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THIIRI, S5 17 S R ARk B i, 5 b i s R
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TEaA A=
I %’ (1)
o, R R, A GIR IR, NAR G RGEL
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R H L AREEER A A L, S Eez R T A A
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KT EH LY. EROCHEAR ST, SRS
PR EPBAAF LARF /. ANEL I s e R kT AR Do ik
JEIR K BIKeFAI ArFHE 7> 0B a8 IR, AH iR
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0.281Z T3 hn310.93. MM EL ¥ KRG Sk v Z Al 7
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let, DUV)JEZIFLEINATE S 11.35, A RdE R 160
el X AR B DUVIEZIHL B IR H IR Rk
F38 nm, FEBCHBILACSEROR, R H 2 EEOER 7 5,
REAE S 10~7 nmA AR T SRS Fr i, EARXRE T 5
RO, ZEBEOG G VOB, ’em T L2
SOREE, N FBOE T RE TR i A 22 58 .
VEJutE s 2O ZIFL I A, H AT R Y B TR Ak
2 hh(extreme ultraviolet, EUV)J:ZIHL(A=13.5 nm,
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FAPL B B B RDUV IR 2 R FTEUV e %I AR 3t
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A(resolution enhancement techniques, RETS)[G]. RETs
T AR BN AR IE (optical proximity correction,
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AT, BeAh, FESCEEARTT SR, BT AIT S
R R = 4E(mask three dimensional, M3D)X{ 5
Fe R ERE . Be W Bi1% 2 (aberration). 6% T2
TR BN AR, ez g g5 R, S ROz IR
A As kB 5DUVIRZIMILL, EUVYGZI A S
THAMEF O E BT, G R RIS & 52 B EOE .
B 5 2808 T B R RS i) BRI, A
i FHAE B AL R XA B AME, i $e w5 b
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Z AR AL & R R 2R (curvilinear
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SOHED) T AR AL BIRFE10 nm A2 DL R AR S 1
.

AL T MBI ER R SR G e, FF
Wik THARMERE . Bk, N TR
ARPEIR LA, IR, T4 4H0PC, SMO, ILTAHIH £k
HEARE AR A R . &5, S Tl A
IR AL BRI 5T 3 2.

2 EOCALBIAR A ELR SR

FERRA AR R B2 T2 s B
e, B @A FIEIRTHOZI G R &, 5
RILZE A, A mhlis R ey —4
PRACT R, A B B RE N2 R G S H
BEEZE . JCIRTAREE), HARRE —ZLARFMT, &
LB KA B AR BRSO, — R Ak ) B T S

c(x)=0, i=12,..,m,

X = minf (x), s.t. .
() dj(x)<0, j=L12,..,p.

(2)

EFRROLL T, B AR R O A BN U R
s Tets, BB iR Z (pattern error, PE). FEARIR 2
455 K F-(mask error enhancement factor, MEEF). 14
28 = 7% (edge placement error, EPE). %% LL
. % H(process window, PW)ZP i £ s &
D) = L5 R My ] SE VR A IE 29 0, a0 R B R
RS, BRI GG R, SR AR AR Y
AT FAN AT Bk B SR, AR AR RS R
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B 1 (MR E)EUVIEZ R4 2 ) Copyright©2019, Optica Publishing Group
Figure 1 (Color online) Schematic diagram of EUV lithography imaging [15]. Copyright©2019, Optica Publishing Group.
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Figure 2 Schematic diagram of lithography imaging.
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S W

A2 2

A A 1 . +8
S(f,é Tw2c1rc[ 5

1 /\2 A
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no?
0, otherwise.

F(6) N HZI G I Abbe s G A, ERRT
FHF HET SR AN BB P D65 0 Al 2 5 ROGIE BTy
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e - [H I8 PR FE RS ATT0E PR IR M ATURE A S A R 1Y), B
TS B B PR A, IR AT DAAE RS ARAL Aol
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ARG R B N iE I R A8 XA B (transmission  cross
coefficients, TCC).

