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Ellipsometric Expressions for a Near-normal-incidence Ellipsometer with the
Polarizer-compensator-sample-compensator-analyzer Configuration
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A near-normal-incidence ellipsometer (NNIE) is suggested as an optical critical dimension (OCD) measurement system that is highly sensitive to
the bottom defect of a sample with high-aspect-ratio structured patterns. Incident light passes through a polarizer and a phase retarder in sequence,
and the reflected light from the sample also passes through them, but in reverse order. The operating principle of this NNIE, where a single polarizer
and a single phase retarder are shared by the incident and reflected light, is studied, and a method to determine the ellipsometric constants from the
measured intensities at proper combinations of the azimuthal angles of polarizer and retarder is presented.
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oA &435l= BgelYd A (spectroscopic ellipsometer, SE)
7 e D ey BAHo] TRl wef ohaEte Al
T2} Fepayaro] 1Y HgR A o] GolsfHH . SE=
H3GA-Al &2-FF A polarizer-sample-analyzer, PSA) Hl
Aol A B FA A 0 & 456t BFYA(rotating ana-
lyzer ellipsometer, RAE)7}F WA /1% Ql=d" o] RAE
A19] Bt A= A HZA B4 9] Bt A (rotating polarizer
ellipsometer, RPE)?} up7IA & YA A9 RS E A
SHA] AW sin A7F 0 Q1 G GlA A SH AL
7t AR @S 7HA AL Utk HER-EA A -8 A
(polarizer-compensator-sample-analyzer, PCSA) Hj%]
o] BrAIY IAEA 7] A 08 55t= BFYA (rotating
compensator ellipsometer, RCE)& =3t] o] & =
E3 = =g RCE F4]9] BLAE H& /HAAZL o]
% BA7] 31449149 EFdA(dual rotating compensator
ellipsometer)E =5t0] A|&9] HHFE AE(Mueller
matrix element) 167} Z5& 24 4= A o= 2EdE
et A (Mueller matrix ellipsometer, MME)7} 7lgF=]o] A]
29 H5AolY, HPAR A8 52 AT = A HA
I:]’[IZ].

2hH folHol FH el A7Iet HE 5= AASH
= AA X% (critical dimension, CD) &4 7€ 34 &
A, A7 34 59 A AR 378 wEolA 532 Vs
el CDE &75t= 7I& SolA olu]A] o8& Al5st=
CD-SEMZ 4l=]/do] =A|9t ZHAbHo|u 7HgAE] FEol A
A ojido] TAYTIIL &2 AR 9] AAE ARERto] WHE AJH
&40 BA|, AFZA0Z 9%t BEHg o] ZutE i,
H|HE R Eo)A] AMESH= CD-AFM2 o|u| 2|7} & 9] J3F
< Wol 1 glo] HA &AEM Fido]l B2 ol 3l
o Abgel W (ellipsometric scatterometry)S ©]-83h=
45k AAX 4 (optical critical dimension, OCD) &%
O] 8- o] ol Hlsf| w21 Zhdsh, APd A&
FH JA3S /R 51K P AHoz )t uhr A
At @FolAE HAF Y &7 BHEA dEFo R de] &
452 ok THY dAo] 60% W9l YREA Q1 SEE 1t
7} ojH] o] Ho| ZopdRE 2 ZAgto| gt Wit
@ojZ| =t £3] 3D NANDOJA} Zo] 479 HE =
Aol A =2 Z3H](high aspect ratio, HAR)E 7HA|& 7|%
(pillar), F-= T+ (deep hole), Eltrench) 52 55 +2
A AEche Hlole v Fsith olE S5517] Sl
EAE FARJAL B2 9] OCD"W= WA e o] WS AMR5}
gk 2 JAL A2 Qe ol et ehe Y] S ol
28okA] FoARE AhElE 124 S E AR} A5 9 ]
Abzto] 7= Y wj7h JARZo] 60-75% Y o Eo} SE
=7gko] x4 e] Hojd Aoz ByE T Qe gk

