creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FHL AT

IAAL & o] 48 Y94 sjgd 71&e)
339 A8

Three-dimensional Numerical Solution of
Nanoparticle Patterning Technology via
Ion Assisted Aerosol Lithography

20214 8¢

A& o
AR T
U



IAAL & o] 4% Jxglat gy 7%
33 A HA

Three-dimensional Numerical Solution of
Nanoparticle Patterning Technology via
Ion Assisted Aerosol Lithography

AEZSy H v &
o] &€ TYNA A =EoE AEH
2021 49

A gt detg
NABETLF
1 2 9
A%e) FHAA QLS AFH

2021 69

g LA I35 3

391974 2 & 5

9 € o] # 4




IAAL £ o]4% YA i€y 7]&9
3 A4

Ageieta g
AAGZFEE
2%

Abstract

& ATl e e A1l U Al ML
Be 3 AW AEUINE FEARL 1 AH5AE B
HY2AET RO 3 A FolePdy NS ol 574
ARplAe] 473 2T A7) deAzE 3 AW SANA
ST, ol® sl AdA AARE wge B3
PAAE 43 $A-78 PEOE 3D FA AN el YrgA o
WAL dZssdch =8 BYJo] 2P RS On-atice
PHOE Faste] 3 AW FANHS o §d 1AAL T o] &
A A A1EE 3 4 A o= 10me) S0
ARellol W AE 2 A9 ea AdeldA vz
é;‘diy]oﬂ 7}0 _rg.gl_% w2 o] 281 YAz} o]v_q
T2% u}w Zwlel A AYA el

of &

rHd o® o
ot T
o,
LI
i
J
s’.‘:
o
H" -

F80] :1AAL,3 3] R34, FoleiA 4, F3Pd4,
43} TA-FE B4, On-lattice 2 A4

g W :2019-23954



Contents

ADSEract ..........ocooviiiiii s i
CONLENLS ... ii
List of FIGUYeS ..........coooiiiiiiiiii e iv
List of Tables ............cccooiiiiiii e vii
Nomenclature ..............oocoveeiiiiii e viii
Chapter 1. Introduction ..................ocooeiiiiiiini, 1
1.1.  Ion Assisted Aerosol Lithography(IAAL) .....cccccevvvrrnnnnne 1
1.2.  Ojectives for Research ..........cccooeiiiiiniiniciiicic 8
Chapter 2. 3D Numerical Solution of IAAL ................. 11
2.1.  Introduction: Calculation Steps and Assumptions........... 11
2.2.  On-lattice Particle Accumulation Model ......................... 18
2.2.1.  On-lattice Model via Structured Mesh ..............c.c..... 18
2.2.2. 3D Poisson Equation Solver.............ccccovviviriiniiennne 21

2.3.  Quasi-static Lagrangian Particle Trajectory Model.......... 25
2.3.1.  Governing Equations for Particle Trajectory............. 25
2.3.2. 4™ Order Runge-Kutta Langevin's Equation.............. 29
Chapter 3. Results and Discussions ...................cccceeene 31
3.1.  Particle Trajectory Simulation ...........c.cccevvvvriiiiicninnnnnnns 31
3.1.1.  Convergence of 3D Poisson Equation Solver ........... 31
3.1.2.  Single Particle Trajectory Simulation................c....... 36

3.2.  Particle Accumulation Simulation ............cccocveviiiiiinnns 39
Chapter 4. Conclusion................ccccooiiiiiiiiiiiic e 45

i :
:I.E



References.........cccoooviiiiiiiiiiiiiiiieee e
Abstract(in English) .............cooooiiiii,



List of Figures

Figure 1.1. Schematic illustration of TAAL[1,4]. a) Experimental
setup(spark-discharge and deposition chamber). b) Spark-discharge
setup. ¢) Spark-discharge circuitry. d) Unagglomerated nanoparticle
generation. e) Electrostatic nano-lens.

