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Chapter 2. B} o|&

2.1. AR o] &

21.1. 54 =4 A<

e EAS AAFE= ol E4A ZF4 A4 (complex index of

1
1
i
!
L)
]
]
Medium #2 N, Transmission E,

a4 2 -1 F WA AAlelA e We] Zd 3t vkt

N=n—-ik A 9-1
o] wj, n & ZH A< (ndex of refraction), k = 2%
A4 (extinction coefficient), e BBAF(AJ-1)oth. F4 A s

7 ( Mg =1) 9} mmatgls we) wel A&y &meo) g5z ojug,

oAE o 24 AlF7F 29 wjdeA g o £= FU|oA e Hro
'L‘.':_ - Fa —3
13 : ’H =T} J]r 1’



Agrelth, 2% ASE ol WAL AVZ W @y FA P o]
Eret 2 guath oAl wel &% AS7E AdE wel Mg
ol whel Wol AZl7k wel okaldthi ol WA 2A AL

e mE R A 3 wE 54 =4 Age 9 2-

Index of refractive (n)
Extinction coefficient (k)

-
- e e - !
- e - -

3 = 00

400 500 600 700
Wavelength [nm]

a¥ 2 -2 A9Z S 54 =4 AF

14 | ’H {! ]'-'” .{ﬂr T



2.1.2. 919] wiA} & ZA

2.1.2.1. 299 ¥

bH AWF A3 ol o] T AL e W wabEAY
FAAT oW, WAbHE We 13 2-13 2o] YA FAW 4L

rir

ZRA o HAbE aEla Ay e W 2] 2-29F o] B

249 o] WA (Snell's law) o wa} 24 zho] el =itk

N,Sin6, = N,Sin6, 2 9-9

2.1.2.2. &9 LA 2

ol Alge] o] gate ), 79 2-33 o] AR A7 Ayt

l:i:l

HHS YAl Hd (plane of incident) 2F dhw, YA} Fwd 3}

yo 2

s
u
rlr

B3 A7 (electric wave)S E, (p—wave), QA Ay 23

A7 A4S K (s—wave) 2} ),

15 I =



E I
I plane of
incident

a9 2 -3 QAR BH, paet st

NE!

e

Woll A WRALE = 7)1 A7)+ p3e) sy A2 g2,
7y WA BA =4 A5 Az el uel APk whAbE A7)
A71¢F Ak A71Fe] A7l vlES ZHd wHAF Al (Fresnel

reflection coefficient) 2F 3} 2] 2—-33 Zro] ZT A H T}

» EI N, cos 6, — N, cos 6,
? EP  N,cos6, + N, cosb,
s R N 2 2-3
s _E, _Nycosé —N,cosb, B
E; ]\71 cos 6, +]\~/2 cos 0,

WA AR 2dEo] FaEe AV HE2 A 2-4%

0 :Etp __ 2Nlcos~t92
Ef  N,cos@ + N, cosb,
~ 1 o—
s E; 2N, cos 6, A 24
hy =—7=

E’ N,cosé + N,cosb,

16 ~‘:J “”t‘-] = EH -'_llli



2.1.3. &5 oA REA}

B3 oAl o] Weo] ukAbE 77 2404 B

Y

7 o] 3

o] Fol Tk, F/IA BHOE QAR W ARk WA I AR
S

I

b FatE dle AF3 7]H(substrate) o AAlOA  thA

AL AY 7o Fadu. w79 259 AAR Wb g

A /R FREAL BEoR wpbEM, Iz FaE we
ool wAbE Ma FALAL oY YL A wEsy 9F
wel HEHOom WL #7139 W& AE WA A% (otal

reflection coefficient) 2} s}, 2] 2-5¢} o] A},

Substrate ﬁ 3 \ \ \

9% 2 - 4w vl A o] Al

RP = 1 + 133 exp(—j28)
1+ rbrs exp(—j2)
v _ T 73 exp(=/2)
1+ 13153 exp(—j28)
where

2 2-5
B = kdN, cos0,, k=%

A .
&1
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HRALE = " o] A7) (intensity) & 271 A718] Aol vl#EletE=E,
HAbE 2o A 7)19F ArE e A7) v HEALE (reflectance,

]