A
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+

TCC( g/ &) = [[ SG.oH( +/ g +8)
HY(f +f,g+8)df dg. ©)
2(8) NI RA% I Hopkins A% 2 28, 46 %)



hERE: BARE 2025 F H 555 11

G RE PR St R G RIX Pk, Horhfg
FRLTE A% L e 1R P B BLSTE M (7, ) s, 1T
JeiE R G AR RE R H TCCH IR,

ER AKX, SelpE Rl bR ER AN, L,
WA bR R, BB INARE 0.6
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MR B 2P A Abbe 7 P, eI R G %
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I= Jl >

sum
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X)), X
HS QO M

X, FRRTEMGREE; JRFCIRER, Je RV
() ITCIRTHIARBR; p = x, y, 2R3 AR O i
PRJT 1A HPSERIR I p Bl U7 18 B 2R G0 55 R0 A
MR IR ROGE (x, y, ) 5 T 7 £ B BEDNF 73 A
M € RV, @R B RUsH.

[FFEH, 7EHopkinsti b, A T BRI S AL,
B N A A 78 5 i (singular value  decomposition,
SVD)) 77 s TCCHIFEHEAT LI, B

TCC(f . ¢:f &) = Y k@ .80 . &), (14)
gq=1

Kb, o @, @55 TCCHIES g M AR ARFAE 7]
BN IH. TR ARk Bl O 0 T RS T,
DAL, T DAGR B QA e K ORI A RIS FE. A
RN (LD)HAT PRI B A 4, )

0 ~ ~ 2
1) = Yo, |[F e oMy ) (15)
‘

LA, 3 A B AR R TR A 7l S i A5 .
Hopkins A 7E [ 52 DL R e b, HTCCA R IHH—
R, Ja 2 SR AR I 8 B RT, DRI AE KR ElOPC H
HHRZ M. Abbeld R S TSR, fEREXS
JRHRIR s ISMO R e 2,

2.2 BBARALERBE R B
LRI TE T I RBERIA L, R SEHDEZ]
BRSO LBk, Stk Hibt s, 154 1 AR
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Figure 3 (Color online) Vector propagation process of incident light [18]. Copyright©2022, Chinese Laser Press.
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HAREAR, FUICERBE AR, 8% R H 50
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DL THEECONTENE, RS ERE ET E AR RN B
JEAE RS FER0 e P v 0 20 T A, T R M
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VTR)IFIPH | 2= i | (compact model 1, CM1)L
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Figure 4 (Color online) Comparison of Abbe (a) and Hopkins (b)
imaging.
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19 ]D(x’isy'iiz’i)gtys

(16)

Kb, L FR B, ZER B AR, OPCHI
SO SFHE Lt 1 6 P 14 5 B4 50 S5 4 0
i Sigmoid B Bk R % (AL, JERT, R
BRI G AT R (8)FR, Hri, anSigmoidif
IR,

sig(P) = 1+exp[*1a(P*t,)]’ 17

1
Treplal 6] Y

B AR — AN EDE I ANBE 2 18] B T8
LA ) BB R B SE C R R IL . KRG T
DRI Z AR LU [R5 BE KT R AR S BE. | T 72
W T VE 2 B RO ZIIRE, A B AR e ik
BATREIN S bR ZI B (R R 52, 1T VTRAS A R dd i — A4l
3 % 1] A5 A L 2 Jo 30 e K 5 38 B0 ) ) B 8K =y
B REDY. VIRBIR O T R, &
AR A
T.= F o Lonins Siraxs Srins ) (19)

X, FREMECZIRBER 2 stk m s, KRS80
2 [AMG IR AE QEBRAFAE: 1, 1,5 Yeom 2R iR Rk
fE: S o Sein)~ CD~ Fll i (dose) 5. it 248 & 7] )4

