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ABSTRACT

Direct patterning is one of the core technologies for elecrode patterning and
coating method, which controls nano-scale objects in desired shapes to form
structures with a precision of several nano meters to dozens of micro meter.
The most typical nano—micro device fabrication technologies are semi-
conductor processes. Semiconductor manufacturing process is a 9 step
subtractive process. It is called photolithography process and used for various
electronic device applications such as power devices, smart phones, tablet
PCs, micro controllers, converters and so on.

In this situation, electrohydrodynamics based printing technology 1is
emerging as an alternative to conventional semiconductor processes and being
environmentally friendly and having high uniformity and precision.
Electrohydrodynamics based printing technology is simpler, more controllable,
cost effective as compared to the conventional electronic printing process
technologies, enabling micro to nano-scale patterning, continuous thin film
formation, high resolution pattern formation and nanofiber formation.

In this study, the formation of micro pattern using an electrohydrodynamic printing
process 1s explained and on the basis of it, the electrohydrodynamic based printing
process system That can fabricated electronic devices is developed. Moreover, a high
resolution micro-electrode pattern was implemented for application of sensor element,
through process control, and various applications such as DO (dissolved oxygen)/ ROS
(reactive oxygen) sensor, biodegradable complex high-molecular pressure sensor, and

superfine sensor and moisture sensor applications of 10pm.
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Table 3.1 Electrohydrodynamic printing process variables

classification element control method
viscosity flow rate, voltage
ink surfaca tention electricfield
properties

drying property

particle size

optimum solvent

nozzle size and particle size

frequency

pattern resolution

ink ejection satellite droplet

input voltage of frequency control

control of input voltage through monitoring

control of mput voltage through monitoring

properties droplet tail length control of pressure through monitoring
nozzle wetting hydrophobic treatment of EHD head nozzles
nozzle clogging environmental conditions, ink binder
substrate
spread surface treatment of substrate
properties
pattern height control of nozzle size and moving speed
uniformity control of nozzle to substrate stand-off
specification dhesi
adhestve compatibility between ink and substrate
sintering/ . s of conductive ink
temperature/time curing properties of conductive inks
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Table. 4.1. Specifications of

the electro—pneumatic pump

Classification Specification
IN : AC 220V
Power
OUT : DC 12V
Positive pressure range 0 ™ 200kPa
Negatice pressure range 0~ -88kPa
Pressure display range -100 ~ 900kPa
Resolution 0.1kPa
Communication protocol Serial communication

4) B3 ¥4 2ZE S
A71eEs 7k 299 $A4S A B A Aol 2z ES o= Ak Al
N EUEY F Ao FoolE H ArMXE FAEY I CF 7w = e
FoAdojE JpRE AT A} AoFE B EE REE AR, 222 HAo] 7t
sotal Faet By o FEAlelE Y FHHIE A F JdxF: AT
RUHHT= iy &89 AF JPAEE AAFoE FRlo] 7hsstH, =&
olAAY, AFZ T& AET F UAEF FASAT. 2 AE olF ZH o
A9l #Hx s G-IERE JdFYs ke HHlyd AAE AL 7 JEF
MNsld et Fig. 475 53 T4 AZEJolY Ao tholojaalS veEhH, <
Huolx 2 75 Fig. 4.8, 4.9, 410%F Table. 4.2, 4.3, 442 JeEFH AT
EHD Pressure pump Camera X-Y-Z stage
Analog Analog
I‘i’i'i'“:fe DAQ Motor driver
Analog
; :::rt:t’:r PCl port Grabber board Motion controller
USB LAN PCl port USB LAN
' 3\
Integrated controller PC
L Yy

Fig. 4.7 Schematic diagram of integrated control system
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3D PRINTING SYSTEM

DROP WATCHER CAMERA | QINFOMATION

ROTATION STAGE
Disconnection

initialization

JOG CONTROL 1 ||

:.-u 0 R
Functibn Generator
! i
; ‘

Fig. 4.8 User interface of the integrated process control software(main mode)

Table. 4.2. Explanation of the modes and functions in main mode

Function of integrated process software(main mode)

