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High Speed Fan OutiDie]Bonder

- Bonding accuracy <3um

- Available to fan out / PoW / PoP. Process

- Switchable flip function for face down/face up application

- Inspection function for die surface AOI

- High bonding force process ready » 300N
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Instrumentation for
Aerospace Discovery

Optics Development and Research Collaboration at TIRI

PV 11. n,
RMS 0.9 nm

PV72.0 nm,
RMS 6.8 nm
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R&D of Various Optical Remote Sensing Payloads
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Fabrication and Inspection for Meter-scale Aspheric Mirrors
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Customized Optical Thin Film Coating for Aerospace Application
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Customized Design and Fabrication for Optical Lens & Components
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Dr. Hong Hocheng, Former President at National Tsing
Hua University

Seeing the Wood for the Trees: Chair Professor Hong
Hocheng Dedicate Himself to Education and Governing
NTHU

Claire Lin

Special Issue: Automated Optical Inspection

Special Issue Introduction of “Automated Optical
Inspection”

Liang-Chia Chen

Design of Thicknesses and Refractive Indices Measurement
System for Multilayer Transparent Samples

Wen-Yu Shih, Chien-Sheng Liu

Polarization Interferometry for the Measurement of
Refractive Index and Roll Angular Displacement

Yue-Jhe Tsai, Shu-Han Chang, Ching-Tse Hsu, Chia-Yu Chiang, Wei-Yi
Sung, Ju-Yi Lee

Development and Application of Five-degree-of-freedom
Measurement System

Cheng-Hung Wei, Kuang-Chao Fan, Chao-Ching Ho

An Automatic Inspection System Development Based on
Photoluminescence for CIGS Thin Film Solar Panels

Chih-Hao Lin, Ming-Fu Chen, Po-Jui Chen, Ho-Lin Tsay, Chun-Chiech Lien

Machine Vision and Deep Learning Based Scribe Defect
Detection for LCD
You-Cheng Lin, Chun-Hsiang Huang, Yu-Chun Luo, Chao-Ching Ho

Novel Scatterometry Technique for Critical Dimension
Metrology of High-aspect-ratio Microstructures
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Column

Predicting the Surface Morphology of Laser Powder
Bed Fusion Parts After Laser Polishing: Numerical and
Experimental Study
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Seeing the Wood for the Trees: Chair
Professor Hong Hocheng Dedicate Himself
to Education and Governing NTHU

B MR

B E 3 RS (hK) AR — B PRASEE AR A E B AR R R R A

NS S SR RMOER > QR RIARE REOH  HRFTHR - BRI
/&WXJ_/\‘%’H£1§:E" PARMR B EE 0 R EH 6P R B A 0 S 0 PR E
WrdE ~ XB4E ~ XA EF FRBAFERFE > TRLFRAREEEL - - ZRFRLBFHANK
o HBRREKEIFXRERLEENZ UMLK HRAR TR RGFERSE SRS
ISR RE  BARAFREGEE SRIAE o (FHMRIT&) TG ERRKF » RERFETF
KAWBRL  THMAEFTIR (HE) ~ (HTF) > HHEEEMm T HEBwigE R
BRI HRER  RRYLE% > REEGHACERIN  RIEFEREH  IREMHE
EEEBARES -

4 FUEITAN 235 7 112.6



JHRFRIAOKLF

REZRHBEFLEEE T —HAAS - BROABIEAS BF T ERERE S
- WERFRT  FUSEAEEN & N3 > B TS ER R SEIE
HE(LHIER > RILERR " (LT ) T RNV EREMREE - BRI AT DURIRE
FESCEAIA © 1980 (X - =SS CP EAMMEB L ELEER « I EEEANEE -
DA ey TR Bhass % - AliE @y " RgareE ,

PEE SRR - NSRS MBI RE(CHR - B EEREEAS - KiBE
FERA ~ BN IRE RS - R R N A BT T A RA PUR N HRLAE Ik AT 2R 1Y
8 - FREXGEBELT - AERRDEEAIRAMRSECER TSR 5 (smiling
curve) FIAGEEE SEERA AT 2 BT T SR I8 i - DR ST INME(E - RS Lo il -
E{E & S E ISR TR D HR R — BRI T8 - 83T ) FIA WY Ak ik
B0 F o iR TUIRy Rty - AT TR SGE F I I EE R KA FIR - S
TR AR AR - AR E R S E RS IR S1m -

B 7 AR > RO ELOTRLAEERAER - D& - BRERNE - Bt /&
AAumiEEE _ERERGZITE - BSAITE « b FEREEZ UL - B REAGR it
e ERARHIPREL -

BAREHMNMBARBEDIRSEXE

R TRIEEEMGBEE  BEL T AT KD FLEE - B 2006 GBI EHE RN
BT HE KB E A B R AR O R BT EB S R - — B RRET R o SRRTE
2016 FAEERERAENTRAREH - EFRR - BRIERDE TR T - [FHEEEH
ME—HEA Z0E B 2R - MITTECR &R - N T B R R BE R - fEE %
TCHYERE IR - G RBlra 248G - BHEZEE (out-of-box-thinking) » B EHER T ¥
A EIARTE B SEERET BT IHRE ST E BIR K - BEISER /N F] (Apple Inc.) T EEAER I
HEERZRHEEKET - SEEREE "B FI¥E) =80, - REEEREET] 0 EE E AT
RS - BERHEEFHENE AN EHBRE - DU EEOEEM - rTDUAREEKE
AR E AR R EERE - EENTIH  REEENERE - FIEEE I DIE
BE MR IR - BAREAT LEEMIRES) o RIIL - R & OF R REFE R IR A 14K
R BEWRKEEER - LEZERBEEMAHE ERGE - BB BRI R A SR E
KEE -

H—TH  BRHBERBIERMEN R - BN REERECE - FARENRTE
J1 R ERRHERROEZERFE - RERIEE LR T —F 21 KB BRI
5 BAEEHFHREBRRHE L LA ELHBIERTEIHE - 1870 £ 8 T R E 5 L
FHEEEA  SERERENLRETE NE - Fit - BFOBFTEERIIRES -
I » RN RS & LB HE LEEM  BREE L EEDT (Helmuth
Johannes Ludwig von Moltke) &t * " & LRI FAE/ NEZETRYFE S ERLIRE T4 « #RA
Bl 75mE% - PR T MEELEA]  EARBREE - MERFESEAGREESE » MEAH
BMBEEREEHANS L - SEAECIIERER TEA - BEHEERHNRE &

e HERG Bl RE R

FHEFTAN 235 #7 112.6 5



O B AT RBUFR > SR EDEHE - RS EBABEEHE MIEEYF
FHATHIATEIZCE - Bk - RIS EERAERA - sUEZA - BRoEBOUMSEHE > 54
G RIERESE - INRAERS [ T IRZAET A SRR - BURF Ry T B U2 S A e
AL - MUK DAEBATE 2 TThI > DAERRETE R Z eI B EEFt - (Bt E L A&
TLREATHIRHE - RN - BARBEMBRG i 2% - LRI T 2AERBE SR - EE
EARBERRAREE L EMAERL T ARREECEBEAE - Ml LR G ER
AR B MR R EENTEA -

ZREFER - S/ HRIEHAEER

PR ISR E R Ry R R B2 R R R B SR % - Y2 E G AP L
BERIAE « BETHOIARERMIFER LR - R EIERT - [ CHa i
A—RAEEER - JCR TS MRS RS - R R/ NEFPITEERME AR T - KH
BT > ANE=FRRE - RN S H R RS AR RTIT /N o 78/ AR —{E
@ THRSANBERE R B AR ESRE: ) o AR - 2B A s
BRI AT LABTRE © dEE « B - ARESRRIINEE - nJDERRAYZEREA » B DI - A0
g - TNREN - REBER  GERAVES - I EIREREE A DUN#RYIBERL - LA
RiZTeiEF - NEETEEY) « #LOARE - i TEIRERLhE - ZHIOH0R - BRas -~ Bk
IR B IREIRE - BB EOR - REARERIZGE N TLIREEC - 51
TEEZHIRIE - EREEZEE AR RENE - R RIS EIRE T HFEIE - SEE A g
Do ZITHRAFTHIAR - KE AN FEERAVELE - EA BBV - BRI
SMNASRHIR S G A LTRSS [ ZIREFHVEL R - b 7S RE 2ot - HeYpl 2 s
RERHHNETT -

BERHHER/RIMAZTRVEE - B2 0E SR IERERH 2 FH%

WMBRZEEEERREESITHE - £ ABEERER > RERIGEIRE - HEE
VRE - RIEEEHEE - BEEREEIER  BARE - HReEREER - ERSE
IRAIACRIRIE L —15% > B g L2 PaSAEATRRAT -

REEEEFERSEFFR - B TP HE - ABEBR _THETGEER - EREHE=
B/ NEREEEH - HSARNIANSE 15— 16 5%~ FFREEY 11—12 5% - /NYRE) 9 5% - R OEEC
HITERERE B NI IERL 2 LB ] DASE - B EE AT - MR T HA 1112 BRAY/I
AR TR AR 2 TR ) MRBENENTEEIEAN S - —EEEEE CIEREheE
FEAE NEAEFERE IR - RIRE 7 AGE - MERAEESERE "B, - EH
BEAH - B—ERRISULEE - GERSNBERE - BETitE4E - EthER I
R MEZEAHMEFFEEAREELA - EEER > BEREEFREU - FETEIAREHR
B ARG - A E )R - M A SRR B SR - B2 B E A TSR
BN A E (ERER - Afpr2EE TR ElR oA N — e B B & — - SE LU AR R 1L

Rt~ Efmn B EAEE 20 A SBNLMEEE - EeTINEE  sERIESFSELE -
HEa PEER AT

6 FHEFEN 235 85 112.6



PR - T R2AT A S S S B TS SR SR » 55 B 2B o e
TESE R PR - RMEHEH " Ingenieur | 7EE CHORHRE - EIL - MR MIBTIS 5 2%
Bi%5% TIngenieur , » BPIEDAE L HARAAEHE -

e FAF R R T 3 A5 (RWTH Aachen University) HSH e 22 0T s BE A BT ik -
B A2 25 B TIRAT (Diplom-Ingenicur) # + BRI BRI A S pisho T 7258
AL - 3T %0 > HR2EEE0RR AR RARR - EE SR R RS
W B R RIS R R - (A R K - EENE S - B EE
R TRZATEE TR S - BRI TR EE - SR (T
BT BEETIE - El > EATREEE LIS B ST AR -

AT EENEBRS/EFH G it takes two to tango

FEENH BB R BT A A= (EAFT - EERREMRERE - —B AT - B2
it - Gt & By AR L CERIRARL - DA/ MBS R T EEROE RS - (HE MRS Hl
QI ZG IR S BRI ER AT AL - Bl RS AN TR A BT - 18R - (ER] /e R R eSS
e R RAE - IRV ZESHNE - SRHg EHE - LFEZETGE B TR
Fraunhofer -Gesellschaft (=i 5C 7S » FhG) EWFTEAL - BEEEHTElr ~ #FrEdsn » #1 L
B {7 B AR B S Rl R IR SRR o AR B R BERRARIFE B - B ESE
TAGETTIREE - F/MEZERY AT B R A i e e B A = -

EEEDEARANEFERTE - HIRRAFIGEE 158 B L 2 N A ER T H
H » FiDAAKRFREEREEE o Gl A BN HEER = (Bell Labs) /& 3EB]1VE E 52
B e S5HETRAMBERESHEARE - REHERMNS @ B e & AR IE
Z— » KRR EZRARILBIRE -

WRFR  BEEREENEREZE  ER2RETESANFE it takes two to tango °’ INBTE
TEE SE B ER A AT T B A ) B R R R A RO Y - B2 ] DGR 2 B R AR R B - (HMER
FE IR S FY - A DI ES B EaRRMHBF AL « — & AR " ES TR
B fEEARELLETT © 0 0 —E KRS BRRIFAIA 3 - MWHEE S — [ 2E0 T iE - A RE
FRG A RE S AR - R ERGRIHAY -

RIGAZAIERSIE - sTLLE "X - /MEER , BIRITS1E

EE BB - iivNMEERE - (BIRE BRI ERRREY) - RO ERY
BRAE - NAHEE L RREREZETZITNEERE - ERAFRERE M ENE
BERH - BT b GEEE RIS AT DIE 0T - OREHAIEETT - BRI Lis
FRANFIRCEEBGERN AT TR - /NGRER ) RESR SR - B3R - BNEBRENIH
B BIAER - SR R R B R 2 ERFPE AR SERT - TR KA HIFR I 2 3
& - RS BRI AR A RS - AR - T - SFiR - BRREFSETmE R
5 o BRI - T ORIREE ) FRRUR R AR - PGS - R ATREAF > B hE#
JRRFREL - RLRkHEBIIT % -

TN o ATRLAE KRB ERE TG - BNFEERAVER - PIA0FTEEGE - MK

FHEFTAN 235 #7 112.6 7



% - SRR BI 2 SRR - AN FIRYERER - tH AT RAS B 75 2= KA R BIEERR ) - 58
(BT & o i /SR E SE R REANRIS AU RS2 AT -

DAFERSTREH e H R0 - AR BB H A RS REET AT ~ IRERI DT - BRI
<& > BIZE ST BAS A iR (B EA - UM RHAGAER R B - Al ER R R &S ~ M
L EERN © fRHE IR - S AT DMERRRY BR B 2 I R A AR B AR 5 - 3K
ERFREa - AL - T/NGRER ) DA LB R R RIS R s 2 (B 3 5 A B —
ST BRI BIR FEaT 2 - A0k AT DA % 2 SE IR AR BT L

EERRAERBI G BRI - EaxatHEs) T/NGEE ) AUTRRES  EEA & arl/ N R
FEETT > BB TR THRESE - WEhHERIWE - (EEEH - {bikdmpka ek - 2L - &
THRERNGIEERAE - RSB B RIEE - REERARES M - HeE
HNEEE RS -