Figure 1.2. Multifurcation mode[4]. a) SEM images for distances of
patterns(d; = 3.5, d = 3.5, 7, and 14pm. scale bar: 5pm) and
super-position of these electrostatic nano-lens(COMSOL). b) Time-
dependent growth assembly for tri-furcated pattern(scale bar: 2pm).
Figure 1.3. Parallel writing and printing mode[6]. The representative
SEM images of writing and printing mode are shown. Circle wall for
writing mode; scale bar: 20um, Zpm(inset). Helix for printing mode;
scale bar: 10um, lpm(inset).

Figure 1.4. 2D IAAL cross-sectional simulation and its numerical
solution by calculation of microscopic motion[3-6]. a) Patterned
dielectric layer on substrate. b) Multifurcation mode. ¢) Printing mode.
Figure 2.1. Flow chart of 3D nanoparticle patterning via IAAL and its
numerical solution.

Figure 2.2. Voltage drop difference along the vertically center line of
2D TAAL experimental geometry between electrostatic nano-lens area

and parallel equi-potential area(COMSOL).



Figure 2.3. 3D microscopic geometry, one of the parallel patterns[3],
on Cartesian coordinates and its ‘magnified’ structured mesh grid; scale
bar: 1.5um(inset, validation case).

Figure 2.4. Comparison of on-lattice and off-lattice particle
accumulation model[11,16]. a) On-lattice model and its active region.
b) Off-lattice model and its active region. ¢) On-lattice accumulation.
d) Off-lattice accumulation.

Figure 2.5. 3D cube domain via structured mesh on Cartesian
coordinates for Poisson equation solver.

Figure 2.6. Schematic illustration of Langevin's equation to explain
the microscopic motion along nanoparticle trajectory of IAAL.
Figure 3.1. Convergence of 3D Poisson equation solver for different
mesh density. a) Commercial software(COMSOL), converged. b)
100nm structured mesh, unconverged. ¢) 50nm structured mesh,
converged. d) 20nm structured mesh, converged.

Figure 3.2. Voltage drop along the vertically center line of 3D Poisson
equation solver between In-house MATLAB(black-line, 20nm mesh)
and commercial software COMSOL(red-line, fine mesh).

Figure 3.3. Cross-sectional electric field and equi-potential line based
on 3D Poisson equation solver; 20nm structured mesh and y = 0

plane.



Figure 3.4. 3D time-dependent 10nm copper single particle
trajectory simulation. The particle size is 'magnified' to 20nm for
visual convenience. a) Initialization. b) Middle of time. ¢) Before the
particle enter the electrostatic nano-lens area. d) After the particle enter
the electrostatic nano-lens area.

Figure 3.5. 3D on-lattice particle accumulation simulation. a) Initial
stump growth and its side view; Gaussian profile of deposition(inset,
magnified). b) Nanoparticle assembly growth along electrostatic nano-
lens field line and its side view.

Figure 3.6. Comparison of 2D IAAL cross-sectional simulation and
3D rendered simulation.

Figure 3.7. Comparison of 3D IAAL nano-structure between

experiment(scale bar: 1.5pm) and 3D rendered simulation.

Vi



List of Tables

Table 4.1. Comparison of experimental results, 2D and 3D TAAL

simulation.

Vil



AH,pgp

Anpgs

Nomenclature

Hamaker constant

Hamaker constant between particles in carrier gas
Hamaker constant between particle and substrate in
carrier gas

Hamaker constant of substrate in carrier gas
Courant number

Cunningham correction factor

Characteristic length [m]

Distance between centers of two particles [m]
Distance between center of particle and substrate [m]
Diameter of particle [m]

Volume to surface ratio(unit cell) [m]

Electirc field [V/m]

Total force of Langevin's equation [N]

Brownian force [N]

Coulomb force [N]

Drag force [N]

Dipole force [N]

Image force [N]

Van der Waals force [N]

Total force per unit mass of Langevin's equation [N/kg]

Friction coefficient

viii



S

Stk
Sunit cell
T

t

At

V

Vunit cen
v

Vg

Vinitial

Vp

Clausius-Mossotti function [9.0 x 10° N - m?/C]
The Boltzmann constant [1.381 x 10723 J/K]
Mass of particle [kg]

Normal vector perpendicular to substrate
Position of particle [m]

Effective electric dipole moment [C - m]
Position of particle for arbitrary time [m]
Position of particle after time step [m]
Magnitude of particle charge [C]

Magnitude of image charge [C]

Directional normal vector from incoming to deposited
particle

Stopping distance [m]

Stokes number

Surface(unit cell) [m?]

