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%= (Phase Velocity)®] H]¢t:= 3Frh whebsd 2] (2.1) 3 o] xdE + 9loH
o714 6 = < 2.2> oA e YAtz 6,
oA B4 FdEoth B4 ZHES 2 (22) 9 Zo] 24 AF n &

rir
i
2
X
S
)
z
&
g

Ir

N

N
2

AFEFE 7 23 Al k & SRR Ve SR 3d8E =4
FeAel AAs vl Aot &% Alee o] wiHs Ave ¢
Ao F55E AeE JepdlE gholth
N,sinf, = N, sin 6, 2.1)
N(A) =n(A)—ik(1) (2.2)

Incident Reflected
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ES e

-

g d WA 2] (Fresnel’s Equations)= A2 T2 w424 E5S 7IX| = wjde] 74
Aol A el Hleol Wsts gt 2olth. wjdo] U (Homogeneous)dt ¥ 0|
ojof &, Wo] HHIK(Plane Wave)o]oF stth= 714 o] sttt <19 2.2>
o Ao} o] Hlo] mjAS X uf dF= =-4EHIL dF = vALE ], 2
W2 HkALe] HF(Law of Reflection), Z~do] W&} w2~ w2 2 (Maxwell’s

2]
equations)= ©°|&3te] 1 5AES FAoE AHSIo ZEd wkaL Al

L

(Fresnel’s Reflection Coefficients)x 1 ol % JAME A7 T7F REALE &= H

&3} FASE &S Pubsh SR o] YT Ao WAMAA v
F8F Aotk el WAk Agsh Tt AFE 4 (23 ad) 3 o] £

&

ok, obshul ¢ & WAbE AAbIshe] M &S, St ¢ = 2AE Ax) 5
&S et 9 A4 p s v < 23 3 ol 742 ap
(Incident Plane)¥} 3]st Wek o 2 3 (Polarized)®d HAL7|3he} JAPHI} =2
@ wgon ARd A4/RE gt ok A% 12 & Wel WA 1 o

¢

==

A o 2 e w APt les KT

N, cosf, — N, cos0,

rt =
' N,cos6, + N, cos 6, (232a)
s N,cosf —N,cos0,
12 = (2.3 b)
N,cos@,+N,cosb,
b 2N, cos 6,
L = (23¢)
N, cos @, + N, cos 0,
o 2N, cos 6,
12— (2.34d)

N,cos@,+ N,cos0,
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Dutput
light

. P polarization
Incident

light

Incident angle S polarization

| The definition of S polarization and P polarization |

<a¥ 2.3 9o HF o] mE pyke}t Suko] >

4 http://www.products-sigmakoki.com
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sy wbEe] B

el wb Aol el o WAl @Ae ol galo] el 5
HEAL % (Spectral Refletnace)E R H T 4= vy Rd S &A= B
Aok wel A7), el ¥4 FARS Fx ojof drh Tad wA)
F% Aged <a9 21> A4 ol Wel v elA B wel WAE A
AN wekg A derAo) uel 44715 ¢ o 271 9 slae] waks 7
A 5 olth A 4) = U gRdAe] whab gl me dxrlsel 4
A& AR Aotk p ¥kl S vh= w3 4 FHE THER A (24) ©
A g AAE Aol wAsth 4 @4) oA p & AA7IE7} v

Hol 7 4 WS FostE Bok WAl 9o wistw, 2 (2.5) 9

41 uE

2

Reflection at Air-Film Interface: €, =1, (24a)
1 Reflection in the Film Layer: €, =1, - T5; - 1,, €Xp(—i2f3) (2.4 b)
2 Reflections in the Film Layer: e, =1t,, - 7oy - 1, - t,; €Xp(—i4f3) (24¢)
3 Reflections in the Film Layer: e, =t,, - 755 - 75, - t,, €Xp(—i63) (2.44d)
27zd
p(A) = — N 4 (4)cos 6, 2.5)
17
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= &3 A Aok 919 A 24) oA A 5 Qo] Wol Hhurel o
A i 3o tE dAE dol § Fr|EoR WA Yo AAIT o & T
ZAQl FAow A wEbA 4 (2.6) o Zo] HTHow Ad 5 3
of. 2o sk g7 BA 2 Appendix A o A3t

yoo=to + 15, exp(—i2f) »
S Haly €Xp(—i2 ) (26

S WAEE F wAl ASE AFee 92 & Atk F )