R )L AT WAl A% a7 Amow Aowd. Es 44

it
ol

QJekalE ZhAEH  putsl syl ZopH i HAlEE 24 2-60%

LHER T

g | |2t e 2P|

= ; 2] 2_6
‘1‘”’12”23 exp(—]2ﬂ)‘ B

&1
18 I =

J], n



2.1.4. tF= who)l A 9] HEA}

oopgelA e HE Wb ASE A 2-77 ol
olg3te] A T el A% WAl AlSE 4 2-83%
El Er] Er2 Er3

Film #2 ﬁ3

Substrate N A

9% 2 -5 oE geA e e wal

ry3 + 134 €Xp(—j255)
1+ ry3754 €xp(—j253)
where [; = kd3]\73 cosd

Fr34 =

Mo 134 €Xp(—j2 ;)
1+ rpr34 €xp(—j25,)
where [, = kd,N, cos®

R=ry3=

19
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E
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2 2-8
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BHU

AAreE = QIANE, AubA o 2= Akglk 39 (scattering matrix, S )
Je2 s Ak EHS wjd AAeAMe 2ES UER = A
4 (interface matrix, 1 )%} S LS YeElyeE =

819 (layer matrix, L )& A8t Atet sJgo o9} o] md ).

)

§:i01zlilzzz“'zNI_N,N+1 2l 9-9
_ Sll SIZ
5= . Scattering matrix 21 9-10
S21 S22
_ 1 1 Vab
ab :t_ : Interface matrix 2 92-11
ab 1
Tab
_ [exp(B,) 0
Lc } . : Layer matrix A 2-12
0 exp(—jp.)

ol W, a b, ct 7 WA duige, B el gF HF A}
Agts 2] 2-13% o] At Ao Azt v ety
S21

R=— Al o
Sll = 2—13

.-_;l'x_-! o '\-\.‘I:I 'I-
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o] Y& dlg 3 H37](beam splitter, BS) =
o] gsle] F 79 ARZ B3 T A THS u A= 1

Ade olgst AR ®d dde SAske Alelth 1¥ 2-6°1A

Ly,
Light E; f y
Source
Reference
E,p Mirror
Scanning | p——
Sample

" 2 -6 1HdAle] e

explj(2k + ,p)]
exp|j(2k( +h—=z2)+ o))

Eref :Ezp(l_p)
Eobj = Ezp(l_p)

rref
A 2-14

¥ obj
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ol W, pt F BEINY Eug, [ F AL Am zZea

HEAL A2l A7), 12 3% A=Z(common path), h+= A5 %W

Akel o] = AFYe 9%, k = < (wave number, k=

p = 71 A3 Azl wbab o sk 9 wsEe Senh

A

i

=3 3 Egokol W] A= A7|Ae] T7]9

B\

g 7

olr

Al

If

of Walse® 4 2-159 Zo] et

!

](Zak) = (Eref +E0bj XEref + EObj)

~(Ep0- )|

+

h ref F obj

) 2 2-15
+(Ei,0(1—,0)) [2rrefr0bj]cos[2k(h_z)+A¢]
= A(k)+ B(k)cos¢(k)
A B 181 ¢ = BT kol @3 s 7z wigd Fa

THINES A7), s Fahe, By gk By 2 A7)0 olE e AR

2} (optical path difference, OPD)Sl (h=2) o] ola) w7 = Abz
Hdol AR EHo EA5HE WY AVI7F dEbA 1 FYH O g0

UEFYTH OPDE WAsHY 714 A2 3E3te] o]2 =43},

2 2 | = &



2.3. =73 U4

2.3.1. 77 54 U4

©
Mz
o
[-‘11',

>~
-
X

FAE =As= AvEE YA (ellipsometry)
(spectroscopic reflectometry)”7} @o] &g i v} EFA = w-¢
ok mo] T SAHE ThsskARE AHle] o] HiFetal S «Jl
AlZbol ARivk, whebd 4] nm olete] gk e AHsiAl S ok
st Aol BAZE ol #8511 Sty whdel] REAMAI= A o]
g et 54 £57F kAl vlE) wE=7] wEe] 100 nm

o4 FAE 54 & W F= AHgE I vk

iz

A

i

2P s AR SRe] A8 AR sl uE
H5stolop gtk wMAbEER QAR A7l WA Al

[l

¢

gol B T XS 747t Zgstolol Bt QAbEY AE SAe:

iy

cheFg W o] X AlAEl P BREA 7] wlEe] JAEE 2
=2A43842 93 HMAIEE g3 Q= 7]F Al E (reference sample) 9

dataat s AR WAl

ud
I,
>~
>,
o
lo,
~
\N
g
i
e
i
2
%
"

AN L sample )& 853} 24 2-16% o] WAMES H57t

R _ (EF )sample _ Isample ( )
sample — E, - Iref ref Imodeling
M
E, 2 2-16
- ‘Er jref» <m ref )modeling
E;
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NE Ame LA e AR WY AVE 247 258 F
ool A7l wlgel 71E AR AR mE gH(Ry) .08

