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Spectral reflectance

Intensity of incident light

Intensity of reflected light

Refractive index (Complex number)
Refraction coefficient
Extinction coefficient

Total reflection coefficient

Fresnel’s reflection coefficient

(when light goes from material 1 to material 2)
Fresnel’s transmission coefficient

(when light goes from material 1 to material 2)
Light wavelength

Incident angle

Refraction angle in film layer
Film thickness

Phase change in film layer

Real part of the total reflection coefficient
Imaginary part of the total reflection coefficient
Magnitude of the total reflection coefficient
Phase of the total reflection coefficient

Maximum incident angle

Effective incident angle
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Liquid Crystal Display

Organic Light Emitting Diode
Emission Material Layer

Thin Film Encapsulation

Dispersive White-Light Interferometry
Photo Detector Array
Charge-Coupled Device

Wavelength Scanning Interferometry
Imaging Spectroscopic Refletometry
Light Emitting Diode
Charge-Coupled Device
Signal-to-Noise Ratio
Analog-Digital Converter

Photo Resist
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2.1.2. 2~dle] W=

= Blol M=
4 54E 2w WA AAE A o siabE 2] dAE
AR 9ol WA ostd dAFE = zel ARl (Sine)= F 9 Aol
Hl= 7h el Zte wdEe] wek gow, B 7 mjddA Y] 9 £
(Phase velocity) ] wlebi= ol whepr A (21) ¥ o] xdE 5 glen o
7146 2 <39 22> A9 dAME 6, = =dAe N B N, = 4

d A EHES A (22) o o] AeiE 24
A n & seRE 23 A k& /e SasE 13

H o=
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N,sing, = N,sin6, (2.1)
N(4) =n(1) —ik(1) (2.2)
Incident Light Reflection

Interface

Transmission
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213 =3 g4

il g2 (Fresnel’s equations) < HWo] A2 tf& F3 4 EAS 2t
de] BAE A W W wA Ao} FaAsE Jojdt ojuf wjEE
<Y (Homogeneous) St Ho]ojol s, "l HA T} (Plane wave) 2l 714
b <19 22> o A9} o] Hlo] mH S A wf A= 2AHL AN
WAL =), Zelde wiate]l WA (Law of reflection), 2~¥lo] Wy} wlx

g2l (Maxwell’s equations) & ©]-&3te] 1 EAS Aoz AHSS

dldl WAL AlS= (Fresnel’s reflection coefficients) & YA A x7]gbol] o 3k
At A7 gkl = | A ke &9 vlE 74z p 116t S 9w o]
Qolgh FAolt} e d WAL At T3 Al A (23 ) - (2.3 d) &F 7o
FAEH r = A A9 HES, t = =AY AAIeY HEs
olmjgic}, 9 HA 'pr 9k st B <29 23> 3 o] Z+z JAbA (Incident

1&:1

r&

plane) @} Ha§ ko AY (Polarized) ¥ HAAF7ute} ParA R 4228
AdE AA7|oE ougith. ofg) HA 120 = ol wjA 1 oA
st}

M 2 e skl la=

7

N, cosd, — N, cos 6,
rh=—2 11 2 (2.3a)
N, cosé, + N, cos 6,

s N, cosé, — N, cos b, (23D)
2 N,cosd, + N, cosé,

2N, cos &,

th = 1 L 2.3¢C

2 N,cosd,+ N, cosb, @3¢)
2N

£, = 16056 (2.34d)

N, cosé, + N, cosé,
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P polarization
Incident 4
light

S polarization

Incident angle

| The definition of S polarization and P polarization |
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Zed wAAE o]

ATk 2] (24a)-(24d) = Yz €AY Slpd w2 AV IE %

A3 Zolw p met s de YF 7 FHE AR 9 HAE ksl
1=
n

Reflection at Air-Film Interface: e =1, (2.4a)
1 Reflection in the Film Layer: e, =t,,-I,;-t,,exp(—i2/) (2.4b)
2 Reflections in the Film Layer: €, =t,,- - I, -t,,ex0(~i4/) (2.4c)
3 Reflections in the Film Layer: €, =t,,- Iy I -1, €Xp(—i6/3) (2.4d)
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Phase Extraction

Y

Phase Unwrapping

¥
Thickness Calculation
from Phase Data
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Wavelength interval 10 nm 5nm 3.3nm 1nm
Max thickness 101.2 99.6 99.5 98.9
Min thickness 94.8 945 96.0 96.9

3 STDEV 4.8 3.8 2.0 1.6

<% 3.2 33 E&Fd U 9tEE 2o A9 (F74 1000 nm)>

Wavelength interval 10 nm 5nm 3.3nm 1nm
Max thickness 994.4 994.5 993.5 993.5
Min thickness 990.5 990.5 991.5 992.5

3 STDEV 35 3.2 2.0 0.9
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Step 1 : Acquisition of reflectance signals at different incident angles