!
WA= 9L & WhAL AlRe] AAIE BAF Aolal, <9 24> = REYE WAL
=o] dafoltt. RbALE RElE Alo] A 7]do] Si0, Hfute] g o] 3l

= 455 7Hgskalth 942 400-700 nm & ARE-3RolTE

Ly (A)
Iinc (/1)

R(2) = S @.7)
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400 450 500 550 600 650 700
Wavelength [nm]

<29 2.4 T YA S o]&3f ZEHT BALEY o (SiO: 1 um)>
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KeN
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H (Nonlinear Fitting Method)

At} 91e] 2.1 Holl A

7]

Kol
=
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A

=

okl (a) - (e) ¢k &

e

Al

—_
110

-
T

HIALE S 71X

s
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=
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7

(LMA)©]

=
=]

o] ATt wu} 9O}, Levenberg-Marquardt &3lz]

ST RS

1
s

ofoll A 7Hg Wol AREE AL lH[54]. <1¥ 2.5>

=]
RN

Edo #4445 27|

A B

(a) =714k 44:

(b) F7

(d) T =4F @S WAsI (b)-(c) GHAE v
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Measurement ‘ Modeling by Theary }7

[ ETETEE |
Spectrom A
eter m R meas g Iheoly(o/)
Lamp g 3 d=a,
& 2
d=d
d=d,
Thin Film {4
wavelength wavelength
N Regression
i Method
4{ Thickness Determination ‘
o Hmeas
o
5 ~ - _’qmeory(dZ)
g V.
2 Y,
“G i
&= .' Y
7
wavelength

<29 2.5 JHY ALHE o147 U T Z%>
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o]t} [15]. o] =Fo)A S.-W.Kim

=K

o

B
22!
o

do

1™ (Vertically Scanning Interferometer)

o]&3

ofuigltt. o] 2 4 (2.8)

W <™ 26> I Eol &

J)
~

te] Frek =4 =4

93 A3wst v wofiiet

=)

o}, e}

7]
=i

-
R

ol

iy

(2.8)
|
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Actual phase distributions measured from two representative surfaces:

Wavenumber k (1/um)

(@)

Nonlinear phase only (rad) Overall phase (rad)

i 7 3 1
Wavenumber k (1/um)

(b)

<2¥ 2.6 HAF HAA NN FET 944 (S-W. Kim, 1999)>
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(a) an uncoated mirror and (b} a Si0,-coated Si substrate.



23. 93 HAE¥e ol &% v 5 54 U

3 3 73 & (Peak Detection Method) S ©]-8-3F vlat =7 54 W2 D.Ki
of oA 20021 ArE WHo R Asb EHwTE vl whETH39] H]HE T
9 WS ARgste] 7 d4E S8eke A wHE A Ql(iterative) M ® Y

E= CCD Zhvete] shasoll wiel aafobst gt dwtH o go] ARG

5

ol

D. Kim & ®te] 57 S4& fleiA <29 27> 3 &2 FAE 743
Gtk WMAG FdolM zAE = He 5F FS Wx I EH(Acousto-Optic
Tunable Filter, AOTF)Z ZE Y3l 37 FAK(Wavelength Scanning)< <=3 SHr},
Eo]d& wlo]ZAE(Michelson) FHI Al A 7]+ 7 & (Reference Mirror)= 3}

olg3te] BT £ YT I otk JIF ALE P

1HE A= H, o] AHe] I+ (Wavenumber) ki, ko 2} o] 453t vt
o] ZHE nk), nka) ZFE 4 (2.9) ¢ #Zo] wrure] FAE AN =
2 (29) 2 Wi EE FAAS & o dom wig wEA ARbET 1
U 93 AEHE 08 A S vlste] Fg vl "olxan, BlaE gF
& FAE 7 e oA s dAlEe A Hudd HAAHS HAEE 5 37
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2OV n(kONY — kKON (R OM))