Temperature [K]

Arbitrary time [s]

Time step for iteration of simulation [s]
Voltage [V]

Volume(unit cell) [m3]

Velocity of particle corresponding to p [m/s]
Carrier gas velocity [m/s]

Initial velocity of particle [m/s]

Velocity of particle [m/s]



t+At

Avy
Av,
Avy
Av,
Ax

Ay

Az

Velocity of particle for arbitrary time [m/s]
Velocity of particle after time step [m/s]
Interpolation value at beginning of interval [m/s]
Interpolation value at first mid-point [m/s]
Interpolation value at second mid-point [m/s]
Interpolation value at end of interval [m/s]
Distance to x between cells [m]

Distance to y between cells [m]

Electrical mobility [m?/V - s]

Distance to z between cells [m]

Permittivity of free space [8.854 X 10712 F/m]
Relative dielectric constants of carrier gas
Relative dielectric constants of particle

Relative dielectric constants of dielectric layer
Relative dielectric constants of dielectric layer to x
Relative dielectric constants of dielectric layer to y
Relative dielectric constants of dielectric layer to z
Relative dielectric constants of substrate
Zero-mean, unit-variance Gaussian random numbers
Viscosity of carrier gas [N - s/m?]

Mean free path [m]

Volumetric charge density [C/m3]

Relaxation time [s]

e Y|



&rf

In 3D Cube Domain

East side(unit cell)

West side

North side

South side

Front side

Back side

Interpolated relative dielectric constants of dielectric
layer on east surface(unit cell)

Interpolated relative dielectric constants of dielectric
layer on west surface

Interpolated relative dielectric constants of dielectric
layer on north surface

Interpolated relative dielectric constants of dielectric
layer on south surface

Interpolated relative dielectric constants of dielectric
layer on front surface

Interpolated relative dielectric constants of dielectric
layer on back surface

Voltage of center node(3D cube domain) [V]
Voltage of east node [V]

Voltage of west node [V]

Voltage of north node [V]

Xi



Voltage of south node [V]

Voltage of front node [V]

Voltage of back node [V]

Cell length to x of east side(3D cube domain) [m]
Cell length to x of west side [m]

Cell length to y of north side [m]

Cell length to y of south side [m]

Cell length to z of front side [m]

Cell length to z of back side [m]

Coefficient corresponding to voltage of center node
Coefficient corresponding to voltage of east node
Coefficient corresponding to voltage of west node
Coefficient corresponding to voltage of north node
Coefficient corresponding to voltage of south node
Coefficient corresponding to voltage of front node

Coefficient corresponding to voltage of back node

Xii



Chapter 1. Introduction

1.1. Ion Assisted Aerosol Lithography(IAAL)
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Figure 1.1. Schematic illustration of IAAL[1,4]. a) Experimental
setup(spark-discharge and deposition chamber). b) Spark-discharge
setup. ¢) Spark-discharge circuitry. d) Unagglomerated nanoparticle

generation. €) Electrostatic nano-lens.
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Figure 1.2. Multifurcation mode[4]. a) SEM images for distances of
patterns(d,; = 3.5, d = 3.5, 7, and 14pm. scale bar: 5pm) and
super-position of these electrostatic nano-lens(COMSOL). b) Time-

dependent growth assembly for tri-furcated pattern(scale bar: 2um).
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Chapter 2. 3D Numerical Solution of IAAL

2.1. Introduction: Calculation Steps and Assumptions
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Figure 2.1. Flow chart of 3D nanoparticle patterning via IAAL and its
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2.2. On-lattice Particle Accumulation Model

2.2.1. On-lattice Model via Structured Mesh

WHEsid F e sidel digk m A 7ETEe
tl7}2E 37 (Cartesian coordinates) x, y, z%% % Y9 A9
AAQA}Ae R FTET FAAS] 74 On-lattice *}H 2] Particle
Accumulation Modele] %133 % o} (Fig. 2.3).

