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Goniometric Polarized Light-Scattering Instrument
for Nanoparticles on Wafer Inspection
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The diameter and distribution measurements of nanoparticles on wafers are critical parameters in the
semiconductor industry for ensuring the quality of the transistors and increasing the production rate.
A goniometric optical scatter instrument has been developed at CMS/ITRI to readily perform
polarized light scattering measurements for the diameter and distribution measurements of
nanoparticles on wafer. The designed scatter instrument is capable of distinguishing various types of
optical scattering characteristics, which are corresponding to the diameters of the nanoparticles, near
surfaces by using the Mueller matrix calculation. The measurement range of nanoparticle diameters
is 100 nm to 1 um on 4 inches to 8 inches wafers.

B o ARHITSE o B A A T B R T Rz A T 5

= i > FLM L T - R PR
SRR R  REREN AR o SR R R -
AR R R B e BRI L R
SRR - AR TR RE e B RRERIE « PR DGR B s
SEILTRN » TR - Bk S B » PR B E A E A A Bk A g
N e ey

FRAEAVARETLAE bl T OEIE H i AN & E E Y A

78  RBUBHMET/EEMNE] 97.2



EHI R AR MR T #E DAH i HoR A
RN R — IR AR5 - T sRSE
B A HE B A5 E Y Germer 8158 ATEE T HE
A BRI E AR L SR R B
HEH B G T DU R R B OERI R RS -
HEFT AL BRI AR IR RE ST ELSE - LT R
TEFOKOEEE R IR fi iy B HRE

A F BT — 2 ST miR A D R
K BIR FI R FIR ORI BRI RN - 2K
{1 AT DL & B BT O B9 R 7= A IR o A RS
Mueller FH L HYE 5 AR B A H R RO 5@ BRI R )N
IR 1R > I — T 35 71 AT e Ry B 1) S B 93 A1 bR B
(bidirectional reflectance distribution function, BRDF)

BTG fE2 I BT BRI -

=~ B ERIERR

o B R R (R IR SR e 7 AT B T ] DU
THIRAAERE A - Al 1 Fos o &Rk
SOERLIARE 6, fl ¢, ASTshEIRmE - AlEL AR
HIERSOE - A B E  Z SRR 6, o 1AL
Rayleigh BEaRZRER" » & R ELEGR/NAE R
Rf > RDEIR AT AR fRAR dipole » YEURASS AL (E]
RERIR > EEZNIDCHG RS EMR L - P
fi% dipole » & A4~ EIFIEUR L o B A DUR 2
BRDF 215 75 FHIRT TS E B ek @ > A F
AR

oD 1
01" i’erv r =—
1(6::91:6-.9.) 0w D, cosO,

6]

Hr o0, /0w FyEFEE 4 ERTEES i - @
AFHEIRE 6, B A - ¢, Rl 767
A6 Ry A - ¢ R ABRPETRIA -

B BTOEFT B 12 3 AR B BB ST R 5
(Jones matrix) AJFRAT T -

E;™ ) exp(ikR) (Sw So \ E>* )
Esscal R Sps Sss Esinc ( )

Heh A BB ER ~ k=2r/A ~ R EEEHEENEHIZR
EE%‘E i} Sij = C]ijSO ’ ;E\:EF' So = (nszph _l/nszph +2)(l3k2

~ N S TEKIAIHTETER ~ a TR~ ~ g, WF
FIR

q, =1+ Br”(0)][1+ar”(6))]cos,

q, =—{1- B, (6)][1 + . (6,)]cos6, sin g,

q, =—{1+ B> @)1~ 0n,”(B)]cosO;sing,  (3)
q,, =[1+ B> @)][1+0r,°(6,)]sin6,sin6,

—[1 - B (6, )][1 —ar) (6, )] cos 8, cos6; cos @,

Hrh o = exp(2ikd cos ;) Ry EREAE 72 Firad B B
fi7 > B =exp(2ikd cos6,) FEL R &E & H>E 2 EERE
TR E T HH B T A B 2R 1 S R RR AR 22 > d
ok B E R T RORERE > T r)(0) A1 rl(0) HIZ
Fresnel [ZHHRE °

