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FE : Wave
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10} : Phase of wave

* Conjugate

U : Complex amplitude

n : Y-axis of object plane

& : X-axis of object plane

77' ©  Y-axis of image plane

5' : X-axis of image plane

d :  Distance from object plane to hologram plane
d :  Distance from hologram plane to image plane
k © Wave number

& :  Fourier transform of complex amplitude

A : Wave length

I . Irradiance

T : Transposed matrix

) © Wrapped phase

- viii -

Collection @ chosun



ABSTRACT

A Study on the Measurement of Height Difference of ITO Thin
Film through Random Phase Extraction from Shaker Vibration

using Digital Holography

Hyunll Jung
Advisor : Prof. Kyeong-Suk Kim, Ph.D.
Dept. of Mechanical Engineering,

Graduate School of Chosun University

Organic Light Emitting Diodes (OLED) is a thin film that is widely used for
light-emitting electrodes on display panels such as mobile phones and TVs due to their fast
response speed. These OLEDs use Transparent Conducting Oxides (TCO) because they are
affected by the electrical properties of anode electrodes. Among them, Indium Tin Oxide
(ITO) with excellent electrical properties and 85% or more visible light transmittance is
used. Deposition methods are largely divided into two categories as follows; Physical Vapor
Deposition (PVD) and Chemical Vapor Deposition (CVD), and PVD is typically used.
Accuracy and uniformity of the pattern and height of the circuit are important for high
density integration of the circuit. The optical transmittance and electrical conduction
characteristics of thin films are sensitive, so that the various defects are occurred in kinds
of poor transmittance and open circuit, if the characteristics vary depending on the
manufacturing process or the circuit is not accurately deposited. Various equipment such as
SEM (Scanning Electron Microscopy), AFM (Atomic Force Microscopy), Alpha Step, and
Surface Profilers are used to examine the geometric sutructure of the thin films. However,
these methods have a problem that if not measured by conductive metal coating such as
Au and Pt, severe image distortion can occur, causing damage to the object. Also, the size

of the object to be measured is limited. As a way to compensate for these shortcomings,

_iX_
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non-destructive, non-contact digital holographic instruments with fast measurement time was
used.

Holography was first started by D. Gabor. If the coherent reference wave and the
objective wave which is diffracted or scattered by the object interfere and the interference
fringe is formed, it has the information of the amplitude and phase of combined waves.
Because it is possible to obtain the original image by reproducing the information of
reference wave, Holos or Gram, meaning "complete recording”", and Photogrphy, were
combined to create hologrpahy, meaning a technique to record and regenerate information
about the combined waves. Through the continuous study of Holography, the diffraction of
waves can be calculated numerically so that its 3D image can be regenerated. As a result
of the development of the computer, it is possible to record and play the film using a
CCD (Charge Coupled Device) and a computer instead of using the film to record it in
existing holographies. This is called digital holography. With advantages such as short
measurement time, non-contact, and non-destructive testing methods, Holography is widely
applied to MEMS and NEMS industries, biology, and others. However, because precise
phase shifting should be provided for the precise measurement, the measurement
environment is limited to the laboratories. Recently, IIC techniques have been developed,
and research has been conducted on digital holography measurements that are resistant to
disturbance. A study was conducted to increase the applicability of the field, and instead of
precise phase shifting, vibration is given and the phase shifting status is arbitrarily extracted
by video measurement of the phase movement status in this vibration.

In this work, test pieces by depositioning ITO up to a height of 150 nm, which is
mainly used for OLED using the PVD method were produced. Height differences were
measured using digital holography techniques by adding vibration in accordance with
frequency through a shaker and extracting desired phase. The results are compared with
those of the ITO thin film measured by FE-SEM, it was confirmed that the performance of
the digital holography system used in this study is useful. From the result, the frequency
bands available for phase shift could be identified. Through this study, the disadvantages of
digital holography affected by disturbance supplemented so that it can be used in industrial

sites.
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Ml 2 & Theory

Ml 1 & Digital Holography
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Reference Wave

ek

Y
Ix)’!

