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1 Bk 1,1,1-=U-BHEIE) 28 (1,1, 1-tris(4-hydoxyphenyl) ethane, THPE) . [a] X _ M #F[ 4 1535 1%
(calix[ 4 Jresorcinarene, CRA[4]) .a-FF#li#E (a-cyclodextrin, a-CD)#l B-F M #E (B-cyclodextrin, p-CD) 5
1,4- Z HUEEFR B 3k — Z 45 L BE (1, 4-bis(4-vinyloxy) cyclohexane, BVOC) 8 i1 7 45 5 4 45 B 32 Ak B 4 et
Figure 1 Hyperbranched polyacetals synthesized by step polymerization of monomer 1,1,1-tris(4-hydoxyphenyl)
ethane (THPE), calix[ 4 Jresorcinarene (CRA[4]), a-cyclodextrin («-CD), and S-cyclodextrin
(B-CD) with 1,4-bis(4-vinyloxy)cyclohexane (BVOC)H
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Figure 2 Polyaryl acetal polymers with degradable main chains (Reprinted with permission from Ref. [7];

Copyright 2019 American Chemical Society)
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B PAG B4E Wtk PAG FUGER /3 A5 A X5 L K B S o Bt o b v 5 3 A% 45 1) AT, Ak 2 % el 480k %1
AR AEAAAE B LWR AR R U B F8 5 A ARE i o0 B N i DA S A B R A e S R, Sl T o
IR A 27 1 75 220 e ) [ A R B i R A b 2 3 R A 20 T R ABAE TR D R T . 5 4% G 1k 2 1 i A
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Bl 3 AW 31 FEF B R (2)69, (b)90 F()104 mJeem™* 9 50 nm K45 H EUV BEGHEX R 19414 d B 1 1%
100 % SN BB TR AL, (D) BERIRER 31 45 . [ (100 % RN BER 5%, TCRi gL, (D95 %0 1y 5 N B 5% 1)
4-FU -2 JSCBR 5% . 100 “CRTHE 60 s IR T 20 B i -5 9 3i /£ 24 48 mJecm * 9 70 nm E A7 BE EUV B
BEJE AR B s R . (gD A AW IR WAERE N 48 mJecm *#Y 80 nm K T7E EUV BEEAS 1Y
FUH AL BE %R . 100 %0 5 B W B L B RTHE™ (2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim RUALEF )
Figure 3 SEM images of polymer 3i at doses of (a) 69, (b) 90 and (¢) 104 mJ+em ™ in 50 nm half-pitch EUV mode,
developed with 100% isopropyl alcohol, without forebaking. (d) Structure of polycarbonate 3i.

SEM images of polymer 3i developed with (e) 100% isopropyl alcohol without forebaking, and
(f) 95% isopropyl alcohol and 5% 4-methyl-2 pentanone developed at 100 ‘C for 60 s at a dose of 48 mJ+cm ™ * in 70 nm
half-pitch EUV exposure mode. (g-i) SEM images of polymers containing different units developed in

2

100% isopropyl alcohol at a dose of 48 mJecm * in 80 nm half-pitch EUV mode without forebaking

(Reprinted with permission from Ref. [8]; Copyright 2010 WILEY-VCH Verlag GmbH &. Co. KGaA, Weinheim)

220 e AN ) 5 35 Fof i 80 = b 2 348 W 76 5 20 e 2 1 o o S R M B 7E L TC O R R PAGs., I
A Al 2 48 i 750 220 B 1 T 5 L 8 7 B L 3 o FUAL S B R B AT TR R )

bR kg K21 Wang S50 HLAG 50 W AL 56 T 0 35 BB B F 20 JE ik PAGs 5 — R8BIk
Z B AR IEAT IR A (] 6) . 15 8] T &% A PAGs LR Y™ . PAGs BAWHI P RRAKAE 54% ~81 %2
[B) L MR TR PR BRAKOR L X BT ) PAGs BEWIRA M EUV LZIE .

