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Tilt-Ellipsometry of Object Surface by Specular Reflection: Concept for

Precise Real-Time Shape Measurements

Masaki YAMAMOTO and Toshihide TSURU
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Advanced Materials, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577

Koshikawa'’s polarimetric approach to shape understanding of glossy object demonstrated in 1979
has been reworked as surface tilt-ellipsometry of specular reflection for precise real-time shape
measurements. Principle of the tilt detection of 3D objects is demonstrated experimentally for the
proof of concept, followed by potential applications of the tilt-ellipsometry features.
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Fig. 1 Tilt-ellipsometry concept of specular reflection
depicted by a spherical object observed from z direction.
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(a)
Fig. 2 Cross-sectional polarization maps of expected specular surface reflection of
(a) dielectric and (b) metallic spheres under illumination of right circular polariza-
tion. L and R denote circular polarization of left-handed and right-handed, respec-
tively. Shadowing in the middle shows the region of left-handed polarization.
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Fig. 3 Calibration diagram extracting the angle of inci-
dence by the ellipticity angle & observed. Calculation exam-
ples are for dielectric and metallic surfaces.

BN, 1ZEAXOWE TAS AKX Fig. 3025
DOMFRORNC A 2 BIanohii £ 22, Len->T, ¥

HomEEMb T, FE5TE T—45

» 5 +45° O TEF

Wi e 2l T AHA ¢ BRETE 2. ¢ BHEE

ans e, X (4) ORFHTD 4,
HCTHEE SN 5.

Ay BSEERI DG 5E

ZhozRWT, AFHGEL 6 oD

BUAHOTZEOA 7 & v IO Oor 13, AFMRIEAS

DEH,

tan 26, =tan 24 sin 4,

(7)

CLTEHETE 2, EWHETIE, sind=0XD, Gy=0
Thd, %1z, RUATIE, sind =0, <45 OHE»
5 0<bp; <45" TH 5. FHRE TRIEARE S M iz FEH il
D x FA»S OB A AE 6, £EL L, 6=6-90+
bors DBAR % AW CAREAAL 6, BRETE S,

ABTH A A 2 3 2 R ORE L, st OmER

Polarization vs. Angle of Incidence
10 v '

REEFHIONRET Z2BEOLY 7Y X ) —FiliCid,
¥, 47T0.01'~0.001" TH 5. FHlsN ¢y, 4, 1F, &
HICHEINO AR ¢ OBBTH Y, AFAOFEEE
HEED 0.01~0.001° BEELKTE 5, DD, Fig. 30
FSART OB OME = 2V NS WK T Y, Tk E T
HWTx2, EEE, V7Y RAM) =TI, AP, 4
ZREBICEHT 2 Sk L [F%c, Fig. 3 OMMHERM =0,
Thbbd=+z/2 %5l L TEHESNDEEAHNA &
&, TARATO ¢ L LTEZESNDEFLA ¢ BaT
Hg 2 FASHAEDD BN TED, RO ED
FHE D FEAS A 0.01°~0.001° DREE THRETE 5,
noOAFAFHIEE X, FBmoMERAg a2 L,
FRZER, 6000530 155 60000 53D 1 DHF 57 M
2 & AERIZECICRER D 5 LIS T 5.,
3.2 #ERIKERGFELDOEHE

Fig. 3R L7 FEMEA & AGHA & o0& s, =X
(1) OERIRIRKEFELL p 2R ONFEN L EE 2R T
WY NFEETVCEHELTHIS ZENTES, NLVIZD
REHCIE, Hliz 7 VA OVIRIESR R B O TR T &
T, BRETHRIEATH HBEOXT

coxn (i) — _Cos(g )
tan yreexp(id) = cos(d— ) (8)
LET B, 2L, ¢ FEREFATDHY, AXNVOER]
7, Sin ¢ =Nsin ¢’ (9)

THREEND, SV IYEOERIBITE N =n—ik LI{E
DIRHT n, DK TH 5. —fikic, HEIXEHTEITER
Mo WEBTHY, ABEALERZ»S, AXNVOFEAO

right circular

I R B ?

08 | —o— real(rp/rs=tanycosA)

06—- glass surface 1=633nm
B 0.4 30° right elliptical
£ 1 1
@ 024 -
>
S 00 5
+ 0 ;
§ _0_2_. 5559)\ linear s—pol. 4
s ] 30° left elliptical %
g -04- Ip/1s=1/3 .
8 |

-064  [0577 i

-0.8- 0.707 35.3° left elliptical .

] Ip/1s=1/2 1

1.0 L B R T T T T T T
0 10 20 30 40 50 60 70 80 90
Angle of Incidence/deg
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lation assuming Al surface at a wavelength of 405 nm.
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the ellipsometric parameters of the relative amplitude
attenuation i and the relative phase 4. Reflected states of
polarization under the illumination of right-circular polari-
zation are shown in square boxes. Linear polarization is
reflected at the principal angle of incidence of 79° where
4=90°.
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Fig. 7 Experimental setup for the proof-of-concept exper-
iments. Circular polarization illumination was made by a
commercial circular polarizing sheet rolled and inserted in
the dome illuminator. Rotating analyzer method was used
for the polarization measurements with a Polaroid sheet.
Interference filter for a wavelength of 633 nm was used.
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Fig. 8 Expected high polarization resolution observed by
the experiments with prismoid and hemisphere samples
shown in the left and right, respectively. Measured polariza-
tion maps of (a) ellipticity angles and (b) azimuths are
shown above (c) sample photographs. Imperfection of the
right circular polarization illumination at the left middle
area was caused by the connection of the rolled polarizing
sheet shown in Fig. 7.