B 77 iR E A R P I R AR R B XS VTR

Z=T{-t} =sig{l,t} =
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AR, ok, CMUBIARL AT DL 1 25t 23 15
BAT — RANHAAR SR, FHE 2R SR A SEPR
JCZI A R, Hor, rRANERAE (RPN iz
B, BrROR: R aa SRR DL 22 G R B A S N
T A T AR 22 (R 0 ) A ARER A 3 TR Is 5
AR Az 5T AR DL AT A% B AR A AR TR ) 1, A 20
55 v -4 i R A K 2 BRSO 2 ke PR A I 3 i
FE. B BUE S MR S, CM IR BE B U st g
SABICZIIE SN RE, T SE HE A M 00 ' 221 14
ZF/K\EE[”].

2.3 BB P HERBIRBIRL
FERATRHEE N TIRE B RNEE, B E
Abbe & Hopkinsti Y [ BAGRE B % T #2 Aoe 2
HCZIRUL, R B/, #ER BT R BORET,
AT 5l o] DR FH A A A U B, e A
BRI IR E R AT 4 R SRR
SN E45 nm S DU R HEORTT RN, SRR R
5O KA TR—EH, H2/0TEBRAEK. #ikE
BEEAL AT AL, B AUK ] JEFMEBDNFEL A, %
FEFEABL (%) — 2L RS0 3% S IR IR . A AL IRAS (1)
SOy 1 HERR I T SO ZI AR S5 R, 5 R H RS
T 3947 FLT790 3K At v MG e AE TR FE A R A% 5 i), R
AT R R AT, B RIS 0 7
VA SR A BR % 45 (finite-difference  time-domain,
FDTD)“"* . ks #4043 #r 9% (rigorous  coupled
wave analysis, RCWA)™\ 7R 75 (finite element
method, FEM)'?!. ¥ 5% (waveguide, WG)Z&™, k%
07 FAE RS E 3 A% Wtk 3 0 BTV R i 22 e 5 7 1%
H, 1FEHER T Y, KT ER R, (HA
FEIS, 3& H T L 2R R BIM3D RN 73 #4647 5t f/EOPC
SSHBILEOR T, 38 R & PR AL AR R
PEUE BT I PR AL, DU — K B AR
W, SRHEUE SRR R ) = e R
TR A 354 S 244 IE (boundary layer, BL)™, [X
1543 fi# 77 %:(domain decomposition method, DDM)™*"".
45 W) 43 fif 77 7% (structure  decomposition method,
SDM)“VRIZE AL 882 5] . TR 2 2] i o>t
EDUVIGZI R G, BT A JE R 0 T 56 (1 s el
FEE PN F X, BN R TBLER, il

1B IEAE G IR I P PR T 1 7, AT S8
TR RO, EISER T ASMLA m#2 H T
— P 1 L E U AR MDA AL S A SR, B
R Y T B G I b, AR R SRR AR
K 3B LA T A AL IR FL R 371 197 5 4 o7 i P 3
B, FEAT IS N, A PR B MDA, ik
S T FEI PRSI 5. Synopsys /A 7 ) Zhang
2 N 2 T3 SR IF (B AR SR T — FhMask3D
OAIfAY.

HBLERA [, DDMAR YR B 4 fi 1) Jir 38
B AR R RN — LR K I, A i —
B R R 2E , Ft T &SN, AdamFl
Neureuther™ 42t T 5 T B 43 iR J5 51 F-ODDM AR Y
TR Tk 2 1t B o B 5T A (R ASEATT S 1] R4 R 2 A
MRST ) —4E B TR AT S )R, AR 5 R A L 3 B A
S B AR 2 5 SR A I S 1 ) 8, ke &b SRR,
AT S8 37 A KV f ) PR T AR Y. 7R R |
Adam A Neureuther” %o BB T5 5 B0 208 . BB
T PRI G LA S AR = AT S 15 BT T S AR
th, FEH TR T BRI 0 i edge-DDMER AL, F-4
FHT-Mentor /A &) F 75 FH 4R A4 .

