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Chapter 1. Introduction

e 7= dAE vl
FEid W yEhbA e AER =84, sherd] g
Ax71AQ1 5o w s s FH& Wi gtk ods vk
2= U ALY FERAle FERAVE 7HE
S &83l9 energy technology, biomedical
technology, photonics & Utest Lofel A& =l kst A+7
& ok[1-3].

o] T, w5 YHx dA+= Fu tid] H ,
A A3, FEHA —.é 5= &3l catalyst, electronics,
biotechnology, optics ¢} & Eokell &&= a1 o} [4-7]. Est, 5%
U gxE 83 nanotechnologyJ Ay gEo, #4545 Uw
TRA FxAQ AdHS % optical lithography, E—beam
lithography, chemical etching w3 %< A2} 7}¥ (subtractive

manufacturing; SM) ¥ direct ink writing, electrohydrodynamic

B

i

o _
= A5, 7St

r]o

printing, meniscus—confined electroplating, laser—induced
photoreduction, focused electron/ion beam induced deposition 2]
AZ 7}¥ (additive manufacturing; AM)S 3X38Hels= wlo| g2 /v

o
SEol 3ab xAY 7% ek Bws ATHL Uk AME SM o]
B 33k TEES AT 5 gon An £ SUANE 998
A% 5 govt SMel WE FHLE, 1 HPEG e FHOR 3
CERRE R A7 W AgIFopel A4t SME o] §d i

= 7]&£°] spark discharge methodES &&3o] A=d
9 ¥4 Y YA} ol FE3 AM 7|9l ion assisted
aerosol lithography IAAL)E 7§4tsto 2 4 pattermngﬂoi A= 713
fl v 2AY FE2E A AEskadoh8]l. =g Y 7]se
dielectric  floating maskE 75.%/\17_39434‘1 patterning 78 2}
dielectric layer AAE 1% F7H4Q1 ¥4o] Zo glodMr: 533
g 3kl FxEs HE AFgE F

BAANZE9]. i 7ess e T dEEE e &



A= TAAL 7]RF 32k e XY J]eg o] &% #3)
Azl AP Ak Ui ZHE 3 Aol w5 dx
dAe FEd FH AHEE A5E ¢ 9de A FASY VIHE

A o+t
Chapter 24+ IAALS 7]HES

Ux F2AE AFsty FT-IRS % 384 548 SHYTOEN

AZE Y FEAY 339 )

[e]
Ao EHN 3AY Ux ZIHEH 7]E9 =
F53 S HAHE BT =3 il AlE#EolAdS Chapter
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Chapter 2. 348 do2F ZIHS F3 3%
4 3% WegEd AF

2.1. Introduction

Photone #% wi7HAlZ AF&3k=  photonics=  electrons
7| 2| = AFE-3ki= electronics thH] Wi

o] gdstAz d FAste] stAE 7Hxth. H2 photonics?
AAQ wE £2E 7T Bl 2o IEIAE S5T 5 Qe
U AAIDA Y photonics, plasmonics®] tist A7} b
H&E a7 H[10]. Plasmonicst =52 X EAIStE electric
charge® oscillation®|A 7]<13%t plasmon= "W/HAZ AFE3OZH
712 9] photonics 7]5F tjufo] A thv] e 37]9 FEXA A ¢ &
el s 8%  Ae FHol Uk Plasmonicsd FRE=
IA #% ZTHoA WAEE= propagating surface plasmons (PSP) 3}
=4 U dAF oA ASH= localized surface plasmons (LSP) ©]
lom o]z WAE= plasmonics® 542 subwavelength optical

circuits, high—resolution imaging and lithography, optical

<

metamaterials, energy harvesting, biomedical sensing¥ 72 F-ofoj
&8-5aL 3Uvk(2, 11-15].

Ui 2AIYEY w5 A= ARGl wkgete] et Ak U
A2 oscillations F3l LSPE #AAIZA 4 glom 78t local
field enhancementE &l YAFFS] FAsART 22 F2A oA
58 4 S9li= localized surface plasmon resonance (LSPR) 5%
zb=t}, LSPRlA ¥ASH= resonance? g2 F% U A
TEAQ SAoY AEZQ SAel g =dd 5 dorn A
nanorod, sphere, prism &% TFXZ<A W3} U AL FxA 9
&5 24 HgtE &g A @s] W Ea Qloh[16—-19].

ey, LSPRS €83 d-&2%< optical resonatore % e—
beam lithography, sputtering® &2 ¥tk F 42 Algslo] A zEdo =z
A3 substrate ¢ AgE FE o 23 Y FRAE TE 83
glom o]zidt 2xgAQ FE= sensing®d F e FIO AA=E
Ada &5 AstE doxith olydt AU substrateZFEH o

_]
ZAE BYste 3 FxRAE ZE8FoRA AT F 3o

HO

i

-



ot 239l TRAY WMEPS W, ¥ sensitiviyE e FHol
ATH20]. ST /1 vy} PAS B@ 3349 vhe FrA AL
BA% 24 49 ¥o 24 v go] =i wiol gk