Fa O O

Incident angle 1 © & o o

Incident angle 2 S S S

0]
q

Incident angle 3

Step 2 : Combination of multi-reflectance signals through wavelength shift

Incident angle 1 © oo © oo = ? ©

Incident angle 2 & & &

Incident angle 3 & & &
Step 3 : Improved wavelength resolution

Original signal © & = ©

Combined signal 6—6—6—6—6—66—66°0

<19 4.1 9% T PP SAE>
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— Mo+ exp(—i2ﬂ)
T L nan,0p(-i2p)

(f, + 15(COS(2/5)) —1- 05(SIN(2P)) | (L+ F,155(COS(2/5)) +1 - 115h5(SIN(25))

(@ 1,05(C0S(28)) =1 - [u1pa(SIN2L))  (L+ [,0,5(C0S(2/8)) +1 - ETa(SIN(23))
_ [r,(1+ r223) + 1+ rlzz) cos2p4] +i '[rzs(r122 -Dsin24]
- 1+ 21,1, COS 23 + 51,

=a+i-b=G-(exp(iy)) 4.2)

a= ho(L+ 55) + hy(L+15) (;022,3 (4.23)
1+ 2r,r,,C0825 + 15,

hs(hy —1)sin 23
1+ 2r,1,,C08 23 + 315,

(4.2b)
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Reflectance signal using aperture 1
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—————— Ideal Noise-added
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Wavelength [nm]

<I9 4.22 B9 dE A =o|=7}t F71e WA= A (FA 100 nm)>

<¥ 4.1 Nz HH3IE AT 2o 4F FFH(F7 100 nm)>

Number of reflectance 1 2 3 5 7 10
Wavelength Interval [nm] 10 5 3.3 2 15 1
Max thickness [nm] 101.2 99.6 99.5 99.1 99.1 98.9
Min thickness [nm] 94.8 94.5 96.0 97.1 96.6 96.9
Average thickness [nm] 97.4 97.7 98.1 98.1 98.3 98.1
3 STDEV [nm] 4.8 3.8 2.6 1.5 1.7 1.6
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<Y 4.23 29 AFL 98 wo|=7} F71E vlE AS (57 200 nm)>

<¥ 4.2 N=H HH3IE AT 2o 4F FFH(F7 200 nm)>
7

Number of reflectance 1 2 3 5 10
Wavelength Interval [nm] 10 5 3.3 2 15 1
Max thickness [nm] 191.5 191.5 190.5 190.5 190.5 190.5
Min thickness [nm] 187.5 188.5 188.5 188.5 189.5 189.5
Average thickness [nm] 1896  189.8  189.8 1895  189.8  189.7
3 STDEV [nm] 3.2 2.4 1.7 1.4 1.3 1.2
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<I¥ 4.24 29| HAYPE A =o|=7}t F71e WA= A (FA 500 nm)>

<¥ 4.3 N2H HH3E AT 2o 4F FFH(F7 500 nm)>
7

Number of reflectance 1 2 3 5 10
Wavelength Interval [nm] 10 5 3.3 2 15 1
Max thickness [nm] 500.5 500.5 499.5 499.5 499.5 499.5
Min thickness [nm] 496.5 497.5 497.5 497.5 4975 4975
Average thickness [nm] 4986  499.1 4987 4986 4986 4987
3 STDEV [nm] 3.3 2.5 1.8 1.4 1.4 1.5
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<1 4.25 RO AFE Y3 o=V} FUHE vHAl%E A& (A4 1000 nm)>

<¥ 4.4 A2" HHEE AT 29 4F ZEIA(F7 1000 nm)>

Number of reflectance 1 2 3 5 7 10
Wavelength Interval [nm] 10 5 3.3 2 15 1
Max thickness [nm] 994.4 994.5 993.5 993.5 993.5 993.5
Min thickness [nm] 990.5 990.5 991.5 992.5 991.5 992.5
Average thickness [nm] 992.3 9924 9926 9927 9925  992.6
3 STDEV [nm] 35 3.2 2.0 1.2 1.2 0.9
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Trigger photo sensor
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Tunable aperture
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26 Fo dde 24a] A BHow ALHAT X ATIAE s
Az A e £42 9@ @vid BIAAZL FAEYD 50 ) o A=
Uy BY WAANAE B AEY A2US o FEAZ YArEE
so] shafe] Alzkel wheh ¢AA O Wk ol gl we A=el @
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<¥ 5.1 AF A& dE A=Y AL

Item Specification
Magnification 50x
Numerical aperture 0.5
Working distance [mm] 10.6 mm
Depth of focus [um] 2.5
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5.4 CCD 7}v2}k

oln] EF WA FA B SHS A 2xkd wiESs e o
g7} Agot), B A= cCD 7S YHE 2 A&t CCD
FHlgts 4dSs H7] AsE ddete fAdg dolH e FEE wxe Fo
7191 Ao A A3l ceD FvlEls 71Zo] Bt A ART IR -
o]=u} 2 A 7h Hold FHS SAY FHe HopllA] aHHoR &

<¥ 52> = B AFo|x AFL-®E cCD 7t AFekS L}ERATE 640 x 480
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TS B3 oln|A B33 WALA] A AES 0148 um ¢ A Rasy 94 x 71

<¥ 5.2 434 AHE" CcCD FhdlEte] AMg>

Item Specification
Resolution 640 x 480
Pixel size [um] 7.4
Data bit 8 bit
Frame rate [fps] 264
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Incident angle [deg]

