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I Research Outline

¥ Precision Measurement ) Machine Tool

( YAMOI

Advanced Manufacturing & Optical Instrumentation L

FEA modeling of machine tool

Phase extraction from fringe patterns

= Traditional phase shifting

= Jterative method

= Machine learning (deep learning)

Measurement of optical devices

Surface topography
Thickness (absolute, variation)
Refractive index (reflectivity)
Simultaneous measurement
Absolute radius

= Modeling of machine tool joints

= Stiffness tuning of machine tool joints

= Volumetric error compensation

Structural /thermal analysis

Rib structure of bed and column
Spindle of steel composites
Turning center turret of CFRP

Applications of new materials to
frame of machine tools




I Conference

Domestic conference
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Korean Society for Precision Engineering

International conference

SPI Eo ﬂSPEN —

B ) -
n1 =
St 3 M AR K| X St

American Society for
Precision Engineering
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Precision Measurement
using Optical Interferometry
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Fas
Semiconductor Lithography Equipment Sv) A MOI

Semiconductor industry

@ Low cost

@ Mass Production

@ Miniaturized circuit of chip

- Large diameter of wafer

1975~ 1991~ 2001~ 20?2~
100 mm Q
200 mm
300 mm
450 mm

———— "

Large di meter of blank mask

« Wavelength
Optical Mask (transmission)
i-Line(365 nm) \  EUV Mask (reflection)
KrF(248 nm) / EUV (13.5 nm)
ArF(193 nm) '

ﬂ Optical lithography ‘ H EUV lithography i

Ultraviolet rays EUV
mask
Optical
mask  peduction - [‘= ’“
i lens
Recllgrcizlon r’ - EUV rays

. | L

Wafer .! —

from TOPPAN : ‘ . from Carl Zeiss

2023 2024 | 2025 | 2026 2027

Optical mask substrate flatness [nm] 37 33 29 26 24

EUV mask substrate flatness [nm] 1 10 9 8 7

EUV mask substrate flatness

metrology uncertainty [nm 3c] 22 20 19 18 17

from 2020 IRDS

Precise measurement of transparent plate and lens
(surface shape, thickness, refractive index...)
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I Ideal Measurement System

= High accuracy (excellent measurement uncertainty)

= Low cost (large-aperture measurement)

= Non-contact testing

= Simultaneous measurement (thickness & surface shape...)

= Complex surface

—

Wavelength tuning Fizeau interferometry

 Fizeau interferometer
- Phase extraction from the observed interferograms



I Fizeau Interferometer

CCD

Laser MO
source MO

| n=n=— PBS

QWP H \

Collimator 2]

Reference =
surface v

A 4

-
<

Sample —

5 aMOl

Advanced Manufacturing & Optical Instrumentation Lab

= Interferogram (sample: silicon wafer)

« MO: microscope objective
« PBS: polarized beam splitter
« QWP: quarter-wave plate

 Less susceptible to air disturbance

 Easy to extend to the measurement of large-
aperture sample
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Wavelength Tuning Interferometry S-\?) AM OI

acturing & Optical Instrumentation La

= Wavelength tuning from 4, to 1, (4, < 4,) * Interferogram
M A
Reference / - -
surface
Phase
/ modulation
Sample —|

= Intensity during wavelength tuning

(e, )=1,+1,cos(e, — )  Image acquisitions during wavelength tuning
« Calculation of phase ¢

I(e,) : intensity of the rth image

I, : intensity of DC component i

I, : intensity of fundamental signal

r : sampling number v" Surface shape

2, : phase-shift parameter v . . e

¢ : target phase (phase of surface shape) Optlcal thickness variation
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IPhase Extraction from Interferograms L

~

{1 @os 3 variables Minimum 3 interferograms

....’.’
J

Phase-shifting technique Iterative method Machine learning

« Fringe patterns (~ 50) « Fringe patterns (~ 10) - Fringe patterns (only 2)
- Environmental uncertainties  Error from singular matrix « Great accuracy

« Commercialized (ZYGO) * Not commercialized « Not commercialized




IAppllcatlon 1: Multi-Layer Interferometry sz/% 2000

= 6 different fringe patterns (,C, = 6) Raw interferogram

. Reference surface _

LNB v‘viafer h - Reference
Surface
L=35
LNB wafer — A n,T, =1
‘ 1 A FS plate — n,T, = 2
Fused silica plate 212 20 Tm

= Thickness (LNB) = Thickness (FS) = Surface (LNB)

987.138 nm 1.309 um 474.051 nm

;

-

|§', |




I Application 2 : Surface Topography of Wafer

\f Ri= 4%

Reference —
surface

Silicon

V\RZ = 30%

wafer

= Intensity of fringe pattern

Reflectivity: 30%

I (ar): o + |o71COS(§01—05r)+ 1,7, COS((D2 —Zar)+ onscos(¢3 _3ar)...