Bt (1) SaemieE®R” o DUSEEEERHT
RESEITEI—EE R TR E . GHERT)
I 5 RO O it 2 20 L 1) S B 43 A1 bR B
(BRDF) * I N7

A2
BroF=2 4 g
A cos6, cosb,

“

2

A\ nd,+2 x|qij-e
sp

167 nky -1 a® NF
cosf,cosf; A

He NJA Tk T RS E ~ a RN~ F

Bl 1. Bk 2 0 R 8 AR £ 4 o

BEME T e5mE 97.2 79




Incident beam

Scattered beam

Receiver

2. T a8 f Ak oy 7y w8

TEAERERT - AR RE RS R R
R s ELEHEY IR L AR R AR E F =1 -

FHEERYER - FAFATRE 6, = 6, 3¢ E R E E A
(B 45° 5 60° &) DI ¢, = 180° > AL ¢, =
0° — 180° » lf7 [F] IRf & I SR A R FY BT D RE =
/N o REIRRE RN SR AR B CREE (2
STERPERAGR) > AR AT LI R [E TR ST e hE 22
BRI AN « R ERMEETH—(E AT LA 4 FlfE
B IR EEES (goniometer) FHZR K ERFHTSL(E] -
DUSEAETT el B 1 L B R R B - A0k rT A&
TR o (B FR A A N A

= ZHERRRES S ERIE

Fo 1R ST R R GIOR A TR e R
WERGET— AT A2 T3 [ e A S A A I LA
B o AN 2 R R — (R DAYl R e ey 5 v 3
BanGTaE > HrREAES R o By
ke 6o A o Ryt TEHAEEAY AL - A y R
15t e B AT DAt 2 22 E F il T m e - A B
Rl e E g T - AR s ASLEE
RSB IR e o AL SE P L O e R Y e
FEEC > (F n] DUERHAPTEE e ey ASHOEE R
HIFERE 6,5 6, > ¢ Je ¢, 5 o SZEHFI S L fped
FRE > BRI R B FR R R P S R Y B

80  RMEHMET/EEME] 97.2

Ot SR IR BN E A R B S AR R R
N e

B8 2 5 10w e B O I B PR 2 A 3
i R Ry R S R BB S T A BRI
AIASIEIFRE - AREERFI ] — e B B B AR ARz Y
BEEE - AP LB B G2 A it (BB Rz A 18
RN o BRI {1 YR SR 7 T A e = {18 15 70 2
i BERIOCIREE - RRHYEBRIE SotRlk
BT o LUNSHEhE (=30 TR -

fEfRIR IR BT - HAARITRE HEE
fRIR T YR SOEUR - 206 4 Fr o ERHEEE
i BEADEIE R 532 nm ARG EEETE LR
BRIz e P G T IRGE & OB IR R - DU R B
W s 1Y B W B o3 ER R - MR IR P R OB By
(waveplate) A FHZRIZEHDEAMREHRTT A BAFBEH—
VR B B S AR R e AR - H
fEtT Ry 0.005 B - At —2K > A DURAE R %]
fRiCRITEE AR - B AR B SO RN
L SHLATAZGEEA TR ZEZRYESDE - %EHDE
BRI @

TP 2 5 e A B2 s ST R Ry 1 I P
> FER—{H 3 fhe 4 {8 AR e sERE - anEl
5 fr > HEEHBR A ] LLE 17 &
By - DA E nT DA ICE AN ] £ P ORI T B
O - AT E TG TR SRR R R
RS EZER 4 (A o~ By K & HEEIHE
& ROt E TS S M 360 FERY fEE