1 Process monitoring and alignment vision image display

2 X-Y-Z axis feed stage jog

3 Display of stage coordinates and pressure values

4 Display of G-code coordinates and preview image

5 Display of setting value(waveform, waveform type, frequency, voltage)
6 Hardware-software connection, initialization, emergency stop
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Tooll Tool2 Tool3 Tool 4

Fig. 4.9 User interface of the integrated process control software(Custom mode)

Table. 4.3. Explanation of the modes and functions in Custom mode

Function of integrated process software(Custom mode)

1 Create g—code and apply g—code coordinates

2 Position control function for electrode position, rate, etc. of EHD

Manual movement control for the X-Y-7Z axis and Precise position

3
control of speed, coordinate setting and stage status check
4 Rotate stage settings rotation stage, speed, and process head selection
Set up waveform type, frequency, voltage and waveform by function
5

generator
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B3 3D PRINTING SYSTEM

RPC 5/W Setting Dispenser S/W Setting Function Generator Dispenser MANAGER

(2

EHD S/W Setting Vaccum

PULL L]
Fositive

PUSH B

Fig. 4.10 User interface of the integrated process control software(Setting mode)

Table. 4.4. Explanation of the modes and functions in Setting mode

Function of integrated process software(Custom mode)

1 Input of pneumatic and voltage of EHD head when G-code is input

2 Adsorption on / off function of adsorption plate

Pneumatic state value, positive/nagetive pressure setting of precision

flow control system
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Fig. 4.11 Concept design and fabricated electrohydrodynamic printing head
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Fig. 5.5 Microscope image of line pattern according to discharge frequency
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Classification Setting velue
Ink Ag nanopaticle ink(Paru, 300cp)
Nozzle size 20um
Substrate 4inch glass substrate
Velocity 0.3kV - 1.0 kV
frequency 0 kPa
Voltage 200Hz
Pressure Imm/s
Stand off 100um
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Fig. 5.7 Results of line pattern width according to input voltage
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Table. 5.3. Parameters of the pressure expriment

Classification Setting velue
Ink Ag nanopaticle ink(Paru, 300cp)

Nozzle size 20um

Substrate 4inch glass substrate
Velocity 0.6kV

frequency -0.2kPa - 0.2kPa
Voltage 200Hz

Pressure Imm/s

Stand off 100pm
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Fig. 5.11 Microscope images of 7um electrode pattern
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of digt T4 AFE HAAh UYx=df A FAHA AMEEH LA AAE
PCL(polycaprolacton)©| ™, PCL2 T4 SE of|olE9} 2 ZHulE AL&3l ¢

—caprolactone 7|3+ F3tol <old] AxH

H

, F < e-caprolactone®] 7|3t TS
A G FujE A gtk PCL &9 Alx W2 Table. 543
Fig. 5159} #Fo] yetiglem Hl= B9 PCL(Mw = 80,000, Sigmaaldrich)<}
W €8 (Methanol) 2 &2 2% (Chloroform)s o] we} PCL v]=9 &3S
ZA43k 5, 24 w7 (magnetic stirrer)S AF&3dte] wt%7F ©tE PCL £9S
37°C, 1000RPM Z=z1oll A 12A13F &b antate] Al Zatsiet. A4 & PCL &Y
o HFx E5A4& HIsd HEA((VM-10A, SEKONIC) =43 A3} 10wt%,
15wt%, 20wt% &Nl Z+zF 507cps, 708cps, 842cpse] A% kg Eels st

Table. 5.4 PCL recipe by content

Meterials PCL(10wt%) @ PCL(15wt%) | PCL(20wt%)
PCL(g) 2.63 3.94 5.25
Methanol(mL) 5 5 5
Chloroform(mL) 15 15 15

Fig. 5.15 Fabrication method of PCL solution
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Table. 5.5 Parameters of the according to contents expriment

Parameters Values
Applid voltage(kV) 5kV~15kV
Flow rate(ml/hr) 0.4
Stand-off(mm) 150
In-nozzle size(um) 460
material contents(wt%) 10, 15, 20
Time(min) 5

