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Fig. 6 Resists for EUV lithography. (a) Three main approaches to controlling stochastics””; (b) the factors of affecting LER
formation”; (c) schematic representation of the relationship between resolution, line edge roughness, and sensitivity in CAR
(the RLS triangle); (d) depiction of the multivariate Poisson propagation model (MPPM) model flow for CAR"™, reprinted with
permission, Copyright 2018 SPIE, permission conveyed through Copyright Clearance Center, Inc.
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Fig. 7 Definition, calculation, and optimization flow of EPE", reprinted with permission, Copyright 2018 SPIE. (a) Definition of
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Fig. 8 Geometry of a generic line, space, and mandrel pattern modified by an orthogonal cut feature (with stochastic parameters)™”,
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adapted with permission, Copyright 2023 SPIE

S TEN off

[E) B ] AR 2 0 cpu o O A K BE R RS
F By B AR DL SCHER [67 ] R LAGE o 45 1 T e B
(SEM) 5 28 1) 5 i R 1 8 1 S e IR 78 it
HRlh 2z FAE T LS B 0y wi( L) 5 oen(L)o

o TR 2R 25 0 SR AR AL i IR A Y)
(4 J5 TR 1 22 ik B i 2% (PPE) . Oy B AR N

Oy, = OVL(.I,_V)"‘ PPE,W_'_PPEM’ (13)

KOy (2, y) WEZR 2 E ;o f1y R E
Yy o8 ft LN L 5 P, R P, 53 501 2 42 B R D) B REAE
B PPE (S Y {5 38 % 4 0, % T 45 72 i B 28l se i, B
FRB AR ORES i) o adv 7T LAZRIR Ky

0'(_2>VL - Uées + O‘EPPEN" + O'EPPE,WO ( 14)
a4 (12) F=(15) , RBIERX Co i 6® N
1
O'Z‘D‘ - Z O'LZ‘DU1 + Ul%es + O'EPPE,M + UEPPEW s ( 15)

Hrp,
ooy, = Otepu, + Oéepu, T otep, T Obcou,. o (16)
T bR AR A B 0 A T DL TR A T
FOGIEAT RO ST . 78 SL— A =i 07 B3 A bR BOH
T AW IR B

N )
f(xO,ﬁ,a)—mdjwexp[ oo }dx,(l?)

A e T R WA 5 o0 o R B 3K C, 19 44 S 316
Moo= 0} H x>0, 2 (17) ] LUK & Ky

exp( —2/22)0 (18)

f(xOZO,p,a)%
2m p

Hﬂ?é’%%{%'ﬁ%ﬁiﬁt&,ﬁﬁ%)‘i%lﬁlﬁi@‘(%fﬁ

wjﬁ,u Co, ), = (19) F 5, 4 Cy, 75 Gy,

HARME (Co, )5 AC, (i Cp  Cr, il Oy, 18R 42
JR R RE)Z 2, MR (20) s o &, ] LIS F)
Epe, (RICy ) X 2D R

1
o Z GéDUl + obw
coT , (19)
v E( Co, — CD;.M) — Oy
CDI - CDl—nnmmxl o ACDI ’ (20)
EPE,W - ACDl + kdcp‘, (21)

EVG RV EIE | g5 A o

0701005-9



®E 5145 £ 7H/2024 £ 4 B/HRE#N

4 EPE 4250 &

EPE 0] LA 3 45 & CD MEZR Z K IT5HEY . CD
FE Z 15 22 1 8 2 2P AR AT L T i 09 3 B4 A 4
AT 43X CD RS Z 1% 22 I i 7 ik AT A 4R, N
Xof 5% bR I D 9 %) DR BRI A Bl R AT L4 O o A
KR,

41 CDMEFHi%

i 0 D0 S A oK &5 0 1 R SH Gl A 368 90 oK RO
TE Y 58 B T N B A R R 0 R I/ 2k T T ML RE
FEAE )X F T ATF R MfEH B mE, WH, &
e HEL S, D I A s e R T R, B AR R R
FCD. Bl 25 6 20 4 AR B 4% BR Bt 4 20 /8 T 10 nm R
55, X CD B AR A5 0 i 2 A BR R ET . ARk
XFCD Wt ) B3R 7 ik RO R B T A 48 T R
CD I 1) & e fa # .