A2 7|99 o Bheke Fakels 9o MF Zort &4
9] A (near-infrared, NIR) @GolA F435] S7Iot= AHdZ
A o2 NIR 902 574 oH & W3l NIR-SE7H A
=7 = SHAH 2 o}2] ARIA] @A AAFTHIZ 2L
FA] FEotal Qe & Aol A= e 9] A3 AE HAR
A7 9] sHZolyt FH(side wall)Q] F2AT 0] gt vzt
=g A7 ko] & 2 YA B Al(near-normal-
incidence ellipsometer, NNIE)E 71 &3 L]} A AA|
gtttk o] NNIE= dAFZol 0&7t oty 7] wi#o] 42| YA 1
219] OCDEHA= ¥Z & fl= TP YR EE 895, &
83t 5 9lon] AUz Ql SERTE QJARZo] EH 2] wj o]
HAR Al&9] ot5-35 2ol it RIAEE 71 4 Ut st
A5k o] NNIEY] ¢ dAPga} §hApgo] o] f= &7} 2H7]
2o FL} FF SHLES EFoto] Lok HFLA}
9] F7HfA| o] & AekS wh=tt. o]g 7RI Ak
&S] fI5to] shte] HgAtel shute] PIAIAAE YA
Fat iAol FRote s of WAL Uzt A A
A9] ) 7HS AAs] 233 AdHjol A S8 do AlV1ER

B BgSE ok ot BRES AN

II. HEX-EYI|-AME-2H7|-HEXt
HHX| EFEA

NNIES] 79 HRoIA] F2slo] )9 22 datzto s A
ES P WS WY} QAAAE 42 B oS
AEOA] BEARSICE AR R4 BhAE W SlRiet B
42 thA] $AA 0% AW H3 % A%V Sl 9
ok, YAZI wbALzto] TS Kot FUst F HE719) By
X7k QoA 7o) 1 1] 42} o] shte] Hgtet o)
U] SMA ARE YA HhAge] BRSHES st
2719 B Aolo] BEYV|S Fol T4 Aoke F2
& 4 otk HU A= Apolo] Qi AR XS 24
oA e 3-1029] 99 WolA] YAz BHE 5 QUi o]
NNIEE F240.2%5 HYA-247]-A 2247 -452)
HIAS AR PCSCA BHUATE Bl ARAS Bk
o £ wE i thew} o] AN,

Efe = const - T(¢ - R(A— ;) - Ty - R(C,) - Ty -
(1)
R(=C)-TL - R(=P+¢y) - Ef

of7|o| A &2 HEQ £2A PHES FHS Azzam H
= = E 10\
@'Pg BE g 0 Elo=(Ty) F Th=(; o) 2
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Fig. 1. Schematic figure of near-normal-incidence ellipsometer.
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constol] =] Q= ARY AL 5ol ot HGAE2 %
oyt FAE719] WL &1} A WFA B9zt ot
2} gt = o] 7] FElE 2 NNIE e 432 =
T th. o] FEo| gt AEE thS H9 upA|uh FEo A
TFE A} g} o] NNIEE HgAtet QA AARE 315171
off HgAte] BH9lzt Pt HBAY] Wzt A= A=-P 2] T
£ 7Y PFA AR WS €, =-C,%F Z2 BAE 7t
Zct. e yE ZES ZAoks 992l 8= PCSCA
HiX oA o] FHAEA7] Ao FEs ¢\ = d
g £EHE 7HA] L 5713} 3okt Collins 15004
o] 3| Zr&Eu7 FeH|d Ae deyE JES

WS A, B3] 3d A=) H|7t 5:3%1
ol BHYE JEES Foks TAAR 514 BHE
AJBFATH. B Ao A €, =-C,% B0l AHg &
FAHo| 1 LAl B REES okt

ol
K

e 2 Ho ¢
%0 fifo o,

=

T C,=-C,=C, A=-PZ 4 ()] Hdstel ARAE B
o] £2 ML thgat go] Bk,

Blf = const- Tt - R(—P + ©) - T/ - R(~¢) - T -

e L @)
R(=0)-TI*-R(-P +C) - Ef%

v
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Ej0 = const - Vex[cosC cos(P — C) — te¥sinC sin(P — C)]2 -

) 3
V,y[sinC cos(P — ) + te*cosC sin(P — C)]2 )

594 AR 4 SHAFRES of A (D) 2ol 4
u AHAAR) 482 4 (5)9 2ol 3
Vo=V tany 9k 37 4] (3ol tHeJste] Hefatal met 74
el 710 AL A ()3 o] A=t

tany e =V, /V,, @)

Pci = Pez = pe = te® (5)

