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ABSTRACT

Analysis of multi-layered film structure by spectroscopic

ellipsometry with a single image

By Jin Sub Kim
Advisor : Prof. Ki-Nam Joo, Ph.D.
Department of Photonic Engineering

Graduate School of Chosun University

Recently, precise film structures have become essential for integrated circuit (IC)
and flat panel display (FPD) products because of their multi-functional purposes
and compactness. In these products, thin films are deposited on a silicon or glass
substrate with various materials and thicknesses for conductivity, insulation and
packaging. For the successful operation and performance, film structure should be
manufactured as designed. In addition, the measurement or inspection of the
geometrical dimensions and material properties of film layers becomes an important
issue in order to confirm their functional uniformity.

Ellipsometry has been very important for the characterization of thin film
structures as a non-destructive metrological tool. Comparing the measured
quantities such as ellipsometric angles of ¢ and 4 with their counterparts of
theoretical model, ellipsometry can determine the thin film thicknesses with high
sensitivity and even a spectroscopic ellipsometry (SE) provides the reliability and
robustness of the measurement results with sufficient spectral data of w(A) and 4
(A). However, most of SE only measure film thicknesses at a single point of the

interest and adopt polarization adjustment of the light by wusing rotation of
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polarizing optic elements or electrical phase modulation, which leads to time
consumption. Imaging ellipsometry has capability of obtaining 3D or line profile of
film thicknesses, but it still needs rotating mechanisms for the polarization changes.
In this study, I propose two types of spectroscopic ellipsometers, a spatially
phase-retarded spectroscopic ellipsometer and a polarization pixelated spectroscopic
ellipsometer that can measure the multi-layered film thicknesses with a single
image.

The spatially phase-retarded spectroscopic ellipsometer can collect all
information, necessary to characterize film structures, with a single image
acquisition. Instead of using temporal phase retardation devices, a spatial phase
retardation plate is used and an imaging spectrometer can obtain the intensity
variations by polarization states and wavelengths. As an optical source, a
broadband light is used and the light with a small beam size is linearly polarized
by a linear polarizer. Then, the light is incident to a film specimen and reflected
off with the polarization changes caused by the ratio of p-pol and s-pol waves.
The reflected light passes through a beam expander and the large size of the light
goes through spatial phase retardations by a spatial phase retardation plate (SPR),
designed to provide the periodic phase retardation along a horizontal axis. The
spatially phase retarded light passes through an analyzer and detected in an
imaging spectrometer. Then, the imaging spectrometer only images one of the
horizontal lines of SPR at the center and spectrally resolve this line. The horizontal
axis of the image indicates the polarization changes caused by the periodic phase
retardations while the vertical axis means the spectral axis. As the result, the
intensity variations by various polarization states and wavelengths can be obtained
at once in a single acquisition of the image.

In the polarization pixelated spectroscopic ellipsometer, the ellipsometric
parameters can be acquired by adopting a polarization-pixelated CMOS camera and
an Imaging spectrometer without any mechanical or electrical moving parts and
their spectral and spatial profile are obtained with a single image. As a light
source, a spatially coherent broadband light is used and the light beam size is
enlarged by beam expander to fully illuminate the measurement line of a film

specimen (S). The light beam goes through a 45° rotated polarizer and is incident
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to S with the semi-Brewster angle of S. The reflected beam from S passes
through a 45° rotated quarter-wave plate and is incident to an imaging
spectrometer through an imaging lens. Then, the spectral density is distributed
along the vertical axis of the captured image while each spectral density set
corresponding to the point on the measurement line is horizontally located at the
image of a polarization pixelated CMOS camera (PCMOS).

In PCMOS, an individual pixel of the image sensor has its own polarizer,
oriented by 0°, 45°, 90°, and 135° while a (2 x2 pixels) unit cell block is repeatedly
arranged in whole imaging area. In this case, these four kinds of polarizers of the
unit cell in PCMOS can act as a role of rotating an analyzer with a step of 45°
under the assumption that the light obtained in the unit cell is from the same point
on the measurement line and its wavelength is the same. Then, the whole image
obtained by PCMOS can be split as four images according to polarizing angles and
the ellipsometric information can be obtained by these polarization changes.
Subsequently, the proposed system is equivalent to a number of rotating—analyzer
type SE, and it can obtain the ellipsometric spectral data for the line at once with
a single image only.

In order to verify the spatially phase-retarded spectroscopic ellipsometer and the
polarization pixelated spectroscopic ellipsometer, single and multi layered film
structures were used as specimens, and it was confirmed that multi-layered film
thicknesses could be successfully obtained at a point and a line, respectively, with

each single image.