On-lattice " [11]> 573 AAHFE o] Fol7 z+ Ao

FEUedAE Tt ez A FEgng

)
lo
o|X
B

-

ubflel]l ZAE Off-lattice *8[16]% 22 =izt zH4

o]
A7t Eha. AW B ATeNA 34Q Forgdga Ewls)

)

Particle Trajectory Model Z2]3L Particle Accumulation Model2]
BERAH 3 A Edo| Mol Hgo] FAHT ANEES}

wen, QA FHAsd Bl A FHe] A
I}
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Figure 2.3. 3D microscopic geometry, one of the parallel patterns[3],
on Cartesian coordinates and its 'magnified' structured mesh grid; scale

bar: 1.5um(inset, validation case).
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Figure 2.4. Comparison of on-lattice and off-lattice particle
accumulation model[11,16]. a) On-lattice model and its active region.
b) Off-lattice model and its active region. ¢) On-lattice accumulation.

d) Off-lattice accumulation.
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2.2.2. 3D Poisson Equation Solver
A ForetA A W AR W TAAE
]

Foh17]. £We AL 339 574 A A6 /g 334

(divergence theorem)Z 3] F-%38F 29 e] Fo}51A Al °

o
N
(=
il

P2 Re 2319 A=K nonhomogeneous) A WG4 & F35 3L

A 3l A3l et

V2(e,V)=—% (2.4)
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o
ofy
ol
oX,
A
fpv
R}
el
(@)
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s

ol

¥
X
of

O
r1-5
of
o
)
)
2
2
)
il

Fol9 A2 3Y A AN 48] A, FEe

IR A7) $74 AAR A V1 AR W o) AE

o
u
2
)
w

2+ A-SHA =4 Q) (3D cube domain)2 13 3} Z2}(Fig.

P vy @ vy . @ v\ p
dx (fr,x Bx) + oy (gr,y 6y) t oz (ST'Z az) T g (2.5)
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Figure 2.5. 3D cube domain via structured mesh on Cartesian

coordinates for Poisson equation solver.
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A% ARDSel dF oA AL o] FolA 33 HFuA
= gelolA A ARt

fff f {6x(rxax)-l_%(gr’yg_;)-l_%(grza)}dxdydz

=—J) I f & dxdydz (26)

-V Vp-V
AyAz {gr,e ESxeP o trw P&x W} +
-V Vp-V,
AxAz {Sr,n I;xnp TS de S} +
AxAy {sr, f V’;;;P —&p V’; ;:B} =— fOAxAyAZ 2.7)

Foldl A& 224 ARl APl JeulE A shd
a3 Rk 33 $3HF AAA Y EE xE(node)ell il
o] gl A(binary operation)s E3 gk L AESE T
[a][V] = [p] BNl AR BAA 3l(solution)E T3h= FAe] 33
FoleA A EvE T HE T3 Aol
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( Z aiVl-) —apVp = —ﬁAxAyAz
i = EWN,SF,B %o

ap = ai
i=E,W,N,S,F,B
Ere

= Ere = Ern = onf
agp = 5x. AyAz |, ay = B AxAz | ap 5foxAy

ay = ;;V‘: AyAz | ag = %:AxAZ , g = 2;2 AxAy (2.8)

Particle Trajectory Modelo] %13 %Ic},
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2.3. Quasi-static Lagrangian Particle Trajectory Model

2.3.1. Governing Equations for Particle Trajectory
A4s w2 &80 UxgAe] mlojazyx2Ad

+5< B3 (Brownian force, Fg)oll &g FA9H %

o

vl e 2 A 7|9 (Coulomb force, F.), & (drag force, Fp), =43
(dipole force, Fp;), ¥He] 232381 (Van der Waals force, F,gy), 1832

A&3l (image force, Fp, )e 2 E FFARAA LR yehdd

[18-19].
m, 2 =F = Fy + Fc + Fy + Fp; + Foaw + Fim (2.9)
noteyst A7ge e o
Fp = |22lg, =2t (2.10)
Fc =qE (2.12)
(2 BFF 0, EEA 1A JH2 X9 d5e] HH

olt}. f& mpbEA $(friction coefficient)o] o}, 33 =) z}k9} S-ub

A9 ANEE B whRASE e,

Fp = f(vy — Vp) (2.12)
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1
Fp; = Pefs “VE , Pesy =;mEgKdzE (2.13)