EUVEZI R G0t T WAE IR v e 7 H Rl
JREK 2 B IR EMID N IR, Kk, EiA
DUVt %I & 45 7 28 S M3DARE R 75 Z gt 47 it A4k,
AREEH TEUVISZI R 4. B, ASMLIILiuzs AP
FEM3DIERY 1Al b, s FH A& A7 B AR EUAEAS [N S
HT7 A N AT IE BRI SH, HEHEEUVEZ
(1) 8 EE N AN I S TR (8, AT HH T M3D
A anE 6T R, Mailfert®: AP @ FDTD 532
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Figure 5 (Color online) ASML M3D model schematic [52]. Copy-
right©2007, SPIE.
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Figure 6 (Color online) ASML M3D+ model flow chart for EUVL [56]. Copyright©2013, SPIE.
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Figure 8 (Color online) Schematic diagram of the near-field training
library. (a) Pixelated source and reference source points; (b) training
mask samples of three local features; (c) DNF library associated with
different reference source points and training mask categories [61].
Copyright©2020, Optica Publishing Group.
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Figure 10 (Color online) Comparison of three OPC methods. (a) Target pattern; (b) RBOPC; (c) EBOPC; (d) PBOPC [63]. Copyright©2013, Optica

Publishing Group.
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Figure 12 (Color online) EBOPC process [64]. Copyright©2022, Chinese Laser Press.
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Figure 14 (Color online) Virtualized edges of two types of imaging abnormalities [73]. Copyright©2021, Optica Publishing Group.
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Figure 15 (Color online) Imaging anomaly correction based on dual-phase sampling (the boundary pixels marked with a “+” sign are combined into
a virtual edge). (a) Convex corner point shrinkage anomaly; (b) horizontal edge expansion anomaly [73]. Copyright©2021, Optica Publishing Group.
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Figure 16 (Color online) (a) Target layout; (b) latent image on the wafer obtained using the target layer as the mask pattern; (c) modified mask
pattern by the mask generator; (d) latent image on the wafer obtained using the modified mask pattern [78]. Copyright©2023, SPIE.
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Figure 17 (Color online) (a) Schematic diagram of a defective EUV mask; (b) decomposition of a defective EUV mask; (c) construction of the
global scattering matrix [85]. Copyright©2022, Optica Publishing Group.
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Figure 18 (Color online) Defect-free mask pattern and through-focus lithography image; mask pattern and through-focus lithography image before
and after compensation of mask G and mask L. (Mask G embeds the convex defect located at the corner of the elbow, and mask L embeds the concave
defect located at the elbow arm) [85]. Copyright©2022, Optica Publishing Group.
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Figure 30 (Color online) ILT diagram [7]. Copyright©2014, Micro-
nanoelectronics technology.
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B 31 (MR ) Level set/y i (MR B, Copyright©2022, ACS
Figure 31 (Color online) Mask pattern evolution of the level set method [138]. Copyright©2022, ACS.
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B 32 (P4ROR ) SwinT-ILTISEHN, 240 by b AN B B AR R A e 6T Swin TR RFAE SR IR R B % R B R )

FRE E A BEEL. Copyright©2024, SPIE

Figure 32 (Color online) The architecture of SwinT-ILT [144]. The architecture consists of two important modules: a feature extraction module
based on SwinT and a feature reconstruction module based on the pixel shuftling layer. Copyright©2024, SPIE.
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B BR B IR 2% 3] J7 i, ZhangE ARy T — i
RIBR AN 1) B B 2% (model-driven GCN, MGCN)AE
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lithography physics-informed deep neural level set,
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HMiLevel SetHFE I FIHALAE ), ELRUEFERBLLAL T

(a) Step 1. Pre-trained UNet
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Level set () Level set (Y1)

T

=W FER, BERS T IFEAE. WE33R, ILDLS
TERINGRE R AW, 55— FiEidLevel Set
JIEMIILT IR M Bl 4, AR — AT 2R 11
UNett 8. 55 — 2553454 Tl ZRITUNeti A |
HeZI AR AT L e 3T Level SetILTIE IEJZ. ERT I
3B FE T, UNet il Level SetAFIAH B FHERE, SR 5 HE
I 2] F G AR TR SR AT I ot 50 P 58 T R L R 22 R
B T RAERE, AT EMREIE T Level Setff
ILTIEIE T 3. ik, ILDLSJ7i:45 3R 1)
PWAHHLLAE GNILTA 1 BB oG, i E34 0.