EIJE 3l B T4 BE I T — R 90 & A B TR LA 1 R G W) 3% Fh 54 W 78 FIAE 6 20 e i R 7 22
BAMIMA PAGs. Satyanarayana %5 L (4-CHI 3 AR ok 40356 ) 2R 3O - — Y BL 8 0 — IR 18R Ok B 2R 44 B, 43
S5 LR R TR R AR IR IR N-C IR SR AT LR il A R AW & T — RN KEY
(B DI e B AW HME EUV OS2I AT 15 5] 20 nm RS . Reddy Z4 18 7 —F B A G2 RE 10 B
95 R R ER L I AT T 22 R A g ko T L A R e TR O S T R R AR R R
PR CH 2 (4-(BAR A 2K 38 ) - = F H RL R R 18 (PAS) . LITEMIBFSE R PAS 78 365 nm B 45 40 IR 5t
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Figure 4 Deprotection mechanism of BPA-6 and BPA-10 catalyzed by acid under EUV irradiation and development

0O--BOC TPS PFBS

results of BPA-10 by high resolution EUV exposure (Reprinted with permission from Ref. [10]; Copyright 2018
WILEY-VCH Verlag GmbH &. Co. KGaA, Weinheim)
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Figure 5 SEM images of Noria-GOX;, (a) and Noria-GOX,,, COOH,; (b) in EUV lithographym]
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Figure 6 Polymer microstructure design for EXTREME ultraviolet lithography™*!
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ROCZIEE  7E EUV &4 F HA R F &0 #2420 nm) Y ZIW A7 77 . BELL 1 ¢+ 3 W4k /25 B LI A%
20 nm~5 pm FEIEZ (] 8),
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COOH
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CF3S0;, CF,S0, CF4S0, CF3S0;

20 nm line patterns

B 7 AR — RPN BA WS DL RO (2014 American Chemical Society BAUS AT
Figure 7 Synthesis of a series of polymer structures and their photolithographic effects (Reprinted with

permission from Ref. [16]; Copyright 2014 American Chemical Society)

Micron patterns

U.V exposure at 365 nm

............................

20 nm patterns

K 8 BHAG EUV EZIPERE M08 I T2 M (2017 American Chemical Society BAL S 7] )
Figure 8 Polyaryl sulfonates with EUV photolithography properties (Reprinted with permission from Ref. [17];
Copyright 2017 American Chemical Society)

MALE K 2= % Torti %A B T 4-H JE R B8 R 4 AR BB (perfluorophenyl 4-methylbenzenesulfonate,
PMBS) F1 = % FF i ig 4= J AT (perfluorophenyl trifluoromethanesulfonate, PTMS) (& 9), F % HAE K
EUV JCZIETE 9 PAGs AT THFFEN L MR35 LUK M Fh 4 90005 S BEMR Eh V8 W 51 & 7, 72 EUV IR T 5
KT AU MR- R E (K 10, Hr k&9 PTMS fe i & 32 = AR Y 2R &3
HGCIAEREW] AR T R PAGs — 2R B B (428 2k 8 W ) — B B — S0 I (diphenyl sulfonyl (4-
phenylthiophenyl) diphenyl sulfonyl trifluorate ester, DPST) Ml 4-F %t 7 £ 8 4-2 Bk 28 B (4-
acetylphenyl 4-methylbenzenesulfonate, AMBS), 1E#H ¥ & A 75 iR £k PMBS (1 mol %) i # A 76 i)
R EUVGHR 2924 10 mJeem*) BUGE 4005 T GOK 23 BRI OC 20 R 58, X RloRE 4 9905 H il 1R £k i
PR HL-TCHLRE R AH 45 G 1 L S & s Mg IRSAS 19 EUV 21 ER L T AT 47 /9 7 ik

H T HRERESWN EUV WU OG220 o3 B3 2 1Y 0] 381, B R ¥ 15K K 24 19 Belmonte 55 1)
REWHSIAT &8 E R T A 8T CA-CH R DY A TE %0 3k ) 2% 56 ) — Pk e ok = 5 PP e e TR (4-
(methacryloyloxy) phenyl) dimethylsulfonium trifluoromethanesulfonate, MAPDST) 5 Z Wt — T % H 2t
N I BR 3 i (acetyldibutylstannyl methacrylate, ADSM) [ 3£ 2R ) (MAPDST-co-ADSM) (J& 11) , A JH f£
R R R . MR 2t LR B IE R I, ] fE R SR Y b S A W EUV A HL Sn k&
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Figure 9 Structural formula of new PAGs and commercial PAGs"*
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Figure 10  Organic-inorganic sol-gel hybrid materials for photopolymerization experiments