A 4

Fundamental signal

2nd harmonic signal

34 harmonic signal

[ Coupling error between harmonics and phase-shift error ]

B— T —
7 b

4N - 3 phase-shifting algorithm

Advanced Manufacturing & Optical Instrumentation Lab

Raw interferogram

1.134 um

0
Measurement accuracy: 2.2 nm



I Application 3 : Thickness Profiling of ITO Film S-// AMOI

= Indium Tin Oxide thin film (ITO film) Raw interferogram

- Favorable electrical conductivity ITO film
 Optical transparency |

Transparent conducting film in

[> v display
v organic light-emitting diode (OLED)
v solar cell

| B

E, = Er,exp(i6) — | g 248.014 nm
VN ol | E =Ertexpli(0+0)]
Reference — - :
surface ‘l’ B v E, E, =Ent,t exp[l (0+ (p—A)]
ITOfilm — 7, ¢ v E" \7\ E, = Phase error y from phase difference A
FS plate — 1, ¢, |
SINA
I$ = arctan
A+ BCcosA

IO
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I Application 4 : Absolute Thickness Profiling S-\?) AMOI

= Wavelength tuning from 4, to 4,

| 4

n,T

nT :%(N1+ P)
|

— -

Transparent plate

Final absolute optical thickness at 4,

Absolute optical thickness at central wavelength 1. [= (4, + 4,)/2]

- s

(ngT)meas 2 (Nl_ N2 P p2)

Group refractive index: n,=n (1_ id_n)

ndA

ﬁ I 8848.947 um

\4

A
Synthetic wavelength: A, = Ay
=4

\ 4

Number of intensity variation
: DFT analysis

Phase at initial and final wavelength
: fringe analysis using wavelength tuning
and 4N - 1 algorithm

I 8839.975 um
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I Background of Phase - Iterative Method ,&,) AMOI

= Shortcomings of phase-shifting technique

* Exactly same phase interval 6 - Simultaneous calculation of
» Phase interval 6(«,)
» Target phase ¢

\ 4

« Necessity of many frames for error compensation

I. | (a,)=1,+1,cos(a, —p)

Phase-iterative method

/
>
Compensation ability for 2" harmonics
Exactly same phase interval ¢ )
;@ Harmonic phase-iterative method
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Application : Surface Topography of Wafer ,&,) AMOI

= Larger-aperture Fizeau interferometer = Surface profiling of silicon wafer
- Surface of the four-inch silicon wafer was obtained by

using the harmonic phase-iterative analysis and five-
CCD frame interferograms.
Laser MO
source MO
0=0 | PBS
QWP £ A
o 343.5517 nm
Collimator >
':fc'f" .
Reference = v '
surface \
v A 4 '
Sample —

y

Repeatability
0 uncertainty: 3.5 nm
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I Phase Extraction using Deep Learning

= Benefits of using deep learning = Train data

« No systematic errors « One phase and fringe patterns are composed

« Less than three interferograms a train dataset

 Fringe patterns with random phase shifts st ot real data)

= Train model

Input Ground Results
P Truth

- Network, Layers, loss function, optimizer,
and hyperparameters are determined

= Predict data

- The predict data (real fringe patterns) is given
to the trained model

I = Results
<Train data> <Predict data>

+ The result phase corresponding to the

P Deep learning phase extraction ] - .
predict data (interferograms) can be obtained.
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I Fringe Analysis using Deep Learning

= On-going projects about fringe analysis using deep learning

©

o

(] G o G {2

o

Fringe o* Neural Fr} a8 Neural
= , —> duplication
duplication 7 / Network for PST Network

© ©

V
Simultaneous _| Neural |_ l Absolute ) | Neural
profiling ' Network . profiling ' / Network
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Virtual Machine Tools