¢-#¥= 7]&°| spark discharge methodE %3+ Ux YJx}9
A 23} dielectric layer?] patternings 3t 32k vk TERAE
Z+3F= ion assisted aerosol lithography IAAL) 7|2 71238}t
T3 Y 7lEs et vholaE AAY Y] @Y FxAE
Aatom ol MR E8skltHS, 211,
B AFoAd 8= dielectric layer® F7]%Z<l patterning @}
IAALS 7te 2 3 afle ofojzd ZY 7]es °]83te bridge
Faol Wy yx FERAE AFSTl. Spark discharge methodE
Ealo]l Az +4 Ux YJAE dielectric layer? patternings £33+
electric  field?] ZH& &3 d3t= FFY vz FRAR
Azstglom ol 3xkd T HE=d=E  &ESidlth. of7]A
dielectric layer® pattern TRl whal Z-E g U electric
fielde} 1o w Y= FERA] J4S b 4 Ao optical
property®] W3} Al gl 5 Qint. 2 AFrolA Albske= Fet
Ui gx2A A% B 7S
ARgstA wE Y SEE O

o= FHe AL
2.2. Method

Spark discharge methodE &% & Ui A+ Az 2180
ZFA) A ZeE spark  discharge generatorE  ©] €3t tH(Fig.1a).
Electrode®+ gold wire(lmm diameter, 99.999% purity; Thermo
Fisher) ¢} gold plate(l1 mm thickness, 99.999% purity; Thermo
Fisher) & AF&3t3lom gold plate e 1 mm A&F2 hole
7hastel AR v fJAt olsd ¢ e FEE ARESlTh & &
electrode?! gold wire®] resist, inductor®} capacitor® /¥ RLC
I 2E 7|§ko w2 3ol DC power supply (HCP 140—-12500, FuG
Elektronik) & %3l 6.5 kVe z#sts FdFstlern & %
electrode?!  gold plater  HAFO=ZHN spark  WAES
YA ATH22]. 2 AFelA] AFESE carrier gast N2(99.999%
purity) & AHEEFA S %2 mass flow controller (MKS 247D)&

4 f’}ﬁ-! 'RIJ.' 1_l| -:"].
el I

T



gl 2 lpme® FAEUAY. AFE S5 dHx A size—
distribution< aerosol neutralizer (TSI 3077), differential mobility
analyzer (TSI 3085), condensation particle counter(TSI 3776)=%
TA ¥ scanning mobility  particle  sizer (SMPS)E  E3&}o]
=Astgdom ARAOF spark discharge generatorE E£3}o]
geometric mean diameter 5.91 nm<¢! high purity® gold Y YA=
A28kt (Fig. 1b).

Spark discharge methodolA+= " Y JAERE ofy 2}
shdE o] gk AT o] F, Yekdd vk dArst ol
g83}o] dielectric layer® patterning® o]+ substrate©] b}
UAE Ui 2AdY] F2ER SFee 7Ies TAALCZ} o,
g&ste] FERAE AZSATS], 23], & ATFolA= photoresis
dielectric layer® AFg3F3th TAALS E3F ooj2= ZHE 1%
7rekdt A AwEtd, WA spark  discharge chamberolA g4
okt E Y YA} <ko]2o]  carrier gasel 93] deposition
chamber® FTYHIL =& I substrateC® FLEET. O]
Aol o] Y YAFe] mobility zke]®E A& Fo]o]
]ttt} HA substrate X =23t} o] wi dielectric layer ¥
Z2kE ool o ot surface potentialZ} substrateo] 7}zl &%
7o) A5 AL 07 pattern TUFE HEE = FAO electric field
efj=o] H“gs}*’ o] L=k YeldE d AR =¥ electric
field lines Wl pattern TYFE Y&HEHM patternBE ot 22 =17] 9]
TEER %2}01 .

IAALS &8st ¥EdAd v FxAE Alzetr] @ WA
photolithographyS o] £€3te] Fig.2a—c9 #o] F7]4< hole
pattern®] dielectric layergs AZ3F T Dielectric layer $l°ll
kol 2o wEA FHPGYL 7HAshd F&F 99 W surface charge
density 94| A3t 74 4= lt). 1822 hole pattern AFO|
99 (Fig. 2d9] A) ¥} o]F 49 (Fig. 2d¢] B) 9] W4 ztole] €&l hole
pattern % surface potential® =}o]7} WAYEFa o] 2 Q13| funnel
49 electric field line ¢=ro] WASHA Ht}h(Fig.2e). =, dielectric
layer®] pattern ©AFQle] wel hole pattern W electric field?]
& AT 7 3ler olf Fd FUIHeR ddH bridge B3

8
TEES ALY 5 Uk

F o

O_u <_f _4
rﬂ Mo i wy m

e
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Fig. 1. Experimental set—up. (a) Schematic of spark discharge
generator and deposition chamber. (b) Size distribution of gold

nanoparticle produced by spark discharge generator



" *Repelling'Coulomb force =
- from accumuldted ions ©

Fig. 2. (a—c) Design of dielectric layers. Those hole size are 500
nm and each period is (a) 1.3 ym, (b) 1.9 ym and (¢) 2.6 pm,
respectively. The scale bar is 1 pym in length. (d) Schematic of the
distortion of electric field. (e,f) COMSOL simulation of (b) and (c).



2.3. Results and Discussion
2.3.1. AR oo2F ZHEHS T 5714 W v F2A A

F71402 wl¥d%E hole pattern TAQIS] dielectric layer7}
2k¥l substrate® ©]83t9] bridge 44 v FERES A&t
A x7], FshdE Ux YA 2 holeell A E electric fieldel
o8| pillar 4oz &3ttt (Fig. 3a—c). 18y ZF F+x2E°] Fo|7}
dielectric layer® o] 4dolAA HwW 3 holeolA 2 electric
field?} <13 hole patternolA HAE electric field 7+ FTHO]
UHAISH=  funnel 49 electric fieldoll a@3sts Fdo] HdsHA
ok, 22 <&, ZF holedlAd AFE v FxA= THE electric
fieldE we} AJdste] vEY bridge FelZ A4} (Fig. 3d—e).
U gAY Aol wE  electric field ¥¥° H3IE
slstr|ga] Ag ZEZ g3l COMSOL(COMSOL  multiphysics
0)g 839 simulations H 33t} (Fig.4). Simulation A=
o] dielectric layer?] hole pattern®] Rr=+= electric
fieldi= 52 %7]9 funnel F4& e gloH yYx F2A 9
715l dldsts F29 electric field line®] 2t holed THAXY 2+
o AFow A¢A UFS FJATF F Avk =, Y FEA