Perr = TE BSA W E(effective dipole moment) ©]c},
K+ Clausius-Mossotti function®. 2 3 Jx9z}e] Fa3 =9
A71el J3E Frelch w223 s ASAILS V¢ 2 EE
F2n FaIAe Ad e FAdA prd: 59
Poloh. vl 2 2Y e ches} 2t

AH pgsdp
12(D¢s+dp/2)2(Des— dp/2)2

deW n+

6
AHpgpdp r
6D (Dcc+dp)?(Dec—dp)?

Anpgs = \Anpgpin,sgs (2.14)

Ay= 3m}A] AF4(Hamaker constant)o]t}. pgs= HH7)A) A
Hi=gizket 713 Apolel Hid, pgp = TIIAE d=AEel

W shekA A5gkeleh pgsel B b F5E pgp o sgs
shubA Aol i gEo = A 5 ek o] W, Ay 26 %
10720 J2 2EA don, Ay, e 4R FE5EL e
2A  FolATH20l. Do £ dE=UA Aeld A", D £
iegizsh 71 29 Abele) Aol n& VIR R 53
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RS LR

Klo

(2.15)

Ir

2Dcc
2 2
(4Dg;—d3)?

dﬁqz[ 1
2
neg |8D¢c

n+

qq’
4'TL'Sg (ZDcs)Z

Ko

e
22
=

o

A+ A s}k (image charge)e]t}. $ 9}

ofp

nfo] AE - Y 2A Y

3 #ke]
=gl #}e] A& o] AAk= ch(Fig. 2.6).
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Figure 2.6. Schematic illustration of Langevin's equation to explain

the microscopic motion along nanoparticle trajectory of IAAL.
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2.3.2. 4™ Order Runge-Kutta Langevin's Equation

FEegdd A4 AYRE wEdgdd 2

WS o] 83H10]. A¥ nEEAA AR E A
£ 2 W (Euler method)2} F-A-F-€F ® g o] 9l e [21], 43} FAI-
e e Adrte ARERSG Hee AANHA 2
AFE(~0(At)), HBA 1L t}

A, YA A S DA Fe) FF Ao x A g

_:m_p:f(p,v) (2.16)

Quasi-static Lagrangian Particle Trajectory Model®] A=
A7 ZAA f(p ,v) & AT o AE Mt [t ,t+4 9
AZTFRNA AR A FEeRe) AA pt, ST viE L )
A b4t FEREARS] ARE G pU, FE Y

A sA Ak ALHE ADRE A E FEAS AEATE

f‘l

Courant number®] B (C <1)F WF gt} $]9 A& nlgo=
A7 o] S1A ¢ SEZRE 43; TA-FEL B e MUt HE Avy,

Av,, Avs, Av,= o3 2l

Av, = f(pt ,vi)At (2.17)

fvy = f(pf+ (vE+52) 5 vE+ St A (2.18)
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Avs = f (pt + (vt + %)% ,vi+ %) At (2.19)

Av, = f(pt + (vt + Avy)At , v + Avy)At (2.20)
o) vhsto, sz prriig} i ohg st R

pt+At — pt + vtAE + (Avy+Avy +Av3 )AL (2.21)

Avq+2Av,+2Avz+Av,
t+At Vt + 1 2 3 4 (2'22)

\"

On-lattice W
32 FolFubgal &WE YA = Particle Trajectory
Model3} Particle Accumulation Model?] SR A A=A

F4< B3 1AALS) 3349 S]] SR
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Chapter 3. Results and Discussions

3.1. Particle Trajectory Simulation

3.1.1. Convergence of 3D Poisson Equation Solver
HE8d F  shte] si"e(Fig. 23)e] WiE W AIAQ
7181+ 2E WP e ® On-attice WP 335 &= 3z T34

AANAE FAIL AE 2ZTEHo] COMSOLEREH 3§

271 A8 AR 4] e] 7 (mesh density)'ZF o] 9t}

71Ee 229 @l AEdelA38H §LT A

X
o

dz

EAZ ZUAFSLES vlg R x, vy, xy T/ S U339, 33}
FolFulA A EWFE S AHe J)stTRe] ASEEXIZHE A7)

+90 744 8hak sl ohFig. 3.).