411 CDmB&EL

=X (3) frw , CD Bl 2 5508 L A2 19 15 R sk /)
ISR G IR RN £y JIE Y R BUE LR TS B %
FEVR AL 45 R 2R 5 /N I K 7 2 2 ] B LI R R
i FHER S BT G2 MR RO 20 i 55 R 2 . 388 R Bl
FLAR R /NG I K R AR R R AR e B W A
B2 R B, v DAA) A RET e 2 i il i

H AT HLE 7 #4549 19 CD 2 5~7 nm,
It H IR TEA W /N o #8F 0 3D & 2% 1t 76 AN W7 38
TN AT SN K G RRAE B A 2 S A i R
P E B RH I 2 9 o 2o R b, AR IE A% 1Y ) AR
Y HVM AL T 25 A2 2 o B R W6 2 CD i
AN 22 FE R IO E R A Bh Ak Rl TR
JEBEIR T R GE T 25 SRR
412 COMEF EALRA

H AT CD 5 I i 7 3B 338 AR £ AR Fot
/R TR R A R F A S A RRAE RSE
A B T B IR (CD-SEM) FIAE K F I 4 ]
JiF B AR (CD-AFM) , 5 # F A 35 6% CD
% (OCD) A1 fiE R ~F & A /N f X8 7 (CD-
SAXS),

1) CD-SEM

CD-SEM J2& 8 A Hi [ 7 2k I o 5 38 JH 0 4 R 2
— . SEM J H & - FI 3 4 0 5 BE L TR AR
6o 5 W SRR AR S 7 A R R B O T A
545, B S i 7 ORI A A 5 ) Bl 3 0 25 i 4, 75 3130 40
KAy BRI IEIE S S50 . T ARG T R
e, (0 i RO S E A AR SEM A I S ek
g, MmN (L4 1~2 um) , A A bt
il 4 K3 (A0 12 pm, 23 R4 1 nm) R 48 0] LUK
rHEREGELC AN RS, RHIZHETFRAG
TR RO R R m 1~2 MR g .
SEM #E DLt B i 08 47 = 2 I i, 7 78 48 2% 1 fof f [)

R0, Ty N A i TS g s 7, g | AR O 2 e i s
CD-SEM # il 5 A 8 22 B 5 T B R i & e 2 ¢
HE ., RS H T2 AUBUE AL 7 2 0] XF SEM i
TR IE EL3X P 7 3% P F Ml 22 A 1 Ao 3okt 8 e | 5 22
K S CD-SEM #EA7 i 2 M
2) CD-AFM

AFM R F 25 Ml (1) 56 27 FLAT 2 AR S 46 I 2 22 11
ol AL HLI K 2 R IR B AR . AFM
ELA 3 9 (3 14 )5 171 <<0.01 nm, # 17 <<1 nm) , A]
EAT = 2N B 7E 2 3 A PR N g oK g RS B A
SRR A b ok RO B R A R B R
WA LA AR e RS

FEE TR Tl 38 5 23 1 1 5L AT BE I 00 BE %) £/ M
K5 AL B AFM AR I8 A 2 00 ik 6 H i 47 )
AT LR R R F LA R LA 45 4 1Y)
PREFCHEA TN L N T (AN [R) 4 3 1T 45 R E 0 B R T
T fik 30 5 LR BT B0 451 48 SR w0 B n 2 A e g
Xof T AR, BROAR IT T T IR f67 B CnAfE B ) (H 2K
W 75 ZEAEAS R R BT 0 B R 04T (e 2 7T M 5 vk 4k
+40°) , I £ KA 48 0T oE RS B AN 0 2 T T B B
) A AN B E JE . CD-AFM B SR ] DL AE B F %
A SRAT AN KRR A B = ZE TR (E T 20 B R B Y LA
TR & 2 SR AT A R AE S T IR Pk .
& 9(a) s, CD-AFM it 4R 8 B &8 4R, DAtk
0] BE 2 fih o PR T AR S TR Sy B R A RS B, CD-
AFM 41 B b 2 75 22 2% B n @, CD-AFM &
— P WS R, FEH TS YIS
FrsE . CD-AFM o] DLgEH T EUV #EA bR 1fE 5 59K
B A0 AT 38 AR o
3) OCD