(b) Step 2. Inverse Lithography Physics-Informed Deep Neural Level Set

Target (Z,) Level set ()

Pre-trained
UNet

Level set (Yvq1,)

Mask (M) Wafer (Z)
Lithography
Simulation
LS(MML; h“, tq)

Level Set ILT Correction

Back propagation

0L s(Myy,; hy, tg)
ow

B 33 (MR E) ILDLS 7 TAERFE ). Copyright©2023, Optica Publishing Group
Figure 33 (Color online) Workflow of the ILDLS method [146]. Copyright©2023, Optica Publishing Group.
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(b)

B 34 (MR E)HE T Level SetffILT 56 %15t FEAR 4k (ILT-PV)FIILDLS /7 7 MR Bt 42 b 3545 poHepi ) 2 g o),

Copyright©2023, Optica Publishing Group

Figure 34 (Color online) The process window of the mask obtained by the Level Set-based ILT and lithography process variation (ILT-PV) and
ILDLS method on the test data set [146]. Copyright©2023, Optica Publishing Group.
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B 35 (W48 BRI AN F S R 7 S o PW B & T AR, (a) Ada-wight; (b) DWA; (¢) HDPJj7%. Copy-

right©2023, Optica Publishing Group

Figure 35 (Color online) PW overlap area at each field of view point optimized using different algorithms [151]. (a) Ada-wight; (b) DWA; (c) HDP

method. Copyright©2023, Optica Publishing Group.
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TR, TUTAE B B R T o a2 S, 2
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shaped beam, VSB)TER#E A MK 5 H A L.
MBMW:¥H IFAT 5 ANEAR, #i G Z= 7 & 53R
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R 2R 5 N B R T MR, VSBE
AR Z AR S NSNS, dhah, TR R
7 AR 2 i 2 AR AR A DA S I A B A G A
ORI G F IR RN L B, ERE
SRR BRI e (1) 2 s A R A5 ST e R

Stk 2t sk, dh e T 2 A7 e
W7 MR RS 2R R 08 A RN B

(a)

single beam

X AR UK E, 8N T 2% 1, EDOFJ7 I 1)
B A g Y E37ER, HRILTHIDOF Lo
FOPCHIARIE R 185%. J— /7, MLHBIRESE S
ZIETE PR ILRE, YD BT e AR, AH1 45 LA SR S DA
Tff. H AR 1) ' A S LA ) 3 i R R 3R B
B TSR, R L2 AL (process  variation
band, PVB) LRI T 2 e, HE&H &M T
R, ML R A SR KMEEF, H-F
T8 LR RS B I AME L ZE R P iR 22, TR
R _E B AR, AT e R 2R e T,
M ZEFEB A 175 nm Sz LR 20700 a5 4R i HRL it ) dd
PRI o 1% .

LRI ) it e AL AR [F I, BTN DA

multi-beam

() (c)

B 36 (MHEE) (a) LR (b) VSBH AR, (¢) 2Lt s A8, Copyright©2024, SPIE
Figure 36 (Color online) (a) Curvilinear mask; (b) VSB writer; (c) multi-beam mask writer [153]. Copyright©2024, SPIE.
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Figure 37 (Color online) Comparison of PW and PVB between standard OPC masks and curved masks [154]. Copyright©2024, SPIE.
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Figure 38 (Color online) (a) Bezier curve divides the base segment; (b) OPC on the curve moves the vertex to make corrections; (c) traditional OPC

makes corrections by moving segments [156]. Copyright©2023, SPIE.
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(c)