Fato] HHsHIA St AR WWIEES Badt, 2dd sy 8
WAL= ¥ 2-79 2}
] 03
02
0.1
= 400 nm
= = /00 nm
00
450 500 550 600 650 700
Wavelength [nm]
a9 2 -7 549 AtE
AuH oz whbEL o] mE u AFHL JAE o] F)
T AFE v A¥Adol AA HiA (peak) I HA A (valley) &
A7k moldh, Ed 7147 BEe) 2AE Ao/t AL WA
A717F A
243t vAEE ol gste] FAE SActe WS v AY Ha
A+ (non—linear least square fitting) W&o 98 &85 it} o]
PR 139 2-8% ol B®E WARE FAe wet Ry
WALES sl 71 fARE mage Rl FAE HPeh:
o)t
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Measured reflectance Modeling reflectance by theory

- d=500nm
-

d=400nm

- d=600nm

L 8( d) = Z(er’mun’(’;‘ ) - Rmurh’f( ’:‘V d)): A
N

Thickness determination

Best fit with 500 nm

292 -8 0 AY Ha AU o8 A =4

H  Ad HAx AE5HS E7] Y8 Levenberg—Marquardt

Algorithm (LMA)©] 7} &3] A}L%c}, o] #He wE3 QF4 3

o
i

J
b
o
4
3

Aqk A1) HA % (local minimum) &2 FH=

T

M
X,
N
N
2
3

<
4>
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2 FAQ EolE A AHle AEYHA ZE9A Y (stylus
profilometry) & 7+ 7 (interferometry) 7} @o] &g 3 9t}

TrIdes ZEHE A A8 nWl FHFse xd IS

sk gulz, Ane Ade] Aduglel Fe HW PP St
Aol AsaAm Anel A AEEH/]) wRe] Ane] 4L F 5

AL T FH o2 shte] #helel tigh SN Thsshr] wiiel vA

S5 diel ARE E4ATIA da wEA SAE 5 Ao
o]

chepeh o] BgH 1 9tk

2 1] Fa =
2 6 .-';rx-l: -Il ]_]l .-I'!_ 1].



2.3.2.1. YA+ Ho] 7Hd A (Phase Shifting Interferometry, PSI)

gl AREE= 5-bucket[11] WS A4 kA A o FH53

570 Al71= 2 2183 o] 1S HAgi).

I ,=A+Bcos(d, —2A)

I ,=A+Bcos(g, —A)

1y :A+Bcos(¢0)

I, :A+Bcos( 0+A)

I, = A+ Bcos(g, +2A) 2 9-18
¢b::tanf4( 20,-1) 1 ]

21,1, -1, sinax

2
where sina = 1—(£J
20, ~1)
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A
h(X,Y)—ZOZE% 2 2—-19

AN Baw A dhe —m ol m Abele] ghow FaEA| 7] wio

AA g I t=2H, 7 e A= ob A 2
o= +2ma(m=0,£112,--) 2 9-90

o] wj, m & HdHFY A (fringe order)® AF S 7R Th
PSIeM &= HAFYH A5 78 & 7] diod 54 doly zte

AUAQ ol Aolw ST & 90w, A Aok 7 o<l A

ambiguity) ©] £Agtt}t. wpebA PSI+= @37 @2 wjirel ¥ A

Sl g5 3
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Scanning

ZHd Al (White—light
Fdoz wupge] #olArt obd 1Y 2-97

FAt

L —

R

Interferometry, WSI)

2.3.2.2. W53

o) [ g Tm %o 1 X%z
R S w TN
i
A B
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"€ 2B B B N
& T T
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- pig o @ X 5 % 3 WL
) 0 o3 Xz -
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A

‘ Scan position s 0
0 1 2 3 a 5
Scan position [um]

I(z) = L F(ﬂ)[A(/I) +B(1) 005{2277[(}1 - Z)DM
4 2 2-21
=Ipc(z)+y(2) COS[T(h - 2)}

c

o] W], F(a)= B9 w7 W Wwel 47, Ipc wiAFe] A7), ¥

= JRA % B4 (visibility function), A= Ze] =4 mbgolt}.