ElL L EEEEL T [EE

. EERIEEEE



l Optical chopper

mQm  Collimator

[ B
LG~ Half-wave retarder

@ Glan-Thompson polarizer
ﬁ Half-waver retarder
@1 Focal lens

m@m4 Pinhole

@ Iris aperture

(]
Beam steerer

ﬁ" Concave mirror

S

4. ARIRAREE

(FHRE 6) > Tat o Rras/i Al LL 360 B H fE (A o)
BRER (A B) > BRI LIEIE (R y) -
SRR R DR RE L8E) (28 R) - #ELIE
HIEEHCEI IOk B EHTRE - el R 5 - ot
AR AR T DUSEFREER 4 1N - 6 INFER 8 INFHY LB
Fro FH LR B e S B 2R A ORBAAL -
DR E EE AR B A E R L
HUBREE - ANl 6 s » ECRREEE S > LA
FOEERCHEDE - SRR RO R EERTER
{RAR A RIDEIR Fr BRI E I RO CHY T > 18
ZERAUF R R B O RE R LUE R EHDERER K
/N o FERESPER EE —EDE RS AT— (e A
& EOLREE IR B SRR e IR Ak =
JERERAVIN > EDUREEAN E SR AU
BREEEAEHADERERE A/ - A r] AR (EH]
WCERISEERET © BefPIIRGE F — (B FE S HI H B e

Integrating sphere

/ Polarizer

Waveplate

/ Lens

Pinhole

PMT

6. F AT RARMKE -

TR AR R Rk Frav e A - R AT DRI &
RIS F] A R R RO ©

M~ fRiRES L&A

{51 Stokes [r] & AJ LI AT e Y (R 1
O HEFAT

) I, +1,
K) I, -1
s=| "= ©)
83 LIys — 1 45
Sy 1, -1

BEME T e5mE 97.2 81




HA I~ 1~ Is > Ls > 1 R 3502 s RilRem
&~ p fRiRETRE ~ 45° R ~ —45° Rkt
-~ G FERRC R EE FERRESE -
Stokes [AI & = {ETTE AR E R -

f5F 4 x 4 1Y Mueller A 0] DLfE i ELAL R
HAPERESEY > QAR -

Mll Ml2 M13 M14
M= M21 M22 M23 M24 (6)
M31 M32 M33 M34

My My My My

Hrfr Stokes [A] & A HEZE Mueller 51/ 75 3
X3 B HEE

TR SR SRR 4 x 4 1Y
Mueller A Fe 2 7 17 fim i &2 0 & 104 =5 &= 0 e E
FE > A 3 x 3 B9 Mueller T-4EFEEHITTLAA ST
HISGEEI RS2 - DA 98A 3 x 3 BY Mueller
FEEACETTRIE T - B AGDERREE CLHZ
p i) AIRRME - BERA BT B Ay & B SR R 1KY
B3 RA A TR e IR > 252 A S
HARIRARTE - FRAFT AT {50 FH Bl e s (B s 7 22 B4l e
T Heh n BRI EARE -« P, iR
fRiERIERE - B ASHERE p /iR (s fRiR) - 7TE
Mueller S KIS fRIRHE B #fAE n” (") -
ATFATN

n(p) _ tan"' (M, — My, , M5, — Ms,)

(7
2
n(s) _ tan_l(Mﬂ + A/ézz’Mﬂ + Ms,) (8)

ERTEHFDURE AR R - SRt RIREY
TR

fmax - fmin
P = ©))
fmax + fmin

FF S A froim BRI/ MRS R

Rt & AR AR R IO P, = 1 E 2R ERR
%H% PL = 0 °

82  MEHME_+NEEMNA 97.2

R Mueller JEfRTRTR p IRIE (s fRiR) SEHY
TRy

1
» [(M21 —M22)2 + (M5, _M32)2]2
P = UM (10)
1 = 12
2 2l
M,,— M +(M;+ M 2
P;”=[( = Moy) +(Ms, + M)’ an