2
v
o
w
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Figure 3.1. Convergence of 3D Poisson equation solver for different

mesh density. a) Commercial software(COMSOL), converged. b)
100nm structured mesh, unconverged. ¢) 50nm structured mesh,

converged. d) 20nm structured mesh, converged.
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A Aol wet, EHel W= dehts ARt

AALSIA @4d 7% B/ dedzz FdaE Aol

ol vebgth £ AAE FUE AAZAL PO @
48 2= Ede] comsoLe] ZAet vinRE W, Fow W9

HellAl T4 ZAS Edd o= 339 sHAFE Utz
AYEEe] FAZ(vertically center line)S wgt Jeht:
A 4 d3sk(voltage drop)E &3l &< 4 9l ch(Fig. 3.2). =3 20nm
AZA el A 32D RN AAgRFYH 23Y DH(y =
0)ellAe] Aget ANEFY 78 x,z%BF AVIFE T3},
SANAI AV|RA LR 22 JHA SRR AR YA zE
3l 3 4 9l h(Fig. 3.3).

221 | Aol 7ukgt 7]Ee] 231 2 A EdlolA
(Fig. 2.2)3 s AJEHelA A9 Fd3 AAXRA, EAZF,
BEHASNES bRz HHIAFlE, WA=V ok FU1E

itk o]t 238 FA AN 2 AL FA
A gl FujolAe) A LT

=
S sl wigel, 229 2 AlEd el vls AAS

(electric flux)2] R X7} Yroprl AojA] 7]l %},
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Figure 3.2. Voltage drop along the vertically center line of 3D Poisson

equation solver between In-house MATLAB(black-line, 20nm mesh)

and commercial software COMSOL(red-line, fine mesh).
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Figure 3.3. Cross-sectional electric field and equi-potential line based
on 3D Poisson equation solver; 20nm structured mesh and y = 0

plane.
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3.1.2. Single Particle Trajectory Simulation
3AHY Fole A EWE FI Y J)ETEe] s
2 $7F AAHF A ABFH2E On-
lattice 7 2IHE A7RS FEIHALt A" A7l A
APEE v EFA2A FFPRAAE 43 $A-FE PPeR
329 s A 8to] Quasi-static Lagrangian Particle Trajectory Model©]
@4 1onm ARl ol AHsgen, FUF =]
10nm 9] F&|(Copper, Cu) =&Y=YA o] digt AFE

3] 3l 4 3k S eh(Fig. 3.4).
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Figure 3.4. 3D time-dependent 10nm copper single particle
trajectory simulation. The particle size is 'magnified' to 20nm for
visual convenience. a) Initialization. b) Middle of time. c) Before the
particle enter the electrostatic nano-lens area. d) After the particle enter

the electrostatic nano-lens area.
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A 53 &o) 3.129 AZ-1512(positive photoresist) & ¢ =+e)
FHASLET} 3.64 x 1074C/m? 2 Fo]Z 7]+ 3] 10nm
AZEFE R A/AE S TE]. 2 AdEES
AA) APFA F Kelvin Force MicroscopyS o] &3 =43+ zke|c}.
434 FA-Fek g er 33z FASAAE 10nm T EE
=91 Ake] #A- Courant numberS w35l JF2 0 103W 9
AL T3l SN =D

ARSE o o]Fse FESUI=UAE AV Jxd=
A9 Aoz B 5ol o EAESHQA x| 1A (zig-zag)

WAL Rolt ], A1) F A7l 3 Alslo] A&A

2E 32X 4(Stokes number)'ell wjg} Lo o 53]
e} ).

2
Stk = - = 22 q| | (3.1)

S € YxygAe FIEEES A7) dig AAAE
(stopping distance), D, &= Adute] AR sfede] Yule] g

£-23 71 o] (characteristic length)©] T}

38



3.2. Particle Accumulation Simulation

(stump)S FASHE]. 7FA EEo HE(kurtosis)ol] o] -&3H=
HA (spinode) S 71 EL R, Azt wt AA7] YAz 553
A7)4A0 &3 334 vho] A2 b F2EE FY A DrhFig.