Aabste] Al 91x2 Folop shid, AS %‘1%’- wsk A7)

k1

D= 5709 "o A7]E o]&% Larkin modulus W [2?]{3] _.k:j] H -
; ——TH ©
30 ks 1



Al _
ALY (1,7 e

of W, 7ME g5 a7l flsl A= 5719 Hle) Al71e] 7=
A7 sdstva P FrbH o R A 2-239 o] ZpAlRl]

A kol A Fhel wlalsts AE o] gdle] AT o] AL E

A7 flol =2 W SH o] Jhssith. sHAIWE FAF ZEA (scan
interval) ] 4 nmol7] witel 4 F3lso] 10 nmPAE=Z PSIe

vl8] woj ),

[N
v
o

Visibility
function

Intensity

200

150

100

50

White light “ u
interferogram

0 1 2 3 4 5
Scan position [um]
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2.3.2.3. AG A} Ho] 7HJ A (White Light Phase Shifting

Interferometry, WLPSI)

AU FolE S Zow ofdl T & gom 4 2-249 2ol

2 2-24

hWLPSI = hWSI

Intensity

o Measured data

Visibility
200 function
\

0 1 2 3 4 5
Scan position [um]

L

a9 2 - 12 Mg 4 Mol A xol 54 WU
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bt 7t wag ] AEY e BAst] o2 sk

g [26]et. A 2-25¢ #Zeo] zF WEF FAME F A E2 94

i

= 3

A A5 E Fgo] W (Fourier transform)& Ed] Fu¢ Jddow

Y

WEkste] 7wyl 94S Bl
)= Iped) + FIA)x FTlcofkh-2) 1 2-25
59 g4 a9 2-13¢4 B A Zo] T4 (wave number,

Y

ke ol nel AFAd wAE 7HAY] wEel Eols A 2-263%

Wave number [um™)

%%k
ok

phase

9 2 — 13 FEo] Hsto g Hd¥ u H YAk
1|0¢
h = —|— X —
FDA 2‘8[( & 2-26
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2.3.2.5. 7=} 7+ A (Color interferometry, 3—PSI)

Zhel Al g A AA HlolE &5l ARRE = TS
= b2} (black—white camera) oA Z2F 7}W 2 (color camera) =
A Flolty, Zet Fhdeks 718 59 ghdEl ke Red, Green,
Blueol slg3l= Z2F ZE (color filter) 7k 9lol, AAo|HE ZE
gst= el dyk F5dn. webd Fdoew wAaRE
Abgeteete oabd 94 "ol A (multi—wavelength  phase
shifting interferometry) 8} A A3E IS 4 vk RGB 7+

5

54

A

A&
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F obj
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r ref’
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Modeling phase by theory

L E(h,d) = Z (%nc’aswzl (’l) - ¢model(iﬂ h. d))z A

Measured phase

N

Determination

Best fit
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Linear

Non-Linear

A

Y 2 — 17 54
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Chapter 3. 593
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© 1] 8 8 ¥ ¥

(ai Sesn posisnn] ; (b)' S pomiogal (ci CR—
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5.2. Phase Extraction Method (PEM)
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5.3. Advanced Phase Extraction Method (APEM)
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1.117 %, 0.017 % o]t}

Thickness measurement error

=== Modeling method

= + Proposed method

| e ————— e — —_—

A

Thickness measurement error [%o]

0 300 600 900 1200 1500
Thickness [nm]

% 7 — 11 PR/SiY FA4 54 35
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7.2.3. Si02/BK79 7 =34

F ool mE FA 573 Ade a9 7-129 2ok w9y s
AQKEE WY BT AEE TAS ST 2e & 5

1500
-

— <
= |
E g '
-2 1000 7
3 -~
§ o
2 W
Q
= P < :

500 / === Modeling method

/‘
- = * Proposed method
L4
0 /
0 300 600 900 1200 1500

Thickness [nm]

% 7 — 12 Si02/BK79 T4 =4 A3}
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2.897 %, 0.512 % ©|t}.

Thickness measurement error

=== Modeling method

= * Proposed method

st onsi g togimn e

Thickness measurement error [%)
o

0 300 600 900 1200 1500
Thickness [nm]

19" 7 — 13 Si02/BK79 74 54 A&
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7.24. 57 53 4%

1
-

o to

37HAL A mE FA 54 ddE Addshd ¥ 7-143 2

ol
=

o W Aekst WHE BE ddiFog7E 3 9 o]dl9

Thickness measurement error [%]

30%

25%

20%

_
2

n
ES

2.627%
1.117%

0.655%
W (P PP PP i

0.512%

Si02 / Si PR/ Si
“Modeling ™ Proposed

O 7 - 14 4 QA wE A
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8.1. Al 74
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3
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aperture, N.A)+
0.3 ot} AF 5o o Jhvel(area camera) & AFE-Eo] WA
T E5ste] mAl ARl Eole FA EEE
Ack. FERA Pz ~AEYS 7 8-29
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Intensity