A3 F38HA electric field®] 342 funnel FE|Z 74

He s
skl = qlom olF FIA FHE odEE ZIHS T dx
TZ2A e T2 AL funnel FA electric fielde W 55 Ux
JA7E A o2 QYA = HAow AAHS & 7 U
Tk Y TRELS dielectric layer 9o 2% ko]lo] wt= =
surface potential®l 23t funnel A2l electric fieldd] wWE A%
Qo= o] del &l Y UAbe) 9F FEEH <= tip—directeddt A%
of oJst g o FAHAG([9, 24]. T 27], pillard A=
funnel 372 electric fieldoll 98] =¥ Y= YA7} o] de] 2
U FxAS tip FEe fFREHY sxpdox FRET oA

pillar7} dielectric layer®E.t}t %9o] A A35te] funnel A4S W} bridge
Foez FAHEE AAFigd3dole 7|Ee &Y vx Fx2EC
tipell &%t tip—directed FE°] 23] hole pattern® Wi gdo=
APE = 5 oF d9om AdqH= 5o ddd & & Zol7k
A71A Av. aER FFo] el wel pattern W e]F-9

8 f’}ﬁ-! 'RIJ.' 1_l| -:"].
¥ el I

T



dielectric layer ¥ Wol LEdsl= Fol 9 zlo|7} F7hetal 1=
Q13 pattern WIH A surface potential =Fo] GA] HHA
Z7VetAl "k olgA @S surface potential®  Zo]E Q13
Fig.3e2] bridge TFE¥ o] pattern? <¢FEo =z Hol:= ALY
Ui FERAZ AR

Substrateo] 7}l A& S¢S HASA W ol Fstdd
Ui A7 substrate® fFEEE FE zbol7b A7]aL o]®E <lE
dielectric layer X 9] oFo]l2 dFof wE electric field ol AES
zholof U A o] S Ee Wyt dAETH[25]. 28 2R hole
pattern &Ate] wWE Substrateoﬂ Ml A= 4SS HA st
A2 & hole patternolAE A4S Aol Yy LXES A2 ¢
Atk 2 Aol ARG FV1H o R Hld® hole pattern® ¢,
surface charge density’} EYsttta 714 #S w] hole pattern<
F717F Zrobd 4= pattern W] WA 2] xo]7t Zo|=EE pattern
2] 59 surface potential® =Fo](dV) 9JA] Zolx|a1 o] A2 bridge
49 Yx FxAY A W 7} patternolA AT FAL] o
TEAE wEs d ddEe] d F dn wWHol uAd W dVE
=0o]7] 9& = surface charge densityE 9]
substrateol] 7| A= S WAS &3 FEEE ol
WE surface charge density® 4% 4 9lon ZA¥ surface
potential ©]&3] A= TS patternollA] bridgedde] FX2ES
AeAoz A 4 o, & A W] isk o241 wiAE S
dielectric layer ¥ HWH@ASte] &) v JAZE ¥ Coulombic
force?] HwE T3] FH3NSH o5 Fal FalX 2.6 um pattern
tH] 1.9 um pattern®] surface charge density:= 2k 1.6 #Hjo]t}.
KpFME %3] S35 7]¢ %W surface potential> Fig.53 7T}
1.9 um pattern® surface potential #t< 2.6 um pattern WH| ion
deposition = °F 1.28 #l, printing $ol= ¢ 1.9 Hjo] FA&
UEFH © 2 X substrate?] 231Y Ao wa} pattern T electric
field?] d=& =42 F as AT F AU

Fig.6+= A= UYE patternolAd AFE HE v Fx2AE
HyFH(F7]: (@) 1.3 uym, (b) 1.9 ym, (c) 2.6 pym; hole A&: 500
nm). 1.3 ym% F7]& 7}A| & Fig.7a°lA = electric field® &ff=9]
TE holeor] tiA Aoz FAd=EoEM <k 350 nm =°]9 pillar
Hare]l FxEo] AAHEAT 28 1.9 yméF 2.6 um9 F71= 7}Z]L

d

aleS

o

9 i, =T II

17



Fig.6b%} collA+= substrateo] 7}l #]

= wAste] 2HE Tl dAT
Boks Zb= bridge® A9 Ui FERES AFEoi

10 2 M E g



Fig. 3. SEM images of nanostructures at different deposition times.
(a) 5 min, (b) 10 min, (¢) 15 min, (d) 20 min, (e) 30 min. The scale
bar is 500 nm in length.