e =
d CCD
(a)
Reconstruction
Reference Wave
Virtual Image Real Image
-+ - -
d CCD d
(b)
"~ Reconstruction Conjugate
_ Reference Wave
Real Image Virtual Image
-+ ]
d CCD d
(c)

Fig. 2-2 Schematic Illustration of the Digital Holography Recording and
Reconstruction (a) Recording (b) Reconstruction with Reference Wave

(¢) Reconstruction with Conjugate Reference Wave
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Fig. 220l dI2E 1 THAlot= &clE UHEIHA=M 0l = ()0l CCD &EH Dt I

0= 90HE RN e EFX0 SXIDE CCD AN 2HES2 2HUSSE ot
HERHE 258 = UAEE ot= MAAH CHoh LIEHLHICH. )0l HAct= &2l
CHoll LIEFLHRACH. ZEXZOHU 2ol =HME MMetH &AM 0l0IX=s sHIF UE 2
SEOH 2HER0ll MO0 e SHIF JUY R0l= SIA0l Xi2letth. 0 AEuHM =&t
o O|DIXKIN =01 M9 Z00 oledot 25D HEUH ()0l LIEHH 1 201 =
2B % (Conjugate)= OlEStH O|0IXKIDt H=&l= =HE HZ&Ct. CCD= 20
st S0 JIXID JI| B0 /A4 =0 e 8= X822 & =010k ot
SHIe 2AXZS Ots 0|20 2df 2XMel E (z,y)0AM a2 8Z, ¢ 2 4t
C2 S eq. 2-348 HEEC

E, (z,y) = a,(z,y)exp (ig, (z,y)) (2-3)

OIZDIXIZ2 SXMIel E (z,y)2 XNES q,, AXS ¢, 012t SHH eq. 2-42 20I

0’

H
ror

==
E (z,y) = a,(z,y)exp iy, (z,y)) (2-4)

SXItet SHIF 2L SEE 0 CCOUA 2HEs 223110 JIS=N. X1t =

HIel 2h&oll olst 2 & (Intensity) =22 iAo HIAEICH.

h(z,y) = | E.(z,y) + E,(z,y) |
= (B, (x,y) + B, (z.y))(E,.(z,y) + E,(z,y))" (2-5)
= |E,|*+|E,|*+E.E,+E E,

IS8t 2tE2RHNAM S2Me E2E TS| ol eq. 2-50 FXI SAXNZS
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E (z,y)h(zy) = (EF+|EP)E, +|EFE,+|EIE,

10

ool MJIE Qolsttd |E,|* 2

o

| AlolA |E|? 2 &#x
2IHTIOIAL ofi212 &0l

40

in
ro
1]

Ol JI=&= 0Xt 2 ZO0ICtH.

r

S WiMStOlE EC. |EFE2 STl 2l MAE 5 Ak(Virtual

IEFE;2 AR 0I0IXI(Real Image)OICt. &4t OI0IKI= Fig. 2-22 (b)0fl LIEl
2 =of SHe M2l E01H ©D AKX 00X CCD JIE SHHE0 0

Ja
e

=4 QINtel B2 olgh HRE ZI L2

E|S3tI| foH eq. 2-50 &I

*2 _ —
A E It S22 Hs0l 50 = 8le & =X 822 HAE = UCH

E (z,y)h(z,y) = (E+IE)E +|EPE, +|E PE,

OIOIXIO H=EIX H2

(2-6)

SHIme AJIZ 0l A
fl= DC A2 822 Mt 2HE Sl b2 CCD
Getd (IEf+IEP)E, g2 CXlg 220010 HA0A

Image)0| 12

(2-7)

Fig. 2-32 «=XI& MHYS oIl |Ig MHHEHE UEH H2=2 CCD &, €218 ©

Helg detn sk

o 2 SO AH2IZ d, 220 ©1 0/0/X DO 2%
M OMES o I RS SAXNES DY HES 510{0F 510 TS eq. 2-82 20|
LIEtE = ULt
2 2
J— + J—
U,(z,y) = [/Uo(é“,n)exp(ikdﬂk(x ) zd(y ) )d&dn (2-8)