B 39 (WL #E) (a) MULTIGON; (b) X MULTIGON =1; (¢) & XMULTIGON =41"*). Copyright©2023, SPIE
Figure 39 (Color online) (a) MULTIGON; (b) implicit MULTIGON example; (c) explicit MULTIGON example [163]. Copyright©2023, SPIE.
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Figure 40 (Color online) Principles of dose correction methods [153].
Copyright©2024, SPIE.
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Figure 41 (Color online) Curved mask shape and EPE measurement
description [168]. Copyright©2024, SPIE.
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Figure 42 (Color online) Calculation of mask variation bands and their mean, standard deviation, and maximum values [168]. Copyright©2024,

SPIE.

1852



hERE: BARE 2025 F H 555 11

test pattern test K
¥ generator | e mas Mg
designrule
— = illumination
5 SMO source
| patterning DRC
A GDS#l | retargeting
hJ /’ -
AEI desi patterning
‘ 1 CeSI8 > decomposition Y| GDS#2
|| patterning |
GDS#3

mask writer

_w.— mask data |«

o

scanner track CD-SEM
A 4
ADI target ~ OPC model | FEM data
design OPC @odel E calibrator | °
I
T
a: ost-opc
OPC and verify » P’
MDP and MPC

B 43 (P4 RROR D BAC S P o i 72 0 S0 %0 T LA B2 Y. Copyright©2022, w4k AL
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Figure 44 (Color online) (a) Evolution of DRAM capacitor structure unit from 110 nm to 1Z nm and below technology generations; (b) 3D-NAND
from 64 layers to 176 layers [170]. Copyright©2022, Micron Technology, Inc.
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Figure 45 (Color online) Contact array after ILT in DRAM [170]. Copyright©2022, Micron Technology, Inc.
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Figure 46 (Color online) (a) 3D-NAND wiring layer; (b) 3D-NAND multi-patterning layer [171]. Copyright©2024, SPIE.
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Research progress on mask optimization technology at advanced
technology nodes

ZHU Yihua'”, HAN Dandan', DENG Sen' & WEI Yayi'

! School of Integrated Circuits, University of Chinese Academy of Sciences, Beijing 101408, China
? Institute of Microelectronics of the Chinese Academy of Sciences, Beijing 100029, China

The lithography machine is the core equipment for the manufacture of ultra-large-scale integrated circuits. Its main function is to
transfer the designed circuit layout to the surface of a substrate such as a silicon wafer with high precision, thereby achieving high-
density integration of chip functions. Driven by Moore’s Law, the critical dimensions of chip graphics continue to shrink, gradually
approaching the physical limit of the resolution of projection lithography machines. At the same time, limited by the diffraction effect
of light, various system aberrations, random errors, process fluctuations, and other factors, the accuracy and consistency of graphic
transfer during the photolithography process also face severe challenges. In order to break through these technical bottlenecks and
further improve the resolution and graphic fidelity of photolithography imaging, the industry has widely used a variety of resolution
enhancement techniques (RETs), including light source parameter optimization, mask design improvement, and photolithography
process optimization. Among them, mask optimization, as one of the important means of RETs, can effectively solve the image
distortion problem caused by the optical proximity effect (OPE) by accurately adjusting the mask pattern, thereby significantly
improving the photolithography resolution and optimizing the process window. With the advancement of integrated circuit
manufacturing process nodes, mask optimization technology has gradually evolved from a correction method based on empirical rules
to a computational lithography method that integrates physical models and advanced mathematical algorithms. This paper
systematically reviews the basic principles and models of mask optimization technology, focusing on key technologies such as optical
proximity correction (OPC), source mask optimization (SMO), inverse lithography technology (ILT), and curvilinear mask. Finally,
the actual application of these technologies and their latest research progress in the field of lithography are discussed, providing an
important reference for addressing the challenges of lithography technology at advanced process nodes.

mask optimization, optical proximity correction (OPC), source mask optimization (SMO), inverse lithography
technology (ILT), curvilinear mask
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