OCD 8 FR A ol 2 5 I 6, 2 — 7l [e) 22 0
D7 o K W D T R /B8R S R R R S A B
B, A GG B B E AR IR [ KO E A
[ i % T 1 80T, A4 TR R G i I 38 o i T R A 1Y
fiff E AT 101 )3 51 D E 190 ) 2 S 8RR SKR i 2 S8
DL IR 0 H bR T T S AR A Y B0 SR A
£ 35 T A% HE A 9% 2 BT (RCWA) \FDTD i1 %ot i
(BEM) FIA FRIGEE: (FEM)™ R i 336 (0] 58501 5 45
PR — o 2 B A 1 i, 9 R AR 4R [l
)9 ¥ (W Levenberg-Marquardt 5 ¥ il A T 4 X
246 ) 5 oy — PR TR A Oy ik, g R BTk A i (el A
(MCCR)'™  HE J& 109 45 4 g2 B2 2 fiff OCD H B8 g2 45 [1)
R, LA 2 > ff P T 58 A A Ok 2o R 4 o AN % O T AT
RS,

OCD A LA 52 B 40 KRG B2 (EL 4 A £ 2 B A4
I D35 1) S B4 ) L T AR — YRR 14 B v 0 i o 4 L
F B\ R LAT A B (U CD N BE Ff | 8 R % R S
FE ), A5 20 A4 I e R EL A T 5 RN e e 4 A, T
TR R AR I TE LRI B A . R T RE S B

0701005-10



®E 5145 £ 7H/2024 £ 4 B/HRE#N

H b5 4549, OCD W] 7€ Byl i v SR AE A HARZS 1
HERAIE . HOCD 3k 5 2 802 AGHEHRE X
B (AR R 15~40 pm) N RRE R SF 9 48 i 7 1
(B, PR AS il 00 B OB AR L Bl 2 e b E N 45K
[ 52 2% B 160, 2 B00CH R 56 ) AR A5 of B ™ 5 5
Hb  BE & FRIE R ST RN, — BB HRRAE S 506 22 81 TR
il L AT S R Go) T G 2R Bl (o) JE 54K TR AF 1 R
SERLTE R

B 7% OCD By B A T BRR P A7 20k Ak, i /T DA
T B A R A 2Rk R OCD i &= e T .
HAT, KZEOCD fift g Jr #0255 F 58 35 (1 50 417 Y6 il
J2 Gt G 58 O 41 2 R4 Y 3 B R IR T DL TE S
] A A5 £ 2 £ A A1 RN K TR X AR S AT I
K 9(b)A T £ OCD /2 & KB (AL K5 1E A 5 01 4
NS R B R e B T ) o e TR A O AV O
25 B B I T R R AR B A i = e SR
4) CD-SAXS

V5 K 301 ' 220 25 K I 3 0 A 56 e
o S WA S RS O 5 R B R SHE R . |
F XG0 B K R 08 /N AT G4 AT DL 2 i Al
SPHE SRR . CD-SAXS 23 T4 iy X 52k i
SEE T R T 5 ke 2 R P A G A ) R, O HL X
HL T 5% 3 0 be R R X B R A R L IR A O IR
0 3 5T i A ISR . CD-SAXS 78 & I an# 9(e)
FIE 7, 465 J 301 4 40 K 235 R T A T TG X R P (LA
SEHE R 9], SRR 2R AT TR ) e R i
SFECET BE A S 0 AR b, O HRHIORE P T Y AR A
B O B W25 5 /N, A4 30 B A BT )
CD-SAXS A HF 8 & JA . CD 51 1 O B f 4% v I
R S 28 0 RLRE J3E R0 4R i KRS B A R

s e (5] 5 2 e o, R R RUBE /) | I ik
AR, DAL B 7R S 4y BT . CD-SAXS 78 I I 44 K
i BE 2 A S S R Oy T B A R R R 1
J&,CD-SAXS F| H 81 5 73 (B WL 5 (RSM) , i 22 HH 24~
A G CAOD) 4 R AR IBORE 5 14481 5 25 8] 46 5 f
TR ) R, DA AR AN K 5 R 19 2 850, DA K A i s
TAR K BRI