IR FTEE © BIXFTM

ik - MRS EE BB ER AR BV HE « BRI - RFIR®RHE
BRI R NAERERHE] - RFR - B (2023) £ 8 A 1 HEIRHRIK - RS [FHTEES
—EEEER R IR IIRRATE ¢ T ERATRE - BT RIPEZRE BRBRIRAETE - B
PHIBERA T - SPRZERER - Z®REEEEE Bk EAREE HUE LLFrRE T E RIS -
fEE—5 - B EE S

8 FHEFEN 235 85 112.6



S EHREVEE

i
]

- Nz EXY A ==} AN
"BEpcE sl ) BREI A
Special Issue Introduction of “Automated
Optical Inspection”
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Design of Thicknesses and Refractive
Indices Measurement System for Multilayer
Transparent Samples

B~ BlRE

Wen-Yu Shih, Chien-Sheng Liu

FERASREMEGER TR T » oA RARFTHE - EEERAFREARE
RAFMAARER 0 SRR E SRR M RN RAL RERMHAA LR T
BRI o BT RERA ML » RAXAKMAZEAR T LA R —EHAGL
SR ik EBE SRR EEBREMLGERE > TMERBFER % R ENFRD Y
ot RMBE - LHRBR R AT AR AE -

The representative measurement methods, including ellipsometry, interferometry, and confocal
methods, can measure the thickness and refractive index of a transparent sample. However, all
methods are limited by thickness range and do not consider that one layer may be nonparallel to
each other. In order to improve the deficiencies of these techniques, this study proposes a novel
optical inspection method based on the fundamental theorem of geometrical optics. Through a
simple optical structure, it can measure not only the thicknesses and refractive indices of multilayer
transparent samples, but also the inclination angles of nonparallel layer simultaneously.
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SR [l 2 BN E AT ST R AE 5 YRR L - BEOAEE T HY
B EPTR R AR B B TR AT BERIEESESE T - R B S HEERY
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rnE R - WS BRI L ENE - By T SEIRA RN - AR SCH Y
TR TR R - DUREDEE AL - St S DLEIER - BRCERDER
IBHEFEEOER - MERERIRF R H 2 R TSR E R - tHREE R PT AR
AR HAMEEEE - REA R ERA o RATER AL E1R - JRRERZ BE OS5
E o B RRBRAEYEHEATHES -

ARG bt = TEROT .2 FERGRE IR AN T 3R 1 - (R 25 [ 5 ISR SR A T B 2R 5 -
ARG SCE B B R i AT - RS R R e R R R R G TR - 2T
SR A G H AR RN PIAEFRF-FS RO g A R RAR - AR Z A
HASATIZ AR A - AEARGSCEMRE(F RN - BARACRAAE N R AR LA (7
PRESERR - REERE AR - FEEMIEN T & L - W ARERES -

1. A sin Bl ssr ik o

| R | WEERE | FwE
S i ] i
SR 7 7 i
R g i T () T (#E)
R TR g ] ] ]
T ] s i ]
I 18 i % %

=~ AR PTiRE 2 AR TS R AEE

AREEE TAEE AR SO BV BB B G - 605 7 S AR A B R RO CARE S - SRR
HEmAIER - VAR EEME AN R ARV E R  IreREER A - B TR
PR B BN 520 » Bef% %% SOLIDWORKS ¥R E EHFZUE - T ZEMAX Y
ERF R BRI - BRRE AR R E AT -

1. B R EEAREE

TERFEFE (homogeneous coordinate) ;ELA n + 1 EZ2fH A& » Fn B2 Y8 EIZER 5
% Hp e TR —LBIA T (scale factor) @ MAIEFH—TTEE S HLHIATF - . L—
HHMF A MOBE EER o TR EEEEIEEH (homogeneous coordinate transformation matrix) /5
— 4 X 4 2B > n] HIRZEEAFHISEFS (translation) ~ iE#E (rotation) ~ UK (stretching) f2i%
M (perspective) BB o S o il FZE R BRI RSB TT R 28 5 L AR
S B R BRI

IR =HEE R 5 P, ORCE R, P = P+ Py + Pk » TSGR bl R
TRy jPi =[Py, P, P, I]T o P Rt m ARSI (xyz); JEFEA o MR ESI I B A&
[00 0 n)" > Hfn B—IEZHLLEIAT - HrAEENERTEa b c 0] -

PG E S HEZef T —BE /P, AIERAEE SRR P, = iAj P, KIS E R P, Hrf iAj o
FERES (xyz), ARSI R (o), (BB AT R T + = 2R P A
R TR R 4, -

FHEFTAN 235 #7 112.6 11



I ix J ix K, ix tix

: L, J, K,
lAA — y y w w 1
! Iiz Jiz Kiz tiz ( )

0 0 0 1

TR RS TR E & - [, 1, L. 0 [J, J, J. 01"~ [K, K, K. 0]
THIFTREAER (xyz), T=IEARE (v, v, 2) AU BEEEDR (ve), RS E - 6L (1,
ty 1. 01 FRERER (oz); R EATE IR R (o), (PR & -

(1) P35 EEAZ 85 KB R
Pha~ b~ BISRREAR (o), R EESR (xy2), KPS E - AR EESR (xpz); 1H
FIREERTR (oyz), HPAS AR AR R R R

1 0 0 a
‘A =T T 2
;= rans(a, ,c)— 00 1 ¢ 2)
0 0 0 1
(2) rzdE EEIREE A RE P
R X, e Qg A e A A AR f n] R Ry
1 0 0 0
P 3 0 cosQg -sinQg 0
4= ROt(x’QS)_ 0 sinQg cosQg 0 )
0 0 0 1
el v, et ¥ AR he i AR R nT RN R
cosWg 0 sin¥g O
P B 0 1 0 0
4= ROt(y"PS)_ —sin¥s 0 cosWs O @
0 0 0 1
e z, e g Y e A AR [ n] R Ry
cos®hg -sindg 0 O
) sin® cosd 0 0
"4; = Rot(z,®5 ) = . s ) s o (5)
0 0 0 1

FAIIGIEIRSR (o), » A PR R X AR R AR & - R AR R e
R - ISR R ARR (o), PRI AT (xyz), HUHSHEAEE -
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=" A =T (6)

k
i=1
2. ERLRBHES

AMEERR DUCRRIIRE S R FERE - LMD ARSI 52 - SRS 3 2 P EREOLE
SRR - AL R I - A AT G E A TDOGERMER - B0 =
FHIEE - (HEE AT ORI R AR - EDLERAIm 5 EfE
AF I BEREEAN BEEE R G FATER - RGBS (aberration)  1E5%
(EEEt - ERDEHGERESIEEEUADEREEEE - AL Lin S8 KRR E FoT
PRRIEERER » FE R M CERDEUBIIE - BTRBHE A Y - REETHR R 2 B
MG B PRIE A DU RS - R A T T

3. EIRMLEE

ARG SCPTHR 26 g 3 BA M R 2 TR B T B R & T SR A 3 2 P R SR A R &R A
(measurement system) 1 5 B #HEAH (auto-focusing system) » & 1 Fi7~ o 3%ET AR HIGA
o2 [ HE B E BN (multilayer sample) » & H AR & @ 1Y S BT HT R » W AZ2 R84
KERBEPE FEFART TR TEEAC - Fr s TR EnER aE? -

F————--

Auto-focusing system

I
Laser | f - -
| I Camera,
Lens, I I =
Mirror, ___[
i I Infinity- i

; L corrected '
@_ I optical system

Lens, =—

Mirror,
e

N/
E Multilayer sample E;ﬁ
e

Z-axis stage

1. R XPTIE R 2R RMEE -

FHEFTHN 235 57 112.6 13



A [ E ML R BT SRV RISl A= B R R0 - FEE R
JERT - 2R Bk i te i & B e ST bR TSR E ) -
INARHI T EAER A - B DA A RHER RO - BRI A TR E - AR
BERREA -

EHDEHRLAAG A 0 ALY - REEANE 2 s - TEERANESER XY ¥
L AR EREEREET 0 DL (), ny, ny) BTN LR RIS DL
(t, 1, 1) P HIFR B N ERFAIAER - ER AR TS A EREE N — - KIS
JFEEFR Ry 7 BT AR R EEEE - DL (Q, @) HIFRoR ST X e e A
# 7w A

CMOS

: I ts X
i=4 Y
2. R X BT RRER S 5E -
BRI DR DB PNEARE - TEHGEE T E R DSBS (oz), (F R RAY
SEERER o IRILAJE DUV R AR © A, AT FASE i RS R R e A S A T SR PR A
Coyz)p S o EIAERMZE A T E & B REER (v2), » EBOCICIEZ SRR

o E TR - TCESE RREIEIR (o), AT R (o), HOMHEIETE "4,
TR :

=l . )
38 RAFISHR (00), FEETEFAR (om), KR, SWAIE 2 F

o REFEFREESR (o2), MEFFIRLSGRE - ERBEHECFEZ (B E P, KL
AR "

"R=[0 0 o 1] ®)

“%h=[0 0 -1 of ©

14 FHEFFN 235 85 112.6



&2 REERZEAR GRS IR R — -

s

N; Rair or Lor2 2o reflected

m Ngir n n nz - np
I, cos @ cos @ 1 1 1
L, sin @ sin @ 0 0 0
I, 0 0 0 0 0
I —sin® cos Q) —sin D cos Q 0 0 0
Iy cos®cosQ  cos D cosQ 1 1 cos150°
J,. sin Q sin Q 0 0 sin150°
K, sin®sinQ  sin ®sin Q 0 0 0
K, —cos @ sinQ) —cos @ sinQ 0 0 -sin150°
K, cosQ cosQ 1 1 cos150°
- 0 0 0 0 -0.36
Ly 0 0 0 0 25.56/50.56
ey i 7 () 7 Uy i A f 0 60.43

FERE ", (E R SRR AR - R & 2 SR Z B AT IR ARSI T SRR (o2), Y
frE MR P, REAAAE f 0, AT

R ="4"R (10)
Rty =% "4y (11)

DRI R e By /T I i Ry I SR - IR G - (EERE 2 I SRIER - BRI
IBPOER TGRSR AL B, - RIRLL TR UR BB R ZE CMOS L ¢

RE = RE‘—l + 4 RZ'—l (12)

B= A7 (PP 4T )= "4 (13)

Hepo 20 (12) #2350 (13) Y 2, R ot P EASSES P IAIE AV
EFUERIE_EASTRL 2Ot B AT A A E R I N RIS

Ti=s[0 0 1 0] (14)
i ="4" (15)
€8, =[Ti1"5] (16)

FHEFTHN 235 57 112.6 15



_Eix_ fi—lx + 2VixC9i
7= Ly _ Licty +2v,CO; _ T+ 28500 (17)
Kiz gi—lz + 2vizC9i
| 0 | 0
T
7 = E"y = &5, (N,C@,» —J1-N? +(NiC6e)2)+NiZ_l (13)
- 0 -
HAEA & RECZAERA - M E R EAHR A i A - FTATTRE Ry —1 3¢ +1 > A

DS (14) 2% jtﬁ’\gﬁbﬂﬁ)ﬁjw%m s; FIEE - 1zl (16) R =AREEL cos DA C F£ox - %78
HEE AWML R = AR -

TR R G AL A BKIESS (17) 5 B RITE ez - BIKIE=X (18) - &
IRERDEABENEER T B AR - AT —(E2 R Lr AR A BRI AR RSB E T
—(EE S FRYAST BN E - MR EROEE S SR BT SHOERIE AR A E - TEEE L
SRR - EERER R ECHIE Ry Ik -

= BHAAEVE T S RERE (= 1~4) » S DGR EE R m e 0 Pl 4 R
TRERLHTET AR - BT RORIES by B FE S S T S B B R B O YEBE » DL (Spot,, Spot,,
Spot,, Spoty) 53 BIFR~ o FHEDEER THRSAVER AN - B EPTE i = 1 ﬂr HIYEEE Spot, EH

EHDER AR ZNE i = 1 KOEFLE TR E R EHE - FEMZEGHIER - BB rH i =
HFERDLBE Spot, Ff » EMDEARSC AR 2 H i = | BRERITEHSE ﬁ?\%ﬁé ME i =2 fﬁfﬁ
%}iﬁﬂ‘fc BEARENHE i = | BEBITHHE - SEREZRGHE b HARDESEDULIEHE -
FE o8 SRR A% R AT G 5T T IR SR 3 2K BB T E’Jj’nﬁ%f«( o

R 3. A RBATEA ORI XA AR R H R & -

Spot, reflect

Spot, refract reflect refract
Spot, refract refract reflect refract refract
Spot, refract refract refract reflect refract refract refract

JeARE A FE AT ER CMOS & » Al IS EIVUEDEBERI AL E AR - R Ry BH 4558 (E
HEHHREZ R - NPT ARG

Xl =ﬁ(t1,t2,t3,Q,cD) (19)
h=folt,0,6,Q,0) (20)
Xa = fs(m,h,0,6,Q,0) 21)

16 FUEITAN 235 7 112.6



Ezﬁ(nlatthat:%Q:q)) (22)

X3 = fs(m,m,t,t,6,Q,D) (23)
Y5 = fo(m,n,t1,t2,15,Q,0) (24)
Xa = fr(m,ma,n3,4,t,t,0,D) (25)
Yy = fs(ni,my,m3,t1,t0,85,Q, D) (26)

FFEER TSN SEAOIT ST AR A BOEIE P, ~ AR 0, BFUEmE v, ST
IR N, » HERDEAREE—BOEES H - [F— AR 0, 3T ALY - fEIa(EE SRR
A AR EHEEE TR R & H A E G JURTIER R E S A2 AER - R DU AR
BB ARFIE - BRI - NS —E &S — RS - DR R AR AE 0, 5 A
Y - BORER TR B B E IS I (AR E IR TS 06k - JTREME TR
B MERENEL (ny, ny, 13, 1, 1, 1, Q, @) ©

RS ET AR E AT (0, 0,) RIRDEER =2 EBAM kL - 2008 3 Fin o BiES
BILARE EER - SETERSRR IS CMOS _ERYE G ANE 4 s - JUEDEBE rTHES /SR
(X, 5 Y, p) 0 a(a=1~4) FRIER IR SRV EDEBE - SO @ KPPk - ¥
&= (19) £ (26) » b(b = 1~2) FRATEE DGR -