%

g

\V 1 ] Epa s z
N\ -\t ~ i
PHYSICAL CHANGE OF \ CHANGE OF
CONCEP TESTING ) pEgiGN PROTOTYPE / OPERATION

TRADITIONAL DEVELOPMENT TIME
DEVELOPMENT TIME WITH VIRTUAL PROTOTYPES

VIRTUAL
PROTOTYPING

Calculation of
Components

Finite-Element-Analysis
and Optimisation

VERIFICATION

PHYSICAL
PROTOTYPE

SETTING-UP
OPERATION

3D-CAD Design and
Kinematics Optimisation

B Defeaturing of the 3D-CAD-Model
and setup of the FEA-Model

M Calculation & Optimisation of the
static behaviour

M Calculation & Optimisation of the
dynamic behaviour

x-axis [mm]

Coupled flexible
Multi-Body-Simulation

Control Loop
Drive (1)
Control Loop
Drive (2)

Control Loop
M| Drive (3)

Matching of Simulation
and Measuring

2

1Simulation
2Measuring

I

>

]

==
N

=\

Compliance [um/N]

Phase

|

Frequency [Hz]

= Analysis types of FE analysis

« Linear static

* Nonlinear static
« Dynamic
 Thermal

o)

AMOI

Advanced Manufacturing & Optical Instrumentation Lab

Y. Altintas, C. Brecher, M. Weck, and S. Witt,
“Virtual machine tool,” CIRP Annals 54(2), 115-
138 (2005).

A\ 4

Modeling of machine tool joints




I Thermal Properties of Column by Rib Structure L) AMO I

Column rib model

* Model D (double column model) shows the best thermal performance from the
aspect of temperature gradient and deflection of column

« Model C (reinforcement wall model) does not have the good thermal properties

because the deflection of column is too large

Model A . Crosstib || ModelB bowble | ¢ Temperature gradient
A “ wall 7 ‘
v .- .
|| pe———— £ ]
% 4
Model C Reinforcement Double § N i 1=
wall _ column e

Gradient of Column(-)

4 6 8
Position of Heat Source

T
10

0.36

0.34 4

o
w
R

o
w
o

o
N
@
1

o
N
)

o
N
EN

o
N
N
1

o
)
o

o
S
®

« Deflection gradient

—=—Model A

e Model B
4 Model C

v— Model D

L ——e o

Position of Heat Source

KIMM SI=J AP

— KOREA INSTITUTE OF MACHINERY & MATERIALS

) N\J SOLUTIONS



I Structural Analysis of Turning Center

5 aMO

Advanced Manufacturing & Optical Instrumentation Lab

= Suppression of static deflection of turret of hard tuning center using CFRP

spindle

turret

saddle

tailstock

Density [kg/m?3] Young’s modulus [GPa] Poisson ratio
GC300 7,300 90.0 0.25
USN150 1,550 E;=130.0, E, =10.0, G, = 5.06 0.28
A. GC300

B. turret (USN150), others (GC300)

A. Max. deflection

: 30.7 um
B. Max. deflection L =
:12.1 um 9 4 ?&ﬁsz&i




Modeling of Machine Tool Joint — Feed Drive ( AMOI

« 3D CAD modeling - FEA modeling

e Stiffness matrix

Bearing E

- FEA analysis Stiffness matrix of vertical direction

Stiffness
matrix
of lateral
direction

¥—— Guide rail

F T

KIMM SI=FJ AP

KOREA INSTITUTE OF MACHINERY & MATERIALS



I CFRP Machine Tools
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Fas
CFRP Machine Tools Sv) AMOI

aH-
[ )
CFRP in steel square pipe

F=
CFRP in steel pipe
=. i S

CFRP + Aluminum alloy

™

' |
K

|
’

#W@AY—7  CFRP BTV
crRP 273

OIE=:
CFRP in steel pipe

dE
CFRP & REC in
gray cast iron

rE(IIHE D
d

N

=

|

N

CFRP  C#f(& I —) Ad

>4
A

=

!

-7
£

H| =
CFRP & REC in
gray cast iron

Trunnion table:
A-axis: CFRP and cast iron
with steel sleeve

C-axis: CFRP in steel pipe
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Development of Steel Composite Sv) AMOI

« HIEV|X| 55840 MZE0 AEoE E7IHEESEY JIEE S8ol0 BZ7IX s5584M /IESE Al=s}0] 0] Z0f
M=22 &S 713 (Boll2k 1,000 °C - 1600 °C)
- SE71UEREE ME A /BRINE /HHRESE /S 3H0 S
= 7N 2 S '

