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Super-Resolution Optical Measurement for Ultra-Precision Machined Surface Defects by Using Structured Light
Illumination Shift (1st report)
- Theoretical Verification of Resolution Property —

Shin USUK]I, Hiroaki NISHIOKA, Satoru TAKAHASHI and Kiyoshi TAKAMASU

Demands for ultra-precision machined surface such as semiconductor wafer are rapidly growing. However, shrinking
design rules of the semiconductor reduce process yield in manufacturing line. One of the biggest factors of the reduced
yield is a nano-defect on the large area surface, so we must develop a defect measurement system with higher resolving
power, throughput, non-destructiveness and robustness. Therefore an optical method with higher resolving power beyond
the Rayleigh limit is required. In order to develop an optical inspection system with high resolving power, we have
proposed the application of the structured light illumination (SLI) microscopy for the defect measurement of the
ultra-precision machined surface. It is expected that the resolving power of the system exceed the Rayleigh limit by the SLI,

and the robustness is enhanced by a image reconstruction algorithm using multiple images with shifts of the SLI. In the first
report, to verify the resolution property of the method, we carried out theoretical examination and the computer simulation.
As a result, the proposed method makes it possible to observe a structure with robustness and higher resolution beyond the
Rayleigh limit and it is suggested that this method is available to measure defects on the ultra-precision machined surface.
Key words: optical defect measurement, ultra-precision machined surface, structured light illumination, super-resolution
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Fig.t  Schematic diagram of the structured light illumination shift
and the scattered light image modulation
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illumination

1000
Rayleigh Limit
g 800 9
<
3 600
o
2 Resolving Power with SLI
S 400
[=}
H ]
o
200
0 . . . .
0 0.2 04 0.6 0.3 1

NA
Fig3  Relationship between resolving power and N4 of objective

Sample Assumed sample

4 Replace assumed sample
o i with reconstructed sample

Structured Light Structured Light
Ilumination Shift Illumination Shift

Reconstructed sample

Ry, Ry Ry Ry, Ryipeens Roy >
‘ S E<é
% o

] O.K.

Emor

Super-resolution image

Error Feedback

W: Weighting coefficient matrix JM

Fig.4 Block diagram of iterative super-resolution reconstruction based
on multiple shift of illumination

=

MR IO RENEL, FRCEEERIC ) A XBBA LT

BRICREOWNEEEE 725, ASRICTH, BB Y T kS

FRRE SR 720 BHEEMRR R EER L QO ERAVBIREEER T

NIV RLEELED, KFATY ZAOEZFsTay ¥

A7 5 (@S TRL, FHEEZUTITRT.

(RSB OMEST LA E LTRE (EERORE) L,
YHESIAIE X OETRIRBANAR IR R REE % b OEL DB
BEH/BD. O, WESFHICOHIEE LT—EE 4 252,
HEM ETU T M TR AU EEH R

R, = K4, (18)

=155,
QEBRIC L A0S Re 2155, Re  TREEFRICI 0 EEED

NI | -El ectronic Library Service



The Japan Society for Precision Engineering

R T MRS BBEENTRBOBREEZARMBETAICEIT DR 18

BIRNRE LI THD.
GVYERBHAD L 7 MIE i ITBIT 2 EHE L BHE & O
R. —R..
E- = Ei Si
= (19)

kd, ok, Bl LERGOERFERBICI 325G
ELTRDB.

(ARBEE ZHERRICHE (7 4 — My 7)) LB B5.
¥V, QTROEEROHESEZHAH LU THERIBEESLZML
B, L, Yk L EEEO (SR & B TR
EEN?) HFEBREERICANT, HEROBERZITY. &
EEHIE, 7 MUE i TR BRESEATY Dtk

D,=W-E, (20)
TREIND. ZIT, WITEHMREATHICT, RREITFIK O
BRG%E, K DTS ORMTRE L bOIZER LIZ1TFITH
D, PENCTRBEREOHER~DEFSREERTS. Zh
&Y, WEBNODBERLS D, - 4HKRED. XoT, B
AR A 1T
Ay =A4+D 4 @
L.

GyEEREZUOTHERE L, ¥7 MIE it BV TEED
FHEGHEE1T Y. EREOAEH N DA, NEOEHEREY
175.

6) M~GC)DFEHEREZBIRINTITD Z &I ko T, BREE &Y
I, BENRSES.
bbb, HERPLEFSNAREG L FRIZBOTELND

BREERL, ThoDOERRREITIHIOES 2 ZBE L TROME

BRI TS, LEERRINCITH 2 & C, #EEREZAER

BOBMIESAREST, BFRA A—V%HB5. 0L &R

B7rueR28 Y, SEOREAT T ML AR fREER

KBRS R B - LBFERETH 5.