.AMXPIREATER -

X1, Yaq)  (Xg1 Yar) (Xa2, Yaa)  (Xu 2 Yao)
(X1, Yi4) (X120 Yi2) (X2, Ya0)
(X2_1, Y2_1)

4. CMOS #B % ~ZH -
RUEIRA0 235 43 1126 17



BB RO - B =Er Y B N AR T A - e S AR - 1£
HEREA PRI aEa L ESE - 206 5 Frors - ST (= 1~3) FHEH XY S A2 i (8 1 R
A FRREEAER (p2), HHER AR (o2), BUE R EIEE SRR 2 8005% 4
AR o MATSREUARFE S MESE IR+ 2l (1), ny, ns, 11, 1, 1, Q, @, Q,, @y, Qy, @) > EH

5k B BRI AR A AETE

B 5. ek B AAY o

4 REERZ ARG IR R = -

I = T T T

Hair m m ny ] n3
N, —or— —or— —or— reflected
m Nair n m ny  m
I, cos @, cos @, cos @4 1 1
L, sin @, sin @, sin @, 0 0
I, 0 0 0 0 0
Ji —sin®;cosQ; -—sin®,cosQ, —sin®d;cosQ), 0 0
Iy cos®;cosQ; cosD,cos), cos D;cosQ, 1 cos150°
I sin Q, sin Q, sin 0 0 sin150°
K, sin @, sin Q, sin®,sinQ,  sin @;sin O, 0 0
K, —cos @, sinQ; —cosD,sinQ, —cosD;sinQ), 0 -sin150°
K, cos Q) cosQ), cos 1 cos150°
t 0 0 0 0 -0.36
Ly 0 0 0 0 25.56/50.56
t, tth+t t,+1t 4 0 60.43

R PRI TIEEE - RERHIL R R DUERIERE 21800 - SRR AN B A Z IR\ ME -
HtrleE3 A IR DUER GBI - R0 — =AY - mb 3 hn— 68 5 sk m sl — (e

0

18 FUEITAN 235 7 112.6



B RANEZE D IEIIRZE TR REEE - 2 SRR S ERCGRE REHRELZ
2 .

ARG H 2 AR R R AR 2 T Rl - AR A2 SR 2 R ER T
N BEFRTERBIER > (WA HREREF TR XY PE - BHERAEE Q EEETR 0
A © AIFE 0°~360° ZHEH ATAE - IR A Q My Nt RRRE AT T - I 2=l
TR o

W

4. BRI

AGwSCE O AR I T SR - mE T E(L S PRER - EUEEE - D
HMRAER IR ~ STERAER AR o B O R AAHIED R B ORGERE - FERER )
BREAREED P, 08 > (ER R EFE BT - HRRIE G &R EATREA -
A LMS BEOEBEE DT TERIOL B (X convoids Veenroia) * TRA AT

Fy
Xcentroid = Zzzzxp (27)

Yeentroid = W

5. 2875
e e S RS ANE 6 Ars - BENRAZA0E 7 s -

Laser

—— Ray with 91

Ray with 6,

e
Linear stage, == Linear stage;
e
Lens, ==
2 Camera,

Mirror,
4 \
| Linear stage, /

'
I Multilayer samples J'

# YR

Z-axis stage

6. A XPTHE BRI A L RME
RHEEAM 23549 1126 19



TEZRER 50 SRR E R M e 2SRRI E R - 2T ZART Y E R Z B
A b BInlETER - o E R M Laser B HIEHR @ FOEUE EE SR DISEAT ORI -
AR E T2 F5 (Linear stage,, Linear stage,) 4 5% & HI T FE IR 9ANE] A ST A EERY
- ABSA 0, BOEEREREE) Linear stage, EERS L » fIEFHCEETREZES Lens, FIFH
[CES 85 Mirror, » @ ERHY NS SR RCESERTE T 1R SERRDAUASS /3 0, EARFHY) - FIE
Linear stage; S EI5 G EGHIES Camera, 23EE (1B @ GG ECBOLBE A BT - ASS
A 0, B ERF Linear stage, B0 Linear stage, 2R L (IEFHEEEEEES
Lens, FISV A SCET 8% Mirror, » SEARDAAGS A 0, ALY » EEEGS BREIGE Gtk -

Place multilayer sample

¥

Measurement start

I I

Move linear stages Move linear stages
Record angle 6, image Record angle , image I Skew ray tracing method
Record each spot position Record each spot position

Obtain the refractive index and thickness of each layer and inclination angle

¥

Move the motor based on the result for auto-focusing I

7. ERRALE o

SR AT B B I R AR A A BB R o - a] DB BRI EART TREHUBAT gk H &% L/ \(EE
BERIHARE - B IEREE SRR E(EEE Camera, NIV EREERA GRS - SHE
{EFR% - I MATLAB HIRKEL fsolve WA KR 2 [EIE R « Iy REER AR -

HHEHREFTE YRS R - Wi AR Z MR VE  EEEEE VS
THiE - SEFTH H ARV B B - i R 5 % e B 2 B R R ] DARF PR AP ER AR
IR ] B G FR 2T

= HERBEERER

1. BESIEE
%3 SOLIDWORKS 1@ Bl /e 25 85 B 40 - Q18 8 s - EHE AT 2232 B i 2
(ovz)g * R R TCRHIEERE - £ A AT -
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Auto-focusing
System :

.
N e e el i

Camera,

: Measurement :

Infinity-corrected
optical system

L] ¥

8. SOLIDWORKS %24 -F & [ °

L

i ZEMAX SEERE BRI AR AR MR AR A R 1T 1 - DUIRRF SR U 7 B R A AR
& - B REBFOCEREHDOLE - WRFRER 658 nm » AR E By = BN AR E R
28 - B AR TAEIERE - RES2BEEME R MERERES - 0
9 Ffras -

FH ZEMAX HECH & IR IR B - BURDR ST A3 ARFRIPI R » 1857 T SO ]
FIRCGHI SR DL G - HNEREZGROEB BRI — ML A2 FHE R R A ST
ELAIEEA - Ktk GRS - HATVIEUR RIS XY ARG RE > SAREERA
KZGRIPDEHRE - B EMEK AZE MATLAB B8 - MAZAE 10 Fos - S g
I ZE 7 s Excel £430 » H MATLAB FEIUAST A 0, HIEEREE - BEEMATEBRE
DUEERE (i, )) faaf - WACsk G ZEDEAIBRRER -

%5 DBSCAN 70EE: » EJRERRE - DA A — (IR e Ry B 3R B0 R B O ATE (6 EE
RPEEE - AEMEREFEGESERNRABE S FEEE - FRERDBE > R
AREARN DR B REGHIEDERI B R0 - K-medoids 73 HFATCIREE 3B k (]
A UCREROREE £ (EREREL  BEER VAR EIREAR: - B R E AR SR
O EIRTEEEE - DA R ARHERS n (B D BRI RO VR - B PR T AR, Z Y R
B - EEREEEN R N AB TR L o DUSTRRE ORISR OB - E BRSO
I EISE R -
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z

kv

0,

Laser Laser
Laser, Laser, e
Mirror;,

Camera; Mirror, Camera;

A

| A
Multilayer samples Multilayer samples

22

9. ZEMAX #i#t 24518 -

1. Read the table of angle 6, image.

<

2. Record the position of each pixel where light is detected. I

&

3. Use DBSCAN cluster analysis to break the dataset up into groups.

&

4. Use K-medoids cluster analysis to find the spot center. I

&

5. Recognize the spot number according to light intensity. I

&

6. Repeat step 1.~5. for angle 6, image.

<

7. Trace the ray paths based on skew ray tracing method. I

<

8. Obtain the thicknesses, refractive indices and inclination angle.

10. MATLAB » #7742 -

FHEHTAN 235 H#7 112.6




DBSCAN 73 BHERA #2 2 2DEAIER SRR 70 i B - HERE B R BB ]
W7o - o BEAE R EL B IE R IR E e - SREFHDE ERA E RO - EEMEFER -
K-medoids 73 BHEKETEEROAIE - HERE T EREHERL - SREHDEAELALERE -
HEEW BRI EE - B REVER - RN AR L - AT s - IO
RSV UED LB AER DAL E -

RIFOCBERESRIE - AR B B A /T R - ¥ T IR o B AR
BRULAC - B 55— ASANGREFRER LS - a5/ \EDERE - DIERDERLEDT
FBEHDERREET - WFFH MATLAB MK fsolve AR HIFT KA IERE ~ 7o REL R}
A -

FEOLEEEER TSI P S B B T RE R AR I V)R S e 1T - TR ERG IR0 T

FER 2+ ST 8

mn ) ) t, (mm) | £ (mm) | £ (mm) = Q(°) @ (°)

HERE | 1.7648 | 1.0000 | 1.7648 | 1.0000 | 1.1746 | 1.0000 | 1.0000 | 60.0000

i fEfEE | 1.7661 | 1.0000 | 1.7519 | 1.0007 | 1.1879 | 0.9915 | 0.9970 | 60.3179
ARFEE | 0.0013 | 0.0000 | —0.0129 | 0.0007 | 0.0133 | —0.0085 | —0.0030 | 0.3179
H5k | 0.07% | 0.0000 | —0.73% | 0.07% | 1.13% | —0.85% | —0.30% | 0.53%
HEER{E | 1.7648 | 1.0000 | 1.7648 | 2.0000 | 1.1746 | 1.0000 | 1.0000 | 60.0000

0 fEfEE | 1.8011 | 1.0001 | 1.6796 | 2.0481 | 1.1787 | 0.9451 | 0.9992 | 60.1123
AR7ZEME | 0.0363 | 0.0001 | —0.0852 | 0.0481 | 0.0041 | —0.0549 | —0.0008 | 0.1123
Bk | 2.06% | 0.01% | —4.83% | 2.40% | 0.35% | —5.49% | —0.08% | 0.19%
BzR{E | 1.7648 | 1.3300 | 1.7648 | 1.0000 | 1.1746 | 1.0000 | 1.0000 | 60.0000

s fEBHE | 1.7136 | 13316 | 1.7773 | 0.9682 | 1.2049 | 1.0062 | 0.9969 | 60.2921
M | —0.0512 | 0.0016 | 0.0125 | —0.0318 | 0.0303 | 0.0062 | —0.0031 | 0.2921
Hokt | —2.90% | 0.12% | 0.71% | —3.18% | 2.58% | 0.62% | —0.31% | 0.49%
HEHE | 1.4563 | 1.0000 | 1.7648 | 1.0000 | 1.1746 | 1.0000 | 1.0000 | 60.0000

" fRfE(E | 1.4817 | 1.0004 | 1.7177 | 1.0227 | 1.1823 | 0.9700 | 0.9982 | 60.193
ARFE(H | 0.0254 | 0.0004 | —0.0471 | 0.0227 | 0.0077 | —0.0300 | —0.0018 | 0.1930
Hat | 1.74% | 0.04% | —2.67% | 2.27% | 0.66% | —3.00% | —0.18% | 0.32%
HER{E | 1.4563 | 1.0000 | 1.7648 | 2.0000 | 1.1746 | 1.0000 | 1.0000 | 60.0000

s FEHEE | 1.4729 | 1.0004 | 1.7064 | 2.0287 | 1.1848 | 0.9626 | 0.9977 | 60.2261
FRFE(H | 0.0166 | 0.0004 | —0.0584 | 0.0287 | 0.0102 | —0.0374 | —0.0023 | 0.2261
Horkt | 1.14% | 0.04% | -3.31% | 1.44% | 0.87% | —3.74% | —0.23% | 0.38%

Bz FFRATH - SREHTH RV TITE 0.0852 LUT » RIRERYRRZ SFITE 0.0512 DA
T FEHERAA R RIS - S5 SREARE DRI R MR - ST R R HRR
ZPEITE 0.0549 mm LUT - BURERYRZEFII4E 0.0481 mm DA - ERAE Q BYRRZEFE
/MR 0.0031° > T ERIAE O HYRRZFIBIRE 0.3179° » Lalifs st 5 n] DURRE AR HY
AT REEE T EZEEN - (EREENEEE T SRR - 28 =R R
MG HTRRZER > 7 SER A o FURRENARE X #EiERAE Q -
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2. BEERHRIE

FTEEHREEZ B KIER 4 ZRMaGHE - (HERER LIFEEF 2L EERE - W4
e H B R AR - NI EERTHRERMAR ML EIGEIE - DIIEFR 4 2
28 - BETTHER = EPEN = eERE - SR EF R - RE AR AT
HlgsParETH: - PR ZLERE - GifEAnE 11 For -

1. Move the mirror by Z-axis stage.

&

2. Record the position of spot.

If reference image is enough

3. Define the matrix of each reference plane.

&

4. Trace the ray paths based on skew ray tracing method.

O

5. Solve the geometrical error of the system.

1. RIEAAZR -

B ERZHFERSEVH - FEARARERIYIR - UG RIS HIS S §1 5 =]
JEHES - SESTHURAE Z = 0 B XY SPEPHT.Z P © #8502 SRRyt - o A
MINLE - BB B - REELIE 12 Fir o PSR "4, aTRR R

1 0 0 O
1
Ry |01 00 29)
0 01 z
0 0 0 1
R - BEOEEHIITZE CMOS I - {RIRDA N E -
if_? = RAiil (Ré—l +4, § zi—1 ) = RA? R}_)i (30)
R— RA i— (31)
gix gi—lx + 2VixC0i
oo i, +2vco | - _
R Tt e M 7o) (32)

giz f[—lz + 2Vizcvgi
0 0
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fLskEHE 225 P Z WA O ERE - EEPER 1.2, HFI2HHEH » fiE
e AZE A S AT S G TR PRI S E 2w - B R R T A
(A RN O - SRR SR L ARG E - R L IR R M B HR A
BRI - SERE BRI L

~COWB| Image of CMOS

(X3 Ya) (X2, Y2) (X3, i)

L o S o [ Mirror

B 12. # A RIETER °

BIZIE 13(a) MUEERE - 7o B AR R SR R BB PR R DB B - 8B HI 2
HEPEE PR R R B - RTESIERT X SR 7.2135 mm » Y J5AfR% 0.6534 mm - 1]
& 13(b) AlEIE®R. G nREEERERESRES 2 FVRNEREECEE
& FIRAMAIIETERL °