=2 UEUHD, d= SH 2 2208 & A0S HelE 20I6td, k= A
20l (ESot= M=+=E LIEHHCE
- 7 -
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Object plane

Hologram plane (CCD)

Image plane

Fig. 2-3 Schematic Illustration of the Coordinate System for Numerical

Reconstruction

CHAl Zelld B8ot 2208 SH0lAM OI0IK He SANZS HAGHH DH eq.
292 HelEd = O Ol M, 240 8ol VIsH= &

Tl 20 BIESH0IH JISEE s MM HEAZ 010 1 3JI1JF =&toll CCD
dAel 3I10 ol S&fs 2=C.

"2 S
Ui(ﬁr,n’)=f Uh(ac,y)exp(ikd'+z'k:(S )+ (n —y) Vdady (2-9)

0101l eq. 2-82 HYLGHH eq. 2-1001 &I
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.
UE.7) = exp|if{d+d + & 22}7 )}
. 262 —|—y2 1 1
Xﬂ[/ Uo(&n)eXp ik ( 5 (E—i—g))
g+ (6,6 [ ¢
LY R v I A s 7)

0l &€ =€ 0 =n, d=—d = HMB5H eq 2-11 0| E0 0|2 S5 =203
MM OIDIKIE MAME = QUCLH OI0IXE MME O 2 AHMEZHY Z2|0 HE2
MEZote 2HOl =2 AMEE L [42]

U&m,—d)=U,(&n) (2-11)

OlZAH 3l&E6t= OI0IX HAS <ol HEXCZ AMEHE AS 2 ABEH) I
cloll Hetel 2A=F E(convolution)S B Eot= ROl ULH O I, ASFE2 eq. 2-8
O OI0IXl HANA SAXNZN LSH HEf AMS N HERHE ME2CZ HEol
= 200IC} [43].

’ 2 ’ 2
r . ! . - + -
Ul(g 1 ) = exp (zkd)/ Uh(x,y)exp(zk (&~ ) Zd/(n ) dxdy
= / U, (z,y) g(& —x,n — y)dady
2, 2
LTty
g(z,y) = exp(zk ;
2d

CCD HUAS SO0l e s A4 o Z2|i HEg 28 & F20 B
MEOHH ™ RSt X St= OI0IKl HUME 4 XNES Sh=otH AHAE =~ QUCH
SHXIQH AE2HO HR= Il ZAIE AI=Z6H)| 20 MMt DX ot Heldt

- 9 -
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ccDel T AJ|BCH Bl €Y QXS
210l OIDIXIS MaE +

=2 Zol0l HEortH eq. 2-132F 2L

Mot 2ME IJHKDIl K20 =g 2A
A

gt
=
= 2 AME 9HS N & YUCH SHIDO =4

[

U(x,y;O)eXp(—iZW(fxx + fyy))dxdy
(2-13)
U(f,f,) expi2n(f,o + f)df,df,

&
T
= =

[m;

[

OJIA CCD BN =& X8l exp(i2n(fz+fy))e A=22 12 2

rir
0&

ot exp(i2r(ax+By+2)/N), y=V1—d*—F 9 ZCh eq 2-132 eq. 2-142 b}
2 4 Uk

%7%) = [/U(x,y; O)GXD(—’LQ?T(%.I + gy))dxdy (2-14)

HII0IA Ulz,y;0)s 28 ABEZIO0ID d 8+2 QOIX 001X HOAS SAX=

) —/ -/
g UsS Al 20l E8g = A

$0

Z»(%,%D) = [/Ui(é“',n';d/)exp(—i%(%ﬁ' + %n'))dﬁ'dﬁ' @-15)

-1622 A AHSHCE. eq. 2-170M

= 2
LIEtH dSEx YHAS 2HoteXl ey = UTF eq 2-182 LIEFLHLD AHlAtoh
5
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Ml 2 & Phase Extraction