Bu/Sn
ADSM (5%, initial feed ratio) B /&
AIBN (1wt%)

[18]

60 °C, Ny, 2 days /S\
o o
CF3S0; CF3SO;
MAPDST (95%, initial feed ratio) MAPDST-co-ADSM

where I:m = 94:6
11 JEE4 MAPDST-co-ADSM [ 4 il A5 B
Figure 11  Synthesis steps of copolymer MAPDST-co- ADSM™

Yo B Al BERAR B TR S . A A RO 20 7 R 1 SRR SRS T R IR R AT 2 L A R TN T
15 nm i O3 B . Hop S8 T HOLZ 3 PR ATIE B 12 nm, P ROEZ 0 HERATIEE] 14 nm,
1.3 aREMEHREY

A AN UURRE 4 3R 5 W B A AR SR T AR A AN T R SR AR A B SO 2 R R BT i
B R Y RO AT DL H T ROE 2 AE EUV SR ZI i R SO Ay L A BT EUV SRz,

3 E R A IR R 21 Kwark %R IF R 5 (0 A D7 A 00T BevKk O I 563 R . 1EH & LT &k
B s s AT 12 7 IR LS TS VAR IR L 5k AR I I 25 — 2% 91 B AT 1R SOKE DA R A e A AT A B A 3
RAGE TS E A CHILRY) . O TR S R G WA EUV X & AR = W LAk 5 H b
WePE LA I T BEK O M i b A8 30 7 RIS EUV S %000 A Tk 20 Bl B vk R A 2L R, S E R,
XA R A YTE 248 nm M EUV S K EIA RAFEOEZIPERE, 7T AR T —AOLZI 8
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Figure 12 Monomer structure of nornbornene used in polymerization, metal catalyst structure, copolymer

structure and optical microscopic image after EUV exposurem:

HAKBRK 2% ) Shirai &t 1T EUV 6 ZI ] 7 Pk 3E 46 2% 55 08 81O 20 e, 9 b H vk fg k47 7 4
FEEH L W 13 TR A R O R 0 B/ i R RN B BR 4% 39K Z 0% (poly (4-hydroxy-
styrene) , PHSITAEY WV M & A 028 . PEE S PHS 89— OH JE BIE A S I A 5E LB vk sl B R TN
ISR IR , JFIFST T X S gtk PHS 78 P4 3t S & Ak #% (tetramethylammonium hydroxide, TMAH) ¥ &
H VA PERE . PHS A9 oiPE R B2 6 ok J5 19 PHS 78 TMAH 3 WP 0978 A R K . A 35 B9 iF 93 45
R X FOEZI X EUV S5 AR = i REEME 7 5~6 m)ecm “Fl & EUV BN kine & E
JR s e A 18 mJeem * IYBEGEHI & T 45 2 3 BE% R 45~50 nm MEDE .,

2 APLTALZ AR

ST EIMBEEINCZIE 6 TAIL . 13.5 nm 19 EUV G 7 HAE S aEE (92 eV) ., {HE,EUV
JeF IR AR LR A9 R ORI B ROCR AR S Y EUV R I AR T 8 7 X EUV e T
A B e C H e on R4 L e 6 AR A0 EUV B 50 & T & AR 0 B2 A9 e 28 L 58 ik EUV S I8 2
AR EREE . e A HLICHLZ LB B RE S T 4 il B EUV Je 2.