Halogen lamp

1.0
0.8
0.6
0.4
0.2
0.0 00 o o o o - o
Wavelength [nm]
O% 8 -2 R Yo AFAEF
E 8- 154 AL 4
Specification
Interferometry Mirau type
Light source Halogen lamp
Objective lens 10x
CCD Area camera(BW)
Scan range 15 pm
Scan interval 80 nm
119
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Measured height

10
% 08 0.800
K= e Nominal

0% —8—APEM

04

o 0.098 0.102 0.102

= = =
0.07
0.0
171 1/2 1/4 1/8 1/16

Resolution

OH 8 -3 v Edfleel mE ol 54 A

Height measurement error

40%
3 700%
B 30
21%
20%
10%
2% 2% 2%
- m— NS
1/1 1/2 1/4 1/8 1/16
Resolution

99 8 - 4 g Falvel e ol 34 oAg

121 3] ’{‘-I =5 E’” ﬂ n’



E 8- 2 A5 Bl e ko) 34 Aw

Resolution Resolution Resolution Resolution Resolution

111 1/2 1/4 1/8 1/16
Nominal
0.100 0.100 0.100 0.100 0.100
height [pum]
Measured
0.800 0.079 0.098 0.102 0.102
height [pum]
Measurement
700 % 21 % 2% 2 % 2%
error [%]
Repeatability
0.639 0.011 0.006 0.006 0.006
(30) [pm]

1/8 & wek 1/16 e 54 A3yt sdshy] wZel 1/8 el

122 | = =



8—3% 19 8—-4 ¥ ¥ 8-32 0.8 xmo F7F

A 5408 pm 993 0.9 pgm J9& 2

&, 77 574 Aol

Measured thickness

&

= 0.814 0.815 0.815 0.816
= 08 & = ]
2
=
2
06
o Nominal
04 el APEM
0.255
0.2
1/1 1/2 1/4 1/8 1/16
Resolution

7} 23skglch 19

FA, FA 57

a¥ 8 -5 3 waflsel e 0.8 pme FA 54 A3

Thickness measurement error
40%

T 68%
= 30%
20%
10%
2% 2% 2% 2%
0% ] = | E— N
1/1 1/2 1/4 1/8 1/16
Resolution

a4 8 -6 v el wE 0.8 pmel FA SH eAE
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% 8 -3 35 Edllsol W 0.8 pme 77 54 43

Resolution Resolution Resolution Resolution Resolution

1/1 1/2 1/4 1/8 1/16
Nominal
thickness 0.800 0.800 0.800 0.800 0.800
[nm]
Measured
thickness 0.255 0.814 0.815 0.815 0.816
[nm]
Measurement
68 % 2% 2% 2% 2%
error [%]
Repeatability
0.021 0.005 0.006 0.006 0.006
(30) [um]

% 8-5, 1Y 8—-6 ¥ ¥ 8—4+ 0.9 pxm9 H T, =73

Qakg, 54 77 dytoltt

Measured thickness

-
(=]

= 0.916 0.916 0.916
5 0.896
w
gs
R
208
=} — N OMinal
—|—APEM
06
0.459,
04
1/1 1/2 1/4 1/8 1/16
Resolution

O 8 -7 3 wesel WE 0.9 pme FA 54 A3

124 ' ’H kl ]'-'H .;j]r TU



Error [%]

a9 8 -8 3¢ Ealsol e 0.9 £m2

20%

._.
%
S

10%

5%

0%

Thickness measurement error

1/1

49%

2%

2%
e [
1/4

1/2

2%

1/8 1/16
Resolution

FA 54 eakE

% 8—-4 35 Fdlsel WwE 0.9 pme 74 4 A7
Resolution Resolution Resolution Resolution Resolution
11 1/2 1/4 1/8 1/16
Nominal
thickness 0.900 0.900 0.900 0.900 0.900
[nm]
Measured
thickness 0.459 0.896 0.916 0.916 0916
[nm]
Measurement
49 % 0% 2% 2% 2%
error [%]
Repeatability
0.008 0.008 0.004 0.004 0.004
(30) [um]
| i i
T |
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a9 8-7, 19 8-8 18a % 8-5

TU

e N OMinal
0.099
Iteration

0.100

=l APEM

0.100
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Measured height
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Height measurement error

8%

Error [%)]

6%

1%

0%

0 1 2 3 4 ]