(2.9)

CCD sensor

+1st
order

AOTF
[ 4+ Beam
splitter
¥
Michelson
interferometer
White light _
source — Blocking plate

<319 2.7A0TF & ©| &3 34FAF 2434 (D. Kim, 2002)>
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2m(N-1) 8,

1.3 ;

I{a.u.)

Dotted line : Blocking platg ON

Solid line : Blocking plate DFF

0.7} 9
k. \\ k} oy
06l
kl OFF k;’ OFF kj OFF
0.5 - i L 1
10.5 1 11.5 12 14.5 13
k(rad/pum)

<ad 2.8 93 HEWE o] 8T W FA 5A (D. Kim, 2002)>
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<% 2.9 do]ER HFS o] &3 EU3 Y49 FE 50-1000 nm
(T.-Y. Jo, 2013)>

Multi Channel Modulation

Thin Film

Aberration Correction

I o

ol / “\ A NA Y-S -
H \ / \ / \ 7
Reflectance Modeling : \/ \/ \\ // \\/ \\ /
I o oy FErn
N.A. Correction @
Spectrum Correction Phase Reconstruction by
Wavelet

\Y 4

Findd 3 =[4' (d;k)—¢" (k)T

<39 2.10 o] ER HE §A BYHE o83 FA SH &A=
(T-Y. Jo, 2013)>

28



3.1. e

i WA A 7]Ee] A

i)

[

it

X

Ar

o o] 4

af oF

ol

o

o] ol 3

FO
o

-

]

of %4 %w7} =2t

F71 wa

S

R

A= A

ey
-

qHom

=zl
4

p—

tha Eojd 9 4

< W (Phase Extraction Method)S ©]-&

=
T

}

] ©] E(Substrate) =

HAE

A

=23

o)

0

X
N

o

i
iy

pH

o)
il
sl
ar
il

#ASA .

3.1> 9

2]
1

SRS <1

A<l

A

d

29



[ START )

k.

r

Phase Extraction

k.

r

Phase Un

wrapping

r

Thickness Calculation
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1 Ao, A (2.6) 9 ZHld WAL AT 1y

By wap) o2 MY 2
9 1y B QubHoR Badolnl expi2p) GA Hagolth 1y whEA)

2 e W2 2FAE

)
(Extinction Coefficient)S 2t+= Zd 8 B4 FHEY 2FAFE 0 02 714

@ 5 ek ole@ A A @3) o sl xy
o Basm Aestel 4 (1) 3 go] A5y}

-

A 9RAL Al = AT

]

ol

QEE 123 3—4’ exp(—12[3) ?l"é‘
Rz prel elssit

1y (A) = A(A) +iB(A)
exp(=i2f) = cos(2B) —i-sin(2B) (3.1)

del 4 G & F WS

ol Ay + vk B3 o=

P (r, + Acos(23) + Bsin(25)) +i(Bcos(2f3) — Asin(25))
“4 (14 1, A cos(2 B) + 1, Bsin(2 B)) +i(r,, B cos(2 ) — 1, Asin(23)) (3.2)

2 _ Ry +(4>+B%)+25,(Acos(2 )+ Bsin(23))
1+7,2 (4> + B*) +2r,(Acos(2B) + Bsin(23)) (33)

R=|r

total

31
";r“‘-'! X C':l ~ L. l

Z Aos A (2.6 o dygstd A (3.2) 9
ol gste] RS Adtstd 4 (33) # 2
] WAL AlS= 2 9 A, B, B £ 25 34

