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5)

1 m

6, 7)
(impactor)

8, 9)

(cascade impactor)

10-12)

13)

2.8

14)

W

CVd
Stk

9

c0

2

p0
       (2-6) 

p

pp

55080051421
d

.exp
d

.
d

.Cc     (2-7) 

 (kg/m
3
) dp (m): V0 (m/s): W (m):

(Pa s) Cc:  (m):

2-6

1 m 2-7

Millikan

dp

2.9(a) ( E; impactor efficiency)

8)



50% EOD(effective cut-off 

diameter) 50% 50Stk

Stk >1

Stk <0.3

Re

0gas2 WV
Re         (2-8) 

gas (kg/m
3
): W (m): V0 (m/s):

2.9(b) S W

(S/W) Marple

S/W

(1) (Re) 100~3000

(2) (S/W) 1~5

15)

(PEG)

16-18)
0.5~20 m

0.1 m
9, 19, 20)

21)
MD

0.35 m

22)



W

S
Impactors

particle

W

S
Impactors

particle

2.8



(a)

(b)

Rectangular nozzle                      Round nozzle

(a)

(b)

Rectangular nozzle                      Round nozzleRectangular nozzle                      Round nozzle

2.9 Marple

(a) - (b)
8) 



100~3000 2-8

1 3 6 mm 1 mm

3 6 mm

3 mm

S

2~3

mm

2.3.1 Marple S W (S/W) 1~5

S/W 5 1.5 cm

2.10

N2 Marple

100~3000 2.11

0.4~13 slm
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Nozzle

2.10
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40 kHz

2.2

7.5

m 4.7 10
5
 m/s

2
4.8 10

4

15 m 1 slm

a (m)

23)

1

0

2

64
FE

k
p        (2-9)

k=2 / =ka =v/f 0 (kg/m
3
): 1 (kg/m

3
):  (m):

v (m/s): f (Hz):

E F

2

0 2
2

1
fE         (2-10)

2

1

0

2

1

0

1

0

2

1
9

2
1

F       (2-11) 

 (m): 1 m 20 7.4



10
-13

 N/m
2

7.0 10
-7

 m/s
2

7.1 10
-8

2.12

Transducer (40 kHz)

Horn

Impactor (with vibration)

Transducer (40 kHz)

Horn

Impactor (with vibration)

550 mAConsumption current

AC-100 VRated input voltage

SUSHorn material 

30 WOutput power  

40 kHz Exciting sound frequency

Primary specifications of ultrasonic refiner

2.2

2.12



2.13

N2

Carrier gas (N2)

Ultrasonic transducer (2.4 MHz)

Nozzles

Impactors

Horn

Stage 1

Stage 2

Atomization 

unit

Refined mist

Carrier gas (N2)

Ultrasonic transducer (2.4 MHz)

Nozzles

Impactors

Horn

Stage 1

Stage 2

Atomization 

unit

Refined mist

2.13 2.4 MHz



(PZT17TM-MEK) MEK 4 wt%

( )

(Differential Mobility Analyzer with Adjustable Column Length; ACL DMA)

( ) (DM-100)

ACL-DMA

ACL-DMA L ( 300

mm) DMA 241(
241

Am)

2.14 L

300 mm Qsh

5 slm 0.01 kV

8 kV

0.01~8 kV 50

50 800 nm Qae

Qae Qsh 20%

Qae

Qae

0.5~1 slm

1.7 m

2 m Qsh

2 slm Qae 0.4 slm

800 nm



2

780 nm

100~750 nm 2.15

N2 2.16

20 mm

1 mm

1/4 SUS SUS

N2

SUS

10 slm 1

100

0.4 slm

R1

R2

Sheath gas 
Qsh

Aerosol gas 
Qae

Column length 

L

Faraday cup

N2 gas

Differential Mobility Analyzer (DMA)

Refiner
Classification 

voltage V

Charger

Misted Source

Electrometer

Exhaust 
(sampling gas) 