X 934.782
Y 1457.33

IE

X3947.92
Y 1728.2

(a)
B 13. & B #1425 36 L3 (a) RIEAT (b) RIEFE ©

3. BEERHEE
ARG SRR AR BE R S AN E 14 Fs » A EZLL LabVIEW FERIE BRI ES
M - S HAAG B > (A TEANE 15 Fs e

4. BREAER

HRAEEA=Z0tER CMM HIE - CMM BYE 7 =08 fa il B 3+ IO i
HIVEEE - NS MERE SR s Mg SRS ZE B K E 5 - CMM ]
JE B AR R SRR ZEAE 0.0367 mm DA » AR SCHYE EEHEEw(E R CMM HIE 2 AR -
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TR & B i B = e i R R Y R RRRIE E Ry Air (n = 1) - B NEB AL 3 S
Bl 3 FEEE - 43 BISE Sapphire (n = 1.7648 » t = 0.5,1) ; Fused Silica (n = 1.4580 » t =2) ; ZnSe
(n=2.6310 " t=1)  [FIME T8 B NERRIY AR - S ERES =1 EHR
B RLE SR =8 - BIESIRER TR =(E - FFHEZRAE R NHE (ny, ny, 1, 1,

Q, d) -
FHAFHYEEEE R - DEBERRHEENE - £ 6 PHERELREE IR T
RZPEE - BE ] FF T3 RAURREF1E 0.0821 LLT - B R E R Z= P HEHE

0.1452 mm PAT - HERHAEE Q FURRZ /N 0.1491° - ERHEE O BYRRZESFIIBRSE
5.6610° -

K6 EREMBRER -

n 1, fi(mm) 6 (mm) Q(°) @ (°)

HEm(E 1.7648 | 1.0000 | 1.0364 | 2.1746 | 1.0000 | 0.0000

- HEE 1.6827 | 0.9912 | 1.0195 | 22949 | 0.9443 | 3.9399

RAEE | -0.0821 | —0.0088 | —0.0169 | 0.1203 | —0.0557 | 3.9399
REESIL | -4.65% | —0.88% | —1.63% | 5.53% | —5.57%

HEmE 1.7648 | 1.0000 | 1.0364 | 2.1746 | 1.0000 | 65.0000

0 HEE 1.7599 | 0.9628 | 1.0802 | 2.3198 | 1.0042 | 70.6610

MM | —0.0049 | —0.0372 | 0.0438 | 0.1452 | 0.0042 | 5.6610

AT | —028% | —3.72% | 4.22% | 6.68% | 0.42% | 8.71%

HERE 1.4580 | 1.0000 | 1.9884 | 2.1746 | 1.0000 | 0.0000

s HhE 1.3775 | 0.9909 | 1.8561 | 23108 | 1.0559 | 3.1152

RAEE | -0.0805 | —0.0091 | —0.1323 | 0.1362 | 0.0559 | 3.1152
METSE | -5.52% | —0.91% | —6.65% | 6.26% | 5.59%

HERE 1.4580 | 1.0000 | 1.9884 | 2.1746 | 1.0000 | 60.0000

" EhE 1.4415 | 0.9704 | 1.9641 | 2.1110 | 1.1491 | 62.0377

WEEE | -0.0165 | —0.0296 | —0.0243 | -0.0636 | 0.1491 | 2.0377

METHSL | -1.13% | —2.96% | -1.22% | -2.93% | 14.91% | 3.40%

=EEF R RIUE - S ERRDEEE R I - SR RER I A R AT A - FRE R
HIECR I (ny, ny, ny, 1, 1, 1, Q, ©) FHAFFHIYEEEH AR - DESEARMAVERENE » £
7 R E B E R E R TR SEIE - BIERER 7 Rl - IR ERAVERESEEIAE 0.5758 DL
N BRI YRR ZSEEITE 0.1128 DUT - BEEERIRRZFIITE 0.2636 mm LUT » HiFIEHY
ARFESEIIHEEZ 0.1909 mm LAY o ERMAE Q AURRZE /MR 0.0852° ¢ TERLAE © HYRRE
SEEJRAT 4.2825°

=A
g ~ l\:I!I:ﬁFFH

ARe SR —E AT R AR - M EHRHTRERIR £ 2 L E I P 3T 5 R
EAERE - hEEEHPTRER AR - SEERAENAINE - FOLE BRI RER R ACE
TG ITH R AR ZSFIIAE 0.0852 DA - HIRE HYRRZFEI1E 0.0512 DU » 2RISR AR KA
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kT ZREWRRER -

i n, ) ty (mm) | £ (mm) | 4 (mm) | Q(°) @ (%)

HIEH{E | 1.7648 | 1.0000 | 1.7648 | 1.0364 | 1.1379 | 1.0367 | 1.0000 | 0.0000

45 fEfRE | 1.7565 | 1.0509 | 1.5022 | 1.0632 | 1.2930 | 0.8793 | 0.9856 | 0.9257

ARAZE | —0.0083 | 0.0509 | —0.2626 | 0.0268 | 0.1551 | —0.1574 | —0.0144 | 0.9257
HOM | 047% | 5.09% |—-14.88% | 2.59% | 13.64% |—15.18% | —1.44%

HEHE | 1.7648 | 1.0000 | 1.7648 | 1.0364 | 1.1379 | 1.0367 | 1.0000 | 60.0000

6 fEBR(E | 1.6988 | 0.9746 | 1.4984 | 1.0270 | 12345 | 09323 | 1.0852 | 64.2825

R | —0.0660 | —0.0254 | —0.2664 | —0.0094 | 0.0966 | —0.1044 | 0.0852 | 4.2825

Tk | -3.74% | —2.54% |-15.10% | -0.91% | 8.49% |—-10.07% | 8.52% | 7.14%

BZR{E | 1.7648 | 1.0000 | 1.7648 | 0.5317 | 1.1379 | 1.0367 | 1.0000 | 0.0000

o FEBEE | 1.7655 | 0.9414 | 1.4447 | 0.5546 | 1.1441 | 1.0888 | 0.9184 | 3.7282

A | 0.0007 | —0.0586 | —0.3201 | 0.0229 | 0.0062 | 0.0521 | —0.0816 | 3.7282
Bk | 0.04% | —5.86% |-18.14% | 431% | 0.55% | 5.02% | —8.16%

FZRE | 1.4580 | 1.0000 | 1.7648 | 1.9884 | 1.1379 | 1.0367 | 1.0000 | 0.0000

48 fEBEE | 1.5025 | 0.9389 | 1.3292 | 2.0719 | 1.2823 | 0.7731 | 1.0113 | 2.6569

A | 0.0445 | —0.0611 | —0.4356 | 0.0835 | 0.1444 | —0.2636 | 0.0113 | 2.6569
Bk | 3.05% | —6.11% | -24.68% | 4.20% | 12.69% |-25.43% | 1.13%

BEm{E | 1.4580 | 1.0000 | 1.7648 | 1.9884 | 1.1379 | 1.0367 | 1.0000 | 30.0000

o fREEEE | 14262 | 09793 | 1.7946 | 19320 | 1.1523 | 1.0574 | 1.0642 | 32.4466

RFEME | -0.0318 | —0.0207 | 0.0298 | —0.0564 | 0.0145 | 0.0207 | 0.0642 | 2.4466

Hokt | —2.18% | —2.07% | 1.69% | —2.84% | 127% | 2.00% | 6.42% | 8.16%

HHGRE | 1.4580 | 1.0000 | 2.6310 | 1.9884 | 1.1450 | 1.0296 | 1.0000 | 30.0000

410 fEf(E | 1.3452 | 1.0146 | 2.0552 | 1.7975 | 1.2189 | 1.2684 | 0.9543 | 32.6203

PR | -0.1128 | 0.0146 | —0.5758 | -0.1909 | 0.0739 | 0.2388 | —0.0457 | 2.6203

ok | -7.74% | 1.46% |-21.89% | -9.60% | 6.46% | 23.19% | —4.57% | 8.73%

HITFIIPIE - TS RSB DR HHRLIE F Rl A R - ST R ERIRRZEI(E 0.0549 mm
DT » AW RYRRZFETAE 0.0481 mm DUT » ¥ X SAYHER A E AR 22/ A 0.0031°
M Z SlAER A E © AR IR E 0.3179° - HERESREAKE » FEITHRHE=
£ 0.5758 DA - ARG T SRR Z1E 0.1128 AN » FFEERERRZE 0.2636 mm DAA » Bl [y
JEIEFERRAEAE 0.1909 mm DAY » ¥ X SEYERAEE Q 32/ R 0.1491° » ¥ Z SHIER] A
& @ FRAZ/INR 5.6610° ©

SERK

1. Wikipedia, “Ellipsometry”, please refer to the website: https://en.wikipedia.org/wiki/Ellipsometry.

2. Jungjae Park, Jaeseok Bae, Jong-Ahn Kim and Jonghan Jin, Optics Communications, 431, 181 (2019).

3. Xiang Xu, Xingkun Wu, Feng Lin, Cellular Image Classification, Springer (2017).

4. Psang Dain Lin, New Computation Methods for Geometrical Optics, Singapore: Springer (2013).

5. F00A, PRI ZEB L2 AT EEER T, BITL DR SR AR ER R I 56T, (2007).
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Polarization Interferometry for the
Measurement of Refractive Index and Roll
Angular Displacement

EEW  REER  FHE - LIRXF  R¥Enm  FXRH
Yue-Jhe Tsai, Shu-Han Chang, Ching-Tse Hsu, Chia-Yu Chiang, Wei-Yi Sung, Ju-Yi Lee

Tt B2 e R A B Lo R G AR - HAA R IRZBEAEZMER - AR S T
— KM IR AR AT AR IR TR - T OARRIEAFAF R BT 5] b9 AR S 4L  Em AL
WML S B o RXRT ABRIRT H 70 TAERIE - R R TRER %? *
ST A A A B R AT 4 R E RN LIR By A AL AS BRI R T AT

Interferometry is widely used in precision machining and measurement of optical components,
and is crucial to scientific research and engineering field. This paper proposes a new type of
polarization interferometer, which uses phase detection of polarization interferometry with a quarter
wave plate and polarization camera to quickly obtain the change of phases and calculate changes
in specific physical parameters. In addition to introducing the working principle of polarization
interferometry, several experiments and theoretical inference were performed to evaluate the
feasibility and performance of the proposed technique. This technology can be widely applied to the
measurement of the refractive index of transparent objects and the measurement of the roll angular.
The proposed technique offers relevant measurement results and system resolution demonstrated in
this article.

—N

Al

il

FEERHEORGE R - LGB RVER Hid e - SR ENEATRRE RS R @ iETT - £
feE R ﬁ‘éﬁ?Jﬂ&%?%"%E’J&{hZ* o BIAIEERESET - Rt R BEEAIAE
TRERT 2 FDEE P EARRDEERTT AT R B ~ T RE2HEIEH - o - StE
TR E ﬁﬁﬁ\,\ﬁﬂ%fiﬁiﬁ%i{ﬁl B 5 AN ). Wang 5 AR 2019 A DU B EHEAT
ZE BT - REHENE T AL Michelson TS - YA Michelson T
W TR T4 +$D{EIF§ W. Zhu S5 ABL 2019 SR H—TRISCHERIFES A Fizeau +
#© - ATREHE LY B R RETV IR - fMTRHEERER S | AR A Fizeau T -
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IR R ZE SIS FLIE - I NER A EIAEE EAVIERIEE - f2& SRR PR A
HIERE - X. Miao AR 2021 F i —TE Fizeau W= HIRMETE I &M - M)
AR EEFERHE S LFEES - EEBHBEA 2RO TE - BERERILESR
stEEERENERENRER -

S ERD BT RN B A T B AR, (BRI G B R - R E
BRI B 2 2 2R T8 - AR - TR R R RIR TS EY - RELSES -
HARRI AT TR - Rl RES A S (KBRS B 8 - JER SIS E I - Pl
H. Liu 5 AfL 2022 SR — TR ESTRE RS Fizeau (il TR L I BAHE A 2 B2
O o EESTEIARY R B S T BB RE A BN BV B R R AN RE - BE SRR E MR B RE R 5 AR
77 - At - AHER SR AEEL H. Lin 5 AR08 - 3Et— R R (R AR B A B (R i+
il - FERFSEAT RIS R E R DU Ve i A R r 2 -

=~ RIS

AWFFERT IR A R iR T B OE AR AN 1 B o R ROt ST RrRR AT - RrR T
R EHE 2 BB o SIARIRET - PIANERE « TS EECE 2 TS &
2% - BAMMENRIRSR IR s Mt p /ot - BESOUERIR T - FEREHEERER
o HETARER - DORHSFRPIRTS | ARG - 20 R ARG 22 R 22 B2 AT B
% > BIRTHER RO P B L -

= Rl4D RikT5 ISR
iR 3z n.0) AR KIGABAL 0

L. = F i B AR ik R AR RAL -

AHFF SR AT RIRAE S D HOR R SRR E - RIRTEBER T AR
TCPFEEFIRH R Z St - FEROCTT RS BB EEE A R fRiR T F 2 R Fr i« HAF R u(E
B3R (pixel) RH(L - HAE—BAL Bl ERVIETG AR IERIRFT (@ = 0°, 45°, 90°, 135°) fH
B+ A 2 Frs e

90° 45°

/'
N

135° 0°
RIREETEE 4 pixel / unit
2. irAB G FRIRETER -
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IRIBRIET SRR Jones HEET Y RIDERCHARHEH 2% - BRIFARATHE
B esR AN 1 rI Ry

I(a,8)=DC+AC-sin(2a + ) (1)

3 (1) B o BIMEIR A AR » 0 BIEFRIRHATE AR - DC B AC 53R
SRR USRI SRS o RO TT BRI RER S B TUE AN R R RIRZEE G - JREl
a=0°>45° > 90° 8 135° > BRI IRHRAIb AT LS A PO LA IEARHO AR (o> s Jog
Eﬁi1135) C AT RIRT R

Iy =1(0°0)=DC+ AC -sino ()
1,5 =1(45°,6)=DC+ AC-cosd 3)
Iy, =1(90°,6)=DC~AC-sino 4)
155 =1(135°0)=DC—AC-cosd ()

A DR R ER AR T AR TR  AHBREESIEYES - A0 (6) Fzs - RIRIIEER DC B2 AC 35 -
AEAF AL 0 -

S=tan"’ [M] (6)

45 _1135

2 (6) AT A RIR TS MR « MR ETRBETSEHE - BRI R
ERA S DU AL 22 - (RIRAES rT R0 R 2R K - il @2 T R MR
TERE o DU R BN DAL (R iR T AR S Ry 2B - B & 2 SO Rt B R ST B SR - e
FATT 5 2R B A (RS AU

=~ EREREEARRRIET M 2SR

ARG R B 2 S8 AR (R AR T 05 i FE F FA BT B SR S Iy R B AN EF B S R - 20[E 3(a)
F - B EN B s g - BHE AN A RKIREEF AR - S SE 2R S - 1t
FE - ETERY IR B EK P IRIR > 0L 2= G FE 2 A ST /A AT BT B R EE AR B L - IRIE
Fresnel /G212 s HARAT 7 6 A 5Tk

.2 2
5=2tanl[\/sm i _(nZ/nl) J (7

tan g, sin 6,

Heo n B EIPIITES R o ny = 1 RZERITEER > 0, Ry NS - (8] 3(b) BUROEHR AGS i
HARGIZZRIBALR o N EHTH RGBS B UM 2 dhAR - BT BBt R S5 R AR (2= D
FAEEME—RY "HRSTA 0,0 K TR AE Oy 0 ZFFERES
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(@) (b)
90 : : .