1 8} <



S T A
& B AFETE ol&ste] A (3.5 9 #ol ustA ALETE A (3.5)
AN FARRIS]l A= 0 F o Ateld] WSe SratS HARR olE HY
(Unwrapping) 3t #4-S WHEA] AHoF st} <17 32> & SAHE A=

R 25FH 944 p & F=dle S BAIF Aot

R+R-1, (A +B*)—r," —(4*+B?)
2r,(1-R)

X =Acos2f)+ Bsin(2p) = (3.4)

24 =tan™ (%) +cos'(

X
——)
NA* +B? (3.5)

32
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01

Reflectance
200 ﬁl:).'.l 800 7;)“ 200
Wavelength [nm]
Unwrapped Phase
0 500 600 ‘ J00 a00
Wuvelength [nm]

<ad¥ 3.2 9% F& 44>
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Thase [rad]

Normalized Reflectance

Wavelength [nm]

o
4 500 500 Ao 800
05
-1
Extracted Phase
-]
25
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a00 00 00 700 a0
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322, 918 HY A
AY FE=HY AF F A 35) oA ZARIY FEFF(cos)= 0 I Ako]
o] rgts 7R BR o5 HYU(Unwrapping) St IAE WHEA] A X of s
ok 129 1% 5-9(One-Dimensional Phase Unwrapping)< 7]=2] WLI oA ©]
v Bo] Q7Eo] e Hopol A v WLI oA 14 B AS e o
Syl HEF A BUS BHow oy el /e 944 By ATE
a2 AFESE 4 QUUH55-57]. . =WolA ARES 9 B9 dugFe o
MEE <2 33> o AT
START )
h 4
Index of the Starting Point, i1=0
Order of the Phase, m=0
< il=i2 |«
r 3

Find Local Minimum or
Maximum Point

|

Does the point exist?

i2 = Index of the Paoint

fori=i1:i2, ¢;=(-1)¢p,-2mx
m=m-1

Min

<19 3.3 94 B9 sA=>

34
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3.2.3. 74 AAE GA

2l 3.6) I (25 5 T4 B a
oA wEre] A d oF QEA A x jbo] mAolH, A d = Y 54

Hel Al HFA oz ALtell izt sk ghol71 % st

b
ol
o
=)
1>
>
-
o
a2
'S
>
0
o

>,
>
-

B = Brray T K7 (3.6)
27md
ﬂunwmp + KT = TNZ CcOS 92 (3.7)
23 MAAE WAL dolEE BEe] 9stel ~MEzvge HYy
Wl e CCD AR Agstne, A4 39 342 Eae] dolAE
olEli= AARRE Qi o4 dolElolth Wek A (1) & ok A ()

3 e ggdon xAY 5 9

_lBunwrap,l W i 2N2,1 COs 02,1 /2’1 - 1_
IBunwrap,2 2N2,2 Cos 02,2 /2'2 - 1 d
. . : (3.8)

_ﬁunwmp’pj _2N2’p cosd, /1, —1
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Aol A (7 © Acb 9 ge MY Az Faw oy
(Pseudo-inverse)E& &3l FstAl 3E AlLte] @ S Atk wEbA HFHo=

T dE A G9 & Fot]l de 7 Aok A 3.D-39) o AAHNA &

%ol S FEWAN FAS AMsE e AHAWS g 2
2 71RHQ FAERT o Fold Qor], i WE A} FEE B Ao
e o4 5otk E@ 4 38) & Fal AoH FANe 4G PN e ¥
Bz, AP £ NALRE oY FES A HAY PR W

4 )4 P
1 pz (IBunwrap,iN2,i cos HZ,i /Z‘z) - Zﬂunwmp,iz (NZ,i Cos 02,i /ﬂ“z)
d - i=1 . l:lp i=1 (39)
pz (Nz,i Cos 02,1‘ /4, )2 - [z (N2,i Cos HZ,i / /11‘)]2

i=l i=1
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o 2 F4(Amplitude) I 2 X A (Offset)
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o
olt}, AlAle]l 413 (Linearity) ¥ 3