4 HEHDIaL—Y 3 Utk SBRGIEOERIRET

4.1 FDTD 3&I< & DU IERELIAH & DERFEREL L D ARHT

AT, BBRETHMAOE—BRE LT, B BElss:
e & UTREFHRORSBEERNT 5.

AETIE, 7, EHRBHA TR THESAOBELERD & DEEL
e BRRNCTRN.. 22T, —REOE, BELEORRORE
ZEE L CHELBSZ TN S = LITEEETH 5729, FDTD
I (RIS TSV EIET R Dc Ly, SRR
BT BT AEERELMT L. 2L T, FDID EICXVEtE
UTEBRELYEPRBE DRIV T, IV A N4 2BETHZ LI
XV, EREHAOT 7 MO L CEERAIEELED b OBELEORE
BREBBTDHE UEBELR) RNED LS 2B(kE:T5h
RELE.

T, EHEMEAE LTI L AEERE AV, BE
BRI BRELAR E U CRIRBRELR & = DR F T D EEUR L HillT,
BELROTAREARE 2. B SANTERIREEAIC X B AR
B, B5@)\cxy VEFTAEELEC X AMITERERT. Th
FRE@IZFDTD Y R 2 b—va VETAEERINTRS. FDID
VIal—Ya BT BERYA X% Snm & L, BKEGELED
BEBIOTy VEHTHRBEMSOIRIIERY A XE2EE L TER
DPEBLATHER S0nm & U7z, YRR S BB EE L
FIEE, HRE 488m, ANBET6 , SEEXEL, VUL Y
INERENAAET DEERIC ST LSRRI 21T o7 Z0%E,
EFEREIA C y F13 1080nm & 725, [ 5(b)Z FDTD ¥EIZE-SWT

(@
Structured illuminatiol

Spherical object (diameter: 50nm) Edge object (width: 50nm)

(A) Spherical object analysis

(B) Edge object analysis

Fig.5 Analysis of scattered light from spherical object and edge object
(a) FDTD simulation model, (b) Scattered light distribution

-]

© 1 o ¢ Detected light by NAC.95

> Ideal illumination: (1-+cos(x))/2
2 Standard deviation of residual: 0.034
£

£

505 \

o ki

2

©

T

Qo

800 0500 1000 1500
Structured illumination shift nm

Fig.6 Relationship between structured illumination shift and
detected light intensity by FDTD simulation

HE U EARP T ISR AHEBAESMOFIE R, HEOR
ELFREOZE Z BRI T3 B T DICEELRE # IER(E L, KPR
L 7= HELEBERICRB T, Mg ORESMOZELRD, il
PIZRWTRE Uiz & = AFESNEEBRE A D 04%BE Th-
1o, Lizdso T, BRIRBELA L = v DE T B EEUAR L THELE
BITIZERELELZ OND. Lo, LT CldfdvNEELAER
& LCHRREEE DR EZE X B2 LITT 5.

TR & B BOREELAD b OBELCOBELAE KD, *t
ML RO NA BEETHZ L2k Y, BEDLOREBRREERYT
%R (BEEELER) 2 EANICEHES 5. LT, BAEE
KB L B RIANT & OBREMT TS, Flé LT, X
L R NA B3 095 DA OBUSHEL L E 2 BRI LEFRAD
T MR LTTey LT 7 ER 6 1TRY. EER IR
53 & UCIERHRO A 218 Lo iHais, BEELLEZEL
DOEABRY R FRIASA D D DO TIUNEERZE T 3%RE Ch o7, =
ix, 1080nm OZEFHREAL » FITH LT, BEUEB+H/AS
VY 50nm BOBEKTHIUE, BEEORIRIC L &3 EBEr2 R
BB RIS L B E B R S ns T L 2R T 5. L
T=WoT, ZO&GOL LT, IR ARINE &3 Bl
HAEBEHD ZEBFTRETH D L ERR L.

4.2 ZEBELAMGIC & BARREEORE

ERFROBGEEAE L EERENCRETT B0, ZEEERE
Rl UCEHEM I 21— a & Tolk

Ial—varOEFAERTIIE, &EER1IORT. £R
A YT 300nm 23 LT, BRHEDOY 7Y 7Y A XE+5
INESVMEIZEREL, ML LEBEUEREECE T A 2 & T, RIfiicR
L 7= PRSI AR T AL DI S A Sl A il 3m 2 L 3F]
BRLB, T, FHBHLIA (KyF) U7 ATy YA

BEBEIERE Vol 74, No.b, 2008 501

NI | -El ectronic Library Service



The Japan Society for Precision Engineering

RV TV T A R L VEERER L TNHB ), 307
VTV A R B CRRE DORENE URWMEICRET B LEND
B, UEOBAEID, AVIalb—ig tBTL, YooY
YTV A X% 120m &k LT, bbb, BEEAEEEL LT, B
BRI U OIS E T A8EA L LTH-7-. L X
D NA %095, HFEES 488m & Liz. ZOHEE, LAV —R
FMEIL313mm & 725, ZI T, OV T MEBEER S Z &R
FREBRET VT X AOBEAMERIET 572012, 7 FOMHE
FisEE L, AR IKOBEFBEICHWE. iz, BROEHE
FROEEGE, AEOIRIZ572EThHh 2 10000 EICERE L. E
FLOMREBRIEORA, AR AR ERE AV T S
EThol.