3.5).
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Figure 3.5. 3D on-lattice particle accumulation simulation. a) Initial
stump growth and its side view; Gaussian profile of deposition(inset,
magnified). b) Nanoparticle assembly growth along electrostatic nano-

lens field line and its side view.
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HE R wAdydd F/HEe ohg, JETxE ¢ F3E
TZE 32 T oA ojux] AESE EI wAFH
o5 Z43kgcl On-lattice WHo®E A Je] F3zo] A
el FFHE 33Y JxgdAE Fo ZAHE hdA'R
olulz] A=W D& 229 JYx=gize] 93 2, FEE9

x| 8kato] W] (rendering) 3t ch. £F AP S T3l 229
A7y mel A AE el wel R WhAES A dte] Y
235 AR s b 33 S| el 71ukeE Al Edle] A
Aol 2T7EE HEIL} om|x] SRS HAI}E F3
3 Al Ed o)A S T3t

A o2 10nm FAE O] WF 23 A EHNAE

==

58 27 339 A Edo|dez Fsglon(Fig. 36) 1

A AHsh A% v 2o chFig. 3.7).

41



1500

nunibes of particles <30 1500 number of particles =397
Non-Gaussian Gaussian
Profile 1 1000 | Profile
- [ oy
g . ‘_
[nm] ok
500 | o
200 3 ] 500\\\ X ?( :J)
= ‘g k.;,j Sl ‘ . 500
-500 -250 [n(:n] 250 500 [nm] 500 50 [nm]
1500
1500 number of particles =1293
number of particies =80 . =
Side View
~200nm
1000 4"4—
]
[nm] —
500 A~ Well-defined
] ~ | Tip Growth
A Intensive e '1:/ k R
| Tip Growth < N
: 0|\
500
\:\ NN 500
0 S ~ ‘/,r*’l 0
] 500500 [nm]
1500
1500 number of particles =6393
number of particles =340
1000
T ¥l
E. Low Porosity
[nm]
High Porosity 300 4
200 == 500
| . 0o - 4
(I-———— = — 0
"
-500 -250 0 250 500 ] 500 500 [nm]

[nm]

Figure 3.6. Comparison of 2D IAAL cross-sectional simulation and

3D rendered simulation.
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Figure 3.7. Comparison of 3D IAAL nano-structure between

experiment(scale bar: 1.5pm) and 3D rendered simulation.
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Chapter 4. Conclusion
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Contents Experiment 2D 3D
Stump Growth Gaussian Non-Gaussian Gaussian
Resolution ~200nm < 100nm ~200nm
Tip Growth Well-defined Intensive Well-defined
Porosity Low High Low

Table 4.1. Comparison of experimental results, 2D and 3D TAAL

simulation.
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Three-dimensional Numerical Solution of
Nanoparticle Patterning Technology via
Ion Assisted Aerosol Lithography

Kwangyeong Kim
School of Mechanical and Aerospace Engineering
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Seoul National University

Abstract

In this thesis, | demonstrate a three-dimensional(3D) simulation
adequate for describing various patterning methods of present nanoparticle
patterning technology via IAAL. Solving Poisson equation based on
experimental conditions and on-lattice structured mesh, the solver calculates
its electric field and electrostatic nano-lense, also visualizes the solution in
3D. Langevin's equation, numerically solved with 4" order Runge-Kutta
method, predicts particle trajectory using the electric field solution. Arriving
to active region, the particles are accumulated on substrate, pre-deposited
particles and nano-structure in the way of on-lattice method and successfully
implements 3D numerical solution of IAAL. Under condition of 10nm
structured mesh, 3D simulation is compared with pre-existing 2D simulation.
The result shows the improvement of similarity with experimental result in
regard to the appearance of stump following Gaussian profile, tip growth,
resolution, and the porosity of assembled nano-structure.

Keywords: IAAL, 3D numerical solution, Poisson equation,
Langevin's equation, 4" order Runge-Kutta method,
On-lattice structured mesh
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