Key words @ Multi-layered film thickness, Single-shot, Spectroscopic imaging
ellipsometry, Spatial phase retarder, Polarization-pixelated CMOS
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3} 45°¢) Y AP

A A 22He] o (DPP25, Thorlabs)® A A 9] fast axis 3
| T o dojuye 93 AAdFE YEdTh

B =+

2 DPP25 4Ab= 25 ym 7HA 9] 3AWgo & fast-axis’F 24 d&%H oz 37

A, A=E A

Liquid
crystal
array
Phase retardation
{rotating fast axis)
T YA A A2 Liquid crystal polymer 81 4

Retardation

Y (mm)
dh b b A A o a o B o

Y (mm)
L A N R
; R R AP

{ZICollection @ chosun

5 4324012 3 45
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3 Phase retardation
(rotating fast axis)

a9 2-8 FIF 9 AA VIt 23 BEAST] B FAHE
(P, polarizer; S, specimen;, BE, beam expander; SPR, spatial phase retarder; A,

analyzer; IL, imaging lens; IS, imaging spectrometer; CCD, CCD camera)
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A et FxE 19 2-99 22 FAoR ) AnkAl CCD FhHlEket 2 U
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A dE Fo] 7] Wi, T 4 gL M2 tE H3 dEe 9o A=
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a9 31 B2 94 A A B HAASY et 1y

(P, polarizer; S, specimen; BE, beam expander(3x, 10x); SPR, spatial phase retarder;

A, analyzer; IL, imaging lens; IS, imaging spectrometer; CCD, CCD camera)

AAZE b v BAS el B wmol A Aldtelke 33 S A 7w 23 B
AAZ719] F3 A4S 19 3-13% 2o o=z 19 3-29F 22 NKT Photonics
ALe]l SuperK compact laser® Q-switching B2 #o)AE AM&39 2™, SuperK
compact laser™ #®]A3& #3 (Nonlinear optics) dAel 22 1%3  (Second
harmonic) &5 &3 ¢F 450-2400 nme] W2 3 9GS 7. JAketE He
H3g Aol AB el =S 98] Thorlabs ARl #337] (Wire grid polarizer,
WP25M-VIS)E Ab&etsiom, He] a7]5 &74A]7]7] 98] Thorlabs A RlEH7]
(Beam Expander, GBE03-A, GBE10-A)E A}&3t3t). oluf, FdeolA Al H9
2742 1.5 mmA o, WEgr]el o&) g 20 mme] 712 GojH vk =gk, &3t
Aoz AF WstE F7] g8 AHgE F3F 914 A A& Thorlabs AF] Liquid

Crystal Polymer Depolarizer (DPP25-A)E ©]-&3% o™, DPP25 AA+= 25 ym 3H4

=
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o] PO R fast-axis7t 24 AEHA o ® IJAHEF A7 G A LE o PYAst= W
°of AF HEHE FHHE s F AT

b, W 2E Z) (Brewster's angle) &2 A = BRIAIS7]9) 544, 94 4= A
A& 98 29 3379 2 1Y ufEE A Aoy, v Aguict Al A7}
ASHA B A HER ol g RAS gstrt. A4 A== Edmunds AR
#63-731 dHANEZ WZZ AL&3FR oM, #3-731S 1919 wi& (Magnification), 110 mm
o] #3578 (Working Distance), 88 mm (H) x 66 mm (V)¢ =4 <9< (Field Of
View, FOV)& ztet &% ARES d537] 93 94 £37]= SPECIM AR
IMSPECTOR V8 A#& AF&3tdom, (1280 x 1024) ¥AS 74+ CCD 7 gt=2 =
4 s G5 AR G4 £3719 CCD 7hlete] Mg e 3E 20 U
BRI AT

\_/

180
160 |
140
120 |

100

80 +

— |

IlIlIIIIII

60 |

Power Density [pW/nm]

40 +

20 |

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength [nm]

a9 3-2. Ao AeE Fhdy ~FHEZ (SuperK compact laser)
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I 2. 9% 3719 et e
ZH] qs
Slit size Spectral
Spectral Range i .
o1 2 (width/length) resoulution
2y | 0
380 - 800 nm 50 1m/9.8 um 3 nm
Resolution Pixel size Sensitivity area
CCD
Camera
1280 x 1024 pixel | 4.65 x 4.65 pym | 595 x 4.76 mm

Collection @ chosun
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2. Al=" A4 1A