C e



Initial 400 nm in height Each headwidth growth: 150 nm

Fig. 4. Simulation results by COMSOL. The period is (a) 1.9 pm and
(b) 2.6 ym. Each case is calculated in three different deposition
time. The Left images are in initial, the middle images are in pillar
growth which is 400 nm in height and the right images are in the

time just before the printing is ended.
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100 : — ——
0 0.6 1.2
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Fig. 5. Measured surface potential in each sample (1.9 ym and 2.6
um) at different time.
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Fig. 6. Printed 3D metal nanostructures depend on the periodicity of

the patterned pairs of holes (p) in the substrate, (a) p = 1.6 ym, (b)
p=19um, (¢) p = 2.6 ym. (d—f) Measured reflection spectra of
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stiE eozE zYE I AR Yk TRAE 39
et d 2 &8s7] 98 FT-IRS o8-8t v 734 32 A
~AEHS S8k o TERAE mid-IR - S

5
transmissiong W37l 98] 100 nm FAE S2% gold layer ol
A= Jeh[26]. Fig. 6e$t f= 1.9 um, 2.6 um F71&5 ZE vx
TZA e FT-IRE 3%t reflectance 574 Aoty ¢k 1650 nm
g g o FAWMA resonance peak’} WA °F 3750 nme] 3
FAelA FHA resonance peak’b AT Y FEA F F7)7T
Z0] 542 peak? intensity’t 7 eteE AL 4 5 k. &G
resonance peak? WUJS X357 9ol COMSOLS E3f 33t
AEYolde AAEAT(Fig. 7b, c). AlEdolAel AFEI
< AA A¥AFe] SEM SHOZHE Ao FAE A E-5ho]

1sk3lth. Fig.7beld = & A%, Y= F2AY 8 FE
nanorod®|4] HWMA| resonance peako] #FHHS & F on o=
AAFF 9 electric field?} nanorod®] dipole ZF coupling® = <l3j
WA= x5 WEF longitudinal LSPR @7del] o &l @Atk (1° mode).
w3tk Fig.7cE T3 FWA resonance peak X3 U FxA 9
7155 2oll @l@sk= nanorodellAl @8skE LSPR @AZtel od A<
4 AHE@™ mode). ¥ FHel AHEE FT-IRS #W=9 NA ol
wret Abge] Bt glabztel Wisketth(Fig.7d). 2™ modes F7 el
AHEE =0l NAol wel Wslst= YARE electric field?] zAH
ARRISHEH S Y F2Ae] 7]% b dipolar coupling®® 13|
kAl skch (Fig. 7c). AlZHE Y G 2A= pattern WHF 2] surface
potential x}o]= Q13| oF 15° 74X A 7]e s 7HA=d o|=
A3 e JAabztel wel dipolar couplings 'TAAI7I= E.o Al7]9]
zpol7y AZATE WA, Fig. 7ex= W AHHE 107, 207, 30" &=
A5 reflectance® Al Eeo]Ae Aot} 2™ modeo] sl
resonance peako] 7wl FAT JA 75° o TMHHATFEH
intensity7} Aalds FAT 5 vk olE T, 2" mode
resonance?] @Qlo] 7]F2 o] HWEFORO LSPR AE & F
Rom  FxA| Vol FAAer Qi Y FRE YA
sensing®]l &% F Y& A5E F Ut HEHo=w, stdd

&

=
ooj2ZE ZHES

N

% |y
o i
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Fig. 7. The principle of resonance in 3D metamaterial. (a) Measured
reflection spectra of nanostructure for linearly polarized light
(period: 1.9 ym) and (b, c) its optical simulation results. (d) is the
schematic of FT—IR equipment and (e) is simulated reflection

spectra depending on the incident angle of light.
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2.4. Summary

2 AT E R dolzE Zd

WE Y A AR W 3k 3 veEsdEzA 48 T
B TAALS 7IHFe 2 dielectric layer? TIAFQIF} substratedl
7Vl A = SR A4S E3] THUE 99 U electric field?] =<
Fdstgion o]y &&sto] FE wEetEdel A3 bridge F7GY
U F2AE At Aze ¥d vy 7249 FT-IRe &3t
HiAl A9EY =4S E8] oF 1750 nm2 near—IR 99 (1% mode) &}
3750 nm9 34 99 (2" mode) X resonance peaks &elsh 4
gglom 1 modeE gAbFel #H3F sensor, 2" modeE YAF Y
YA 9 7 sensorZ 8 F v TheAS gRlEdith #
AT A dojzE THUY S T3 3~

gk Horo]l thFd sensingell AEE £ Ae v TEA
] [e)

=
=

Ao 8 FAoE Alg¥EwY E3] near—IR 99 resonance 2]

%42 &l biosensing Zokl AEE & = Ao R Yt
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Chapter 3. 32 3H doj&2F ZIPH 7|« 33
g AlEHolA MY € §&

3.1. Introduction

e 48 =53 54
flefiA dsk= Ao 2 z
gre= IFdolth. vbx Fx2Ef S 4
ZN=s 2% oA Adst 3 g =
U 9zte %S Fusith gelrE Yx FxAe F32 93
ol&fst7] M= i
Atk AR, Y AALeA @A U
AN ® ASFsheE AL dAEAA oy Eo] Slo
2 7HA g = Qe Al -
AAE, Y T2AY Az 3 AlEdeldel #E A= vhekst
Y Ve gYoA s A E I Yt Q.Liu et al direct ink
writing 7]4: 9] extrusion process £¢Fo] &L 9l AL o] H o
Dok AlEo]AS 183 0™ Abbas et al. electrohydrodynamic
printing® needle F7F92 voltageo] ™WE ink flow rated 4 4
droplet diameter® 53t AlEdolAS sk (27, 28].
Kalaitzis et al.> MATLABS &-83}9] laser—induced forward
transfer 7|9 Tx= A9 2xHAQl dHE s
o =38t 2™ Fowlkes et al.®} Prosvetov et al.<- Z'Z} monte carlo
simulation®} visual molecular dynamicsE ©]&3t*d Focused
electron/ion beam induced deposition8] T+ZFZES =3 tH[29-31].
olA®, oy ZH" Tzl st Agdoldo] s