Iteration Iteration Iteration Iteration Iteration Iteration

0 1 2 3 4 5
Nominal
0.100 0.100 0.100 0.100 0.100 0.100
height [um]
Measured

) 0.105 0.095 0.098 0.100 0.100 0.099
height [um]

Measurement
5% 5% 2% 0% 0% 1%
error [%]
Repeatability
0.006 0.009 0.006 0.009 0.006 0.008
(30) [pm]
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8—9% 1% 8-10 181 ¥ 8-6<2 0.8 xmo 4 FA, T4 =73

FA ZHE 08 pm 493 0.9 pm FoS 77

Qakg, T 574 Aol

Measured thickness

S
®
&

— N OMinal

0.83 el APEM

0.82 0.815 i 0.815 0.817 0.817

%\k‘%\ﬁi/;

Thickness [pm]

081

0.80

o] 1 2 3 4 5
[teration

9 8 — 11 ¥k Axke] W& 0.8 xmo T4 =3 A
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Thickness measurement error
5%

Error [%]

4%

3%

2% 2% 2%
29 2% 2% 2%
1%
0%
0 1 2 3 4 5
Iteration

I3 8 — 12 HHE dAte] wE 0.8 xme T4 =4 &

=4

8 — 6 WHE AAte] WE 0.8 pmo A 54 A

Iteration Iteration Iteration Iteration Iteration Iteration

0 1 2 3 4 5
Nominal
thickness 0.800 0.800 0.800 0.800 0.800 0.800
[nm]
Measured
thickness 0.815 0.817 0.815 0.817 0.815 0.817
[nm]
Measurement
2% 2% 2% 2% 2% 2%
error [%]
Repeatability
0.006 0.006 0.006 0.006 0.006 0.006
(30) [um]
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% 8—-11, 729 8-12 183 % 8-7& 0.9 xmy =4 T4,

A 24 oA, FA 54 Aot

Measured thickness

__ 094
£ Nominal
w
% 093 —&— APEM
=
=
C 092 0.916 0.916 0.917 0.917
0.914 0.915
091
0.90
089
0 1 2 3 4 5
Iteration

a9 8 - 13 Wb date] whE 0.9 pme FA =54 A3

Thickness measurement error

5%

4%

Error [%]

3%

% 2%
2% - 2% 2% 2 2%
1%
0%
0 1 2 3 4 5
Iteration

79 8 — 14 ¥HE ko] & 0.9 gmo T4 =4 ex&

5 28t
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S

8 — 7 WHE QAAte] W& 0.9 £me FA 54 A3

Iteration Iteration Iteration Iteration Iteration Iteration

0 1 2 3 4 5
Nominal
thickness 0.900 0.900 0.900 0.900 0.900 0.900
[nm]
Measured

thickness 0914 0.916 0.916 0.917 0.915 0.917

[nm]
Measurement
2% 2% 2% 2% 2% 2%
error [%]
Repeatability
0.003 0.004 0.004 0.004 0.004 0.004
(30) [um]

44 ghobm A FA ZHol Absdth FA SHL wHE Akl

171 ;
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£ 8- 8 £F AW 54 27
Specification
Objective lens 10 x
Scan range 15 um
Scan interval 80 nm
Spectral resolution 1/8 (0.019 pm™)
Number of iteration 2

Height : 9, 6, 7, 8.5, 7.5 um
Thickness : 1.05, 0.95, 0.85,
0.75, 0.65 um

Initial value of non-linear least

square fitting

a9 8 — 15 &= AHe A4
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e
o

Ay

o

20%

o
xR

[y
=

AN

b
X

3%

(=]
=®
[N
R

-1.0[pm] 1.0-0.9[um]

<)
o
o
0o
T
3

] 0.8-0.7 [pm]

W Visibility #Modeling = Proposed

NN

1%

| 249 oAE, ®ol 574 4 xol 34 exs s
Z@BoE dgd Aol
Measured height
E 0.7 0.706
En 0.097 0.100 A 0.098 0.101
-'—g 0.0 0.051 x -0.016
Z 0.058 0l04sg
=
0.7
- 1.1-1.0[pm] 21.0-0.9[um] 0.9-0.8[um] 0.8-0.7[um] 0.7-0.6[um]
——Nominal —e—Visibility —e—Modeling —a—Proposed
2% 8 - 16 EF Al w0l 54 Ay
Height measurement error
9 5 A 2T1%
Y, Y ) §
= 100% v % v §
5 sox \,/ \ v \
Y ) )
2 0% o v \ v §52/
£ Nz V § N §
o a0%
Y ¥ Y N
‘AR 8

0.7-0.6 [pm]