1. Phase Shifting

FIA0ls CIXNE EZ0ll= In-linedt Offaxis =22 A0l JiXl= 2H
E oHZ3dtI| Il Yamaguchi®l 2o JHEE 2=z 0ls Helol GE 2t& Ol0IXIol

I(z,y) = A+ Bcos(¢, — ¢,) (2-22)

GIIN A=A+ A2 A’S BXI, A’s SHIC MRS MIZH Hlasts
Mol AIDI0ICH B=24/A’A?22 A’% A0 S Y A2 B=24_A 0
Ct. @etM cepoll oldh I(z,y)= SRS o= 240l DS A, B,qﬁo—qﬁr% 23

_12_
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I (z,y) = A+ Bcos(¢, — ¢,)
L(z,y) = A+ Bcos(¢p,— ¢, +120°)

\/§sin¢ +cos¢ )
2

- a5
L(z,y) = A+ Bcos(¢, — ¢, +240°)
ﬁsinqﬁ—cosqﬁ)
2

e

eq. 2-230lM ¢, — ¢, S FOtH eq. 2-24Jt LI2CH

V3(L,— L)

(,75 = arctan 2[1_—I2_I3

_13_
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2. Interframe Intensity Correlation(l1C) Method

AJIEt JIE AM0IsEHE =SLXZ0NAM 94 ZELE 250
=2 F=C S U Ite MII 2= gl fI&0I1S0l &
ols Xt

tiet Metol AA =L

ctA OI2 oiZotXA LEAXS HdEHe! Ols0E =M IS

S Jtsst 1IC(Interframe intensity correction) MethodE & &3 L. 1IC

Al AtO1S2l Bstoll et 822 SAMUZSE &858 = UL A0l
A
T

& OI0IXI0l thet MJls TS eq. 2-272 LtEHE

I(z,y) = A+ Bcos(+ ¢)

= A+ Bcosdcos¢p — Bsindsing

A
= (1 cosd Siné)( Beosg J = Da
— Bsing

eq. 2272 S3 HJIS BHR LEE = U0 914 F2ES

2 M Sl eq 2282 LIEFE 2 UCH

alz,y) = (D'D)"'D'1
= Bcos¢ —iBsing = Bexp(i¢)
= a,a,exp(i(p—¢,))
S| AMNA EEINE HI2 CCD2 &at)| 20 ZAXS

0, o2 M22 FHD

AXEZ2 U=aexplip)2td & 2 ULk eq. 2-282 0|2l
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(2-29)

UL

Sk A
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FER =
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=2 eq. 2-29
L(x,y) = A, +B,cos(o,, — ¢,,) + AL,

Ol= OID0IXI

At
S
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=

=]

=l
0l

N, Ol Mg |H0ls =
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; n:172737 ot

Y
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of #, Al

FAO| eq.

55

=8
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HHOAS 2FO0ICH

oS =X
— =

(2-30)

B,exp(ig,,) o 3% X2, 3N+M— 1}

Ud + AT

I =
exp(ig)t 2z,

OIIM TE u,

2-3001 Ct.

K0

9]

NI M= 48

Z H4H0l JOtsotLt

(@}

<+

ioll
<

1S 0I8otH A

I

Ol
—

Ol= OIO0IX

(2-31)
(2-32)

|

MUy 1
j

2, z:; 2A

u

eq. 2-31, eq. 2-32%+ 2 Ch.

o

o

D &l CH

AN

o

Ct.

s

U

= eq. 2-331t

160
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= —II
N

Tooos 4, 2

GIOIIA oy MOl @89 ®ala 1, 2 M ©

(2-33)

e gtz Jeln N 'e EEs
Q4010 0,8 2II SAMA pol DRUEN tests Vel DRXAD HS O e
2332 CWy=pv 2 T8E & UOM, cq 2262 HUEH A2 HIRH [} o
2340} =L
LUCLTACLTV =~ (u— UO)V (2-34)
AN

Al2-32)01 kRS gt U, S CHHMIGHH A&k
)