<

B < 35> 9] () 9 ol WALE 2
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o

!
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IAe <Y 35> 9] (b) g o] uk
I A=

=

H
ATt 2
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RN
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el

< 7P Bl AHE
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of wah A7t EehA]

[e)

-
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I target (/1 )
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FA A, o] 7]
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T ©] 5 (Shift)

S 5o <1¥ 35 9 (¢ 9 Pol WAE U5 WY FS we of
ol 79 Wyolth. 2 d@=9] NA(Numerical Aperture)ol] 2|3+ JAFZ;
23 wjitol] TS NA = A= Ho YAHE AA sk BeE A (3.11)
o o]l AFojEn, A=E T W <y 3.6> oF o] ¥ mYoF 9]
AbETE A @31) oA n & Ho] Xy wiE e A EH oy = Hl YA
Zholth, g WHAMAl o] 2ol A &lsldite] =d o] Rhabm= Hle] QJALZ

AN
99 Aol Agalol s, A=2E Av we 9

AAZFS EASE 427} Qi) o] A2 237 9ste] W. A. Pliskin & @

NA=n-sin(6,,) (3.11)
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Numerical Aperture NA = n » sin(o)

(a)o.=7" NA=0.12
(b) ot = 20° NA = 0.34
(c) 0. = 60° NA = 0.87

e
w

Reflectance

4
b

0l 4

400 500 500 700 300
Wavelength [hn]

<% 3.7 A= NA & QA3 Al 9] $H o]F X

5 http://www.microscopyu.com/articles/formulas/formulasna.html
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L—_0|EgN0ise1

olZxyE <I¥ 35> 9 (d) ¢ #o] WMAE FAES HAFHOZ WA
71 T df=telt}t. telE 9] SNR(Signal-to-Noise Ratio)”} 2 749 o]&
sk FEjo] %= AX A ¥k =& Y HES] ADC(Analog-Digital Converter)2]

AYE FREA e FolE WA 5tk 53, ccp ARE o

B2 A18shs ISR o 49t 8- 12 W= Aole] ADC & A7) )
Foll ol# g ol =7} WA A AE o] Folsiopn Bk <1y 38>

S A3 23 FHA ADC 7} SHIERQ]I -9 16H]ES] Z-g-o sl

Reflectance

----16 bit

0.2

—8 bit

01 T T T
450 550 6850 750

‘Wavelength [nm]

<a¥ 3.8 AlAe] ADC o wE WAL o]= Hlul>
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Reflectance

FFT Lowpass Filter

3D Avg. Filter (5x5x5)
Original Reflectance

1D Avg. Filter (Window 5)
Image Avg. Filter (5x3)

550 £00 £50 700

Wavelength [nm]

<19 3.9 o= AA PoE) e F v

<¥# 3.1 =o|Z AA HHES ALt AIZF B>

1D Smoothing FFT Lowpass Image Avg. 3D Avg. Filter
Filter
Computation 0.578 s 0.875s 4.250's 7.969 s
Time

<# 3.2 dAb AFEH PC 9] ALY

Parts Specifications
CPU Intel i7 (3.33 GHz)
Threads 8
RAM 8 GB
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4.1. 8

2 AoAe= AFES fel
Reflectometer, ISR) A|2=®le] 7} REE3 Holy 5 AAS AstEs g
t}.

w33 WA= A 39 (Light Source), 32 A|(Optic System), w3 7]5=
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LED ) PC
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AOTF
CV) Objective Lens
Thin Film
Structure
<9 4.2 o|u|A 3 FALA A|2Hlo FAHE>
<E 4.1 A8 ALEH =AW= ALY
Magnification Numerical Aperture Working Distance Depth of Focus

10x 0.3 16.5 mm 3.06 um
20x 0.4 11.0 mm 1.72 um
50x 0.55 8.7 mm 0.92 um
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<¥ 4.2 A3 A}LE CCD FHHEY A