BLAS 7= dubAQl SA7Iek gl o] B @ty SA8e ol&ste 1 Aolrt HA
7 HEE HAAsE A & A i3S =E55e Aotk wEbA] A3 A Est
Alz=glo] ole] Ad WEEd gz BA Aol dFFeln, ol FI BHAAZT=
AU 54 235 g5 5 vk ol & 3 & dFelAME vy 2 Wy 1A
S Y3k

- A\ HF = B9

- 7 3 G B39 4, 78 5 4™

- wdE G g gl 9 v

- 3 Y AD AR 4 FE B 54 24

21 #3379 AF & A

BdAS7= dAete Bl i AlHoel A wkAbel= Blo] g wisted wE PR
Wstgs HEsH] witel, AEd S-S flal Abgetes WRrY Agd A9 5 74
L dAo] Fasith 2 AFelAE oldd HAFr|e HE F 4 AAS 98 £ 3
7 2E ZYGO Are] SH ER] #lo] A (Heterodyne laser)& o] &3¢ HEeo] €% 3
F 7l e ARESET ZYGO AFS] SlEl =Tl ol A= Wil 3 3 Wx
7] (Acousto-Optic Modulator, AOM)¢} H=4d 2S5 o] &3lo] 20 MHz9] =FolE 7}
A= 2708 Mz 24 A3s 7HAE oA BE A, ol& o] &std, 1
3-4¢} o] FHZTR #olA FholA v Wol 45°9) WP & 2= HPVE A
g o), WiEmo] Aert b A2 g5dEn A 2 AT E F AE71A 7R
=2 Aer AEel d WY #AAFVY #F F5 5= AYson, ol& o]&st
H@71el AR = WY AN T FHo]l HAUF HEF xAHste] -45°2 BAGES]
t}.
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of Ab&H ZYGO #lo] A

ZYGO Laser
Beam Power >400 pW
Diameter 3 mm
Frequency Difference 20 MHz

ZYGO Laser
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22 7tvEt 3 4 3719 34, %8 5 3E

S 9% A 7 £33 B ASYE 1Y 3-19 Zo] E3d 94S 53]
sl F AEFA G E3Z7]e CCD 7hWets Abgstoh o, E3H o af
ol whet ghelete] = o w F ALH7] fside G 371 el A &
F e £85I g a9 HE A= B A O] sttt o= 2
Ao A= AZ (Line width)o] v F<& He-Ne 4 O]ﬂ FEE AbEste], 19 3-5
oF o] B 5H= ielo] FhwTte] —/F‘é Wk dAHEE A9 AP o,
A3k glol 9% AR Y& FA =AW (Center of grav1ty)% olg&staem, G4
o & & A A Aol7t HAAavF He ARS ol I £FVE FEoR A
A7IH 7 S5 BEeith

Spectrometer

Miss matching

Spectral axis

Matching

Laaaaa g

Y 3-5. 233 =3 Jhvlel pixel & 2 24 <
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23 #3349 949 d334E st 34 wA

GG 7ok et 2, 8 S5 A olF, 1¥ 3-63 o] I w379
ZJ’

[¢}
2 Ausl ool sgai Aueel N4 AR wFE wAg

ul

-
P

Spectrometer

Spectral axis

a9 3-6. bl FA APt 33 Y A

ol fdl B AFaAM= AEste W 3 Y Fde A gAns ==
7] 93k Thorlabs A}2] ™9 I ¥ (Band-pass filter) & AF&3F T ojuw] AFE3H o Y
2= ¥ Z (Full Width at Half Maximum, FWHM) 10 nmZ &

3

i
X
N
A
ofy
o>,
o

g 29 373 gkew, tiEf 7070 AN Blef AVI7F AEHE AS &

A& AT E=F, 2™ 374 & 5 Shol sl uet gl A HEE =

Aol A7 vAeHA S SQlstdith e FHE S 58 Gl A

gl siFets 2kle 2Asr] 9 F SAHE ol&stlen, 1§ 3-89 o]
o] JhHke] = Aol 9
i

%
o3

S 2437 98 ity 74 wego =z 5o HA HuE o] gsk 3x FHA g
(Third-order polynomial fitting)S &3l 1% 3-99F o] Zidgte] BE A g
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ASehgivh BUE G sHd et 94 04 olF, Gy By
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RESo] a7 At 19 3-103 o] ~ntd &3 (Smile effect)”}
&
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[l
<

Wavealength [nm]
o
[3))
<

g 200 400 800 80O 1000 1200
X axis Ipixell

a9 3-8 tg ZHe sjdets A g
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Wavelength [nm]