Reflectance signal using aperture 1
--------------- Reflectance signal using aperture 2
———————— Reflectance signal using aperture 3
————— Reflectance signal using aperture 4
- Reflectance signal using aperture 5
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<E 6.1 74 ZelA AA Az

Aperturel  Aperture2  Aperture3  Apertured  Aperture5

Wavelength shift [nm] - 2 4 6 8
Effective incident angle [deg] 21 19.6 18.3 16.8 15.2
Max. incident angle[deg] 30 28.1 26.4 24 .4 229
Numerical aperture 05 0.47 0.44 0.41 0.38
Diameter of aperture [mm] 8.8 8.2 76 6.9 6.2

—o— Apertl - o Apert2 --—-o-- Apert3 --o-- Apert4 ---0---Apert5

0.3

Reflectance
o
N
l

0.1

Wavelength [nm]

<a9 6.3 7P XEAE &3ty 5E tdF R AS (F7 100 nm)>
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Case 1 :10 nm interval

10 nm

O

G-~
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Case 2 : 5 nm interval : !
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Case 3 : 3.3 nm interval i £y R
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Case 4 : 2 nm interval J\%}\
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<ad¥ 6.15 45 "=

i 6.2 33 o5l we

ARl he g Bals 4>

EE AF A3(F7 100 nm)>

Number of reflectance 2 3 5 Spectroscopic

Wavelength Interval [nm] 10 5 3.3 2 reflectometry
Max thickness [nm] 99.5 92.4 94.2 94.1 93.8
Min thickness [nm] 94.8 88.6 91.7 91.8 92.8
Average thickness [nm] 97.1 90.2 92.8 92.8 93.5
3 STDEV [nm] 5.0 3.2 2.5 2.0 0.9
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S AE AF(FA 200 nm)>
2

3 5 Spectroscopic

<# 6.3 3& EI% °ﬂ o Z o

Number of reflectance
Wavelength Interval [nm] 10 5 3.3 2 reflectometry
Max thickness [nm] 198.7 192.1 1935 193.4 193.3
Min thickness [nm] 194.3 189.2 191.3 191.3 193.0
Average thickness [nm] 196.4 190.8 192.3 192.5 193.1

3 STDEV [nm] 4.1 2.6 2.0 2.2 0.4

=T A% A (FA 500 nm)>
2 3 5 Spectroscopic

<E 6.4 513 o5l we ¥

Number of reflectance
Wavelength Interval [nm] 10 5 3.3 2 reflectometry
Max thickness [nm] 485.2 477.3 480.0 479.9 479.7
Min thickness [nm] 482.8 475.9 478.9 478.8 479.3
Average thickness [nm] 484.1 476.7 479.4 479.2 479.6

3 STDEV [nm] 2.5 1.4 1.2 1.0 0.4

IHEE A3 ZAF(F7 1000 nm)>

<E 6.5 3% F3i5) ue ¥
Number of reflectance 1 2 3 5 Spectroscopic
Wavelength Interval [nm] 10 5 3.3 2 reflectometry
Max thickness [nm] 972.0 965.5 968.3 969.0 966.9
Min thickness [nm] 970.3 964.4 967.5 968.3 966.1
Average thickness [nm] 971.2 965.1 967.8 968.7 966.6
3 STDEV [nm] 1.5 11 0.8 0.7 0.7
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Abstract

Improvement of wavelength resolution in Imaging Spectroscopic
Reflectometer using rotating-type filter and tunable aperture

Due to the rapid progress of manufacturing technology, complex patterns emerged as
important and critical components to meet the packaging and performance requirements of
various devices. Therefore, our intention is not simply to measure thickness of a single spot, as is
usually done in spectroscopic reflectometer and ellipsometer techniques; rather, our intention is to
measure the volumetric thin film thickness profile. However, conventional imaging spectroscopic
reflectometer, which is extensively used for measurement of volumetric thin film thickness, has
poor robustness or insufficient wavelength resolution depending on system configuration. In this
research, an improved version of imaging spectroscopic reflectometer is proposed in order to
enable the measurement of the volumetric thin film thickness in a more reliable way.

The limitation of the conventional imaging spectroscopic reflectometer is analyzed through
simulation that can evaluate the effect of the wavelength resolution on measurement performance.
Multi-reflectance method using rotating-type filter and tunable aperture is proposed for the
purpose of improving the wavelength resolution. The wavelength resolution can be improved by
synchronizing phases of the multiple reflectance signals from different incident angles induced by
the tunable aperture.

Experiments were carried out to evaluate the effect of the introduction of the multi-reflectance
method on measurement performance. Multiple diameters of tunable aperture were designed to
induce appropriate incident angles determined through simulation. By applying the proposed
method to various specimen, improved wavelength resolution and numerical advancement of the

measurement performance were obtained, verifying the validity of the proposed method.

Keywords: Thin film, Volumetric thickness measurement, Imaging spectroscopic reflectometry,

Rotating-type filter, Tunable aperture, Multi-reflectance method

Student No. : 2013 - 30942
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