B8z L U —FRFUCHIY 35 313nm RIREOD — ABELAITR L
TERBALIT, BREZ Y7 LB LB LU
BEEREITo IR E TR, BOBELHANBHASAITHGL
TWAZE, BEORRICEOTE) UTHRERRE Th 7= 8
BELAPHREIC STV D Z B AHEEERHSR S, BLED O
Ba RV NER TE

R, ZREERORIEYL, A \n—DEHECHEY T 2E
(250nm) , ZERAMBBAHAEA DHEE SN AHHEIRAE (169nm)
WEREL, bA V—[RAEM L I-fEE DR DO Y
HEHR L. B IS REEROBER (A): 250nm FERE,
B): 169nm [BR) %77 FR@), OIEEhEh, EFORE,
BIHEA A—UThD. 250mm FRROHETL, BEEOBBIZR
T, BRRESAPRICEZPRONT, FHESHERSh, A8
O —HEIETIRE LT 2 L 385, 169mm REOEBE, &
OFREBITBWTHE, bIEe—mBELR L ORFINEETHD. —
¥, BREA A —DIZRNTIE, BEE SIS T8 e LTH
BIBERETHD. oC, BHEBEEETN Y XNTERT S
Z iz, TR SHEE SN DB ORRPERT
XL LRSI

4.3 TEVIMZ&B/ A4 RIHT 30/ X MEDH L

ARG TFIEREES A 2B B8R N TRE O RN
AT 57201013 A RZHT 2082 MERRD HhB. A
T, BRe AL A XD Db, FITEEBEEIC T 5 L)
A RPBRALTERITHEL, V7 M /A ATkt 5 r R
MEDBBRE R~

YIalb—va CEPTRTEE RS L, ZABEEORR
A 169nm DIFEITINT, 2 TOERBHRIZRIIEE D 30% DT
H ) A XBRMUT. B 1012 ) A XHANBA Ul ZEEEHR O
BEBIERT. DX, /A XBMNMERTEEEE AT
CEBEAOREL R 2 L—a Y EfToln. Z2TE, BB
BRRZR (7 MNEBOMR) ERRICTAbIZ, YT R
Ty YA X% —EEO 30nm & Uiz

B 11z 7 ME#kas 0 [B], 6 E, 20 BOHED _SEELED
RBBfBA A—D%7T. U7 MR 0 BB, A RADRET
THAVe s L fao T30, 6[H, 20 EE 7 MEEEZHEST
ZE TROBRINAREIC 2D, —iKIC, TR X A
BEHIETIE, Frohn BT "SR L Sz, EREBHL 2ES 7
b L 3 HDBEAVWS 2 & CEFARP OISR S BT
BOEREL SNTWED, AEHETORRIZ ) A RBARHZEBNT
X, BRpd 7 NaOBMAREENR BRI LTWS Z 2R
DB BB, TOT U H b A RBARRTT B R,
B IMETEINC L 5 7 A ABEGRE HE D 2 L RSN T
BY, 4B ZOEBIZOWTEERIZATT 3T ETH 5.

502 EBIZSEE Vol 74, No.5, 2008

EHERAY D MR DBREEN IREOBREEMREAICEIT MR (E1H)

Intensity
Structured light illumination shift

Object plane U ¥ I ]

: >,
Pitch Gap of 2 points object

Fig.7  Simulation model for resolving 2 points object

Tablel  Parameter setup for super-resolution

Wavelength of source 488nm
Pitch of structured light illumination 300nm
Sampling size 1.2nm
NA of objective 0.95
Rayleigh limit 313nm
Shift times 8
Shift step size 30nm
Iteration Times 10000
Gap of 2 points object 313nm, 250nm, 169nm
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Fig.8 Resolving the Rayleigh limited gap (313nm) by Structured light
illumination shift and iterative reconstruction of multiple images
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(A) Result obtained from 250nm gapped 2 points object
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(B) Resuit obtained from169nm gapped 2 points object

Comparison of conventional image and super-resolution image
(a) Conventional image of 2 points object
(b) Super-resolution image of 2 point object
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Fig10 Obtained image for super-resolution
((a): Noiseless image, (b): Image with 30% random noise)
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Fig.11 2 points super-resolution images under noise
(Shift times: O(a), 6(b), 20(c) )
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Figd2 Enhancement of robustness by redundant shift
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