MY ‘W

WO 97
- e s Width: 249 | D | ] 1-)/‘4:
v | L) [2g] (2= : ) (TMIC, sy
-t 5 P e P & 724 L = Rim
6 - ) - ''m 0o T G5 iy e
: B TR Bl | C
i : T 125 48 pth : Jym 02um -
: I3 30 \
: ot S
10 Liquid
° o
2 SHCMo TICS20C3Me  TIC- S20C TiC-S20C TiC-S20C 3M0 1500 TiC-520C 1500 or steel
WA T WA E |
[182E] [2wa] I )
1000 105 s 05| | 4
781 007 3 | ¢
= 20 ~2000 °C 0 ga | y
8 f B TIC /S
- g 03, M y Y
= 7IAQ: XL 30 atm I I P I e/ Original
i iltrati g e ' TiC T
= Two chamber system Preform Debonding Infiltration and 20 1 = N ). 2 m-; TiC, (x=1)
= Z|CH 250 AH| M= txvéfjhed Pressure Swelling v e v T B

Infiltration process

[ SV |2 87I1¥ed 374 &[] [R5t 24: 4,
& <22 HTE £510] 25 7|2

* TiC,/Steel(3dZ(SKD61), STZ(SKH51), MEtAZ(S20C), AH| Q1A Z(SUS431))
- dst g R s ®XE Xof

«  ABHIEX(TEM) L OJMIZE] ¥d7|7t #+H (Ostwald ripening (core-rim 11X))

- ZG/AB/EL OIS Sttt R0t 29 SR A LEY SRI(HI0|E{H|0]2)

«  CHYAIH A= (9200, 35t / 200 mm ) Y S0t UE 4 Mo

\_ ° SS8EYsiN: AUS M8/ 44 AH(KPNY)/SH(TIS) S v KIMS st=2xizazs
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I Thermal Analysis of Steel Composite Spindle =* T

Specific heat Density Young’s modulus Poisson Thermal conductivity the(i(r)r?gi;i(;r;tncs)fon
[J/kgK] [g/cm?] [GPa] ratio [W/m-K] [10°6 /K]
TiC-SUS431
(KIMS) 551 6.12 240 0.28 15.1 8.74
SUS431 480 7.76 200 0.30 21.3 10.09
GC300 565 7.30 90 0.25 55.8 17.10
= Temperature distribution = Thermal deflection

Maximum Temperature [°C] Thermal deflection [um]
TiC-SUS431 94.2 TiC-SUS431 318
SUS431 102.9 SUS431 379
GC300 104.1 GC300 848 KIMS st=2xizazs
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I KEIT Project (MUASHXIHT AXES/HEAI) ( ) AMOI
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= 5-Axis machine tool = Kinematic error modeling

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
5

2 -

I X "‘(R)e<f_ee|1’):rfce)
, V'
L il

S Xe 4 ’ﬁc_{_—;\ .....

\\\ ! (25 NYB

DVF 5000 (DN Solutions) .

Kinematic error

= Identification of kinematic error = Compensation of volumetric error

d i ‘
a Touch probe

Measurement cycle
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Conventional Phase - Shifting Technique '&\?) AMOI

= Simple two-layer Fizeau interferometer

Vi

Reference
surface

Sample —

 During wavelength tuning

| (e, )=1,+1,c08(, — )

 Phase-shifting algorithm

M

> bl

g 1
¢ = arctan -

()
2.al(a)

r=1

r: sampling number
a,, b,: sampling amplitudes

M: image number for phase calculation

=

» Error sources

v~ Harmonic components
v" Phase-shift error

v" Coupling error

(between harmonics and phase-shift error)

v Nonlinear error
(vibration, temperature fluctuation)

S

N

/
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I Design Methods of Phase - Shifting Algorithm ,&,//) AMOI

Linear equation theory (proposed by K. Hibino) ibrl (@)
Group of linear equations for the elimination of phase-shift errors S arctan% @)
a'I" ar
9-frame, 13-frame, etc. r=1
~ i A a,, b,: sampling amplitudes
Characteristic polynomial theory (proposed by Y. Surrel) M: image number

Flexible design method using polynomial of algorithm
Applicable to simultaneous measurement of surface shape and thickness
17-frame, 13-frame, 19-frame, 15-frame, etc.

3N - 2/4N - 3|5N - 4, 6N - 5,7N - 6, etc.

5N - 2,6N - 3, etc.

Extended averaging method (proposed by K. Creath)

Fourier deSCI‘iptiOIl method (proposed by K. Freischlad and C. L. Koliopoulos) © o o0 0
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