Mll +M12

Bl p IRIE (5 IRIR) HATHBIY 5 B2 R
tan(y)exp(id) * FHEFOLIHRM{LIHE - ATLL
PR IR 2 1 A P, SUEREREEIZ A
A w HIRAGRE AR

tan(2n) = —tan(2y)cos A (12)
(1-P2)" =sinQy)sinA (13)

At LA R RS > RIS AR -

(1-PZ)[1+tan*2n))
1+ tan>(21) - P
tan”' [—sin(21)cos A,cos(21)]
V= )

(14)

sin’ A =

(15)

FEEEEUE - fEH - A A Glan-
Thompson f#lk Fr il i —fRIRIZEHIE: > F£EH LR
WA RIRIERIS A E o el - eI
g A S Rk Hlas DU 40 TEHE > 35
Muller AEFHAZERATERL *

Apso ()

=M, — My, cos(4E) — M, cos(12€) / 2
—M;;c08(128) / 2 + M, cos(16&)
— M, c08(20E) / 2 + My, cos(20E) / 2 (16)
— My, sin(4) + M, sin(128) / 2
—M;, sin(128) / 2 + My, sin(16&)
— My in(20E) / 2 + Ms, sin(20E) / 2

Hrb & BEFHERE M RIRIE RIS A el m R - =
(16) SEFEZC (17) #HEETAK -



1 © T T T T T
5 o8- .
5 oef- —
[0} -
X 04 o o + 1
g 02t ® _|
3 o = T g2 Me
) - ¥ om = M
S-02f- e Al o v
04 4| * M
NTTE Mos
g—o.e— = ; mm
6-08[ . 32
GO I R T NI BRI ® Mss

0 30 60 £ 120 150 180

¢, (degree)
7. 8% oh B & @St 56 69 Mueller 46 [ o
A&) =Y [, cos(j&) +s; sin(jE))| (17
J

Hr ¢, #1 5,{E 7] FH Fourier 7317152 » AT Mueller
FEREH R TC R AT DA BRI ¢ F s, 2R3 - Al
i

Co —Cy -84 nd.
cl6 _C12 - CZO le - s20 nd
M= (18)
Sig —Sip + Sy —Cin+Cy nd.
nd. nd. nd. nd.

FHIA R — 532 —HIEE B > FRLL Mueller
FEHHYEE 4 TTFIEE 4 FI9MFKRE - EEEEN
IRF o [FIFRF e T (L2 - A 16 RV &I -
B—EYEHE FriE 0° #E] 90° x (15/16) = 84.375°
A P 25 {8 Y6 0% Fr ¢ 0° 8 E] 360° x (15/16) =
337.5° « #1816 {EEHMEM Fourier #i » AI0]{5
FIFTFEHY Fourier f284 ¢; I ;> ARBRFFFATISEIRY
Fourier (2% Az (5) H - BN FI R HRLHT
Mueller 5[ - HFE23 19 B 040 J7EEES
Frit & N E08IEY Mueller 4EFH - FeffIi5 A irp
BHETTR TR M, WEF—L > AR

1 -3.15x107 —-229x107 nd.

Y= 1.61x1072 1.0025 -1.61x107% nd.
—1.61x107% 1.23x107 1.0721 nd.

nd. nd. nd. nd.

(19)

n® (degree)
o
T I T I T I T I T I T
1

0 30 60 90 120 150 180
. (degree)