Fot®H eq. 2-3601 LIRO U=

i
ro
ul
I

% Us kot o=

[

I

ol

tol =0

.= (Ulv) 'ulc™u(viu,)!
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0N A,=d'a/N 2t 518 U2 C™=U,, AU/t 9D eq 2-370] SCH,

U., = c™u(uic™u) U, (2-37)

2013t Us XIS M MO2 Fogo,U,,, o RS 2o 34 QAJ} &
of M BN o2 LIHD, i% b 1,2, -+, M 2tD BHe

. uy (i)

U\ Proy{UkH}:( g J (2-38)

U2t U, o X0ISS H20l X B &2 HMeAsin 2o L0 2o b=

S YEH =0k SHY =& MNE( e HEs 2BE US eq 2-3000 CH5HX 0

AT = DSX Ha2 Sof BIHE 2 UCH J215610f HEXOZ2 eq 239 40|

S OIDIXIO € U= LOIX0| UEt HES AMAIZ SHMO SAXZD 2ls

A2 & = UCH [30-31, 45-47]
o =TuvU o™ (2-39)
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(2-44)

—rm< Aop(n)}< 7

S5t= 40| Arctangent &

o0

ol
(H0

-

<0

ok

MetA Ol

£ LIEFHCH.

ol
o0
™

D

ol
X0
4dr

IH

[

(I

=2 HLED]

H Arctangent

0

b1 <

}

110

Ol CHS

Flah B

o0

HEZ2 HAXID eq. 2-452

=
[a—

(2-45)

By = Do T (27 X D)

0l

KD

s

Kk
ol

fill

10

Ju
RK

un

0l
mJ

o)

E

ol
nS

ol
0F
)
RJ

ol

D

<0

ok

0l
RO
fal

ol

3+

i0J

Ju
s
<

n0

ok
~
KIO
11

o}

ol

o)

9]

e

E
]I

—_

)
H
no
frs)

ol

ol
0

Rr
ior
7}

Ju

Ch [30-32, 45-47].

AAH =

A
T

ioll

(a)

(®)

Fig. 2-4 Unwrapping

_19_

Collection @ chosun



Ml 3 & Experimental Equipment and Specimen

Ml 1 & Phase Shifting Digital Holography with Shaker

CCDx

Collimating

~ lLens

L 3

A== h kit

_ Spatial Laser
Iris Filter Source

Fig. 3-1 Schematic Illustration of the Mach-Zehnder

Interferometer

Fig. 3-2 Digital Holography System with Phase Extraction by Shaker
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Ml 2 & Shaker and Arbitrary/Function Generator
1. Shaker

Jx
S
e
mio
=)
0P
el

Bruel & Kjaer2| Mini Shaker Type 4810 2&2| MIOIH= I+ Xk
=S MEYots &Y D19 FHIZ2 2=A B8 HAE 2 ds Ha)| 2 It
x

WS ZEs s A7 & s S8 Z0H AED0H o
DC - 18 kHz, =} Peak to peak 1%l 4 mm (0.16 inch)l FIt= HRIE ItXl
s YA Oet = 7 N (1.5 1bf) £= 10 N (225 bHe E2 2
HE 2 =20Ade 0l AlOIH &HIE 0|86t XSS 2£Itotn 1

S =2l € = USF ofUlH

Fig. 3-3 Bruel & Kjaer, Mini Shaker Type 4810

Table 4-1 Specifications of Shaker

Description unit Technical data
Model Bruel&Kjaer, Mini Shaker Type 4810

Force rating N 10
Frequency kHz DC-18
Peak-to-peak

mm 4

displacement(max)
Amplitude Vpp 1~20
- 22 -
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2. Arbitrary/Function Generator