CD-SAXS FZ A7 % 41 2L (T-SAXS) A A G =L
(GI-SAXS) W Fh il 455 5K T-SAXS () X &k T
PLRAEF] 100 pm LAF BGEE R S, AT RLZE 3 28 FR R B
N 0.7 mm B RE S BT . GI-SAXS FIF 5 % #F 1 FR 8%
KB H A ILF =k 1] TR 2 i (o
BER RN NITITR AR o oty N L= o0 1) BRI ~ o i [ P2 2
TN #8 0) X ST LR 2 T CD-SAXS iy JF
K AR IE BLAE R A R g R ST A e Bz R
55 B B S0 & X B ZR IR 22 CD-SAXS # AT
B RN BR T O G TR A S R AT ek (FE T
KL — DB H) Hh b 7T LAFH CD-SAXS 6 0 55 Y
EAtasF B & 2 = IR 58 HL IN A7 (3D NAND) fl 8l 2%

Bl ILAF HUAE it 2% (DRAM) |, HE 285 45 1) =5 40 K &5 #4) B4 %71
il 5 XS R A B 5 R AR T LS B G, DT i A
H A0 3250 2 X 4R R BE 08 75 L A S N s T el
& 0 3D NAND B R: I 240 % , # I OCD il & i
Ivi) S SR A Bt 2 550 =2 [ A R A R R b O 7
4.1.3 CDM &% R #

BB LR EUV G2 B BRI BN, 7 22 fifi i o
49 220 Jie ) 7 B (JEE BE <<15 nm) ", X & e Y CD it
B (AE2# CD B SEM) 4R H T 8 AR, BE&E R IE
K1 82K &R 3 <<20 nm, B 5% o B v i BB (5] 55
g —A~ 7 B A BR A P EE A AN 5 R 808 B I
FEKTE BT 11, DR, 55 00 P AR T A 0 20 i ok
1 22 Ak 1 AR 2R A7 o Bl 2 O 20 TR R N
SEM &% J5t et (e 7 K 7 A A% % L BE ) 2R
RS SR T AR A R el T SR A g R (R R TR
B 4 EE ), 7 AL A9 CD-SEM K% . 7E
1% K 4 ok B R g /D CD-SEM M A5 4 A0 (40 184 fin i %
ARG A 3 ) 3 T R S R], IR AT RE A5 R
(e HR X i AR R /N EUV R Z i) . AT
R IA A ER A AR Z B T R, B8 A
T 2 ) M2 ) 2% T SEM AR o [ 1% 1 2 e ) B
A6 Z e Fo i AFM 3k B B iR A T RS RN B
Huk R AFM 5 ) 4% % B (PSD) 43 47 41 45
A, AT LU B A AR P S R MBS R SRS X
SRR 2835 e 1 LA Rk T R AE RS B R A ) 0
R, CD-SAXS fBWE FH T = 1 96 b 25 04 iy I 7

B R e i R AR EUAS T K2 &R HH %
PEAEC 2 M IR, 7 FLB W T BB e BB A, )
I, s 0 ORI B R 2 . AR A E i
XT3 M5 B CUNARAL 6% A B ) 28 £ 7 2R 45 51154, ]
MAFAE G WAL TC 1k 38 B WA 8 R %6 5 13 B, 7 3
KIBAG 7 AT A5 53 B SR 3R I 1 2 45 Jr T
HATAR R B . 25 44 56 B8 0 e 33088 (SIM) 18
T A SR A A2 R G AL i RS B T R A
B G AR T R — R A B2
AR S Whe £ B S [a) A7 B Ak 0 T 5 TR 2 AR R Ik
RITEFASHEME R, HAL 3 R BHIL 2K, R Z
WRBH ., BERGSERNE (DR &2
AR, W EUV &2 887 X S &2 Mg h T
HLAG TC 5 58 AR S 0, 7 20 5 R 0 2 5 46 0 1
HAE KT .
42 EZIREN=E

