were measured

respectively.
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Figure 6.35 Measured transmission spectrum of a) annealed hole array of diameter of 149 nm; b)
as-fabricated hole array of diameter of 153 nm; c) annealed hole array of diameter of 208nm and
d)as-fabricated hole array of diameter of 209 nm.

6.7. Conclusion

The double liftoff process technique was developed for nano-hole arrays fabrication on a thick
layer (100 nm) of gold utilizing the technique of electron beam lithography. This process is
versatile for the fabrication of many kinds of high-aspect-ratio noble metal structures. The
fabricated samples were annealed at 600°C under Ar atmosphere for 1h to improve the gold film
quality. It was found that the roughness of the deposited film surface was reduced by 72 % and
the sensitivity was increased by 32 nm/RIU as a result of annealing. It was also found that the
optical transmission intensity of the annealed hole array of similar hole diameter was increased

more than twice which is due to smaller absorption/scattering of the incident light and surface
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waves from the gold film surface. Furthermore, imprint method, electroplating method, and

patterning on membrane were applied for the fabrication of nano-hole arrays.
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Chapter 7

Conclusions of Completed Works

This thesis is focused on the nanofabrication and its application in plasmonic chemical and bio-
sensors. The contribution thus is the development of novel nanofabrication techniques and

nanostructures for the sensors based on surface plasmon (SP).
For the first part on nanofabrication, several projects have been done:

(1) Fabrication of flexible mold for hybrid nanoimprint-soft lithography through sacrificial
PMGI master mold was developed in this work. By a sacrificial PMGI master mold, the
problems of resist wetting and mold release was avoided. By this method, the record of pattern

replication by soft mold with sub-10 nm resolution was achieved.

(2) Charging effect reduction in electron beam lithography with nA beam current was
studied. Charging effect is a serious issue when performing electron beam lithography using high
beam current. Several aspects were examined in this work, including the exposure sequence, the

sensitivity of resists, and the conductivity of the substrates.

(3) Large-area tilted nanostructure array was fabricated by electron beam exposure. The
fabrication of large-area tilted nanostructures is a challenge in nanofabrication. In this work, the
function of dynamic focus during electron beam scanning was utilized to overcome this problem.

Metal plating and PDMS casting can be used for pattern transfer.
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(4) Resists and the development conditions were studied for higher resolution and higher

sensitivity.

(5) Electron beam lithography on irregular surfaces with evaporated polystyrene was
demonstrated. By evaporation instead of traditional spin-coating method, AFM tips and optical

fibers were patterned successfully.

For the second part on surface plasmonic sensor, two projects have been done:

(1) Bowtie-shape nano-antenna structure of sub-10 nm gap for SERS sensor was fabricated
with the resolution down to 3 nm by exposing resist on SisN, membrane. By controlling the
gap size during electron beam lithography, the surface plasmon enhancement was tuned
accurately. High sensitivity of Au bowties nano-antenna with sub-10 nm gap was achieved at
low concentration of the target molecule (107 mM 1,2-di(4-pyridyl)ethylene in ethanol solution)

and the SERS enhancement of 10" was resulted from the corresponding bowtie structure.

(2) Nano hole array as extraordinary optical transmission (EOT) sensor was studied. Double
liftoff process was demonstrated as a versatile method for the fabrication of high-aspect-ratio Au
nanostructures. Annealing method was utilized in this work to improve the smoothness of Au
film. The sensitivity of EOT sensor was increased by 32 nm/RIU as a result of annealing. Beside
the double liftoff process, several techniques were developed for EOT structures, including

electro-plating, nanoimprint method and deposition on membrane.
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