NHIOIHE HIOiot)] 2o &2AHl AMSQ &4 IS Tektronix Inc2l AFG1022

gd= AMEoIULMH Hs2 Table 4-2.01 LIEFLHRUCE 2JHS] MHES ME IJtsotH

= O O

Hd

Sine, Square, Pulse, Ramp, Noise &5 ZHMAIZ = UL 45 L2AEQOl AMSE LA

2 & UCH YRS LOls 8k TOIE, M2 2T 125 MSATIHK JHSaH0 £33 2

B

s 14 HEZ =2 12H 10 Vpp(Voltage peak to peak) Al Jtsst HHIE ALE5t

(s

UL

A

Fig. 3-4 Arbitrary/Function Generator

Table 4-2 Specifications of ARBITRARY/FUNCTION GENERATOR

Description unit Technical data
Model Tektronix Inc, AFG1022
2

Number of channels

Sine, Square, Pulse, Ramp, Noise, 45 frequently

Built-in waveforms )
used arbitrary waveform

Analog Frequency range Hz 1 uHz to 25MHz
Record length k point 8
Sampling speed

MS/s 125
(Signal processing)
Vertical resolution bit 14
Amplitude Vpp 1~10
- 23 -
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H 3 & ITO Thin film made with Sputtering Method

ITO(Indium tin oxide)
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H 4 & FE-SEM

Fig. 3-6 FE-SEM

Table 4-3. FE-SEM

Description unit Technical data
Quanta 200 FEG
Model
FEI COMPANY)
Maximum Load Size mm? 50 x 50
Magnification x12 ~ x1,200,000
ESEM
mm 30Kv SE : 1.5
Resolution
Acceleration Voltage Kv 0.2 ~ 30
<0.1%/1hr
Beam Stability
<0.4%12hr
- 25 -
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Kl 4 & Experiment Results

Kl 1 & Results of Frequency Height Difference

Measurements using Shaker
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(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
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Fig. 4-26 Phase Extraction of Object at 100 Hz
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Fig. 4-27 The Result of Measuring the Height Difference at 100 Hz

(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-28 Phase Extraction of Reference at 110 Hz

(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
(c) Phase Image (d) Intensity Image
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Fig. 4-29 Phase Extraction of Object at 110 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
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Fig. 4-30 The Result of Measuring the Height Difference at 110 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-31 Phase Extraction of Reference at 130 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image
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Fig. 4-32 Phase Extraction of Object at 130 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image (¢) Phase Unwrapping Image (f) 3D image
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Fig. 4-33 The Result of Measuring the Height Difference at 130 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-35 Phase Extraction of Object at 140 Hz

240

(d)

(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image (¢) Phase Unwrapping Image (f) 3D image

Collection @ chosun

_62_

1200

1000

800

600

400

200

2500



28 , . . } 245210
y direction 800 ‘ =
27 y direction 1100 | ot \
y direction 1300 X228 n
2.4| Y 2.42554e-06 N
26 T \.
’l“n q. h It \
25 g M“'\ ’hl"“‘ Mg\ ,,'L X 993 235 \}.‘
V h il ‘ lvmsume 06 LY
2.4 L J F i l | ‘ | \“,‘.
I 1\ L I\
| | X 1157 d 23) W, 1
2.3 ll Y 2.25263e-06 LY
{ ? T SN X721
5 { } N]} '!“ IL‘ i \_\I.‘v 225681006
[ 225¢ e o
24,F ‘ ]
|
2 L 22 : ! L
0 500 1000 1500 2000 2500 0 100 200 300 400 500 600 700 800 900 1000
(a) (b)

Fig. 4-36 The Result of Measuring the Height Difference at 140 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-37 Phase Extraction of Reference at 160 Hz
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Fig. 4-38 Phase Extraction of Object at 160 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image (¢) Phase Unwrapping Image (f) 3D image
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Fig. 4-42 The Result of Measuring the Height Difference at 170 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-44 Phase Extraction of Object at 180 Hz
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Fig. 4-45 The Result of Measuring the Height Difference at 180 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-47 Phase Extraction of Object at 190 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image (¢) Phase Unwrapping Image (f) 3D image
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Fig. 4-50 Phase Extraction of Object at 200 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images