2530 400 800 800 1000 124D
X axis {pixed]

a9 39 AE Fa I5% Ao B v AR

=86t 1
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‘@ aa 4 pixel
2 84 P

o0
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1 1 1 1 1

200 400 660 800 1600 1200
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219 3-10. WS Z¥ 650 nm ARl BT Avkd &)
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Broadband BE P SPR A I IS  €CD
laser source o

a9 312 B A AQ e By 2HE 9

=

B3 P

(BE, beam expander; P, polarizer; SPR, spatial phase retarder; A, analyzer; IL,
imaging lens; IS, imaging lens CCD, CCD camera)

E 500
=
£ 550
=
5 an
ésue
2 650
X axis fmm
(a)
E 500
£
£ 550
E o)
g an
éﬁu{}
2 650
& 1 2 3 4 5
X axis fmmi
(b)
a9 3-13. FFF 9 Ad 29 (a) 4, (b) o]E R G4
olF T AF A aRe] 5L By 9 AP AP 19 3-129
2e B3 TS B Aol a9 3-13@s 2L 93S f5dgorn, =3
NG Axpol I WEk 94dE e o84 EdS F3 19 3-13h)¢ 22 9
e G5ah daelA FH wFe 9 ade) Fgd 94 Adwe e,
s pgont A4 2ol HALFL guh 4 (19< B3 2 A A 24
o] o] RHES Ao, MATLAB T2 o] &3 F G4 XA AFE
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Wavelength 428 nm

rtersity [ALL|

X axis fmm]

Wavelength 608 nm

@

Intersity A U]

“Collection @ chosun

# s ]

I 3-15 sl mhE A A o
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Azl BA $ 2 =R A Acksle F3F 9144 A 7w B3 eeASTE A
=st7] 918l dmrxsgstAFdelA AT wFEAIA (Certificated  Reference
Materials, CRMs)2 =&t A3 EFAIHLS Si 7[AFH 9o SiOy7) dEo =
TxHol & FHZE, 143, 55.8, 110.1, 507.3 nme FAE zte= 4719 AlHe| U3
AR ATt

wn

Wavelength (nm)

200 400 600 800 10GC 1200
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e B50
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£ 800 ) 0.6
g 04
QL 850 )
g 0.2
@© | - ¢ 2
200 400 600 800 1000 1200
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9 3-16. 507.3 nmeoll et (a) AT (b) ol &3k I
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$i0,

SION SiON
Si0, )

5i0;
SiN .

SiN
51 Si
substrate substrate

(a) (b)

Y 318 () 3% () 430 APHE B AW wAs

-

F 4. v 9 54 43

(Unit: nm)
Three-layered Film Specimen Four-layered Film Specimen
) Suggested ) Suggested
Layer Provided PCRrSA Layer Provided PCRrSA
System System
Point @
@) 125 123.5 121.6 @) 61 57 58.6
@) 125 113.6 114 @) 89 83.7 84.2
©) 135 124.6 127.0 ® 123 116.5 122.0
- @ 60 54.9 56.4
Point ®
@ 135 124.9 116.9 ® 76 82.4 83.5
® 160 159.6 153.0 ® 150 159.9 152.3
® 46 64.4 57.5 @ 78 75.0 63.1
- 123 120.1 131.2
- 46 -

(“)Collection @ chosun



% B AS7]

i

G

A24d #H3F gt 7]

—

0

A
ol

el

X
_Zrl

il

_50

A37 148 A

—_
o

N
A

R

Ho

B9l

Al

9]

-
[¢]

F bl e 2

b

<% #

Aol 7}

B 24 e

Nr

|

]

S

Fol] o

=
g

R

|

A
T

TR A 2g

3}
5}

o

7]l o

=
=

Al

o
Ho

]

A3 v 7

1.

Broadband

laser source

e e w

b
ft

- & & & 8 8 & =

.
L]
.
Ll
.
.
.
L]

F 7 eE ol &
(BE, beam expander; P, polarizer; S, specimen; QWP, quarter wave plate;

b2

A

19 3-19.

IL, imaging lens; IS, imaging spectrometer; PCMOS, polarizing-pixelated CMOS

camera)

el

< AI3%

74

=
ey

_47_

“Collection @ chosun
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29 321 M4 94 AR 45 B3 3 FoE 99 Bt 74
(LD, laser diode; SMF, single mode fiber; CL, colimator; P, polarizer; PBS,

polarizing beam splitter; QWP, quarter wave plate; M, mirror; PM, power meter)
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Band-pass filter image

Pixel division

a9 3-22. W3F Fhviete] b vl e
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4 Layer
Whole image of PCMOS camera

5 Layer
Whole image of PCMOS camera
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