Qsa

Exhaust 
(excess gas) 

Qex

RP

MFC

MFC

MFC

Atomizer

MFC

RP

R1

R2

Sheath gas 
Qsh

Aerosol gas 
Qae

Column length 

L

Faraday cup

N2 gas

Differential Mobility Analyzer (DMA)

Refiner
Classification 

voltage V

Charger

Misted Source

Electrometer

Exhaust 
(sampling gas) 

Qsa

Exhaust 
(excess gas) 

Qex

RP

MFC

MFC

MFC

Atomizer

MFC

RP

2.14 DMA



2.3

0.2 0.3 0.4 0.5 m 4

10 slm 0.1~0.4

slm

DMA 0.4 slm

Personal Computer

N2 gas

Refiner

Misted Source

MFC

Atomizer

MFC

Dust Monitor

Preamplifier Controller

Exhaust

Particle Counter System (DM-100)

Carrier gas

Dilution gas

Personal Computer

N2 gas

Refiner

Misted Source

MFC

Atomizer

MFC

Dust Monitor

Preamplifier Controller

Exhaust

Particle Counter System (DM-100)

Carrier gas

Dilution gas

2.15



ACL-DMA 800 nm 0.5~1

slm 114~228

200 300 400 500 nm

0.4 slm 23~91

2.4

Optical Filter

Photo Detector

Micro Lens Laser Diode

Focus

Mist Particle
Mist Flow

SUS tube

Optical Filter

Photo Detector

Micro Lens Laser Diode

Focus

Mist Particle
Mist Flow

SUS tube

2.16

0.2-0.5 mDetectable diameter region

Wavelength: 780 nm, 

Maximum output: 50 mW, 

Mean time between failures (MTBF): 10000h (50 )

Laser beam

0.1 m, 4 levelResolution

Primary specifications of particle counter (DM-100)

0.2-0.5 mDetectable diameter region

Wavelength: 780 nm, 

Maximum output: 50 mW, 

Mean time between failures (MTBF): 10000h (50 )

Laser beam

0.1 m, 4 levelResolution

Primary specifications of particle counter (DM-100)

2.3



DMA

0.5~1 slm 2.17(a)

0.1~0.4 slm 2.17(b)

0.1 slm

0.2 slm

0.3 slm

0.2 m

0.3

slm 68

0.5 slm DMA

0.5~0.7 slm 250

nm 0.8 slm

200, 300, 400, 500Measurement particle diameter (nm)

Particle counter

0.1~0.4 (Re=23~91)Carrier gas (N2) flow rate (slm)

10Dilution gas (N2) flow rate (slm)

PZT17TM-MEK/MEK (4 wt%)Liquid source

PZT17TM-MEK/MEK (4 wt%)Liquid source

ACL-DMA

50Measurement points

50~800 (50 measurement points)Measurement particle diameter range (nm)

0.5~1.0 (Re=114~228)Carrier gas (N2) flow rate (slm)

5Sheath gas (N2) flow rate (slm)

300Column length (mm)

0.01~8Classification voltage (kV)

200, 300, 400, 500Measurement particle diameter (nm)

Particle counter

0.1~0.4 (Re=23~91)Carrier gas (N2) flow rate (slm)

10Dilution gas (N2) flow rate (slm)

PZT17TM-MEK/MEK (4 wt%)Liquid source

PZT17TM-MEK/MEK (4 wt%)Liquid source

ACL-DMA

50Measurement points

50~800 (50 measurement points)Measurement particle diameter range (nm)

0.5~1.0 (Re=114~228)Carrier gas (N2) flow rate (slm)

5Sheath gas (N2) flow rate (slm)

300Column length (mm)

0.01~8Classification voltage (kV)

2.4

DMA



1 slm 340 nm

0.7

slm

300 600 800 nm 1 cm
3

3.18 0.7 slm

1.0 slm 800 nm

9)