ATNEHL A FFe| FEFE Fo ARl B AlEH A

T2l olde] 2% oA AFE patterning® o] Sl dielectric
layerg €83 IAAL 718 34 #4& Ad5sH7] fste] 2x4d
Algdelds  dativr3z]. e 2
patternoll] ek mlolar FFE FRAE A5ceE

=



Agat ot pattern® mASte] we} FFERA =79 A
Axkd Fx2A8 porosityZb AlthE REGHA ke A3
patternellA] 7= 3L YU FAY FFS dS5ste
ofgl&Fol . EE, A odEREE ol&3st =Zdd
patterningS 3t F4LS Yo dielectric floating mask=
2a3sk o 3 Al Y FRAE ZHE T 5 A F
Y 7= dbde] wgkE 3xd AlEHlA 9
gFEATH9]. ¥ Ao Langevin equation¥}  Poisson
TR RN Y Ay de v
= E3stes AAZAQJ] 34 #AES AAreta
) Ao vuE F3 AEE AlE#HelA
AArel  EBlgAdS AFeEP o TAALY oy AE 7o 2
S AYFgozm kst 3xY yx FERAY NS
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3.2. Method
3.2.1. Experimental set—up

w2 AEFelde TAALS 3 Y FERAL AR FAlA
AR e A e SHAES AASkaL 7R s TAAL
|&oll= 2%l 7143t dielectric layer® patternings %3 U
ZA =2 W3 dielectric floating mask®} substrate?} F2he
nanostage® ©°l&< &&3dto] He 3xd v FAE ALY F
= Sz WhHo] EAstH[24]. 917]1A dielectric floating mask+:
27 A AF3st TAAL 719 dielectric layer?] 93g-& o=z
electric field?] =& &3 U 4R T2 7T v ol
substrate®} dielectric layer® BT OEM  7|E TAALCNA
=7Fseld B3t 3 FxES 7EE ¢ e FHol Utk 1
vho] Uy A Z2 gyl 7)|E [AAL 71&T T3t}

B oAEdol e AFeA AREHR electroder Pd(99.999%
purity; Thermo Fisher)o|™ =A}A] A|Z¥ wire to cylinder type?
spark discharge generator® %3t spark discharge method® Y
JA= A&tk (Fig.9a). AZE v dxb= ¢F 10 nme YA=
e dUx RS AREske] Ade Ao 43S SMPSE

rr

4N
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ggato] 54 th(Fig.9b). Algdolda Ao €83t dielectric
floating mask: F7]4<2l hole pattern® t©]#x}<l(hole A&: 500 nm,
F7]: 1600 nm, =7 300 nm)= 7FAH dielectric layer?l SiN,<2]
dielectric constant= ©¢F 60°]t4[33]. 3 AlE#EolMde] A &3t
dielectric floating mask®] surface charge density: AFMS E3
=743t surface potentialS =3 AAFE A tH(Fig.9c, d).
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electrodes and its size distribution is showed in (b).

dimension of the floating mask and (d) shows Electrostatic force

nanostructure. (f) The simulation result of (e).

$ A g8t

Fig. 9. Experimental set—up of 3D nanoprinting. (a) A configuration
of 3D nanoprinting equipment which is composed of spark discharge
generator and deposition chamber. At spark discharge generator, Pd

nanoparticles are generated by spark discharge between two Pd
(c) the

microscopy data displaying surface potential distribution of the

floating mask along the white arrow in (c). (e) SEM image of Pd




3.2.2. Modelling

2 AEgolAeA  FEsE Al Y-S 3Ad Yk ZHE
AFE-E+= dielectric floating mask® hole9] At oIy EJ substrate
Yo o2 9J9S 1.6 um ¥ 1.6 ym * 3.5 um9 A7|E 7HA&=
@G 22 AAsilen i Fxel xF %W yH Ho”ﬂcii F7141
ZAS Holsto]l AR Ads A A= AAETE AJEg oA
AREBE R0 2% W Fol: FU]FH o7 Y ¥l hole pattern
T3¢ COMSOL AlEdHolAde ARs Fraste] electric field

o] dojuy= X F, = electrical potential line©] xy¥3 oA
A AHE 7=z 3 3.5 umeE Silvh. 1ea, T AFoew

A4bE = mesh sty & A styrt @9E= on—lattice method®
AREske] At S-S FdEtglon olFE fl3] AA Ao AH&d
Pd nanoparticles®] geometric mean diameter?l 10nm =H7]=
Ak o1& meshs}stgltt.

B AlEY ol Fig. 1098 #H4& Fsto]l U JAe f5 A=
2 Z2-& FEs T Electric field®] AlAF> You et al.o] AAFA-E
3zt ststel A gttt WA, COMSOLS %3 deposition chamber
Ul material properties®} electrical potential L& %t electric field 2
macroscopic AARE stk agla AiE FI 22 AAuEs
MATLABCeZ 7ldel Algdo]Hde microscopicdt  AAFG S 2
boundary condition®® A}RE-3stt} AlAFE boundary condition¥}
AlEEeld W %, electrical condition, operating condition©] R ¥
Poisson equatione AAFEOZX AlEHo|A AAX G2 electric
potential & AAFstoh, Y 42} f-5 H=E+E Langevin equations
4™ order Runge—Kutta methodZ Ea Fx|al|43ste] AArsly, AArE
Ar W Y o] FRS AAE T FAle] RS FE o] widE
3 A]A 2] boundary conditione TS A4Sl boundary condition &%
ARG S oM HEEAQl Faa TSI
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COMSOL (Commercial Program)

Geometry
Material properties . C ing I . I
Electrical potential > electric field »| Boundary condition
Surface charge density
MATLAB (Homemade Code)
Geometry
Material properties \4 Solving Solving
Electrical potential _..I i l—’ 3
Surface charge density Mesh generation Poisson equation - Langevin equation
Operating Conditions. l
Update Calculating Calculating
boundary condition particle deposition < particle trajectory
v
I Visualization I

