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Abstract The proper calibration of the model values is crucial for high-precision ellipsometer measurement, and
random error is critical in determining calibration accuracy. This study discusses random error estimation in the
ellipsometer. The random errors encountered in measurement results are numerically evaluated for dark noise-
limited, shot noise-limited, and light-source fluctuation-noise-limited systems. To reduce the random errors in
measurement results, this study adopts the enumeration method and a genetic algorithm to find the best
configuration for the aforementioned three noise-limited systems. Numerical analysis and experimental results show
that compared with the commonly used configuration, the random error under the proposed optimal design can be
reduced by more than 1/3. Although only the optimal configurations of three noise constrained systems are given in
this paper, however, the noise estimation results and optimization methods can be employed in real-world models
with various noise models.
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Table 1 Relationship between nonzero Fourier coefficients and

calibration parameters in the calibration experiment
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Fig. 2 Random error of measurement results on zero-order noise-limited system. (a) Relationship between random error

and five calibration parameters; (b) relationship between random error and phase delay of two compensators; (c)

results

IR (12) . A8 2, Al LA R AR E S50
(RS 518 2 ) 280 B 3 (a) iR (R AN
B SECEAET A S bl A AR, 5%
B 7 B R G 2B, BRAME 2R AR O (v F A 23
I A B HL IR 22 (R AR — B A2 PR
Z G5 K 7 B T L A T I 2 22 A 5 i A Ay
o SRR 4 7 7 R 90° . BV D 3% H 4 15 'k

5000 - 1020

1107

1 10°

05,05 —>

0

0 20 40 60 80 100 120 140 160 180
Configuration /(°)

on the symmetry axis (6, =03)

AR B, RGEBERLIR2E e/ M T PR B A
TIOR8 SR REATLE SRR T 40. 613%4,
SRR Z IR R G4 R P AME R 1)
AEASE ZE R Xof 0 k158 25 149 5 i) s 4 A ) g A 7 0 o
e IO AFAS SR AH R R 000 T 7= o P AR
(AR5 JE 3R 15 B A [R] , I HLAE 60° ~ 160° i [l Py 28

A R 22 O AE AL AN 1] 3 () Bz » — i 7 52 BR
14000;

431
12000 |
430
10000 ¢
429
— 8000 B
W W 428
6000 - 427
426
4000 o
425
20007 126 128 130 K132 134
(90, 1368) 5/(%)
0 =
60 70 80 90 100 110 120 130 140 150 160

6/(%)

K3 —Hir sz RARGEMERASRIRPLIRZE . (0 BEPLIRZES 5 IMRESEINREER (b) FENLIRZE SPIAMARAIASER CR (9,=03)

Fig. 3 Random error of measurement results on one-order noise-limited system. (a) Relationship between random error and

five calibration parameters; (b) relationship between random error and phase delay of two compensators (8, =03)

2412003-5



41 3% 224 H1/2021 £ 12 B/RSFR

() DRC-MME FEA7 2 55 55 v S5 A4 1 R 3% 25 40 007 28
R 130.17°, M T MMM S Z— .,
fift AR R AT DK R 22K 1/3 ik, 5 3. 171
Ffol, BB /MR 1B R G IR 2R LR
2] DAEEAZ B AR SE IR YL Bl R 126, 77°~133. 347,
3.3 “HMREZRES

XoF Ol R o R AR B R G, 6 TR AR AR

SRR GN F LN = S X i DRC-MME J&
iR 52 R AR G HOR AR A B A B T L
B
SOH=IG)+nG), i=1,2,-,N, (19
ol =y,S%, 20)
454 (5) L (6) 2, ) A HL - R AU Ty 25 7T LAk
TN

Nyp

Vs

Nyy
Var(An) :7(2A(2) + ZA;Z - ZB;Z +A0A271 _AOBZI'I +% Z AiA2nfi _% Z BiB2717i> N i O’ (21)
=1 1= 1<i=n

i=1

Nyp Nyp
V(B =22 (247 + DIAT — 2B — A A, +AB,, —% 20 A +% D) BiBurs) on #0, (22)
i=1 i=1 N 1 - lé\:in I<zi=n
ViAo = (Al 5 Al 2B (23)
B B W P G IS (8 L R ) By 22 e 4 [ e — X A
V. (A) |
V. (Ay)
V. (By,) .
Iy= . =3 We- 26
V. (By,)
| V.(By,) |