Specification
Resolution 640*480
Sensor Size 1/3 inch
Pixel Size 7.4 um
Data Bit 8 bit
Frame Rate 264 fps

<% 4.3 JEA=9 & JAY 4= FOV>

Magnification Pixel Resolution Field of View
10x 0.74 um 473*355 um
20x 0.37 um 236*177 um
50x 0.148 um 94*71 um
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<X 4.4 AF9] A2H AOTF 9 Al%Y>

Specification
RF Tuning 106 — 225 MHz
Wavelength 400 — 700 nm
Resolution 1.15-7.0 nm
Aperture Size 5*5 mm
RF Power 04-12W
Diffraction Efficiency 85 %
i Undiffracted
Wave Zeroth
Acoustic Optical " o Order
Enrav?rdinary Absorber |—Axis - Beam
ave e =
Walkoff B .p.i""'v

Diffracted
Extraordinary
F d Wave
ocuse
Non-Polarized TeO, Crystal
npat L Acousto-Optic
Heay Tunable Filter
Piezoelectric Anatomy and
Acoustic Transducer Diffraction
Walkoff fTaco
‘E'}B'}e ¢ Radio
requenc :
" Iﬁput ¥ Figure 1

<a¥ 4.3 % 3% Wz FE F2>7

T http://www.olympusfluoview.com
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AOTF © B¥l3} FAlo] CCD 7|kl E]A(Trigger) A5 Bult}h o]
& E71ske 2kl ¢Jste] CCD Fhrlghs 3 FAPL o] FolAl = Etel N
Mol oluAE FESA Bk <a¥ 44> 2 0|9} T HAHS TAHOR 1

Aolth, 5 N /M9 onAEL <19 4.5> ¢ o] 324 Hlolg Hj
d2 Agdyo] AFHM, ol <aH 3.16> o A/lE npel o] WAL S 4]

of AF&HETN 7] oluA A (x,y) YX

o gl # el HelHE FEd)e]

69



. / 1* Image Filtered at 500 nm

-
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: _______________________ - ‘ 2 Image Filtered at 501 nm
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i—‘é | | poossrees—eeenr vnwes - / 3" Image Filtered at 502 nm
®
]
L
/ Nt Image Filtered at 502 nm
Wavelength [nm]

<1¥ 4.4 Holg 35 HA>

X: Horizontal Size of Tmage

E 1* Image Filtered at 500 nm

D 2™ Image Filtered at 501 nm

E 3™ Image Filterad at 502 nm
.

N: The number of Images

[ ]
E Nu Image Filtered at 502 nm
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<¥ 5.1 AFe] A" EF7)9) AF%>

Specification
Wavelength 200 — 1100 nm
Pixels 1024*58
Data Bit 16 bit
SNR 1000:1
Linearity >99.8 %
Light
Source Spectrometer
Reflection Probe
Thin Film

<19 5.1 Z2BE % A Al 2E>

73



CCD Camera

fl\ Spectrometer
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Light | Beam
Source | Splitter
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Thin Film
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<E 5.2 94 $E2UL 049 si0, WY T 24 B>

Sample #1 #2 #3 #4 #5 #6
Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
Phase Extraction 84.9 294.0 509.6 725.6 923.6 1121.3
Nonlinear Fitting 83.8 294.5 509.6 724.5 924.2 1121.4
Peak Detection FAIL 280.2 501.6 722.2 925.7 1127.0

*All units are in nm

16

p—
=

[

e
[==]

=)

Error [nm]
==

i

[

g . | — - - - I_‘ -
#1 #2 #3 = #5 #0
mPhase Extraction Nonlinear Fitting OPeak Detection

<a¥ 5.3 T2 EF AHAE ol8% sio2 B FA S 4>

16

"H {: L H © 1



(3.12) oA AR FEZS A&oto] wrere] FAE AT dEdl=s
10x, 20x, 50x ©] & 3 TR/HE ol&3te] 6 79 Bt AlHE SAH A, 7