8. $07F o [B] & d B A ey E i ] S8 e

ESE—A > A a2 5 A R IR
e E IR B — {5z HIsE. s FhElR R L
5P HRGDEE MBI RS E RS B R ik
ARG » EIEERUE 6, = 6, = 60° Ml ¢, = 180° > Atk
RREDET LA ¢ 78 0 FEE] 180 FEfighd - iy
i @:40 FTFEHETT Mueller FERHAYEH] - —{lE#HZ
T E FREBEHEY) Mueller FERFEE BT 1L
A ¢, BLRYIEDUANE 7 Frs > FBE 7 RIS
Mueller fEETTRE M), fHliF—(LREEE (LA o,
BLRITEDL © BLAE R G BB R RS R i
% > FTLAR I Mueller FHEFEEA%E (LT A] DA AN E]
RIAHREEATREDEAR > S b BRI A
FERYA/N o B HI5E Mueller FEFEER - 7K Mueller
FERS TR AR (7) F=2 (10) - EmEEH
IV it B % e AL FEE ) #E PO R (B 22 B (bidlirectional
ellipsometry parameters) n(p) il PP BEE 01 o,
{LRYTED - Ak 8 FllE 9 fs - & J60A ¢, H 0
EEIS ISR EBET 180 RS - 0™ thEREETE 90 FEfiE
HE] 90 & > HIL A H AR IR A g e AL
P LR - ARG 0" BLARIR AT A
ANFEZFARIHIRL RN

5~ fEER

ASCREMER IS T R R iR A R R 2 20
AEIEEEEET » AR EHCRH R = EER Y - B
ERiROCRERE B2 s e AR

BEME T e5mE 97.2 83



08— —

06— —

PL(P)
.

04 —

0.2 — . —

0 30 60 90 120 150 180
¢, (degree)

B 0. 8259 b ] e 0 B 00 o ik ] 4 -

WEEE > #5E =EE B E R R —2 AR RR
Bt ENEE  HaT RS EEE EAREHE
IS Mueller FEF A€ e fE B 2 BETE AT LA
B R FIR R R DN - LSRR Bt
A/ NRy 0.5 mm > BHE RS 532 nm > THRT AT E
VIR R AEER 100 nm— 1 pm © 2 5 AR
IR BT S A =R AL B 2R A R AR ~
ME2YRIFEEA B AR -

SENR

1. T. A. Germer and C. C. Asmail, Opt. Lett., 22, 1284 (1997).

2. T. Germer, Appl. Optics, 36, 8798 (1997).

3. T. A. Germer and C. C. Asmail, Rev. Sci. Instrum., 70, 3688
(1999).

4. L. Sung, G. W. Mulholland, and T. A. Germer, Opt. Lett., 24,
866 (1999).

5. H. C. Hulst, Light Scattering by Small Particles, New York:
Dover (1981).

84  MEHHME_+NEEMNH 97.2

6. J. C. Stover, Optical Scattering: Measurement and Analysis,
Washington: SPIE (1995).

. D.Flynn and C. Alexander, Opt. Eng., 34, 1646 (1995).

8. G. Videen, M. G. turner, V. J. Iafelice, W. S. Bickel, and W. L.
Wolfe, J. Opt. Soc. Am. A, 10, 118 (1993).

9. G. Videen, W. L. Wolfe, and W. S. Bickel, Opt. Eng., 31, 341
(1992).

10. G. Videen, J. Opt. Soc. Am. A, 10, 110 (1993).

11. R.M. A. Azzam, Opt. Lett., 2, 148 (1978).

12. T. A. Germer and C. C. Asmail, J. Opt. Soc. Am. A, 16, 1326
(1999).

13. R. A. Chipman, Handbook of Optics, New York: McGraw-Hill
(1995).

-

AT RERBIRARERRITREL  HETXE
B AR EATMBRFOHEE -

T RAELEABIRABREALTIARL  HELX
PR ERA BB RFOHEE -

CERBAAEABEBEEAMNMNIRETIXRUETRE
T BHEIXFMA LR ENEMBRFORAEA
* Chen-Yang Liu received his Ph.D. in mechanical
engineering from National Cheng Kung University. He is
currently a researcher in the Center for Measurement

Standards, Industrial Technology Research Institute.

Tze-An Liu received his Ph.D. in electro-optical
engineering from National Chiao Tung University. He is
currently a researcher in the Center for Measurement
Standards, Industrial Technology Research Institute.

* Wei-En Fu received his Ph.D. in industrial and manufacturing
engineering from Pennsylvania State University. He is
currently a researcher in the Center for Measurement

Standards, Industrial Technology Research Institute.