Fig. 10. Flow chart of 3D nanoprinting simulation.
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3.2.3. Electric field Calculation

2 AlEYolde electric field A4k A 29AZ vk WA
COMSOLS %3 deposition chamber W macroscopicdt <ol A 2]
electric potentials T-3tal Aldkde A3E AlE#HOA A9
boundary condition®.Z #£3}o] 3D Poisson solverE ©]&, AAt
G U electric fieldg AlAbsttt. &A] 7iE 3D Poisson solvere
electrical potential®] #3+ second—order partial differential
equation?! Poisson equationg 7]§Fo 2 3t} B AlEH oA =
10 nm& Z7]Z mesh3s}t © AASGS U 3x¢ dH=2HEH 234
nonhomogeneous linear equations AAFSF S Z# deposition chamber
Y electric potentialS 3+,

Pan=-t

3z AXFE Y@ Eq. (1)S Cartesian coordinate system .=

(Erx%) +I3%.(E’I']F:_:-r) +%{ETI%) - _Ei" (2)
o

8
ox
Fig. 119 AS4dA =ddS control volumelZ 3F9 Eq.(2)E

ax \Frx gy gy T gy iz

o 170 (3 (eexi) + 3 (eny 3r) + 52 (2ee 30} ddydz = — ] [ 7 L dxdydz (o

ﬂl.‘l.il.z{sn F:E_F — Epw F';;:w} +ﬂxﬂz{£m [-’ﬂx[-’ — Eps s Fl'} + AxAy [Erf E_FP

Vp-T'g 8 ,
Erb g }— o AxAyhz (4)
o]Z E3] 3x9¥ Poisson equations [all¥]1=1[b] &) discretization

equation® & el 4= 9t}

( Z a,t-l-":-) —aplp = —iﬂxﬂ_‘.fﬂz
i=EWNSER 0

ap = 0t
i=EWN5FB

Erp Ern _ Eri Erw Ers
= —hy , == ap = - AxAy =—Ay ==
g hyhz  ay Axdz F = Gy ¥ oaw = AyAz ag " Axiz

, n , w y 5 ,

B

oM &R discretization equatione E3l electrical potentialS
AALS F o] 3xkd qE=R AFAHTOREHN HIFHOoRE A AL
oJ o1 9] electric potentialS AAFsTH[34].
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Fig. 11. 3D domain of structured mesh for 3D Poisson equation

solver.
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Fig. 12+ 3D Possion solverE ©o]g3lo] 2 Al&E#o]A At
d ol 9] electric potentiale AAFELaL electric field lines 7} &3t
Aitolt}, Fig. 12a+= AlE#H oI At 993 5L J99 electric
field& COMSOL& &3l AArst dytolm Fig. 12b: 3D Poisson
solverE %3t AAtdytolty, F AAr A3 25 dielectric floating
mask 9| hole pattern %422 %= FAY electric field lines
st wolar em 3D Poisson solver® 3] AAHE electric
field= COMSOL®] A3zt tiv] ¢k 0.00026 %°] wi-¢- 22 ext=
e th(Fig.12¢).

(a) ‘ | (b) (c)

-1498.2

B r’\ <UD \\\ -1498.6
2N _—s
T 2y <
B £ 2R N = g -1499.0
= 2 N =5 8
1 1 5
> 14994
~——— Homemade MATLAB
B . -1499.8 el
15
) 15 15 5% < 0 05 1 15 2 25 3 35
1 1 e A :
%, 05 0.5 4. 05 Distance (um)
- 2 05
K1 0 o % 0 W

Fig. 12. Electric field line calculated by (a) commercial
software (COMSOL) and (b) homemade MATLAB code. (c) voltage
drop along the vertical line of geometry (red dashed line: COMSOL,
blue line: Homemade MATLAB code). The vertical line is located at

the center of the hole.
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3.2.4. Calculation of Particle trajectory

U 4R fe2 B %S 7|NFe® g  Langevin
equation®] 9&J3] XZ &= S AY}[35]. B A]EH oAM= deposition
chamber 4 electric field& 23 Y YA F-5= 437
flste] Langevin equationel]l YW= Y=bel 7FsiAI+= drag force9}t
o)A THeli A= s FHA R astal dRkststelt.

dv
P
MPE = FD + FE +F|: +Fvﬂ1‘? + F[m

A7IA e =y gAY Aol M = Yk A Hh, ot
Azrolth, B = drag force® $RH1AY AuEs 9 wp@dA S f =
el 5 ol

e
— 3mpdy
Fo=fve—v) | = ¢

o714 Veot mi= £k 71A9 Hrgl FAAF, i Ui AR AF
7931 € = Cunningham slip correction factoro]th. €c = 9]=}2
717 $4HF 71A19] mean free path® Ut} ZS wA|f-EoA <z}
T AEE slipo 23k stoke’ s law? 2= H 5179 %
Zholth36]. Fe= brownian force® Y YA brownian motions
OArel7l $18ke] AE3F random forceo|th. Fe = fluctuation—
dissipation theoremel 2J&] doAx™ HAz 0 E 1/129 +A4HS
7HA = S ARl ghelth[32, 371.
—
Fp = J%i
{: Zero—mean, 1/12—variance Gaussian random numbers
k8 = Boltzmann constant (ks = 1381 x107#JK oy T= ox At:
AlEE o] time—step, & W& 0°lm AR 1/1291 7HAE
Gaussian random number©|th. Foi= Y= JA}e] 718 coulomb
force® YA} A = A} substrate IF WA= electrostatic
forceo]tt}.
E. =qE

o]7]1A A= v JAS] chargeol™ E= yim {1 fFe] wE
electric field& WelY= &olth. 53t Ui Y A7) substrate©l
2434 ¥ van der Waals force(Faw) ¢} image force(Fm)e] o 3kS