I% 8 - 17 ®F AEY Eo] 4 oAE
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¥ 8 -9 BF AEY 4 54 U d wo] 54 44

1.1-10 1.0-09 09-08 08-0.7 0.7-0.6

[nm] [nm] [nm] [pm] [nm]
Nominal
0.100 0.100 0.100 0.100 0.100
height [pum]
Visibility

0.051 -0.037 0.706 -1.140 -0.016
method [um)]

Modelin
g 0.058 -0.020 0.059 -0.171 0.048

method [um]

Proposed
0.097 0.100 0.097 0.098 0.101

method [um]

E 8- 10 2% A A4 54 ¥ 2 gl 54 oAk
1.1-10 1.0-09 09-08 08-0.7 0.7-0.6
[um] [um] [um] [um] [um]
Visibility
49 % 137 % 606 % 1240 % 116 %
method [%]
Modeling
42 % 120 % 41 % 271 % 52 %
method [%]
Proposed
3% 0% 3% 2% 1%
method [%]
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#0811 B A 7 54 8 d o] 54 UEE

11-1.0 1.0-09 09-0.8 08-0.7 0.7-0.6
[um] [nm] [um] [um] [um]

Visibility
0.006 0.064 0.126 0.254 0.001
method [um]

Modeling
0.010 0.193 0.009 0.244 0.056
method [um]

Proposed
0.007 0.009 0.006 0.006 0.012
method [um]

Eo]l F7 W (WLPSD 2 utwhe] ko =z Q& 4 ak&o] g
T AS ¢ 5k g F=AZE 1 pm o3 w1 o] o}

a5 v AE HA AFHE ol&ste] Eolg s WY
=4 9ap&o] 40 ~ 50 % FEoIAY 100 % P& AL 2 5 rh
=74 2ak&o] 100 %7t 9= Ade A9 HAagow FHIA Fi
Ao Hagor Sl F4 2xvh wle AW Aotk Ao
e

stdte A A FHagor FHEA K

—}

el S48 WEE B W 4 v 54 exk&o] 40 ~ 50 %

2o Aste A9 ArFOR FHPAW A4 BAW 33 8 Y}
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0.586
0.6 [um]

g At

0.7 [um]
—&—Proposed

=

A5

0.8 [um]

—@—Modeling

j=
-

19]

Y
1l

0.9 [um]
T Al¥
138

AYA
a1

1.0 [um]

1.1[um]

=N ominal
19H 8- 18

0.5



Thickness measurement error

10%

Thickness measurment error [%]
9]
R

/ 29 2% 2% 1%
/ / 1%
0%

8%

N

1.1 [pum] 1.0 [um] 0.9 [um] 0.8 [um] 0.7 [um] 0.6 [um]
% Modeling ® Proposed
O™ 8 - 19 EE AEY A 54 eAE
E 8- 12 2% AR FA 54 A
1.1 1.0 0.9 0.8 0.7 0.6
[um]  [um]  [um]  [um]  [um]  [um]
Nominal
1.100 1.00 0.900 0.800 0.700  0.600
thickness [um]
Modeling
1.077 0983 0968 0.762 0.725 0.631
method [pum)]
Proposed
1.083  1.002 0915 0.794 0.691 0.586
method [um]
* 8- 13 % AR FA 54 A
1.1 1.0 0.9 0.8 0.7 0.6
[um]  [um]  [um]  [um]  [um]  [um]
Modeling
2% 2% 8 % 5% 4% 5%
method [%]
Proposed
2% 0% 2% 1% 1% 2%
method [%]
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1.0 0.9 0.8 0.7 0.6
[um]  [pm] [um]

[pm]

1.1
[pm]

[um]

0.001 0.148 0.000 0.001 0.002

0.001

Modeling

method [um]

0.004 0.004 0.008 0.003 0.007

0.003

Proposed

method [um]

=4 221
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e

o

1

N
22

FAIHS a9 8-183 o] Si AlEe] SiO.7F T HE
1.0, 0.5, 0.2, 0.1 gmolw, A

L —

R

o 7

j=13=1c
|

Nr

R
¢+
ol

J_,NO

N

T
o

ol
ar

‘._m‘O

shom, I =9

S

T

JX!O

iy

B

10 x
15 um
80 nm
1/8 (0.019 pm™)
Height : 10 pm

Specification
Thickness : 0.5 um

141

Objective lens
Scan range
Scan interval
Spectral resolution
Number of iteration
square fitting

Initial value of non-linear least
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8—19, 719¥ 8-20, % 8-16, X% 8-17 i %
, 0] 54 22bE, o] 54 A, wol 54 24
5 (30) E Rt Aot