AN TN SR A B N =64, L TRIL3h &
oy, =18F X T —4 4% M br e 280 ol L
(24> (12) 70090 I o 45 SR =M. LT
3.1 3.2 5 Ak 3 5 AR el AR L — AN AR
TH{E ARG S M 0°F) 180°, 43 B (B 2 0. 18°, 7%
fegs i 40 FioR, v LLK B, 5 R
FAURIE], 5 ASFRE i3 23 He s B I 1l 5 o 380 4 K
MIARE 1R 25 . PR filt RSO 3 0 L 4% 31 22 )R de e
A R LB R A kO ok SRR 2 RN
[T

WL RTE AR T AE AR 5 AN FE, 43 51 % R
5 MNP E S BN BUEIE I 0~180°, T
SEBRETOREEEAE 0. 14 TRRAGRIE k E
HRPE R IER AR T 12 (i gmi, AL LR
PRI E AR A E T, 2 WA FIRUEMW
SN A ARy 0. 9, AF S MER Ry 0.1, FpREH
MRS E Ry 1000 A, e Kast A8 500, Bk
IAE B AL AREGR B e KAREI 28 1k . itk i
— R EARA AR IE B AR Al 2 an 1] 4 (b) Iz, 7]
LR B, #2300 R 25 e > M i) 3 0 B LT A
AR KA AR B G A B 4R 3 T 2 R

R T B X R T BN 2 A 2 R et AT
ZWEL LR VKRB TA NS, I ESGRD
N> PIAMER AL ZE R 1 fe A 5 K AFE 132, 42°, K
T oS i e AE 5 67 Ry 126, 7°88 54. 6°, P AME 211
ARG AN T 478 94°, XAZEREE 4(a)
BT R R R G BRI AR ] . 2 B MEE AR AR AR (37 23R
Xof £ 15 2 A S M) o - fls 41 v AR 85 1 7 L FR 1
B AR 4o BrR . 1T L& B, S AE A
PIAEIR f& 132, 35°, 3% 538t 1% vk 19 45 R LT+
[, AHAST U4 2 — % R S5 A A 7 2B 3R 19 %
A LLKE RGeS BEAR R JEoR 1Y 174, #7 Dlie/MR
ZE 1 Y0 7R BRYE BBl L S8 G 52 F Uk R 9 4 67 JE
WP K 128, 73°~135. 81°,

3.4 HftER

X T592FR DRC-MME £ 4t , 237 7E = Rl
BRI ZE RIS KGO, XD R G AR T 2Z i i
WA —Fh, X TFERME R R A — B REL
TR BB Y Y Y o RS, B

R AT LA R
S =I1G)+n), i=1,2,-,N, (25
o’ =Y+ 7aS +y$0520 (26)

2412003-6



54135 $ 24 H1/2021 £ 12 B/RFER

107
/10t

0°

0 20 40 60 80 100 120 140 160 180

- 1020

% 101 Nbg

®)

70 :
0 50 100 150 200 250 300 350 400 450 500
Number of generations

Configuration /(°)
5000
4500
4000 80.2
s 3000 5 79.8
' 2500 B
79.6

2000

79.4

%2.35, 79.08

1500 -
1000 79.2
500 |
0 L_(90,299.72)

128 130 132 K134 136
9/

60 70 80 90 100 110 120130 140 150 160

0/(%)

4 iR R ARG R AR IBNLIR2E . () BENLIRZES 5 hRE SRR AR 5 (b) BT LER
(o) BEMLIR2E 5 AR A OLAE IR (15 5 (6, =03)

Fig. 4 Random error of measurement results on two-order noise-limited system. (a) Relationship between random error

and five calibration parameters; (b) result of genetic algorithm; (c) relationship between random error and phase

delay of two compensators (&, =05)

XX A R HF B 5 R SRR
JEo s R — B F0 e P A R DG s — B s
SIRAS SR AL JE e R MO IO 58 7™ A2 B2
PRl — B P R 2 g | o M A AR A s B M
S EAEBUE RGN TR — [ P 77 A )
EJRAE— S OL T » R GER) MR A BN I
P S A — B R BE/IN  [R] X = Fof I 7 22 ] i AT
KA AW . IR, AT LR =S 73 JHTH A OF
T L R B P 5 22 R

1
I's :N(ysr)WSD +raWs +r W) 2D

542D A0, TR R RS T IH—1k
Mueller K P 10 2 7 2%

I B R AR ' 32 3 T RGEOGIR 1, F1=Fh
WhAE R BN ILFE . X TR 4 DS IB
22D 7R I 45 R B BEPL R 25 2 — 1 O T
BRI RE R —OCR s L 5 R
TR A e UL B 2 (5 AT LAAS 3 0 2R 48 10 B/ s
BEMIL IR 22 (8, e /IME XTI 1 067 B3 2 I R 458 1Y) i
L .