Epo,:/Eo = tany e [cosC cos(P — C) — te¥sinC sin(P — C)]2 -

(6)
[sinC cos(P — C) + te'cosC sin(P — C)]°

o] 7]0llA E,=constx V, 0|t} o] H7|3e] EE2 H 5545
™ I=E, 0, %E o, & 0] 73 O] Al7]= B & Bgoto] Ul
o AI71E 34 Fetarte] Bzt s Yehf 1
glo] A2 EE BadrE Aot e S 4840 ¥
o] Aojgrt. A& E0] P=0%] 3% 2] Al7] HEL offe}
ot

1/I, = tan?y cos®C + 2tany)
{2t tany cosd + [cosd — 2tcos(4 — &) + t2cos(4 — 26)]}sin?Ccos®C
{ 2t%tan?P(2 + cos268) +
+

(1 + 4t% + t* — 4tcoss + 2t%c0s28 — 4t3coss) ¢ sin*Ccos*C
—2t tamp[cos(4 + §) — 2tcosA + t?cos(4 — §)]

(N
+2t2{2tcosé — tanp[cos(4 + 28) — 2tcos(4 + §) + t%cosd]}

sin®Ccos?C + t*sin®C

ol A I,=|constx V,, o]}, o] A& o}l 4] (8)x} o] 3
ok SR eIAe) Fajol ko] W R o of
o] felo] ASERVE HUSE B YUY Bais)
L 5450 BUAO T Ad) 1 B840l 39wk A @9
I'7F 1 Bl ko] ofyzt y, A9] 9F<p0]7]| & §17] wiE
of S74gkol At vipghcl 24 o2 F)S FtAY |



(@) BYR-BA-AR-BA7)- AR WA TP 2
ol y, AL AL A% E3 hsetd] o= B 9
Hale B5h whe sl gelo] Hdk,

1(C) =1,'(1 + agcos8C + ag cos 6C + a, cos 4C + a, cos 2C +

Bg sin8C + B¢ sin 6C + B, sin4C + f,sin2C) ®)

AE7} oS T S A% 4] (4)F 2ol
A BRE 2 4 QAT o] A4S Begs yot Ak
TRt BT 2 ARl 18 S40] Hate] AR
of weizel wEpAE Yl BS54 BreS
Zoltt.

(pseudo ellipsometric constant)gtil E2{of &

1L 2 7tX[ (P,C) U¢lZt ZEL0IAS] ELEA]

ol 7oA EFLASE v E golsH| 4L 4 Qe WY
2ot QAR ARF] 7hekst w97 2 FHET} o] 5 W9l 23
oA 243 9o] A7| 25 EBLASES AL IS AA]
Eis=g
3.1 P=0 (2= P=7x)0|HLY} P=7/2 (E= P=37/2)21 4

o
°

o] A% M7 HAL et 2o

Epo./Eo = tany e (cos?C + 1.“61'55in2(:)2 — sin?Ccos?C(1 — tei5)2
(%9a)
P=0(FEE=P=n)
Eno/Eo = tany esin?Ccos?C(1 — tei5)2 — (sin?C + tte"‘scoszc)Z
(9b)
P=m/2 (%= P =3n/2)
ol5 A7 HIL CE C+r2 ATt Fetr|A] gho
2717} zolH) C=0 Bx C= 55 FAo2 H$ fHal

SAYi e

A9 B4 — A4 175
£oeimo = (1 - te'®)’/8 (102)
et = 0.7286 + te'd /4 + 0.0214t2e20 (10b)
&elmz = (1+ tei6)2/8 (10¢)
;e = 0.0214 + te'd /4 + 0.7286t2e%9 (10d)
ot
3.2 P=rn/4 (= P=51/4)0| 7Lt P=37/4 (=

P=Tr/4)2 B2
o] A9 W] B heT} Pk
Epo/Eo = tamp e [cos?C + sinC cosC — te'(sinC cosC — sinZC)]2
—[sin2C + sinC cosC + te'® (cos?C — sinC cosC)]” (11a)
P=m/4 (E“E P = 51‘[/4-)
Epo,/Eo = tany e [coszC — sinC cosC + te'¥(sinC cosC + sinzC)]Z
—[sin?C — sinC cosC + te'®(cosC + sinC cosC)]2 (11b)

P =3n/4 (= P = 7n/4)

°ol& 7149 A& 79| £71& 7HH CF C+r2 A5}
ol BHAZ] Qg C=0 E= C= 7 3§19 4L it
271 cofl it A7 BE2 B 29} Lok

geims = (1.2071 — 0.2071¢te™®)’ (122)