Zkol Zg-o tiste] N
et 2t deEd=
¥ 3.4> 3 P

N >
f
o
o

%
ofo
g
o,
o
o
)
ofo
ok

N
§2
rlo
o,
o
b
W
-r
2

ool <& 53 -55> &= ZHZF EIAEE 10x, 20x, 50x = A3 Ao
o fFasts sto] dl=eo] NA & H A3

st FA AlEel SA Aol
Ag- 27 dASHA sod=s S ET Ay 535, W= )
Z 50x dEZNAE 227F Ho] 30 nm o] &

wE A%E 9] YEGE AL ¢ F Arh A= NA RAS 488 4%,

balze] NA of 9§ make 53 e gEdsg A
§5Hs AR Y Y WA Alsadeld) MEA] mgEelof shn, o]k
J RAA A R ol o b

5} ]
w mwdlA AASE R4S s tl=dl=2 NA o o3 eAE BA

o
ek
o

i

4
BN

il
>~

=

ofo

ol

ol

rlr
o

=
N

M
ek
)



<¥ 5.3 W= NA B 83 (0x EIA=)>

Sample #1 #2 #3 #4 #5 #6

Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
Without NA Correction 84.8 290.5 505.2 718.9 918.0 1111.0
Effective Angle 11.6 °© 86.0 2934 509.9 725.7 926.3 1121.5

*All units are in nm

<¥ 5.4 = NA BEA 87 20x HETX)>

Sample #1 #2 #3 #4 #5 #6
Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
Without NA Correction 84.0 288.5 500.8 714.9 910.9 1103.4
Effective Angle 15.7 ° 85.9 293.6 509.4 727.3 926.8 1122.6

<¥ 5.5 = NA BEA &7 (50x HET=)>

Sample #1 #2 #3 #4 #5 #6
Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
Without NA Correction 81.7 283.9 492 702.9 895.8 1084.6
Effective Angle 22.2 ° 85.7 294.0 509.0 727.3 927.0 1122.4
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Error [nm]
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<¥ 5.6 3 U9 A #E Sio, FA 54 2H>

Sample #1 #2 #3 #4 #5 #6
Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
400 — 700 nm (300 nm) 85.5 294.1 509.7 725.4 923.9 1121.5
450 — 650 nm (200 nm) 85.3 294.4 509.6 724.9 924.1 1121.9
500 — 650 nm (150 nm) 83.6 293.8 509.0 724.6 923.9 1121.9
500 — 600 nm (100 nm) 83.7 294.7 509.3 726.9 923.8 1121.7

550 — 600 nm (50 nm) 82.7 489.5 510.5 728.9 738.1 930.1

*All units are in nm
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<% 5.7 3 B9 A0 HE A dF 5>

Time Acquisition Preprocessor Analysis Sum
400 — 700 nm 4.610s 1.781 s 1.516s 7.907 s
500 — 600 nm 1.650 s 0.656 s 0.594 s 2.900 s
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4 F2PE ol B WA HeHAL Ao T 24 49
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20x, 50x EA=E o83t SAHS AxE FAISH Aot

otgfe] &4 ZAyolq A A= oF 38 nm £, 20x HEAZE o] &34

<¥ 5.8 olu]A E3F wkAMAIS A FEHE o] &F
Si0;, 77 A A¥gd=>

Sample #1 #2 #3 #4 #5 #6
Nominal Thickness 85.5 293.8 509.2 725.1 924.2 1121.7
10x Obj. Lens 86.0 2934 509.9 725.7 926.3 1121.5
20x Obj. Lens 85.9 293.6 509.4 727.3 926.8 1122.6
50x Obj. Lens 85.7 294.0 509.0 727.3 927.0 1122.4

*All units are in nm
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CCD 7hvetE Abg-at7] wii