HET, 2 54 T 4 (U 77 it 25 RN 32 55 vp o b 2 2
JC) L —E— 20 R . B ZNR 2R TR
EHNECZIEOIF B RNEES A — 2 PR
2GS AR AR ST Z T2 AR X 2 2R
ZRERAT . BRI T 4T B 2R 2208 3 5ok
Sk JE 3 B VU 43 22— ERE TR RO , 2R 25
SR KR N2 X R NS HA

0701005-11



s B51% 5 7H/2024 £ 4 B/REMK
(@ Servo | ®)
X directions ! D <
\ I l
\ : '

¥ >

X dither \ O

\ «—
) m
Patterned
Modulated structure .
Z Vibration IEffe‘t::ve tip . ¢ ™
eng Tip overhang b 3 o
(flare) R
B \
N2 N
-—— v L (X T T o
..... Vertical edge 1 N7 7\7‘ 2
Feature Tip width height g
profile 3
(© @

Flat EUV Mirror
gt

E9 CDM&EITERER.(a)CD-AFM™, B 15 3| & EF Al , Copyright 2020 SPIE, i# i Copyright Clearance Center, Inc. ; (b) £ i@

iH OCD /R

AL TE SRR A SR T R S 3 ) L €45 2 # E AT, Copyright 2021 SPIE; (¢)CD-SAXS #5#[E™, &

4 %] & EI 7], Copyright 2017 SPIE, i i Copyright Clearance Center, Inc. ; (d) 5z 5 8% 3 3F 18 B 7 1 & )2 0% 10 52 06 5%
BB EH EIE AT, © Optical Society of America (8] Optica Publishing Group)

Fig. 9

Schematics of CD metrology method. (a) CD-AFM"™”, reprinted with permission, Copyright 2020 SPIE, permission conveyed

through Copyright Clearance Center, Inc.; (b) multichannel OCD"" (including normal incidence, oblique illumination, and

collection channels), reprinted with permission, Copyright 2021 SPIE; (¢) CD-SAXS geometry”, reprinted with permission,

Copyright 2017 SPIE, permission conveyed through Copyright Clearance Center, Inc.; (d) experimental setup of reflection-

mode Fresnel ptychography""”, reprinted with permission, © Optical Society of America (or Optica Publishing Group, as
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Abstract

Significance Extreme ultraviolet (EUV) lithography is considered to be the most promising technology for fabricating technology
nodes of 7 nm and below in high volume manufacturing (HVM). Due to the shrinkage of semiconductor device features and the
increase in process complexity, achieving an acceptable yield is challenging. Edge placement error (EPE) quantifies the pattern fidelity
of a device structure created in a multi-patterning scheme. It is urgent to reduce EPE to guarantee the proper functioning of
semiconductor devices. Therefore, controlling EPE is one of the most serious challenges in the field of multi-patterning and EUV
lithography.

EPE is a complex metric, involving error components from various process steps (e. g. , lithography and etching steps). It is the
combination of critical dimension (CD) errors and overlay errors (see Fig. 1(a)). The ratio of each component to the EPE budget
changes with the iteration of the logic node (see Fig. 1(b)). Stochastic contributions to the EPE budget are increasing rapidly (*50%).
Hence, the accurate estimation and measurement of each component of EPE, particularly the stochastic components, are critical to
enabling a holistic approach to EPE control and thereby improving the yield. A holistic approach is adopted to optimize the EPE
budget (see Fig. 2).

This review is organized in five parts. First, we take a broad view of EPE in EUV lithography. Second, we highlight the
characteristics peculiar to EUV lithography, considering the optical proximity correction (OPC) and stochastics. Third, we discuss
two EPE models, including the optimization flow and the calculation process of EPE from metrology inputs (e. g. , CD and overlay).
Fourth, we present the metrologies of CD and overlay errors, summarizing the advantages and disadvantages of each method.
Finally, we discuss the techniques for EPE.