—n =14
80 —ny =15
70 AR | n=16)
l = -t sl —n=17]
0, 8 60 f___.u- s n=18
= 50 . = -
N r i
40 f e
e, I - -
@30 | /
20 |
ny |
10 | 6
n, | A
w4 & # @

30 40 50 60 70 80 90
ASTARE 0, (Deg)

3.(a) 2RI TEE (b) FERAH A AL £ HALE -

b ST D Ry — Tl AOHT SR RIS - BB AR R - BT R
HOTETER - AR SR A RIS 22 E — AN AERE > NEGHESFHENEIY -
R ARFE SR S — R T MROZ 2R R ) AR E IR Z T8 R o RIS SRR (E A
% ARRLERRAE 6, BHTHSSRAYBIGRATES RS

—1(n=n]
Opmax = 2tan (®)
2nn,

ERFHIYI (n) BRZER (n,= 1) FRHIPIZ AT R0 arshy

cos(o.. /2
n =% ©)
= 9) BITHRER TR - fEER AR R FREG ZBER - nlEE (9) FTE
BRI B R o f5 LRl - JroRE il A2 SR B — 22 8 T AR AT 2R E , FERE - FHELIR
HEITHRE T ~gHRE2HE (B - iR =R T -

ATt a A MANE 4 P - ZiG#EE S LD #8811 PH PRCEEIR - @R R
A PL2 ~ &S L1~ L2 M Z2fMR a8 F A AHIIE SR BE » EA B 18 mm BRI
BB - SRR PL1 Al HZRFAETEE G1HEoaE - SR AR L3 B R B S i
ZEREVSUH o BRI B RIR R R R A R T - RRETHEHGEEIY 5 2 —
QWP % » &% LS TERH BRI -

BB A AR AR B 2 S B R R B O SRR S BRI - IR A B AR B 2 KB R
e DUSEAR 25 TP R HERY o3 AT W% AR R IR AEEE » $EROE R s — Bt mET R
[ - ¥AEJEEER - (RIRFERE AR ERIROETTH: - BB E A BRI - Bt EERE
HEH - B 0] DA fm IR AR B HIAE (L 22 53 A R B R E » M A 2= Mo  » Bl
A AR RTGER (9) FHE YR 8K -
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Bl 4. 34t F 2R AKX TER -

1. 2IBHEUESHEH

B DMEER SR R A F Y - BRI BT R A R T I - IR B T R IS 2 5
ZIAAA0ME 5 B o B e (o B R AERAST /A - IURACES A — R AE O
42.16° ° MARIBIEHERE SIT S R HE B RO R MO (E Ry 42.15° » M EHHZE 0.01° » FAR
R AR R B B AT E R AT BT R 1.4573 RIU » BEBEGRHTETEEAMHE 3 X 107 RIU -

(a) (b)

*BLL% (Deg) #BfIZE (Deg)
700
45 90 45
600 0 %
35 p : 35
500 30 B E
3 25 ' =
x
= 400 |
B 20
300 15 15
s 10
200
5 0 5
600400 0
i 100
%% 400 600 1000 pixel 200200 400 600 800
Pixel Pixel

B 5. iR Axdr eyt £ 9 (a) WALE (b) 3D B

2. EREFAER

FR LR R DA = S s LA TAALEMAE ) - EMET RIS - A
BERHRANYER  BENEREEE2E - HHAREGHRSE O RE
Hl e ?kﬂaﬂ TS FCEAYIBRAIITS R E N E R - BERERAE 1 fors - £EENE 30 XKEH
oo R E R SIECREIREREE S - A A RAFAURER -

3. RIEERE
AW FERE & IR A B (R kT B AR B 2R B 2 SO RO AR 0, > SETTHER
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1L AAMEZIHHFEEAERMRE

MLEBAHDeg) | FHERID) | FHFERRIU)
(P | CEysmeE) | CPH—E@m)

ME

- i 42.17 + 0.12 1.4573 + 0.0017 0.0003
Fused Silica

FETKTHE 4218 + 0.14 1.4574 + 0.0018 0.0004

MesE 4631 + 0.14 1.5153 + 0.0020 0.0002

BK7 -

FEAR 46.33 + 0.12 1.5155 + 0.0017 0.0004

MedE 62.63 + 0.17 1.7789 + 0.0031 0.0003

JEBRTH 46.75 = 0.20 1.5216 % 0.0028 0.0005

BRI AT n, o IR BT RIAR (L2 AR AT RE TR R TE HT B SR AV BRI AR AT - AR
ORI ZE AT BB ) & R 2 I ) W+ ZERIBATRE ST AG,  FEFRERICTCAFHEES
HE T - BURHHALRERPIIE 5 R EDSEEITAEST Ad,,,,  ETEFEEFIERF T - SRR
AUREAT ARSI (E - ARBE S e R SR B G2 - SRAENTEE An, RIFRAN
T

2 2 2 2

Aé‘max + Aamaxs

A = [ 2 Aamaxtj +( . Aé‘maxs] (B ) (10)
OO max - 0 - 2 [1 —Sin (Omax / 2)]

max

AREFGERTEE] AS, o, FAS, ., STy 0.1° 52 0.06° » 6 Ad, BT AG, o AT (10) » 75
SR TSR 2 BNTFE An, BL/NATSE 1.6 X 107 RIU -

M~ EXRBIRTLSMERNREAMBENR

TR 36 F B S TR, i V4 I P I e (5 % I Y JRUER R B B SR - O Rl
I i ELBE RO IR RANE 6 Firas » —EVATOBRRIL 0 AT A — RS d BYSET 5 i
(birefringence crystal, BC) * ASEHE AR L HE R AL A R HECHE OA 7K o /4 - IRIBSHE
ST HE S o YEH e SEAMRTAEERE T Y AR

2 2 -2 2 .2 2 2 . 2
F(e’a’d)zzfd{ne\]l_"”sm 62’51n a  npsin thos a —no\/l—npsgl 9] an
17 n> "

Hrf A Rt BT » n, REEITEER - 0, BIFFHEITHE - n, BEABETETHE -
= MR LR E T - R IGAY IRIRAE AR TR & B2 I AR AT LT EaHaR - iR
Jones BHzR"> 2" + {RHRAEHE AT R BB P IRIR AR Z A Ry -

5=tan_1(sm2a-sml"j (12)
cosT’

BREAEZERT (n, = 1) > LUEEERy 10 mm BB ELRE (n, = 1.5427 B n, = 1.5518) Bl » —
Fetz 533 nm BUERR - DL 0 = 45 BB A AL TS - R S RARC (11) B (12) - AT
S A o BLBRAE (72881 AG ZBAfR - EB LB antEl 7 s -
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.;n 40 TL Yaw
a

14000 P
12000 /
10000

8000

AS (deg.)

6000

14500°
4000 [

2000

0 15 30 45 60 75 90
o (deg.)

B 7. R A AR iR 2 S AURIMRE -

[ 7 B - FHALZEAEIEE o = 40°—50° FEE LB 2R - HAE o = 45° RifFAER AR
R o Bt BaliF SR > WMEFT—Hoit - AlelZ@ A 22 by EHIE A0 AR RE A
B&E Aa > BIRREAMCBER - faEARE

S

Hreprs Tt ofRtR - (AE EERERIA 0 R - A5 AMRZEZL > 655X (13)
AtRZHEE ARG RERE - RIARESRGET— SRR AAUs - IR A S
Fits AR 2 - -

N 8(a) AT > WETE ST T AL B AR L A SOEH - DAAST A 0, H17 BC > BLIRFdE ST
JERIEEIT AT 5 | ARG - 200 8(b) A - EiBe R LRI ARE A0 K > WASOLE
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BEEIEE A0 KRR - B 6, = 0, + A6, 6, = 6, — A9 » FLFFRRHAIEAT A 53 Bl 5 A
— B RAOER A (b - FIFIRERB TR 0, B2 0, S BIRTR

5 =5(6 +A9,a)=5(90,a)+%-A6’ (14)
00
8 =5(600 ~A0.0) =5 (6h.c) == A (15)

RERSESDCZALEPIER - MM PI(E 0, TRRR -

S =& 252) = 8(6h,) (16)

X (16) TRE A AR A0 - KA ZVFEER - TDUHRR AR AR A0 I EHEHE G
HITHE - Em R E A R E RN Z HAY -

(@) 51=8(0y + A, a)

5,=6(0, a) 59 =5(0y— 10, a)

8. AHH LT R -

A FERIOCRE LA AE 9 s o B SHOEIERC R RIR A LP B3 2 —I ) QWP &
AR BIRIRE #8938 NPBS R iE PATEIfRIROL - RISPATOEARASES Lens TR
NE BT S E BC © BC #FIRF 258/ — R R — (IR S A e 5 b - DUS R,
ASAVRIE A (RS B A A2 - S W (R AR PLC B2PUS3 2 — I Fr QWP fHERAIMEAE R
e - SR OE R BRI E R AR - MEEAT HAR(ZE - AIAEN (16) 1SRRI EE ML
Ad,, & » FEDI (13) FHREHIEE AL Aa -

1. B ATE TRRGERYE

HAFTHET —IH AR A bair a2 (LRI E B - DIRPAS LR TR 2 IR A R IIHIRE ST - A
B ERt A I E R e o L DU EER S A BT A (252 - I 60 e R B B DR R e
CD BRI (IR - FIDULICRATTERE o [8 10(a) Tk R i R B 53 I 0RO 8 il
el o L AEE(LE - EREEET 20 DIEAEE) - FRFITATE 2° AREiE(L
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Development and Application of Five-
degree-of-freedom Measurement System

%ﬁﬂ\ JE?VDM\ 'TEI E@%

Cheng-Hung Wei, Kuang-Chao Fan, Chao-Ching Ho

fE—EF s A T R MR RE » AL G ENETRE - BRIHEHRS

W BATREZR BT AL RA—— R FTHREFEN  BREHE - AXNET aFHAE
%ﬁamﬁmﬁ%%oﬁm%mﬁéQ%%ﬁm#ﬁﬁﬁmvﬁuﬁﬂﬁﬁaﬁ%ﬁﬁ%ﬁ
RERBNEA > BREFHAINGHRAGERLREHN > 6 TEERE K FREARET G
%ﬁﬁ&ﬁiu&%%%%@@ﬁﬁ&aé°$y€$&ﬁ£§%%%ﬂ&m6M&h%%
Ak AR GRE  SHAFRE BT RIERGERAE  LALERENETHE
& tlum> BEZRERNENRAESL T1 arcsec BALREZR TR HESL 0.01 um ~ R EHEE
7~ 2 ppm ° {2 KA By dh el A E b o BT R K 9IS BT T Pk M AT F S R s el A
RIAE - ZAGRAAGERBER D T ERRAREELE - KA RAE— 6 R RAKE LiRE
THTATHE

Due to the manufacturing and assembly errors of any motion axis, there are six degrees of
freedom geometric errors. The traditional method of measuring geometric errors of precision
machines is to measure each item one by one, which is not only time-consuming but also
expensive. In this paper, we introduce a self-developed five-degree-of-freedom measurement
system. By combining well-designed optical components, five geometric errors of moving targets
can be measured simultaneously, and only a single-beam laser for displacement detection is
required, including positioning errors, straightness errors in both horizontal and vertical directions,
and angular errors in both deflection and pitch. This multi-degree-of-freedom error measurement
system uses a 60 MHz frequency modulated light with high speed and high accuracy, and can
perform real-time measurements over long distances. The geometric error of each axis of motion
has six degrees of freedom due to component manufacturing and assembly errors. The traditional
method of measuring geometric errors of precision machines is to measure each item one by one,
which is not only time consuming but also expensive. In this paper, we introduce a self-developed
five-degree-of-freedom measurement system. By combining well-designed optical components,
five geometric errors of moving targets can be measured simultaneously, and only a single-beam

laser for displacement detection is required, including positioning errors, straightness errors in
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both horizontal and vertical directions, and angular errors in both deflection and pitch. This multi-
degree-of-freedom error measurement system uses 60 MHz frequency modulated light with high
speed and high accuracy, and can perform long-distance real-time measurements with an accuracy
of =1 um for straightness error, * 1 arc-sec for angular error, and 0.01 um for positioning error
with a resolution of better than 2 ppm. The system also has a simple and easy-to-use structure. The
system has the advantages of simple structure, easy installation, and low cost, and its feasibility was
verified on an optical inspection machine. The system also has the advantages of simple structure,

easy installation and low cost, and its feasibility was verified on an optical inspection machine.
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AR - FEEHRMELSH N B R - BN SR ETR R HEE - Hrb - SR
TR HRAEATEREFRAR - BHEETHHIERE R 2 HAIETREE (presition) FIATFENE (reliability)
HYE BRAIZR .2 — » R ([RR7E (geometric error) BN EHISEEIEE - 8P © JEE -
WAREN SRS RR = S SN R B E AN - EHRE RS FEMR R T IRES
PREFARENES <« A EfR A - EMESCRARRERES - R RECUEETERE - BERE
RS AR - AERES  MEAEE RGN EEHERZE - B =R EREN =
{El R RR A - AR RRZ N E R T EEHEAES - RREETZENE - gHERE
REFET » 1T G BE R B Il AR RS B B S BT A 8 B » 55 (] 3 72 O T S R 42 il A28 15 5
NFEHE - BEZEHBEEHEAFEEEEMMRESY - TERSAHERTEE SR E
B 5 & W B SRR A5 I R A A 5 EEDLART § AR OLREERET (AN H
JFER » R R UER) TIF B S INEE ; 550 BA SR EIREE AR (roll error) HIEINRERTR
e+ T4 A EZ2E AT AE TR (ERDERAETE S 5% -