<& 5.9 o|7F &% v 9 FEHE o83
Si0, 77 54 AEE (30)>
Sample #1 #2 #3 #4 #5 #6
10x Obj. Lens 0.238 0.008 0.396 0.010 0.073 0.008
20x Obj. Lens 0.292 0.087 0.221 0.202 0.261 0.222
50x Obj. Lens 0.319 0.102 0.311 0.338 0.045 0.036
*All units are in nm
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<% 5.68i0, 774 4 53 23 (ISR)>

<d¥ 5.7S8i0, ¥4 4 54 A7 (AFM)>
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<1¥ 5.9PR 74 F 54 2>

Thickness [nm]
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<a¥ 5.1 JEHIHo YdE PR T4 A SH A7

Thickness [nm]
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<a¥ 5.13SiN, 77 B4 53 23>

Thickness [nm]
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A A &g PZT ZH oA & AA|ste] 7ExlekGlth. PZT ZH| oA = §=
D72 HEHE AR Sine) A& E Wrol 2 W] Mws AN =5
TAE Ak g BT A EAA T = ALY XFE 9 FogEE <E
510> 3 o] F 8 TH=E AAsIAL, BEFe EF3 Fupgro] disfA 2
E7 HEF sl ol g E 28 slollA 54 A ¥stE &<l
9kl Si0, Bt FAS ALEHo R 103] W A= &1Qal, 1 PFit
# ks AdAdS skt
<X 5.10 35 ST 9 ARQly; 9 =7>
#1 #2 #3 #4 #5 #6 #7 #8
Frequency [Hz] 30 30 60 60 120 120 120 120
Amplitude [um] 0.3 1.0 0.3 1.0 0.3 1.0 2.0 6.0
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740.0
735.0
730.0
725.0
720.0
715.0
710.0

Average Thickness [nm]

No
Vib.

#1 #2 #3  #4  #5  #6

<a® 5.16 5 F3A Y 103] ¥HE 54 HAw>

5.000
4.000
3.000
2.000
1.000
0.000

Repeatability (3 Sigma) [nm]

No
Vib.

-

<a2¥ 5.17 JF FFNA 9 103 vHE S4 A
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Abstract

Measurement of Volumetric Film Thickness using
Phase Extraction Method and Imaging Spectroscopic Reflectometry

In this thesis phase extraction method, a new analysis algorithm for imaging spectroscopic
reflectometry(ISR), is proposed to measure volumetric thickness of thin film. In semiconductor and
display industries, demands on measurement of micro-patterns have been increased. Particularly,
thickness measurement of thin film such as photoresist is very important for process management.
Conventionally, nonlinear fitting method such as Levenberg-Marquardt algorithm has been used for
spectroscopic reflectometry. However, it is not proper for ISR due to slow computation speed.

Phase extraction method, the proposed method, can analyze film thickness with higher accuracy
and much faster speed. Linear phase equation can be extracted from nonlinear reflectance equation,
and film thickness can be calculated from matrix equation. In order to achieve higher accuracy,
various types of error causes are presented. Particularly, the shift error due to numerical aperture of
objective lens can be compensated by applying the effective angle of the objective lens. The
amplitude error can be compensated effectively by modifying normalized reflectance.

Performance of phase extraction method is verified by simulations and experiments. The result
of the simulations shows that accuracy of phase extraction method is 0.01 % for silicon dioxide film
100 — 4000 nm. In the experiments, six silicon dioxide specimens are measured and accuracy is
0.3 %. The result of experiments shows that phase extraction method has better accuracy than
conventional methods such as nonlinear fitting method, peak detection method and phase
reconstruction by WT. Measurement speed is also verified using ISR system with 640¥480 CCD
camera. Entire measurement process is completed within 3 s with phase extraction method. The

result shows that phase extraction method is the fastest for measurement of thin film.

Keywords: Thin Film, Volumetric Thickness, Measurement, Imaging Spectroscopic
Reflectometry(ISR), Phase Extraction Method, Acousto-Optic Tunable Filter(AOTF),
Numerical Aperture(NA)

Student No.: 2009 - 30160
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