Progress The typical deep ultraviolet (DUV) immersion lithography works with a transmissive mask, while EUV works with a
reflective one (see Fig. 4). In addition, the EUV mask is exposed under oblique incidence. Some characteristics such as flare, mask
absorber behavior, and mask three-dimensional effects (M3D effects) need to be considered. For instance, M3D effects cause wafer-
level deviations from the intended design of an integrated circuit. To address these issues, OPC can be used. The EUV OPC model
error contribution of each physical effect is presented in Fig. 5(a). Typically, rule-based and model-based approaches are used. Sub-
resolution assist features (SRAF) can be used to improve the depth of focus and exposure latitude at a given pitch. In addition,
exploring machine learning OPC is also an important tendency. For EUV lithography, due to off-axis illumination and the large ratio
between absorber thickness (50100 nm) and operating wavelength (13.5 nm), the mask needs rigorous electromagnetic field (EMF)
solvers to simulate the light diffraction from the mask. The finite difference time domain (FDTD) method can be used to simulate the
3D masks, but it is computationally expensive and time-consuming. An approximate M3D filter calculation method based on an M3D
library and a mask defocus is applied to predict the patterns on wafers.

The energy of EUV (13.5 nm, ~92 eV) is larger than the resist atomic species’ electron binding energies, and ionization is the
main mechanism. In resist, the electrons can travel farther than 10 nm, which has implications for the understanding of noise, critical
dimension uniformity (CDU), and line edge roughness (LLER) variations. The stochastic nature of EUV lithography brings many
undesirable effects, and it becomes worse when trying to manufacture at high resolution and high throughput. For EUV lithography,
local critical dimension uniformity (LCDU) and LER are typically large because of the increased presence of stochastic noise in low
doses. Three main approaches to controlling stochastics exist (see Fig. 6(a)). The stochastics can be simulated by Monte Carlo
models or multivariate Poisson propagation models (MPPM).

For the most advanced nodes, stochastics are generally considered to be the dominant aspect of an EPE budget. It is necessary to
explore new methods to properly account for the stochastics in EPE budgets. Mulkens ez a/. provide a method that is widely applied.
It is a computational method that links different EPE budget components. The definition of EPE is shown in Fig. 7(a). The
calculation process of EPE from various CD and overlay metrology inputs is illustrated in Fig. 7(b). The EPE optimization flow (a
five-step iterative process) is presented in Fig. 7(c). Mack ez al. propose a more rigorous, stochastics-aware disposition approach for
complementary lithography. By using measurable quantities, this model realizes the accurate prediction of EPE-based failure rates for
lot dispositioning. The above two models are reviewed.

With the CD shrinkage, the complex 3D architectures also increase. Worse still, for high NA EUV lithography, due to the
reduction in the depth of focus, we apply thinner resist films (<C15 nm). It brings a great challenge to conventional CD metrology
(e. g., optical CD and CD-SEM). The mechanism, key limits, and challenges of CD metrology are summarized. Computational

imaging 1s a promising technique because of the merits of higher resolution and a larger optical field of view.
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Tight and effective overlay control is essential to securing yield. The main contributors to the overlay budget are the scanner,
mask, process, and overlay metrology. The overlay optimization {low is illustrated in Fig. 10(b). Optical overlay metrology has been
widely adopted for overlay control. Imaging-based overlay (IBO) and diffraction-based overlay (DBO) are the two dominant
technologies. The schematic overlay metrology method of DBO is shown in Fig. 11(a)-(e). When the logic design rules are down to 3
nm, on-product overlay (OPO) is becoming the most important factor limiting yields. Overlay error metrology and systems with
higher accuracy (sub-nm scale) are in demand. The accuracy limitations of optical overlay metrology promote complementary overlay

metrology (e. g. , electron beam-based overlay metrology).

Conclusions and Prospects Reducing EPE is essential to enabling high yields in manufacturing processes. In this paper, OPC
and stochastics in EUV lithography are highlighted. Two models of EPE are reviewed, and the principal components of an EPE
budget are systematically discussed. A holistic approach is significant to meet the severe demands of patterning in EPE control. It
combines computational mask optimization (e. g. , OPC), wafer metrology overlay/CD, co-optimization with other processes (e. g. ,
etch), the high-order actuation capability of DUV, and an EUV scanner. New characterization techniques are critical to providing
more accurate descriptions of errors in EUV lithography. Computational imaging is a promising approach by which to increase the
resolution of the inspection of masks/chips. Machine learning shows economic potential in EPE analysis. This topic is of significance

to the roadmap toward technology nodes of 3 nm and below in the semiconductor industry.

Key words measurement; extreme ultra violet lithography light source; overlay; optical proximity correction; alignment
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