(c) Phase Image (d) Intensity Image (¢) Phase Unwrapping Image (f) 3D image

_77_

Collection @ chosun



sy lg'.mmsﬂ 6 IM
MM i
el |

7 |l rrreas i W

(WY

500 1000

(@)

1500 2000

%
184F
1821
181
1781
1761
1741

1721

A

168

1.66

X 242

Y 1.67604e-06

=

=

P

e

X 691
Y 1.81365e-06

7
>

y direction 900 ||
y direction 1100
y direction 1300 |

100 200 300 400 500 60O 700 800 800 1000

(b)

Fig. 4-51 The Result of Measuring the Height Difference at 200 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-52 Phase Extraction of Reference at 210 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
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Fig. 4-54 The Result of Measuring the Height Difference at 210 Hz

(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-55 Phase Extraction of Reference at 220 Hz
(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
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Fig. 4-57 The Result of Measuring the Height Difference at 220 Hz
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Fig. 4-58 Phase Extraction of Reference at 260 Hz

(a) Grey Level Change at Any Point (b) Extracting 8 Phase Images
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Fig. 4-60 The Result of Measuring the Height Difference at 260 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-63 The Result of Measuring the Height Difference at 330 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-65 Phase Extraction of Object at 420 Hz
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Fig. 4-66 The Result of Measuring the Height Difference at 420 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-69 The Result of Measuring the Height Difference at 490 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-70 Phase Extraction of Reference at 500 Hz
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Fig. 4-71 Phase Extraction of Object at 500 Hz
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Fig. 4-72 The Result of Measuring the Height Difference at 500 Hz
(a) Line Profile of Y-Axis(900, 1100, 1300 pixel) (b) Result of Median Filter
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Fig. 4-73 Phase Extraction of Reference at 610 Hz
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Fig. 4-75 The Result of Measuring the Height Difference at 610 Hz
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Table 4-4. Result of Digital Holography

Collection @ chosun

Frequency 900 px 1100 px 1300 px AVG. [nm] Error rate
[Hz] [nm] [nm] [nm] [%]
20 134.75 141.024 141.054 138.943 7.37
30 152.475 154.839 153.567 153.627 242
40 144.437 143.584 142.121 143.38 4.41
50 154.395 150.816 148.618 151.276 0.85
60 162.78 159.527 156.442 159.583 6.39
70 145.78 141.991 140.674 142.815 4.79
80 147.233 143.403 141.611 144.082 3.95
90 150.355 146.494 143.048 146.632 2.25
100 2106.36 2301.686 2070.505 2159.517 1339.68
110 -134.303 -129.59 -122.659 -128.851 14.10
130 1108.524 744.925 102.862 652.103 334.74
140 -177.144 -168.609 -168.358 -171.37 14.25
160 164.289 159.122 157.372 160.261 6.84
170 -155.383 -150.355 -147.841 -151.193 0.80
180 -144.222 -137.189 -133.962 -138.458 7.69
190 -143.56 -143.665 -145.099 -144.108 3.93
200 136.477 136.497 137.638 136.871 8.75
210 -148.077 -147.586 -147.596 -147.753 1.50
220 -766.662 -682.506 -317.317 -588.828 292.55
260 123.52 130.044 127.477 127.014 15.32
330 120.008 36.161 -199.03 -14.287 90.48
420 -133.582 -136.212 -129.181 -132.992 11.34
490 1510.843 1649.681 1877.931 1679.485 1019.66
500 -11.865 -10.955 589.632 188.937 25.96
610 -146.106 -147.506 -143.068 -145.56 2.96
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Fig. 4-76 Error Rate in Frequency
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Fig. 4-77 Measurement of FE-SEM
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Table 4-5. Result of Error Rate

Frequency [Hz] Error rate [%]
20 6.50
30 3.38
40 3.51
50 1.80
60 7.39
70 3.89
80 3.04
90 1.32
100 1353.24
110 13.29
120 100.00
130 338.83
140 15.32
150 100.00
160 7.85
170 1.75
180 6.83
190 3.02
200 7.89
210 0.57
220 296.25
230 100.00
240 100.00
250 100.00
260 14.53
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