2.1 BNEENKAX

RIS 1A BIL G 0 K P R — R B R AT IR . 7 EUV 50X BTEOE TROE TR Lk 284
BL e s A0 K AT 1 22 A A AR E AR FH TR 68 1 B 9 A e e A b s A A D 2 B8 0 . el 2 5 R e Y
AW 5T 24 1) <6 T S A 9 K OB AR AR LE 48 K P55 9 RS DA R i3 A At AT 42 19 3 7 A £ s
B A 8] 5 77 ThD I AR B

e BURJE B R Brian 858 TL(RSn) , Oy, COH) ¢ ] X, B85 I 19 6 A, O H k 2 P 7 F &
T R R BRI 2 Y . AR 20 mIeem ™ EUV 6T BT MR AR S5 50 b AV i M R AL A
TS 7 H B0 R DI 20 A P o X SE B A 20k il T 18 AR A, R T IR SE A RHE S EUV
ZI A o o BERBE T (B 14)
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Figure 13 Structures of photoresist polymers, mercaptan and photosensitizer based on mercaptan/ene radical
reaction, and SEM images developed by EUV exposure (photoresist: POPHS (M, =8000, x=0. 26,
PDI=2. 25)/BPMB (22 wt%)/HCPK (15 wt%)/DTBHQ (5 wt%))""
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Figure 14 (a) Tin clusters made by changing the bond energy of the counter-ion (X) and the organic ligand (R);
(b) Results of the highest resolution of tin clusters, up to 18 nm (Reprinted with permission from Ref. [24];
Copyright 2014 Elsevier B. V. All rights reserved)
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Figure 15  General reaction system of tin cluster [n-BuSn(0) O, CR]; by condensation of butylstannic
acid with carboxylic acid. Carboxylic acid R groups are arranged in order of increasing spatial volume,

carboxylic acid groups: formate, acetate, isovalerate, phenylacetate, and diphenylacetate™”
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Figure 16 Structure of Zn-MTA and 15 nm line spacing dense pattern prepared by EUV lithography (Reprinted with
permission from Ref. [28]; Copyright 2018 American Chemical Society)
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Figure 17 (a) The general molecular formula of the carboxylic acid ligand oxygen clusters synthesized by the authors.

(b) Cluster molecular structure resolved by X-ray crystal diffraction. Colored polyhedra represent the coordination
geometry of metals, red spheres represent oxygen atoms, and gray bars represent the carbon skeleton of valerate or

methacrylate ligands (Reprinted with permission from Ref. [29]; Copyright 2019 WILEY-VCH Verlag

GmbH &. Co. KGaA, Weinheim).
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Ref. [30]; Copyright 2020 The Royal Society Chemistry)
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Figure 19 (a) Two main pathways of EUV-induced HSQ cage crosslinking and (b) SEM images in 16 nm
and (c¢) 20 nm dense spatial mode (Reprinted with permission from Ref. [31];

Copyright 2021 American Chemical Society)
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Progress of Photoresist Materials for Extreme Ultraviolet Lithography

YUAN Jing-run', ZHANG Ping-ping', SHI Jian-bing'" , YANG Gao-ling", CAI Zheng-xu',
TONG Bin', ZHONG Hai-zheng', DONG Yu-ping'”
(1. School of Materials Science and Engineering » Beijing Institute of Technology . Beijing 100081, China ;
2. School of Optics and Photonics » Beijing Institute of Technology  Beijing 100081, China)

Abstract: Lithography is the core step of chip manufacturing. The lithography machine and photoresist are
interdependent and indispensable in the lithography process. However, photoresist materials have received less attention
although they are of the same importance as the lithography machine. On the one hand, there are few news media reports
about photoresist materials. And most of what people see is related to the news of lithography machine. On the other
hand, there are few domestic famous companies engaged in photoresist related industry research and development. At
present, the domestic medium or low-end photoresist for printed circuit board has been basically localized, and the
semiconductor photoresist for high-end chip manufacturing almost depends on imports. To overcome the foreign monopoly
of chip manufacturing industry, the domestic production of high-end photoresist is imperative, especially the extreme
ultraviolet photoresist suitable for high-end chip manufacturing. The most advanced semiconductor chips such as 5 nm and
7 nm were produced by extreme ultraviolet lithography with its corresponding photoresist. This review focuses on the
photoresist materials for latest extreme ultraviolet lithography technology, and summarizes the organic photoresist
materials and organic-inorganic hybrid photoresist materials. We believed that these references and progress can provide a
certain guidance for developing new types of photoresist designed by scientists or engineers, as well as for overcoming the
bottleneck of photoresist industry.

Key words: Photoresist; Extreme ultraviolet lithography; Integrated circuit

10. 14028/j. enki. 1003-3726. 2022. 12. 002