&eims = (0.2071 — 1.2071te?)’ (12b)

olc}. o)4ye] Aakg shte] X elstel X 33 ek

B(
SAE 7L ok E 7HA] St 9] gholl diet 717 Aol A7 xAC2RE Yo Y] 23S 7 5 9l
EES E 13 L A H A9 (P.C) A 2oM 9 o] Al7Ie= 5 E B
w3
Table 1. Expressions of the electric field outcoming from the analyzer in the cases when P=0, 7 and P= 2 2”
E/E,
c Equivalent C
P=0,7 P=r/2,3n/2

0 0,7 tany ¢ re™

pa n Tr 9n 157 iAg in in, o i,

T rga e tanl//eAile]7§067 tanq/e éoen*(‘;e7

il n 3n 5t Tn j ins in, i i, in,

T A4 2tany €€, —E e 2tany € eM—2¢,e™

3z 3z 5z 11z 13 iAg ins in, iAg ing in,

5 IR tany g€ — " tany "G~ g e”

T T 3n 2 i(A+26)

5 > t'tany e 1
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3n 7
Table 2. Expressions of the electric field outcoming from the analyzer in the cases when P= 4 4 © and P= f I
E/E,
c
P=nr/4,57/4 P=37/4,7Tr/4
0,71 tany e —t'e™ tany e —t'e™
n I iy in, in, ins
TR tany ¢’ e €M —2E,e™ 2tany ¢’ e e —E e
T St i i
T tany e —1 fe™(tany e — 1)
37 11 B in, i i ins in,
TﬂTﬂ 2tany €&, —& ™ tany e“£,e™ —2&,e™
3 i i
%,7” fe’tany ¢ — 1 e’ tany " — 1
St 137 Ay ine in, iNg in, in,
<8 tany €& —2&,e™ 2tany €"'E,e™ —E "
3 7 i i
TE’TH fe™(tany " — 1) tany ¢ — 1
Tr 15 Ay i in, iy i i
%Tﬂ 2tany €€, —Ee™ tany €€ ,e™—2&,e™

Table 3. Expressions of the normalized electric field outcoming from the analyzer E/E,. Here p=tany ¢” and p,=te”

c P 0,7 /4, 5r/4 n/2,31/2 3n/4, Trn/4
2 2 2
0, 7 P PP p: PP
9 i i i in, I i in, ins
%’TH pE €M —Ee™ pEse™ =28 pEE™ —Ese™ 2pE,eM —Ese™
%’%Tﬂ 2P523jm_2§06im p—1 2[’50"'4‘%_25291#2 pip—1)
3r 11 ins i i i i i ins i
S pese =g 2pee—E e P& " pEse—=2e"
3
> ppl ppi—1 1 ppi—1
S 13 1 i i in, I I, in, I
T”’T” pEEM—E,e™ pEe™—28,em pEe™—E e 2pEem—E e
%TE,TTE 2pE,eMm—2E ™ pip—1) 2pE e =28, p—1
7 15 i i in, i i, i i i
T pE e —Ee™ 2L pEem e pEie—2E,e™
A%y, A% T % ek o8 o] P=c= 5 wo] We] ol
A7NE 1(33), =20l c=0.2% wi o wo] Yol B s 78 5 e (.0 AL 292 ol9o= o
WIS B 1(50) 1(5D). 135 £ 15 F)er g SRS dolel Aol A A A
o] EHsIY YY) REIHL AA theT T2 B 2E HEET A yo] 3N RASS {22 5 A A
RAEESZ 92 5 Qlth 2]l WHE Agedntd 370 ol FyAA (P.O) W
Az 2ol S5 1Y AVI=RE BT A, vE A
_ —(§3c0sm3—§1€08M1)~Inorm (§3€08n3—-§2C0572) T8 4= Qltk (P,0) YD xgto] =g Ao| ofyH 1 23+
tan(4 +ny) = T —— — (13)
3sinnz—&1sinnq)—Inorm(§3sinnz—&;sinn,) 0” Eq_a*l_ OHX]L‘ /g,_/'\_ O] "J‘E]-Z] ] ] Etﬂi 14__'_
p—— of 2bers] At 83t Pt WA (P.O°) 23] (5.0),
(535 /1 (65-¢1) 7T 3n 3r e
t = 28 5.7), (5-50), (57)Q oA EH(EL 0|52 HH)TH
any 2§ [ §1c0s(4+1m9-11)~§3c0s(4+10-13)] (14) (2 )’ (2 ) (2 . )7: :ﬂ 31 37(r . °IS D
S POzl (£.5), (5,7), EXIWE: ) FolA
o ZH(EE ol 5S B O Y @2 44* gitel =
_ 1G)1G) 1G5 15 O 2800 (0,71), (2.0), (.3 Tl SH(EE