F7tHor WA Aot T 3 BE Y e} substrate 7H
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NEAes Ba Bt
| &
Ay peatlp Appepdp

=1 + 7
12 (Dgg—%E] (DFS'I_EE] ﬁDPF {DFF —d } {DFF"_dp}

Foaw =

’ 2.2 4 -
F,_ = qq dpq 1 20pp r
m AMEggg {2Dpg)*® MEgag |E0pp”~ I:4DFF:—dP=:|‘

Fparticle ~Fsubstrate

qf - f'-IrE i +e
particle substrate
AH{= hamaker constant®@ oFg] Akl pgs® pgpt 242 Ui Ake)
substrate, Y YAt v A 7Fe] Ao sl [38]. Des 9}
Dop = Z}7F Ui b9} substratezt Aglet F Ui A
ojm| gttt ng substrate EHol| FA g deE ol ro Qlxpo] fm
.l

A2E web olFshs t ARlA ol FEHE e TzAE
dlebns e wslEelth ¥ ¥ RE A wudss 542
oM e A7} substratest ZHIASE FASA Frhehe

S42 7.
A AAE 3 AlEHolder  FHS] st B
o S Ful AA A W Al Egolde myE=
UAS AFS 10 nmel Hi Akl sigstre FH o I
FAIATH39]. AlE#el el AFRFE  dielectric  floating mask ¢

surface charge density4t< atomic force microscopyS =3 =4 %

ol &g @2 TF A e dAstva 7M. ol Fske v

_l

ARl %7] X%, VYmma = millikan—fuchs relationship®l =
electrical mobility & Wt sto] ofzlj e} o] ALbstrh[36].
Viga = ZE = 1 g
3mpd,

o YAZE kst o) gEs wow olsdhs ARE ALY b
AFE-E+= time steps CFL(Courant—Friedrichs—Lewy) condition<
=3k Courant number”h 1 ©J8te] gh= 7HA = 2g 7€ o2

C_h-rlllikﬂl , ﬂd:(\%)[fﬂlt Cell
71 V= 9] AR Fujoln St w9 AR x|
A B ol 7)F Ad= 166 x 107 0)n] A|Bgold B F AA
Wl = ~1070 o2 gg 2As wHAL AR e A

coulomb interaction®] 2]3F momentum transfer collision% olu] 3=
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AlEHeIA A g Pd di A FEE 85x10m o)) o]of
sld3st= ion concentration ¢F ~2.35x10°em™F om ZAI 5
ATH40]. 2= & AlgdoldeA ion drag effect= FAIZ
ATH[41].

U 420 f% HFEE 4™ order Runge—kutta methodZE 53
Langevin equations ]84 sto] F8t3ltt. Fig.13bsl co HEA

ARE AgHoldE T ALE v A FE AR S shE
7FAl s et Aol Y Q1A= Fig.13bet 7©] Brownian motion®]l
)%t zig—zag HFEQ 55 It} dielectric floating mask® hole
pattern Ao HAHE =E  electric field PG| AY3HA
electric fieldell &3t o] F7} ™ A% 2% brownian motion]
dFe Fo]E50o] electric field lines wWel7l= AFS HolH
substrate ¢ F& A[FH7HA] o]F g 74]45’* A8l A8%  time-—
step ~107° 02 CFL conditiond W&t g Abgatgon =t
& AR Ads fek v fJA & H g oF 1% dalo]
23 = A,

O
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(b) (c)

(um)
N
(um)

Image Charge %, 0 0:5 &

0 ’ \\)“\\

Fig. 13. (a) Applied forces on a nanoparticle in the process of 3D
nanoprinting. Calculated particle trajectories(red line) (b) before

entering the electrostatic nano—lens area and (c) after passing the
nano—lens area.



3.3. Results and Discussion
3.3.1. Verification

2 AlEdelds FI AddE Y FRAY 4 A
AdA¥el vus T3 AEHONH AXNY HEAEE EAH
Macroscopicdt electric potential ZAAFS HIE O ZE Al & o] A
A8%  microscopic 992 boundary conditione substrate
voltagei= —1500 V, AXtsh= 99 Aee] %7] voltage= —1498.28
volw tx A 7F ATl wek AlLtE o ® wWAsIT

Fig.14= AE#HeolAS T3 AitdE v F2A9 Aot
Fig.l4dav Yx XA 7] 4% AHS vekd™ ¢k 200 nmé
HHE 7HA+= 9o gaussian distribution HEZ F2H A
g = Utk o] & WA FFE T2 tipddler Y dAIL
FEEo] st tip—directed A Ao AYstar 2k 90 nm
UHIE 7H4 = 7159 4oz Agst. & AlEdolds &3l 74]"}5]

A¥= SEMS @l 5749 AA AP4¥4Q Fig.lba W 7+324¢] ¢
200 nm9 %3} Fig. 15b2 89 nm ynu e vlweds wf wi$ &
AEEsE e g9 5 Stk Tip—directed 4% Al lA
3 At Aol HAA A¥FAAE vluEis o, oF
ks yeEdllen olF Falf, & AlEdelAd
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Fig. 14. Results of 3D nanoprinting simulation. (a) three—

dimensional images of initial growth and its side view, (b) images of
tip growth and its side view.
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(b)