ARG — T A T H B E I ERT - a7 EHE NI T E (laser doppler
displacement meter) * EE G #EE {# (laser straightness measuring system) DL H Bl % 3
(autocollimator) ° %253 Ry [E] 7 5 S B AH B A% ) I E A AH R BB 43 - DL B8R N (L%
THWRFRESOLRE  BHHEREEC S TERNEEE - 58 BRI ERE
(positioning error) FTa% a1 Y/ YEHEAS I EL FAARES ST 82 (corner cube reflector) = E5 ST #E ELFEAFTH
Bl A AT S A A (e - (LR AR HIE A R S BV 2 TR OB S RIS 8z
BT WEETEW - ZAMAILGERE S SOER T H B RER R - BRlIRZER
FOHIE SR - 0] DOKIERHEAE EHi% #E (alignment) HRIREERE - EFEFAHIERIRCE -

= RGBS EMAERE

KRR )G ] DUE B YIRS AE ELAR T RIS HERS B A (L - (HERIRENR, » PR B BRI
RE - HOEEH & L S (8 B B R ERE - 2R =R IR E - — e R K
i EAR R A ISR E G - DU =B A ERRZE A (pitch error) » {REEMA (yaw
error) ~ JEHF (roll error) * A& 1 Fis o HIERMEREFLREFHSIAEZEIGHIMERE - IHETE
BEIEIEN RN BERRRESAR B8 ARG ER IERGERISRES - DU S 3R 2= 5 R0

B e R ey s -
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HE R (linear optical scale) FE{EAHRKAE (IR 2=1{E -

B2 AOHENSEHREME -

= HETIERIE

EHEEED BESHOEIRELIISREHIES (quadrant photodetector) FTAH & R ANIE 3 » U
FIRECHIZS 2 — T E RAVAL B RGHE - FPY(E rfE AR BbE M E AR R R RO ke
(photodiode) AHRK » HH T FT FH f/ NI R B HH PY B A ot BT & 3% - 1 85 B B A & Ry M)
T BARGEE RS (beam expander) » & 85 91O A ST 28 BT AR+ PO Y 3 R 25 Fr e 2
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3. @ LRBEA R TER -

X = (VA +VD)—(VC +VB)

(1)
Vy+Vs +VC +Vp

Y:(VA +VB)—(Vc+VD)
Vy+Vs +Vc+VD

2

HEiReEE" > AT DU R NGARE - & 4 EETERE - AR S RO
BRIEIE] ASI IR - NS SRR 0 FAEERERI - SADEE DL 20 Z ARG - FHEEE R
HEE TR EEDEIREVE L - fTOAHEHDER B MR E - steeRE R S
e - [FE - OSBRI EA RS B RS B S SR (R -

20

1

f - tan (20)

= RS

T —_— ZEH AFT '-
—II [ Y"

B 4. B8R EERIE -

THHE NIRRT O EEARCRIHE - BES S EYT (stabilized He-Ne laser)
5 HH 52 A Y A S R R Y B O R — (R, - B AT E RO AT DURPIER SRR 18 -
AR HEE AR 1] DURHE R AR HYEH - SEAR ST 2 S i n] RS Bl Y A A S B 8 S B [m ] )
BRI ZR B WGR AR - D FLBEHR R v DU RS ME - B 5 RESED NIRRT A
°
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fY LICS-100 - F e H MR REAE H R A i i -
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8(a) AR » {ERIESEFEH » EF B FEENER 73 2 RIRYREBE s 450 mm < By TR IEEAE
FREFR7Z - LDDM HYEE S AUEE RS 1 [EER M N 90 & - 20 8(a) 44 N FHIFEFT
o REBREEEZITBE) - HRAERENKIE - BEHH AutoMAT Co. AENHUEER
(AR5 5000U) #UR22% - @ 8(b) IR IEMHIM RIS ENERERE - MEAEFE S
TN PAR AR5 -+ BRI B R S Rl B U H T AR -

9 FIR TIIEA R » £ =100 pm #E A AR (E B AR R ZRYEZ (residual) #{E
+0.5 um A > [TIFE + 100 arc-sec & N HYRE 4 R Z TS ZEE £0.6 arc-sec » S {EE R
FAHEZIY B R R AR R RE 2 AT DARESZHY -

FHEFTAN 235 #7 112.6 47



BILED 5 -
ff E;-'-"f-’
- ; Ll | REAREES
KPR ﬁ’-"’ FETE aa H . eSS
ARy
(a) (b)
8. RIEEHRIZE ' (a) HHBE » (b) ¥ A ~ W A -
: "
1008 - RIBHIE 15 120+ ol 12
| a B =512 ]  S— ! = oo
= 80 . 109 o 80'_ A 106
> 404 a - 106~ = 4. s . 103 E
© . P o A 03 E % { . AT . 1 §
2 J ) \ | z 1% j 1 .

@ of ;"j'x AR NI [ v BN \./ el N e 100 g
| / Y T i of |
./ YV V BRIV b

< 80 e 1-09 Y _go+ , |
| % y=000098x-3.78723E-4 112 o y=099996x-1.14421E-4 | 09
—-1204 F = 3 = = :-15 -120 « - = = = i 112
-100 0 100 -100 0 100
LDDM (um) LDDM (um)
(a) (b)
Y - ~
120 4 o B .12 = [RIGEIE 12
. o 120+ -
— 1 L
8 80 | - | < 80 . 0.9
8 | = 06 _ 2 l & 06
s 40 R » J03 3 § 404 . 2 B
e . S\ / g & 7 PR . 03 g
H: 0} a r pll'. L i 0.0 S %_ 0. r "\.l-"l Y 0.0 E
N | il -l W | : ™ r, o N . S
iy -40 4 g " -0.3 X 1 4 '..-"‘ . ‘II L - —0.3 1
el 1 & i el 8 -404 & = il . Fic
{0 " 1-0.6 | .
< -80 ' & | 0.9 EI_] -80 .+ L 06
_120 'L - y = 0.99995x-1.49065E-5 I 1'2 120 { = y = 0.99998x-4.95761E-5 -0.9
- = -+ = et — 1 . - 5y
~100 0 100 ~100 0 100 12
AutoMAT 5000U (arcsec) AutoMAT 5000U (arcsec)
(c) (d)

9. RIELR t(a) KFHLE » (b) BHELE > (o)A » () WHirA -

AIEEERRMAER

TE N7 iR 7 DR e Bl S B (7 B R AN [R] gl 7 A T R 7E (Abbe error) » B%aR7=E G
RE RE A B AR B AR - AIDUE S LLEBR AR R 5 R A RS Bl H B AT E (B 2R A5
ZFEEHERLRE -

HARE R A R hMI%%ﬁ&m&ﬁ%%%ﬁ%%ﬁﬁ@%iﬁgﬁﬁﬁﬁ
HERE A 2 IR - BRI TEANAE BN SR INRE R R g S G
ARAEMEL -

48 FUEITAN 235 7 112.6



BE L —fra M AOI Va3 T Rl & - &R E A7 fRE - ME ERERAZD R
SRR e W {1 ey P AR 2 AE IR e i B 1T E A (warm-up) RYEN(E - FEHIETTIE R
DTEEE 8 (EHIER, - HAETRE] 5 RAVHIE - — B EF 5 IR ERE IR R EHY
T MR ERE IR 1T S A E BN I 2 AR NP R R JCE B R B B A& B AR JE L
AT R — R R R F R &A1 E -

HEgRFra0E 10 fros - B 0 E HEEE SR EE 2 AOL i HIESE G E - ZKE
BaEY 10 (EESETHE - A EREEE A S B R &A= b - B 1 28 13 8
THIEREE - D RESEMRERE - AERZEDREMRZHIERR - KHERERAI DS
HI—f HELER MR RE W22 - BBEIE A RIS E (LR 22 WA » f KRR KK E]
85 um °

1 EEE T ]

THIEL M gD
VR

“r e kTERESE ]
ol o EHESRESE |

10 / -
8k -

ERE (um)

BiRES

1 2 3 4 5 6 7 8 9 10
RISE

1. B ERENBLER -

FHEFTAN 235 #7 112.6 49



20 L L L L L3 T T T T T
18 —u— [RIRRE o
—a— BARE
16 F -
__14F |
[&]
3 12F ]
I
S 10+ /K -
.
ﬁ sl - “\ ]
X
£ of )
m o, |
2} ]
OF -
-2 B § § §y § i 1 i 1 i
1 2 3 4 5 6 7 8 9 10
RIER
. 12. }‘}ﬁ v?{i /Hlj 2 %
100 T T T T T T T T T T
9 f —n—TEfIERE |
u
80 | .
E 60} ]
E o0 —y
W 50k 4
b d
= 40k i =
E] "
30 - ]
20 fﬁ |
10 F o
0 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
RIS

B 13. TAR AR ZER -

+ - #Eim

AWFeREE T — T A EH HE R R nTDUETT S « SRS (precision) BYH]
& WERA AOI SFEMETHEIE o 3258 vl DIRIRE I ESE B0 E (1RR 2 - B RED
K AERAZEH EHHERMRZE - TR RMAEREEE - nJUAENZEENEYS
B LR AR T RISt e HE A S HEMERANERSEE £1 um ~ AE
ARAHIEREEE +1 arc-sec * ENLiRAHEIHIERR 0.01 um ~ HEFEEER 2 ppm ° KK
Al DR ZE S B HE R E R - (HHEIEERREE R TR - LR T B 5
R ETRETERINE -

50 FUEITAN 235 7 112.6



SENRK

1L LR, S HE H, MRS R 2R, YRR, Frit: &1z, (2018).

2.C. H. Liu, W. Y. Jywe, 1. C. Chen, L. L. Duan, H. H. Jwo, et al., Tech. Mess., 76, 245 (2009).

3.C. Kuang, E. Hong and J. Ni, Rev. Sci. Instrum., 78, 0950105 (2007).

4. W. Jywe, Y. R. Jeng, C. H. Liu, Y. F. Teng,, Part B: Journal of Engineering Manufacture, 223 (4), 443 (2009).

5. {4, BHEHTA, 128, 68 (2002).

6. Charles C. P. Wang, Rancho Palos Verdes; Joe S. B. Zhou, Monterey Park, both of Calif. Interferometer requiring no
critical component alignment, United States Patent,5116126, (1992).

=100

RAGLGERHEA L ELM BT RERENBAXTELE -
Cheng-Hung Wei is currently a M.S. student in the Graduate Institute of Manufacturing Technology at
National Taipei University of Technology.

R EERRE R BFHEREMRIAERL  HAABE T EZBREBRMA L BAR -
Kuang-Chao Fan received his Ph.D. in Mechanical Engineering from Manchester University, UK. He
is currently an Emeritus Professor in the Department of Mechanical Engineering at National Taiwan

University.

FEERERHREERBASEM TR L  AARLELBRASHM TR A EREBHF KA
# o

Chao-Ching Ho received his Ph.D. in Electrical Engineering from National Taiwan University of Science
and Technology. He is currently a Professor in the Department of Mechanical Engineering and Graduate

Institute of Manufacturing Technology at National Taipei University of Technology.