I =
norm 1(%%) (% )/4 I( )(é’%— )

[©)

22 HD e .09 xgol (5, G5, D),



(AR WPA-R Y7 - R-2AH7)-BRR A E A E E 52
(F3)9 2ol 2H(EE o152 BB GO e &
2 tan’y 9] Zgtol B}, wieHA (P.0)9) 2ol (0.5),
(0.3, (.5). (x5)2 TN ZH(EE o5 BB ¢
£ (.02 270l (£2.2). (Z3F). (T5). (333 EolA
ZA(EE o15L FH)F GOF e #L fun’ye] A7
o] gt

It e 09 20 ags S9gas 16
okl 1 200 YER U o] 1ok

e A P A S R (5 e
9= BF go|tt. WOl A7 49| 7|EFS So| I Yoz
HAIE (.0 W 2NN 2 golth. Z o] Ho) 4
7 24 AEge BRE o 2 A7E 2R ol
¢, tan’y 18] 7 ftan’y 59 23S 7+ 4= Qlth tany7t 2
@Q A= M cosAd] S-S 1T 5 = P.OY 2
.09 280l (3. G7). (57, G55,
SI%”) 7). (G 2 4 40 o
2 g (O 21 (35, GF). (3.
FoA S (E= o2 BT #2E tae gho]
tan’y + 1 —2tany cosA°] EH (P,0)9] &g o] (ﬂ 3 (%%ﬂ

(57'5 37:) (57r 77r) (375 T (371 Sr (77r 7':) (771 57r)0

27 ) o) ), U,
NN SH(EE ol5S BT AL (P.OY 2T (37
oA HH(EE °1ES B

(53, (35, G5 L
Zro g Ui gho] f(tan’y+1—2tany cosA)Q] A Zko] Hoh
19 3L tan’y+1—2tany cosA EE (tan’y+ 1 —2tany cosA)
2332 AHT 5 Q= (PO 2FS HojZEt) oy
A £0] 2 YL tan’y+1—-2tany cosAS T3H= (P09 Z
e YeERH o] ¥l Y (tan’y+ 1 —2tany cosA)S -5}
£ (P.O9) 2 FeRIT. amy7t A H0] U ol o]

S
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Fig. 2. When normalized by the measured intensities at the azimuthal
angles of (P,C) of closed circles, t', tan’y and t'tan’y can be deter-
mined using the measured intensities at the azimuthal angles of (P,C)
of open circles, closed triangles and open triangles, respectively.
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ZeolA cosaE BHT 4 Urk T cosA
2 A9 B35 5 ZHSHA] ESHH |cosA|=1
olAl= A9 FHAt AA= BHE 7L Qith o]
2 cos(A—25,) E cos(A 5)% £4o7 FEG 4 it
Y 4of| A 0] ZF AL tan’y +t' —2f tany cos(A—28,)E T-oH=
P,09 3=, ——‘1—01 3] A2 ftan’y + 1 —2¢tany cos(A—8) S
Tot= (P,0)Y 3= UEHATh oL Fold cos(A-25)H
cos(A—8)5 ART &= A SRR ollA A7FH cosa] #k
T} 4 AFRSHE AS AdelA] AAT 4= Qo

SHE Foluy FF SARA 7 B2 Helotd #
z}o] upezhe 1
e Ho| A7 EERE BedEE 25ks o] v
steh. A2 AL Soll gt HFAH I S2E 5l
= 3R] B2 14 sto] B E A5 2ol
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Fig. 3. When tany is given, t'(tan’y+ 1 —2tany cosA) and tan’y +
1 —2tany cosA can be determined using the measured intensities
at the azimuthal angles of (P,C) of open circles and those of closed
circles, respectively.
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Fig. 4. When tany is given, t'tan’y +1—2ttany cos(4 —§,) and
tan’y + ' — 2’tany cos(A—25,) can be determined using the mea-
sured intensities at the azimuthal angles of (P,C) of open circles and
those of closed circles, respectively.
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