T, MARKOEBTET 5. —F, ABHts X OCKREHE
OEHREE, g, ZERLWERE & 0EH T —niE
ZHEIRYT 20T, EPICtOREREICIZZEERL
7w, Lo T, BB 23133, BRI b2
BINBWERO) E— Y VT FETH S,

PERD TR EDFEL, HBEOZE, T bbbl
BEDOZALEREE WCEHIS 2, Bl20F, EREEET 212
BRYIAR O FTE O BB O B 7 AL E T OBUHIE & O
HETH>DOT, ZOEMOYERZEbEROBEE L2,
Eiz, BHlsh 2R, Stomfiicstilzzoes
v,

—F, ERITY 7Y X ) —Tl&, YMEOERINESET
& 5., EROFRFTH A2 b BB TR T E 5
Lo, FEZEGRLEIC L > T, S F M cRERH
TE LU D 5. Frio, BEEZEI VI Ers, B
HEER ORI L > CHEMETE, » 2 788, L

ot F



Wy, SFEFIELEETOFHAOFHEE L, ZDIGH
ELTORBBP/HTE S, 2hs OB L TR
WZIEIR S BIGHOAREMEIC DWW T, S X RPHTOH
BEPFLCUTCaxy 35,

5.1 REABERMAT—0EECH EE{SIhizBRR
T—4
fERl =) 7Y X MY —TEHMITE 3 RAER AT — 2

&, TEREHANCIR &9, MR O Y > 7)) > 7 LffEHL

HAREWCEET I N—AWELENBICHTE S L F 2

5N%, ERTY 7Y A M) —Ti3, EXREE 2N

XU T b REOMER 2 508 5 0T, REAICIARIZE Y

BERIZ T MBS 5, Lo T, HEETRE INE

boThH, BREEET 2FMEE b D,

5.2 ZERICH [ BERARES ALV BBRENLHF
BT&3%

ERIT ) 7Y X MY —DFEIE, T T OBERGRH I HE A
T3, fRg, oTWHEHAT 2 HEERZY, AEM
REHFATE S, LEd> T, KOBAES /NS LI
ETEREZHAIL, BAESBREOHOWRE TOFHITR
ABE S OHIPHOREHER O NF Rk 2 EFHI & 5, 2
OYE, BRBITEOWRSEL, 3EHEEOS#HNT
FRTE 2205, KON 2 I H 2 FHEAFR
T&reHEzZoNh5,

5.3 {ERIAEHAIZSMELICE L | FHARE A FE (LW
ERI Y 7Y 2 b Y —OERH AN, AFAICEIERT

HY, LI X BIEH ISR 2RO/ 7 N Rt

V7 NESTIREE S R, LedSo T, FUREERBA % i

ZIAERI v —E LTCOIRHDH D 5 5. ZO%HE, Bl

H, RAEHRBIHEES O REH VS,

5.4 BERETCORBRBEREE  EHELLO—RMSE
TR RERLI METE S
TERIEZTOTHEE LT, BREIROFR 0 777 4 —ic X

BIRFHIRE 7 v N R 7T 7 4 —OF IR IS A

TE3LHEZONDS, Fig, HRZY 7Y 2 ) — %A

T2 LICED, bThEEAPEIELR EDRTNZLR

&, TS EE LIRS ICRETE S, Fiz, R

RN B BRI e 2B U C b ERESIARF T & 5. Bl

i3, BAET CICHIRES N TOAREA A T 032 5.

5.5 BEIZEILA2BSICREHFETES ¥4+ 7 XBAIC
#Y 3
R Y 7Y 2 b Y =T, EROEFEZ EHROIE &

FRFICITZ 2 2 &6, R (LRSS 2 2 LT, HfR

ORI Rl 22 2 RAIT E 5. ZORREE, iz

1, MIlEOSAART RN —Y AR EDST A F 2 7 X 2H5E

38%& 455 (2009)

T2527C, BiRHEREESZ 20 EDILHICHEEL S
3. ZOBE, GBI OBEMOGY R 2T 5 LN
Hb, IEOFHEICHN L 512, FEERSMREE & EREHH
SRR RO NA WL THK T 20T, ZOHK
ERE LI 2R LEE T 5,

5.6 [EMF, &, JEF, BLUEhL0MAEDLEDOR
HEER

DT EELEH LAC < WIRAERIRIERE OTPR 51
7 2B BICHCOAERTH L LHEZ NS, Ml
PCHRET /MDD 7 72y FRAT v 7OBHIG ERZ
Mz %, ZOFHEISRIE, BE-#H-K0OBHEO %3
PEEORL ZE—AAFORE L L, KEEEILS 2T
RCOYEREBHANRERD 5 5,