Experiment
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1 ’\ <" 15 g > 15 1N < 15
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15. Comparison of experimental results, 2D and 3D

nanoprinting simulation results. Images of experiments are pictured

by FE—SEM. Simulation images are taken at (a) initial growth and
when pillar’ s height were about (b) 200 nm and (c) 400 nm.
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3.3.2. Comparison of 3D and 2D simulation with experimental data

100 nm oJ3te] YulE e vx F2AY A4S, 3Ad
JEHolAE 7IE 23 AlEdol A vluwFle ] porosity SHelA
Ui 72 A5 =2 Jdg=E /M 5+ vk Fig. 16& FYsh
ToA AA APAe] SEMeolv|A|, 2xkd AlEdoldy 3x4
AlEYolAS ALARE HoleEn, dld A Axr 49 ¢ AF
23 kM 3.2.2004 Zsd W& Zo. Fig. 1529 %7] A%
Aol AA AedAy= oF 200 nme UHIE 7HAE FYe U
Ax7E S A E=gh, dld AlFelA 2xkd AlEdEol A 3%
Algdleld E5F °F 200 nme UYHE Holw AHA|l AP {Absh
AIE HolAwk 2xkd AlE#oldo]l 3xd AlEEoldel Bl H&
porosityE Zt+= AFRES HAS #FEd 4 Qlt}. Fig.15b29 ci+= tip—
directed A7 A&l Y F <F 400 nmo =ol& 7HA & 7]5o%
Ast717hA o] =xA QL Bgolm ZhzE 200 nméF 400 nm EOlE
7= AlRE BojEr 74T BT 3x AlFEEoldo] 23k
Algdloldel wla]l w2 porosityE Holw A AgdARe} 2

)

S~

[delA v 4Ake] F23d L on—lattice WHl=
th Fig.l6aw Wiz 4= 532 A deld m#she=
=oll ek xrekst A %ol o] 7]A] active position (Fig.16a

2 st U A AEA F2E 7 e 99
gor. WA F2 x7], AR fE BAERE wet olweke
A= substrate W ¢k active position®] =2sle] FAE U
o, T&E Uk YA FHE A EE active positiono] FAEH™ FH
7}s ¥ active position©] ZAEI U YRR FFH I active
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The number of particles = 99 The number of particles = 988

| |

£
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= |
O Active position o * 200 nm L‘
@ Accumulated particle . £
2D ' 3D

Fig. 16. (a) Scheme of particle deposition in on—lattice method.
Deposition profile in (b) 2D simulation case and (c) 3D nanoprinting

simulation case when nanopillars height were about 200 nm.

300 ——— 3D simulation
—— 2D simulation
Fitting line
£ 200
n
(7]
®
c
S
2 100
-
0
0 100 200 300 400

Height (nm)

Fig. 17. Quantitative analysis results of 2D and 3D simulation.

E Experiment i 2D simulation , 3D simulation
: Average ! Std ' Average ! Std ' Average ' Std
Iniial growth | 1736 ' 1281 @ 1233 & 3326 130 ! 1581
Tip growth '\ 8919 & 5352 & 7038 1 2029 : 8935 : 1062

Table 1. Measured data of experiment, 2D and 3D simulation shown
in Fig 17.
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3.3.3. Application to other geometries
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o |23l tl. WA, dielectric floating
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(a) (b)

120 NM =] 600 nm

31°

(c)
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—
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/_-\u Y
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m

Fig. 18. Simulation results of 2 pm hole mask having 13 um

distance between holes. (a) vertical pillar case which has about 600

nm height, (b) slanted structure and (c)
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3.3.4. Application to pre—patterned nanoprinting case

ok 2 oA dielectric layer patterninge 83} bridge
d v FRAS AFsln 2 AlEEelde] 2
A7l g8 sld A 23S 48 AlEYolds
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dielectric layer®] dielectric constant: 3.12).
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(b)

(c)

1500
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500

620 nm

Fig. 19. Results of experiment and simulation in pre—patterned

nanoprinting case.
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3.4. Summary
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Chapter 4. Conclusion
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Abstract

3D optical metamaterials
by charged aerosol printing and
its 3D numerical simulation

Changnyeong Hur
School of Mechanical Engineering

The Graduate School

Seoul National University

In this thesis, bridge—type periodic nanostructures were
fabricated by applying charged aerosol printing to a dielectric layer
with periodic hole patterns. By adjusting the surface potential
according to the negative voltage applied to the substrate, the same
bridge—shaped nanostructures can be fabricated in different
periodic patterns. The fabricated nanostructures showed resonance
peaks in both near—IR and mid—IR wavelengths. The near—IR
resonance was caused by localized surface plasmon resonance
(LSPR) in the longitudinal direction of the upper part of the
nanostructures, and the mid—IR resonance was caused by the LSPR
of the nanostructure’s pillars. In addition, the possibility that the
fabricated nanostructure can be used for polarization and incident
angle sensing was confirmed through the measured reflectance
spectrum while varying the polarization and NA values.

Also, three—dimensional simulation to verify the charged
aerosol printing process was developed. The simulation calculates

the trajectory of the nanoparticle by calculating the electric field in

1 1 S 1]
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the deposition chamber through the self—developed 3D Poisson
Solver and the Langevin equation considering the various forces
applied to the nanoparticle through the 4th order Runge—Kutta
method. The calculated results predicted the results of various
experimental conditions of the charged aerosol printing process
with high accuracy and showed the possibility of extension to

various process predictions involving the flow of nanoparticles.

Keywords : aerosol, 3D printing, nanoparticle, numerical simulation,
metamaterial, sensor
Student Number : 2021 —-28669
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