2.19

24) 19, 25, 26)
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2.4 MHz

n-Octane MEK

MEK MEK/ 3

0.5 cc/min

6 inch

1% 0.3 m/min

2.4 MHz 1.7 m 1.63

100 MHz 5 MHz

50% 300~400 nm

DMA

300 nm

0.3 slm

0.7 slm

0.2~1 slm

0.3~0.7 slm (Re=68~159) 0.2~1 slm (Re=46~228)
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3 Pb(Zr, Ti)O3(PZT)

Pt Si

MD (CSD)

CSD

33 nm 27 nm
1)

MD

PZT

1.5 cm MD

6 inch

.

. .

MD CSD (precursor)

(sol-gel) MOD(metal organic decomposition)

MOD
2)

3) 4)



5)

100~120 300~400

(rapid

thermal annealing; RTA) O2

6-9)

MD PZT

nm

.

3.1

PZT Octane MOD (PZT17TM)

MEK 4 wt% Zr/T

PZT (MPB) 52/48 Pb

10%

Pt/TiO2/SiO2/Si

0.4 slm PZT

110 3 300 3

O2 600 5 RTA PZT

15 10

nm/min

PZT 8 16 33 nm

110

3 300 3

100 nm

13 6 3 O2 600 5

RTA PZT RF 0.1

mm Pt RTA 600 O2 5

3.2



PZT precursor solution 

(4 wt%)

Deposition

Drying

Pre-baking

Sintering

Top electrode deposition

Post-annealing

Pt/PZT/Pt capacitors

110 , 3 min

300 , 3 min

RTA 600 , 5 min in O2

Pt 0.1 mm , at R.T.

RTA 600 , 5 min in O2

at R.T.
Iteration

PZT thickness 100 nm

PZT precursor solution 

(4 wt%)

Deposition

Drying

Pre-baking

Sintering

Top electrode deposition

Post-annealing

Pt/PZT/Pt capacitors

110 , 3 min

300 , 3 min

RTA 600 , 5 min in O2

Pt 0.1 mm , at R.T.

RTA 600 , 5 min in O2

at R.T.
Iteration

PZT thickness 100 nm

N2 gas

Refiner

Misted Source

MFC

Atomizer

Substrate

Chamber

Exhaust

N2 gas

Refiner

Misted Source

MFC

Atomizer

Substrate

Chamber

Exhaust

3.1

3.2

PZT
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PZT P-E (AixACCT

TF-2000) 3.3

A/D

A 0

Vx

10)

1 kHz X

(XRD) MAC Science M18X X 18 kW

Cu X X 40 kV X

120 mA X (XRF)

Philips MagiX PRO Pb Zr Ti Pt

(FE-SEM) JEOL JSM-6301F

<310>

30 kV 15 kV

(working distance; WD) 15 mm

Vsence

Csence

++

--
Vx

Ferroelectric capacitor

r

R

A Vsence

Csence

++

--
Vx

Ferroelectric capacitor

r

R

A

3.3
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8 16 33 nm

PZT P-E 3.4(a) (b)

PZT PZT

(2Pr)

8 16 33 nm 2Pr 600 kV/cm

46 23 25 C/cm
2

62 74 48 C/cm
2

2Pr

2Pr 16 nm

8 nm

(2Ec)

120 130 130 kV/cm

120 135 150 kV/cm

XRD

3.5(a) (b) XRD

(perovskite)

110 111

PZT c 111

3.6 FE-SEM PZT

(rosette) (pyrochlore)

PZT

3.8(a) (b) XRF Zr/Ti

Pb 33 nm



8 16 nm

Pb/(Zt+Ti) 0.93

Pb

Pb

CSD

11)

PZT

3.9(a)(b)

Pb Pb

PbO
12)
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PZT

Pb

3.9(b)

Pb Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

3.10(a)(b) Pb

Pb

Pb

3.10(a) Pb

3.10(b) Pb
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