FHEFTAN 235 #7 112.6 51



EEpe ol

CIGS 5§ KEHRENRZ SR
NSRRI R 3

An Automatic Inspection System
Development Based on Photoluminescence
for CIGS Thin Film Solar Panels
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Chih-Hao Lin, Ming-Fu Chen, Po-Jui Chen, Ho-Lin Tsay, Chun-Chieh Lien
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Solar cells are the important fundamental components for photovoltaic energy conversion.
Photovoltaic conversion efficiency and manufacturing cost for solar cells are the most critical
factors. Copper Indium Gallium Selenide (CIGS) thin-film solar cells can save lots of raw materials
and have flexible properties, a wide absorption spectrum range and more than 18% photovoltaic
conversion efficiency. Thus CIGS thin-film solar cells are considered to have good development
potential. Developed automatic optical inspection system based on photoluminescence (PL) for
CIGS thin film solar panels includes a PL spectra measuring subsystem and a PL optical inspection
subsystem. And the system is integrated with the production line system to provide full inspection
for CIGS solar panels. The system measures CIGS thin film solar panels with a length of 1220 mm
and a width of 620 mm for PL spectra, PL images, and data processing. The system can load solar
panels in and out and measure PL spectra or acquire PL images within a takt time of 60 seconds. At
the same time as loading out the solar panel, the measured data are processed and transferred to the
machine learning system to predict the photovoltaic conversion efficiency. Stability and accuracy of
the system were validated in the mass production phase. The in-line full inspection service for solar
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panel production line was built as well. The system helps not only for filtering out the NG products
but also for real-time adjusting the manufacturing process and equipment by the comprehensive
analysis results.
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Machine Vision and Deep Learning Based
Scribe Defect Detection for LCD

MAETR ~ HARA - BEF - FHEE

You-Cheng Lin, Chun-Hsiang Huang, Yu-Chun Luo, Chao-Ching Ho

R REEAE R E RIG A EB TFT-LCD &AL & £ 692305 & » {2 TFT-LCD &R 69 %
FMARTBALBRARE > MALFERRET EE@TLTEROLAE T BREANSG
B 62 H# 8] (automated optical inspection, AOI) FARXA TARA] & — B F 69 A L8 > B
Bl & B A 09 R R R B e BUR B R 7 K S BURRRRA 7 ik AR R O R B sk radn A B2
*%m%;‘¢°%%$%m%ﬁ*ém%TﬂmG)@ﬁﬁi%@ﬁﬁ%i%ﬁﬂ%%’

A% PR A B8 FH R G IR E R - # % TFT-LCD ®mAR B2 1~ R A LA
é&%&’%ﬁ@ﬁm REHKEHESE FHRITEERE > RV ZMBRIFRBE
RAIBMNFE L H RRI B AR R 02 F - BRI T hNRELEE F TR R E KR EMmIL
1R 477 %43 T 38% @ L] 100% ¢4 FaR] sk F -

In recent years, the demand for information and communication products has increased,
leading to a thriving TFT-LCD panel industry. However, the process of inspecting TFT-LCD panels
still heavily relies on manual visual inspection, which can often be subjective and unreliable.
Therefore, replacing manual inspection with automated optical inspection (AOI) is an important
issue. Since different materials with varying surface characteristics require different illumination
methods, unstable illumination can affect the overall stability of the defect detection process. In
this study, we developed a real-time automatic optical inspection system for TFT-LCD panels. The
system uses images to identify whether the material is abnormal after the TFT-LCD substrate is
cut, preventing poorly cut TFT-LCD panels from entering the back-end process, which can result in
panel breakage or damage to the back-end machinery. The system helps to improve process yields
and reduce equipment damage. The results show that the deep learning image prediction speed is
38% more efficient than the traditional method, and the prediction accuracy reached 100%.

2=

1=

Z RSN EY B R - SIHEERE R R W RS RS
(thin film transistor-liquid crystal display, TFT-LCD) {E 8 stz f - 7 B SRR B - E
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B3R (Learning Rate) 0.009
B4 K% (Loss Function) BCE + Dice
{B#{L#F (Optimizer) SGD
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Novel Scatterometry Technique for Critical
Dimension Metrology of High-aspect-ratio
Microstructures

BiHfE et B3R WMREE

Wei-Hsin Chein, Fu-Sheng Yang, Zi-Ying Fu, Liang-Chia Chen

AT RBERE T —AIFTZ R HEER 28] (OCD) &4 > A TR B arsh ki 3
FHARP > AGRT I E AR E F JEROR AR 0 [ B2 o &0 038 R 9L 0k 22 8k 5t
g+ 3B R E G TTAE IR 69 & 7E B ) SR BT S A FTRRMOR S R4 0 sb3 T T Rhe kAt E
Az obzE o tAFTARELTERE -SGMHER > 8T AL TR H A RAZA
SRR T AR HEs 0 b R AT e Bl AL R aicfe i 2 - @8 Ra ey kLT A2
BRIRHBEERERT  AZALG TR ERLTMEESL lum - RSB 3:1 X RDL &40 %
AR F AR

In this study, we proposed a novel optical critical dimension (OCD) metrology system for non-
destructive inspection of high-aspect-ratio (HAR) microstructures used in advanced packaging
processes. The proposed system involves the integration of spectral reflectometry and scatterometry
techniques, and incorporates the high spatial coherence of a broadband laser source for optimal
beam shaping. The proposed technique significantly enhances the measurement light efficiency and
enables single-structure measurements, addressing the limitations of existing optical metrology
techniques that rely on average information from multiple structures. With the proposed model-
based measurement scheme for solving an inverse problem, experimental tests demonstrate that
multiple CDs of a RDL structure with a fine nominal linewidth and spacing of 1 um and an aspect
ratio of 3:1 can be accurately measured.
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RDL) $i A E IR G e EE S DU RS SRR o AR - H it BB rh

A E R E LL RS 2 B8 K ~T (critical dimension, CD) FY=E i A A ESR R i =UE 38
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FTy Ny, = sind (St » BEEREHEAELAIRT - RS 2 109 NA DRI B2t
B R -

4

b NAlim
% o ¥~ Obscured!
——— Incident NA
1 | |
d
1. 2R L AR H50 BB BA NA 6 PR o
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2. ERRE
ABFFERT IR o AR SRR BN 2 Fs o RO rIAE - IR TR
SRR - MDA HE E Y T U ARSI E 1T IR ARIRENAR - (e TH AR AT SO Y
T EBRGE LT WASH Otk - ot E S T AR RSTEH - I
FWHRENFEBIERR 28 - Aseis R ENRENERT G 2.3 GEETHF
S o
Reflectance R (1)

Interference
Reflected light d

T i : v I.. o I.. .l. 1 -. 1 L1 -.. |
A
/ Openi

Depth

2. R E AR -

3. EPMREREAAR

AT A 8 e 2 E AR A A & 5 =0 DL A PRI I8 22 437% (finite difference time
domain, FDTD)"? Frf 17 2 S22 A 4 1) T R A 5 B8 - S @A R i R (L B
(particle swarm optimization, PSO) #t & & B Bl fE 5t A9 3157 D% [ B A HHAS I Ry B 22 R~ T 22
8 o SRS — IR 2 R N R FoR D

. 2
1 N ygxp _ y51m (X' a)
2 1 1
=3y | L7 Ae 2
=y ,§:1 { o ()

Hep o N R EHERGRZ DURER S -y (RREBRATREZAGR - D—BYIER - y"(x,a)f
fREEFTEHLZERSR - b x, REHERG AR - REEE) - a QB S FTRERRTE 2
% (41 TCD, BCD, Depth 55) © o, Ry {E S IR Z AN EE R - HoasEH R BRERR T ZE 2L -

£ PSO 1 - HILE A E R M RE 2SR T 28— [faE N FE#E (+oa) > WET
HRREEERS  Zi/IME - & ¢ Feli/IMERS » ATAS B B LB IR (R B S R S (518
REF 282 REMR a,, o WEREAR RN ABRZEAE 3 Fis -

4. XBRIFIRENEE

TERBILE AR AL SR - AN D R SR B A5 A e o R DA ME TR
B e E AR RESE - 208 4 B - 7 FDTD & - FRllEHE s &P B EZ R
T2 o AN » A TR B SRS A O R R - AR AR R I A
32 FHEME (boundary conditions, BC) °
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Forward path

"rAssign experiment

conditions
X; * meas. conditions

b
- L
Measurement with
noise
€eX
¥, o

Reverse path

Assign simulation

conditions
X; : meas. conditions
a : modeled profile param.

Simulation with the

|"- Compute x? ,
2 1 &[y*y*"(x;,a)| 4— constructed model
N= oi vy (x;,a)

| x

Update new parameters

No
a=a’

Reconstructed profile
parameters a,;;, is obtained

3. AR Z FRIAALE -

LB LR S - B

FHIE 4 Fn 2R A AT O C BRI (F R A AR TGRS - R TR B R R
2

BHIZERGR - AR T R RO R R DU RIS AT BRI O R AR ANl S

AR o EEBOLESRHIEE RS TVURE D « SR

GRS

<

zZi@m

HeH
Ymax BC
Xmins ymax Xmin, Ymax
TCD
L ..| Shape nodes
% o
p—
/ 'ﬁ
2 f \ @
E Depth J | é
X { '|I <
{ \
/ Medium 1 |
L o
"[‘_ BCD ‘J’
pitch
Medium 2
Xmin, Ymin Xmin, ymax
Ymin BC
kX
B 4 FRAEHEZEATER -
FHELRHN 235 HA 112.6
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Illumination

A

lllumination
'[ J pupil Object

| m;"' —
o " """""""""|I :P :9:/71__-:’%'[_—-:‘7[

Wiy,

Objective

Imaging

\

I Image plane
N

| E Gim:q:_l;.____-.---""".

- . = \
Wimg.
Objective Tube lens

5. 82X EHBAFAGHRYTER -

=~ KBRIETHLERE

IR R (etendue) SFIHAIMES: » FEZ ISRV IRE LLRERRTT - BEER T LB R
R EZENREREE O RSFRIBRE - EMER KR CAERVIERE - 21E 6 Ax o L - ZEHE
FREHEFEE LSRR BUNEREEZ R R - B ESRR T A -
BIAIFERFEIR GNEE) - BHEASZMEFNE - W EEM/NIEEE - AR ER
WU INPPDEEE R FIRER S CREEIRCE - BRILE & - AR A 6 S E HE
Ry e -

AHRFCATHRE A B A 2R ANE 7 AR - (EIRBHIRITER Sy - EAEESNE R EFE A
YR o AR BT R T RIS (waist) - DAFE FHEHTCRAE IS AT B2 ST DS B 1
BIYFREEITHREE  BLAh - BT R B ERS B A — B AR I B SO A8 HARK
/N ATFASSHHFTRERUEREE NA BRBER ST © [@ 8 R ff FREREL AT EE ZEMAX Z Bl -
HARY8M) NA %5 0.9 > HHEY R 1.8 mm » £ 1 BREE R EE AT 2 B 3R
NA BEEERST -

TERMURIIES 53 SR AR A& ST BRI - M 8 R iiE - Hh—Eg
TEHSREIESE (tube lens) FEELGENES L USSR s - AL EINE
HINLE - 55— B RREE SR RS E OGN - IR NSRS E £ 2 T a3
W o AR B ERZRERANE 9 FTR -
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Objective

Collimator

_._-—-—'_-_-_-_-THT:I'V_._.

Asamp/e

e Q

sample

6. XEBFEIE ° Aee T Agmpre 251 & R AL @AM ER A @A © Qe
éﬁ% Qsource 57\511 ’2—% 7’611}?‘2%%7]65‘1% ﬁ ;E%‘Qé': #%--Zqi;@i%% fij ° Té Asaurcegsource ng?y‘\ Asamplegsample

B RO RE AL K EIRAE o BOLROYEHA -

Imaging

Sample image

. Image sensor '; n
; !

1} A Spectroscopy b T { Tube lens

Reflectance spectrum

1 Fiber Tube lens

¥ ki Spectrometer ;-
k- . Beam
H Pinhole splitter 2

"

Broadband

laser source - ' I
e I = - Beam
i - splitter 1
Beam diameter : i | P
Q= 1 mm H e s H
Beam expander Beam shaping
aperture
High NA
objective
o e Ty . ~W
Beam waist " @ Sample
(Planar wave) 1
il |
[llumination Detection

TR RITREZAZRARER -

FHEFTHN 235 57 112.6

I

81



| Full objective pupil Beam diameter =5 mm

Inc. laser beam (Fill objective pupil)
diameter | 245603
-+ -

2.20E+007
.1 .98E+007
1.76E+007
1.54E+007
1.32E+007
1.10E+007
8.79E+006
6.59E+006
4.40E+006
2.20E+006
5.01E-007
Watts/mm?

Beam shaping aperture
— Control the laser beam
diameter incident to the
objective

Y coordinate value
o

—2.458e-3
—2.458e-3 0 2.456e-3
X coordinate value

Beam diameter = 3 mm
2.456e-3

1.53E+007
. 1.37E+007
1.22E+007
1.07E+007
9.15E+006
7.63E+006

6.10E+006
4.58E+006
3.05E+006
1.53E+006
.62E-005

Watts/mm?

Y coordinate value
o

objective

—2.458e-3
—2.458e-3 0 2.456e-3

X coordinate value
Beam diameter = 1 mm
2.456e-3

5.94E+005
5.35E+005
4.75E+005
4.16E+005
3.56E+005
2.97E+005
2.38E+005
1.78E+005
1.19E+005
5.94E+004
'4.32E-004
Watts/mm?

Y coordinate value

0
—2.458e-3
—2.458e-3 0 2.456e-3

X coordinate value

& 8. 1% Fl ZEMAX A2t B8 8] NA ¥ 35 R ~Hag % -

1. AEEHE R ERPTHEZ A NA #2858 R~ ©

EH ALK BB BE N <)

7.5 mm 0.90 0.502 um
4.5 mm 0.78 0.533 um
3 mm 0.64 1.379 um
1.5 mm 0.38 4.278 um
1 mm 0.27 5.968 um

* RRERT B FH 2 Ry Ay, = 500 nm

M~ BEEER S

1. ZHEETFHERERTEMFER

FERLEH » AR T C R B i h & 26wt i SR B RUST OAS SR - SRR A
J— RDL it » AT R EHRIE Ry 1 om HZEERy 3 um (RELLR 3 0 1) - FERLE P
Ho FTRRREABER 5 PSSR SOURIESRFTE 1 mm > DIELE —BARRDERE
REF (B4 32.3 pm) > BE—BRTHEEAYIERA (AR NA Ty 0.01) » 2008 10 Frs - R
FERLIRAF MIRBDEIEA N 16 (ERSE - SR M ERTRIL AR AL 8 U i hn 1B 57
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9. RAHRZEMERX -

(periodic boundary condition) b4k - FRIBRE R E IR - ERAF MR E R R —IER
I |mEAS S I REHER 2 = 480—700 nm ° iR 2 B0 NA RIKATE

LB Ry 0.15

a1 2.3 Efipml - A5 S IER T2 8RR R B E AR R R S R RS - R
2 Befa B S TEN T 28 F 822 - £ 3 R EWEGZ S E SR - RIOTDUR I8
#% (atomic force microscopy, AFM) Z EHNEFRZ2F TR (bias) 5317 - B EREEEEHE
Al LRI 11 Fos RS 2 RE R (RY) By 0.94 - 4532 3 Hhuf & RHifE s REHl T -
PR R AFM &1I1{E 2 3.92% » HAZ#EE (10) KL 0.028 um °

Measured
Position

(b)

Periodic

PML

Periodic

Monitor plane

Plane wave source
Unpolarized
Asource = 480—700 nm

E10. (a) BAALHE#E (b) S BB TFHBTRIBAFER -
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1 Measured
0.9 - ——— Simulated
0.8
0.7
0.6
0.5
0.4