Measured height
1.50
E 1.216
g — 1.028
) * o
5 1.00 —
% —
» /2—4— B
0.50
0.488
025
0.014 0.032
0.00 -0.:£—______——F —®
-0.25
-0.50
1.0-0.5 [um] 1.0-0.2 [um] 1.0- 0.1 [pm]

——Nominal = =#=Visibility = =—@=Modeling  =#=Proposed

a3 8 - 21

=]

Height measurement error
150% 143%

N
121%
120%

90%

\_
60% \\\/ /
\y/ 37%\\%

Height measurement error [%)]

30%

0%

1.0- 0.5 [um] 1.0-0.2 [um]

N Visibility 7» Modeling

143

1.0-0.1 [um]

® Proposed

T 4Re AR Bo 34 A



¥ 8- 16 ¥ 4583 AH9 Fo] 54 Ay

1.0—0.5[pm] 1.0—0.2[pm] 1.0— 0.1 [pm]

Nominal
height [pum]
Visibility
method [um)]
Modeling
method [um]
Proposed
method [um]

0.500 0.800 0.900
1.216 1.095 1.028
-0.106 0.014 0.032
0.488 0.824 0.905

FE 8- 17 HE 42T AW o] S oAkE

1.0—0.5[gm] 1.0—0.2[pm] 1.0—0.1 [pum]

Visibility
method [%]
Modeling
method [%]
Proposed
method [%]

143 % 37 % 14 %
121 % 98 % 96 %
2% 3% 1%

8- 18 EF 42T AW o] S WELE

1.0—0.5[gm] 1.0—0.2[pm] 1.0—0.1 [pm]

Visibility
0.006 0.009 0.014
method [um]
Modeling
0.024 0.107 0.037
method [um]
Proposed
0.007 0.009 0.006
method [um]
:
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K
b
oo
%
o

% 8-21, 18 8-22, ¥ 8-19, ¥ 8-20 1
54 A, 74 54 AE, FA 54 A, FA 54 oaks Ay,

T 54 MEEZ@Bo)E FEs Aot

Measured thickness

— 13
5 1.021
é 1.0
=z
o
= 08
0.6
0.4
0.424
0.2
0.199
00 0.103
1.0 [um] 0.5 [um] 0.2 [um] 0.1 [um]
e Nominal —8-—NModeling =& Proposed

2% 3% 3% 3%
o 0%
o5 7. 1
1.0 [um] 0.5 [um] 0.2 [um] 0.1 [um]
# Modeling B Proposed
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¥ 8- 19 iT 422 A FA 54 23
1.0 [um]  0.5[pum] 0.2 [um] 0.1 [pm]
Nominal
1.000 0.500 0.200 0.100
thickness [um]
Modeling
0.534 0.483 0.424 0.424
method [um]
Proposed
1.021 0.515 0.199 0.103
method [um]
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ABSTRACT

Study of simultaneous measurement
of surface profile and film thickness

using White Light Interferometry

Minsu Kim
School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

In this thesis, an analysis algorithm using White Light
Interferometry 1s proposed for simultaneous and volumetric
measurement of surface profile and film thickness. As semiconductor
industry and display industry develop, film thickness gets thinner and
size of micro—pattern gets smaller. Therefore, the demands on
measurement of surface profile and film thickness distribution have

been increased. It is difficult to measure surface profile and film

thickness as thickness of transparent film gets thinner and pattern’s

size gets smaller. To overcome these difficulties, an analysis

algorithm for measuring surface profile and film thickness is
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proposed in this thesis.

For measuring surface profile and film thickness, spectral elements
are retrieved from white light interferogram. Zoom FFT is applied for

higher spectral resolution and less calculation time.

Thickness measurement results of proposed method are more
accurate and stable than that of conventional methods because
proposed method uses all of spectral elements. In addition,

measurement time is short by calculating film thickness directly.

Surface profile is measured using spectral phase of height
separated from retrieved spectral phase. For measuring true height
that is not affected by transparent film, thickness property has to be

removed from retrieved spectral phase.

Performance of proposed method is verified by simulations and
experiments. As a result, it is confirmed that error rate of height
measurement is under 3 % and error rate of thickness measurement
1s under 3 %. Also it 1s confirmed that calculation time of measuring

height and thickness for 640 x 480 pixels is about 12 seconds.

Keyword: White light interferometry, FFT, Surface profile
measurement, Thickness distribution measurement,
Simultaneous measurement, Volumetric measurement,

Advanced Phase Extraction Method
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