Aztgl PCL & ds] &5 ¥ BEEF 4FS 8218t al, Table. 559 o]
S 10wt%, 16wt%, 20wt%oll Al =& Alo]l= 21G(460um), F+% Iml/hr, =&
o]AAY 150mm FHZEAE &3 F, 5kVTI5kV QI7bdASE 27elA 7t g
ARl conejet TRFOlM ] Yol IS wEsSIH PCL &9 ¢
7}, Fig. 516%} & A3&5 &
3l Fig. 516 (a)= PCL ZA ol tfgt g A2l cone-jet IS e, Fig.
516 ()&= PCL = 10wt%, JA7FH%t 76kV ZZolAe] Az o]m|x]o|t},
10wt% &4o] Aael = Ui frt F8HA Foka w2 FgFow i =
w FHe HHo] EEHE AS & F 9tk Fig 516 (o) PCL &%
A7t 84kV XA A olm Aol Y7t PAH] EFo] o] F
AAA W EE =% PCL £ 483 o Al(elongation)©] o] Fo]x]#] ¢ko} u
A A3 ded {7t sAdd EEEE A4S 4 4 2tk Fig. 516 (A& PCL
S 10wt%, A7FASE 9kVelA el At ojm Aol F=¥inm ¢ Ux=Af7t
d&aA EZHE S & F Utk 2 A 498 EdE awx &4
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Fig. 5.16 Microscope images of PCL nanofiber discharge by contents
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Table. 55 Parameters of the according to contents expriment

Parameters Values

Applid voltage(kV) 5kV~15kV
Flow rate(ml/hr) 0.4
Stand-off(mm) 150
In-nozzle size(um) 460
material contents(wt%) 20

Time(min) 1, 3,5, 7

=AY B AdE 9 AAE] #Es] f@l FE-SEM< ©] &3] =

Fig. 5.17 Microscope images of PCL nanofiber discharge by input voltage
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Table. 6.1 Parameters of the DO/ROS sensor expriment

Classification Setting velue
Ag nanopaticle ink(Paru, PG-007)
fnk Au nanopaticle ink(Frounhofer, Au-LT-20)

Nozzle size 150um

Substrate 4inch glass substrate

Voltage 1.6kV

Pressure -0.2kPa

Frequency 100Hz

Velocity 4mm/s

Stand-off 100um

o
)
BN
g
3.
5
©
B
>
)
@
=
o
2.
=
©
sl
L
)
Hl
T
4
2
2

Au ink 1st step 80°C « 5min = drying
a) b)
L
®
a
'17 j/_'

2nd step 150°C - 1H = Sintering (ngr?ag‘;ng)'

Fig. 6.1 Fabrication process overview of Single build based DO sensor
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Fig. 6.2 Microscope and SEM images of printed sensor pattern
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Fig. 65 FE-SEM cross-section image of sensor pattern
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Fig. 6.6 Sheet resistance measurement for different sintering temperatusre and time



Before sintering After sintering
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Fig. 6.10 Result of chronoamperometry curve (a) Na2SO3 response, (b) H202 response

oAlA e &5 9 FA AATES S5 A A AFHES S AR

of W AFeo W= ##ste] Fig. 6109 o] ez JehfA}. Fig.

6.10 (a)& &F Atael & agzoly, & o|24(Di water)doll oFAFF

(Na2So3)< 50uM~200uM7LA] 50uMA S 7FA 717 S48t th. Fig. 6.10 (b)+

g4 Abae wE aEjaxzelm, PBS wiA|Ade]  dAbst A(H202)E  50nM,

200nM, 400nM, 1uMo = F7kx71H ZSAsd. 54 23, & 9 84 4
t}

Fig. 6.11& & -84 A4 AAe 85 93 A 21X (calibration curve)©]
H AP AT A4S S8l Ao Aol Zhzbe]l E(mole) T-3tel] tidk u

4 S AFEAT Fig. 611 ()= 24 4o =4S Yehi™ 50nM™1uM

(a) °*° - (b)
| = Current vs. Concentration 4004 | *  current vs, Concentration .
350 4
0.08 -
< '&" 300
3 £ .
T 0.6 ‘E 250+
g 3
3 5 200-
(5] 3
.
0.04 4 150 4
Equation
g 004 =
i
0.02 = E : : - - T : - : . . . T T
0 200 400 600 800 1000 40 60 80 100 120 140 160 180 200 220
Concentration (nM) Concentration (pm)

Fig. 6.11 Result of calibration curve (a) reactive oxygen, (b) dissolved oxygen
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Fig. 6.12 Microscope image of fabricated integrated micro electrodes
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