0.3~

Normalized reflectance

0.2

0.1

500 550 600 650 700
Wavelength (nm)

B 11, Beriibis bt b - MEF {45 094 -

&2 EAEHRTZFHER -

2R

TCD (a,) (1.2 £ 0.15) um
BCD (a,) (1.2 £ 0.15) um
Depth (a5) (2.9 £ 0.15) um
Pitch (a,) (2 £ 0.15) um
SWA tan ' (2a,/(a, — a,)) degrees
Grating material Copper (Cu)
Substrate material Silicon (Si)

k3. 5EMTHEANLR -

R 2 T it

TCD (a,) 1.136 um 0.027 um 1.220 um —0.084 um ; —6.89%
BCD (a,) 1.190 um 0.028 um 1.290 um —0.1 um ; —-7.75%
Depth (a;) 2.951 um 0.005 um 2.890 um 0.061 um ; 2.11%
Pitch (a,) 1.917 yum 0.015 um 1.970 um —0.053 um ; —2.69%
SWA 89.471° 0.416° 89.306° 0.165°;0.18%

* 5 REHRER

2. BB RTEARR

FERLE MG - FIFE 4.1 Bifrl 2 SR - Mt BE —REE TR E
B - R R R R A AT - SRR IR 150 &) 5l & SR E K
REFE 1 mm > DIEL Al NPEBER S (BT 1.2 pum) » DURAERIRI NA B 0.39 - A11[E
12(a) Fitzs - FERLOROF T - AORFIRBDEBEREHERY E (L IR E ML R AL E b - HR AR 2
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—RIEES - [E 12(b) R¥ L E RGP - ARBFE IR ERIGRE - R R
ERBE G T WIGE T (perfectly matched layer, PML) @ s B HRIA B—IERIE » IR EE
A =480—700 nm ZRESHOER - HIREHERARETERD - AR B0 NA RIS AT
FEY 53 R 0.9 -

FERRFI 2 2 2 & RSTH 2 Bz M T RIS T Bl R L & - AR &
RIS RN 4 For - @ 13 B EREEEDGL ik - MEZRERE (R) B 098 - &
4 ZEWFEREUR - AL 5 KEHET - FERAR AFM &H(EZ 1.41% » HEEEE (1o)
{54 0.013 pm ©

LA R - P 4.1 B E A B2 AR A TeE R &l —
Tt B R T Y2t B Y — P R - E I E T P T -

(b)
PML
' [ Monitor pl
l onitor plane
Measured 1 _-TCD.? FocaI‘pIane 'HM_
Position - | = = Focused gaussian beam
= = Unpolarized
o Depth o eouree = 480—700 nm
SWA lllumination NA = 0.39
Cu Cu
BCD
P -
Pich Si
PML

Measured
0.9F  ——— Simulated y

0.8}
0.7
06!
0.5

0.4}

Normalized reflectance

0.3

0.2}

0.1

500 550 600 650 700
Wavelength (nm)

13. BE it bt 2 thdk - H 2184 098 -
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R4 B-EHBALER -

FEfH

TCD (a,) 1.214 um 0.001 gm 1.220 um —0.006 um ; —0.49%
BCD (a,) 1.295 um 0.013 um 1.290 um 0.005 um ; 0.39%
Depth (a5) 2.872 um 0.012 um 2.890 um —0.018 um ; —0.62%
Pitch (a,) 2.077 um 0.009 um 1.970 um 0.107 um ; 5.43%
SWA 89.197° 0.122° 89.306° —0.109° ; —0.12%
RERIFER

ESR T

AWreATiR 2 B R HRAM AR TR E W R E 22 E M - TR IR R TR 2
1.2 um - AG[FIFFAER S REREBE AR - FIF LR 22 fEfENT - S BC AT H 2 B RS
BT AITERERENE S 2 HERARE T - REENEEE - EEfLE
BT SEa R AR L - AR i B BRI AR S RS 5 EL AR I S e A SRS SR AT
77 - IR RN RS R AR (AR - B G EEDLIE MG ESE) s
TS SRAETTEEAY AT - DUE— P HRA AR i ERE EEAAR € 1 - FH DARIFE RS St E 45 <A
Bz 2HEFEK -
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PHESME

TERIE BT 12 & B IR R =
HEESEEAEEE @ SEMSERIFT

Predicting the Surface Morphology of Laser
Powder Bed Fusion Parts After Laser
Polishing: Numerical and Experimental
Study

ifete  REA
Dac-Phuc Pham, Hong-Chuong Tran

HAHR R Ak (laser powder bed fusion, LPRF) @42 7T A F] B & 4% K R 04 2k 4832 & 15
e B KB wF E BB R & A MBSO T4 o LT #%%@ﬂﬁ 3R R R
KESBHOEREREL  HEHIARA FHIEBIELLBNERE - ABF T ERE S
B oo mANBIARM R BB T AR AL ERKMBRIL KT @R T T & /J‘\é’J« 7o R
HEETARER THM K G R BERS T LEACTRI LG I TR KA - Ak
8 R A5 5 KAV S T — B4z ST HARSR - AAATAR L8 F 4t K& LPBF Av TR 4F
HERBEHR > GIFREAERERY  RREHRAA » SRR RS KBRS - AT RER
KA L o) B4R TARME 0 ST M (R) YR (R) BERERWEZRIH T
AR 7.7% Fn 9.8% o Lok » A8 B KA A AR TG B A R ALK S B AR RS R 4R
MR (o) LERERETILE BRI OB EE R ETRERI MG RIRE T8
13.4% -

o ﬁ?f

Laser Powder Bed Fusion (LPBF) process can produce parts with complex structures by using
the thermal energy of laser beam to melt specific area of metal powder layers in a layer-by-layer
manner. The surface roughness of the as-built parts is one of the major requirements to determine
the quality of final products. Laser Polishing employed laser radiation to melt a thin layer of
metal to achieve a better surface quality. Accordingly, this technology demonstrated its strong
potential in replacing mechanical polishing because of no additional cost for tooling is required.
Accurately predicting the surface topology after applying laser polishing will create a foundation
for optimizing the processing conditions for Laser Polishing. For solving this issue, in this work,
an integrated computational framework including surface generation model, ray-tracing model,
heat transfer simulation low pass filter was developed to predict the surface morphology of LPBF
processed part after applying laser polishing. It is observed that by using the proposed simulation
model, the predicted and measured results of mean roughness (R,), mean roughness depth (R,) and
correlation length (¢/) are in good agreement with error less than 10%.
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[l

_‘ﬁ-ﬁ

FEHR RAJARL (LPBF) S&i2F H &% BRI E S AIA LS B RAR E & PR
R EREMELE - ATEELERE—EE  STHSBHRERg U —EEE S
i - WEEEEIE SRS T —E - 1% LPBF RES{E ISR R MR35 b T B A B 8l5E
HFEHER 3D Z4F - RILE W FE A T3 i 7O -

BHZIN 28 E g B ELEZ A E B LPBF MRV IR G5 - R
LPBF SEFEAFEHEMERR 2 N TR0 - AIRES (EEFR D5 [ J L FEER G - A0ElFLEE® - [LfE
s R E SR AR 2O - B EEHE T LPBF N TAREEH 3161 Z 1
HIZREHLRERE R, B 16 um™ -

R - $eE &R0 T A DA LPBF I LEFRIRASFEZMER - fla] - FEi
ELE TR © R EANF R - SRS © B E] LPBF 1 LM £mEHHES
FEMBEE RS - AR LPBF I T BRI RS it e T 3 (R — SR 26 A T
T BT RIS e i S B R R AL - BIA0® AR A T A E SR IE 2K HE S LPBF
AlSi10Mg ZFHE E I AR -

RSBSOS Y » FEF B 55K LPBF Il LE MR AT A HEEME - RiE
BERF 52 E 2 E R R K i 2 8 - 1R Se (o R it T L 7H I A 35 B i e i s
AnHIRATERE - (BAEE S Fe Al 2N T WIha 2 1A 1 35 SR S IR I A 72 -

TESCRR R BB R A TR 2 BN B G e R B B e LR - BB ST IR
B BRI - 5050 5 SR BT E AR o0 R B (1 25 o T 25 B s A 8 A 24
R R A Y B i A 28 BRI RE Bt 2 2 WG RERIRE - AR IE Ly B 52
TESCHIRIIFZE R RIE T

B TR PR AT - ARSCEI R —(EETENELYE - F BV iR TR B SRR
2 DITHHR AR ST G AR - Prid HAVBIRERa0 - & 5% - HI&E LPBF 1
TRIFRATCRE - N EEEHRICEIHEEEE (R,) ~ SEIHBERE R) MHBRE () F
28 B AU it Ao SER R FEHA B R MR R - R
EEMA) ST 3 KB (BRDF) BSOS R BT R0 EE B W O PR » G S e o BB AR e P R R G
FLEE BT R IR BT G A S I LIE R o R A SR A (LIS G T R S Rl R - iRIBETE
{SEI/Y LPBF fN LRAEwEEIT FFT Bk - i HEGOR SRS - 3660 F K8 8 sy ARG S =
TSR A R R IR SR B R WA RS - SR B A FFT BEARFE S IMOERAN R ERET - &
AR ERERR T E SR R, ~ R, R of EEFEHOERENA RS SV ETINE - B
FTHE HAIAESE -

— MRGE
Bl 1 B T A SRR R A T AR PR R R B RER AT AR S B 85 -

1. BHI PRIERAFE S0 ¢

Fy THEFTIRAERY LP JRH - AHF5EAE LPBF sABa & T - £ LPBF @2 - 4
BRI TG F P AR T T R A A RS e (Y - R AE E IR E T - BB E
BRI 751D 405 TEI LPBF S@BRRAYR NI TIRME - ISR ST LPBF HE - i
BT R - AR SUS 420 MRS NI TGRS S S S Z R TE

L

.
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IR RS AR - AR 2 FoRBREENR LA E A BT - IR BEARREER
2000 ppm Hi—E 75 Tong Tai LPBF B2 (AMP-160) HYIREZHETT o HARM (B 3D 17
J7HE) TR SUS420 BB REUEMIRE » HEARKAR M5 20— 60 um « BHEREMESETS
BURHIENT 20 [& » S8 /ER 30 um » FEHY LPBF Il T2 8HAF15E 1 A -

L]
Measure the roughness
on the top surface of as-
built samples

Extract R, R., and ¢/ of
as-built samples

Simulate the 1-D surface
profile

Perform Ray Tracing for

% calculating absorption

Calculate spatial
frequency spectrum .

Perform Heat Transfer
simulation

Calculate cut-off
frequency

Attain filtered spatial
frequency spectrum

Reconstruct the surface
profile

T

Calculate R,, R,, c/

Compare simulation and experiment

r . .
results for verification

B 1. RFF RIS EAER P RS EAAEE -
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% 1. LPBF BA2Z 89 B %% -

28 B
TEHR 270 (W)
R E 600 (mm/s)
f T EE 140 (um)
B 30 (um)
FEAT I & R e A 67°
EHTE R 100 um
TEHTHEAL Nd:Yag laser wavelength 1064 nm

FEFIEERESE AR - A B S e Bt B B 5 vh I A B L T AT S el A R PR
&=l LPBF feR:E(T LP J@ 2  Fobfefr e SHOE RS I E A2 ek ah By [EA R A E > LP
SEBFRR R 2 FERERY T By LPBF B2 SRR AR AL - RIS M E B R 15
K EE SRS S o AP R A] DR EE AL e e LA (Bt - FEEEE (LR
o BVEEATRE TLE B P B R EEEAIR - AR - FEERFUA (LI - OB T TR R
ERBIEMRAIEIRAIP R - RIAE LP B aat B aeE A TR R AN 2 A LR 0T
SR TATREL RS R T TRIRIRE ST » & B E Bl B 22 AL BB S D R M el v ) - B 1S3
BEEFE (J/mm) A]LARIRFIRE EREANEE AL - 3¢ 2 BUR T HE A EHEBRALAY B SHDE R
o BEoh > AW FefE e Z A TEER R E A — - ET 7Dt DUETT IR (2 R 2
AREREE) -

LPBF experiment Stage 2: Laser polishing

2. LPBF B Bfe & L R oA o
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k2. LP @AM ER AR -

- LA L 2T

1000

I 200 800 100
I 220 550 100
v 220 800 100
A% 240 500 100
VI 240 750 100
VII 170 1100 100
VIII 170 600 100
IX 170 1300 100

2. REHBEERAIE

FE5ERE LPBF FIEEHIOEEER % » i KEYENCE VK-X250 $: (35 S B st e
ARIEER AR AT REETT THIE - B 3(a) 8 T HAIRIIEREACE - & 3(b) B T
JER PR HERET - IRBSUBF IR E AR - S TRERAEH =ZMHEAZH R, - R,
Al el »

LPBF Profile

Height (micron)

1000.0 1420.1 0 50 100 150 200 250 300 350 400 450 500
Position (micron)

(@) (b)
B 3. (REMER@HEIR (b) FH k@b -

=~ EEE

1. REERMFIREHARE
877 Bergstrom % \#2HHAYBUEREAL® FAOREHERITSET R, » R, FI of BAIREE —HE KT
i[5 © Et%l*‘ﬁﬁ’*”%u% » I S —HEREBRAERERE y = £(0o) ATLANEESEE A R (1 73 11 B
{rifatilk o 25 —(E R B T2 EE (C(x) = 0) BISERERE) - ik — (8 ok Bz
ﬂb*)‘ﬁfﬂ‘mﬁﬁrﬁltﬂ’]@z;ﬁb e R PR B ] DA s

_ 1 —£2/202
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Hip o o BEEEREIEIHBEERE (R,) -
EAER R B A & =i Am - AT IR

2
C(r)= <§(x1)§(x2 )> =g’ exp[—@] @
Hor s xy K, RALAFRE R E A FREAAE - ¢ RAERRE - B 4 BN T R E B
a3 3 [T ) SVA 27 i [T L P o e A AU A e A T - B P ] AR HE (e B B AR 1Y
R,~ R Al cl (S A 49+0.8 » 7.5+ 1.2 24.16+ 1.3 - (L EHEHRETFISEIN R, » R A o
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Heat loss due to convection
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