4 5 55
4.1 BEMREXRK

TE4E 3 9, M T =Fh DRC-MME £ %t br &
SCIS A BEALIN R 25 L 2 T B U A B .
TEARTT, X9 ~(11),(18) . (24) R 45 H B I 12
LA AT EIUE . 1 B S5 A B AE A IR
ALFE AR JLA : DA DRC-MME #8454 45 5
(AR AE S50, T8 B bR S 56 Hh Y B ARG 9
B s 2) TE IR T4 B A =] = W s f
FCREALL S i S A S0 S i MR S AR DA s T
A7 2253 AE(8) L (14) . (20) R 44, = Fif g
FERET R E R 1,1.0.001, REMOGE R I,
BEVBLE Ry 10005 3) AR 7 EC 1 6 0 AR08 11 3315 2]
Mueller %5 [ , JH—Ak 5 15 21 e 200 121 5 4) 76 42 0]
1000 A EHE , oF 5 25 R 25 (8 5) [ H
(1D AT DA 210 45 5 0y 22 19 W0 {i; 6) 7F
80°~140° By 3t [l PN o 30728 PR M g AL o7 B3R, T 52
IR D ~5) A3 B[R A A E IR T e 5 1L 25 A
TR 45 R, 6 g5 AN 5 s, B 5Ca) ~ (o) 4y

2412003-7



HRIEX
BEF G B | I 2 B RS X
SERIE BB RIS A R o, A IR — k=D
A Mueller i BF 53 15 8. .07 FRIR Mueller 4
MESRFFIG S ¢ A A 22, I 5 Al il

%415 F 24 H1/2021 £ 12 B/XFFIR
AR TCI8 e e, — B M P b B e s
15 BT 7 26 T 28 SR04 245 5 L-F- AR [ 3K 35
BT AT SCA K B E AR P Ak B TR SO A B E
B PR

1.0
@ s ﬁ , ®) . - .
N L < L 205 s ° 2
e simulation result = = = 05 e simulation result = = Sl
X o —,\SAI ‘5‘- s B mbe: 5
« = = numerical prediction - = = numerical prediction 0 0 0
80 100 120 140 80 100 120 140 %0 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140
o o /() /(%) /)
X10° Y G) /(%) Y G) 5
5 1 1 5
= TlE - 4 1 1 5 G
S S° ‘: S S o S =)
< < < < s 3 e g
L) s °€:" iy ‘6' ® ® v
0 0 = 0 0
80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140
5/) 5 /) 5/) 8 /) 8/(°) 3 /(%) 8 /(%) 8/(°)
5 2.0 2 4
! _ L5 1 L2 i
% é R 2 g E =¥
= I; <0 <10 %m %2 %: 1 %2
e * %05
80 100 120 140 80 oot oNTi0 80 100 120 140 S0 100 120 140 30 100 120 140 S(] 100 1020 140 %30 100 120 140 %80 100 120 140
oI oI ) /() /(%) /()
10 ) ) 2 5 4
% i % 2 i ‘D 9 @ é
= g 2 gﬂ . gv = 2 e
&5 o o2 1 Lls “E;‘ L
0
80 100 120 140 80 100 120 140 80 100 120 140 so 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140 %80 100 120 140
3 /(%) 8 /) 3/) 8 /(%) 3 /() 8/(°) /(%) 8/(°)
. 2
(C) i e i 5
=1 =3 =1
. . = g = =
simulation result s @ LN
) - 0 0
Si= i numerical prediction 80 100 120 140 %0 100 120 140 80 100 120 140
8 /(%) 8 /(%) 8 /(%)
4 5 2
3 = 2 E
w ° % %
0 0 0
8() 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140
0/(%) 0/ 6/(%) /(%)
. 10
g 6 1 5 7
S 1 ] 2’ ]
= = =] =t
o = wf =05
5 iy ) Ry
0 0
80 100 120 140 80 100 120 140 80 100 120 140 80 100 120 140
/() 6/(9) 6 /(%) 8/(°)
10
L’ L1 z e
: N = 05 <
= = =
0 0
%0 100 120 140 80 100 120 140 %0 100 120 140 80 100 120 140
/() /() /() 8/(%)
% N 154 75 52 > N, = 52 > — IS 2 >
5 IS5 BRI B R S EUE TSR . (20 FINRAEZRARL; (b) —FMAZRARSE; (o0 ZHigEZIR RS

Fig. 5 Simulation results and numerical prediction results of measured random errors

. (a) Zero-order noise-limited system;

(b) one-order noise-limited system; (c¢) two-order noise-limited system
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Table 2 Random errors of calibration experiment with

different configurations

Group a,/(D)  ai/() 8 /) 8 /C) 57/10°
1 90 90 90 90 2.34
2 0 90 90 90 1.92
3 90 90 127 127 0.471
4 0 90 127 127 0. 436
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