5.7 WIGRET OEA

ERIZY) 7Y A M) —3E B, VE—bRV YU I
ThdIehs, @ikT, mEla & OmmE oz #EH
T2 RN T COER, RNEROWEDIRD
S A F I 7 A0 O ERTHL EFZz 605,

6. X & ®

RIS TRET 2ERI L) 7Y X v ) =TI, 5E@ft
ERMAFEAEROFE o -7 LTHWT, koo R
7 4 27 A O ERFE = RITIARG I O EREHAE E %,
BUROBERREE » o HTE W I EE T & 2 AT 2 ERET
HIFBEOFEIEERR & & biamLiz, 2V 7Y X Y —
T, ERlZ ZOBEHL CEBZICEHRTE %132, vk
T4 v 7 ASHORGEFH T v T XA BFIHL T, FH
S Tz R LD BT % BRI TED P o0 3 A e C e 1o op
JE7%  Befi s 5 2 & T, BRI =ZRITIR & ERFERE T
WTEEHLOFHRELTHRETELZLFHFZ TV, F
W2, PEROIEHEETHE By 2EROEFRFETH L Z e
S, MR & AR, BEE &Rk R EDRERT
FBECRN#ELNRICHEA T 2T DL EFHF 26N
5.

X [

1) HFEBRG, AHRER  LHESR A A K 8EEdGEI 7 b
=7 2%, 1998) pp. 197-210.

2) HHEEE XY —HEHMWAM—, F8EBROFHI
(AL, 1995) pp. 118-145

3) D. Miyazaki, M. Saito, Y. Sato and K. Ikeuchi: “Determin-
ing surface orientations of transparent objects based on
polarization degrees in visible and infrared wavelengths,” J.
Opt. Soc. Am., A, 19 (2002) 687-694.

4) FIEAREE, ML YRV A b=y TR L 2B
YR DREIFR OHEEFE”, EFHEEREF 2w CEE D11,
J88-D-II (2005) 1432-1439.

211 (39)



5)

6)

7)

8)

9)

10)

11)
12)

13)

G. A. Atkinson and E. R. Hancock: “Recovery of surface
orientation from diffuse polarization,” IEEE Trans. Image
Process., 15 (2006) 1653-1664.

0. Morel, C. Stolz, F. Meriaudeau and P. Gottia: “Active
lighting applied to three-dimensional reconstruction of
specular metallic surfaces by polarization imaging,” Appl.
Opt., 45 (2006) 4062-4068.

L. B. Wolff and A. G. Andreou: “Polarization camera
sensors,” Image Vision Comp., 13 (1995) 497-510.
JNERZER : “BEM 7 + b= v 7 O EENFEICH”, &
FIYEE, 77 (2008) 508-514.

K. Koshikawa: “A polarimetric approach to shape under-
standing of glossy objects,” Proc. Int. Joint Conf. Artificial
Intelligence (1979) pp. 493-495.

K. Koshikawa and Y. Shirai: “A model-based recognition of
glossy objects using their polarimetrical properties,” Adv.
Robotics, 2 (1987) pp. 137-147.

K. Kinosita and M. Yamamoto: “Principal angle of inci-
dence ellipsometry,” Surf. Sci., 56 (1976) 64-75.

IARTERS @ “> ) a2 >R O XFERO RN £ 2 Hl
FEWZDWT”, LAY, 50 (1981) 777-781.

C. W. See, M. G. Somekh and D. Holmes: “Scanning optical
microellipsometer for pure surface profiling,” Appl. Opt., 35

212 (40)

14)

16)

17)

18)

19)

20)

(1996) 6663-6668.

K. Y. Leeand Y. F. Chao: “The ellipsometric measurements
of a curved surface,” Jpn. J. Appl. Phys., 44 (2005) L1015~
L1018.

Y. F. Chao and K. Y. Lee: “Index profile of radial gradient
index lens measured by imaging ellipsometric technique,”
Jpn. J. Appl. Phys., 44 (2005) 1111-1114.

S. Takeuchi and M. Yamamoto: “A new ellipsometric
approach to CD metrology utilizing form birefringence
inherent in a sub-micron L & S pattern,” Jpn. J. Appl. Phys.,
36 (1998) 7720-7725.

B. Kaplan, T. Novikova, A. De Martino and B. Drevillon:
“Characterization of bidimensional gratings by spectro-
scopic ellipsometry and angle-resolved Mueller polar-
imetry,” Appl. Opt., 43 (2004) 1233-1240.

R. M. A. Azzam and N. M. Bashara: Ellipsometry and
Polarized Light (North Holland, Amsterdam, 1977).
ANFERERE 0 - “IREHNE & REEATIER”, TN BT
v 7 (FHAEEIE, 1986) pp. 411-427.

ITAREIE R - 5 3 E RN (ellipsomety)”, FEk
V)RR 14, R - WKL F, KT 2 MR Gk H
1986) pp. 123-168.



