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Fig. 1. ICP discharge chamber model.
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Fig. 3. Calculation domain for Si atomic layer etching®.
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Fig. 4. Etching algorithm flowchart.
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Fig. 6. Number density distribution of Ar* ions in the
chamber during etching process.
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Table 2.
and etching processes.

Ton and neutral fluxes during passivation

Ton Flux/(102 m~2.s71)
Art 1.762
cly 1.614
Passivation
CI*+ 1.890
C1 Radical 69.210
Etching Art 21.710
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Fig. 7. Energy distributions and angular distributions of Ar*, Cl; and Cl* during the passivation process: (a) Energy distributions;

(b) angular distributions.
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Fig. 8. Energy distributions and angular distributions of Ar" during the etching process: (a) Energy distributions; (b) angular distri-

butions.
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Fig. 9. ALE-etched trench with AR of 1 and images of pas-
sivated layer: (a) Trench profile with AR of 1; (b) images of
the trench bottom showing four different surface states dur-

ing passivation process.
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Fig. 10. Time evolution of surface coverage during passiva-

tion process with AR of 1.
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Fig. 11. Time evolution of surface composition during etching initiation under different conditions with AR of 1: (a) Initiation with

maximum SiCl percentage; (b) initiation with maximum SiCl, percentage; (c) initiation with maximum SiCl; percentage; (d) initi-

ation with maximum accumulated passivation species percentage.
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Table 3. Time required for completing a single

ALE cycle and Si residual ratio under different etch-

ing initiation conditions with AR of 1.

Etching initiation
condition (the SiCl  SiCl, SiCl;  Accumluation
largest percentage)

Passivation time/s 0.030 0.106 0.550 0.148
Etching time/s ~ 0.296 0.182 0.128 0.155
Total time/s 0.326 0.288 0.678 0.303

Si residual

percent /% 1734 135 1.00 1.09
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— I E—
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Fig. 12. ALE profile (initial AR of 0.5, trench width of

60 nm): (a) Initial trench; (b) 3D ALE trench after
100 cycles.
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Table 4. Comparison of ALE time for trenches

with the same depth.

Total Total Number Total

passivation etching of ALE ALE

time/s time/s cycles time/s

This paper 2.388 24.520 100 26.908
idﬁﬁj 2200 38.500 55 40.700
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Fig. 13. Evolution of AR with (a) passivation time, (b) et-

ching time, (¢) ALE cycle time in the case of SiCl, domin-

ant etching.
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Table 5. Root mean square error (RMSE) and

coefficient of determination for linear fitting of AR

with atomic layer etching time.

Time  Passivation time Etching time Total time

RMSE 0.018079
R? 0.99271 0.99007 0.99478

0.0052829 0.019098

X R oAl R, CL At LA Ry as 1A
Y5y 534, BEE VAR UR BE XG2S B AR G
1) CL H A BE B /), DRt A el i) il 22 38
s 5 —J5 i, Cl Atz gl B AR AR, B
AR BN, EATRLEEWMIEH s s A s
H M R MR (] 13(a)). 734, Z0ad 2
o Art DL — 8 1 AR BE DA TA R TOUHS A B, 2 el R
FEREE AR BYIEINMING I, AR EER R Art
B bz 98l PR 20k i s TR I R, HLAU
B EAM L AR LM LR, ALE 55011
ik () R i A Fsf ] 55 220 b s ) 22 . fR Tt Ak B )
ZIPh S A S AR BRI A G, FTLL ALE 7636
IR AR S AR PR

FA, B 13 AL, Ziud R ZRPERLE
HIZE R 0.0111, flifbad Ferh, ZePElA 2k
AR R 0.0436, KT 210l [a) L% SR BE S
AR PR, Bl AR (13 0 8 32 378 K T 20 o s ) 1
T . X R Avt i EE A o AR 86%
B Art A EE/NT 10°, Wl 8(b) Frzw, 1 C1 A Hi &
PRUANHY B T 7 242 s A 2 B il s, LA B4y
i as [m 451 0 A, FFAZEMIA B AR R, AR
6] P 32 3l 21 YA R RS0 B Art Bk T CL A il 35
KL, R ALE 2R b, Gl Akt B8 % 5+ )2 20 ke
TR RZ I T 2 b R R 5 ).

4 %

W~ A SR S HE )T AN, SEBLE

215214-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 72, No. 21 (2023)

215214

TR PR N A B R ZI b ) & J 7 ), ALE
JE S —FER W OCHER R . ARSCIFGY THE Ar/Cl,
Il Ar SRS G SF B TR AT, Sif ALE
TR Z i A (R LS ASTR] AR 254 F Y ALE
FAPEIRT ] P AR L. 25 SRR

TEEEAL B B, Bl A B 1] B35 im, SiCl il SiCl,
o7 F SR E b, SiCly & AN, fefm —Fh
Y 7 LU GRS ; MR IADIRE SiCl, i i 2 B
Je sz, )220 ik 52 U 12 DR S AR X B4, Z1
Pl R AR08 ; 2 ALE JE 385 A 20 iuseR A 8
T ALE W [ 8 K32, ALE JEFRIE] (Z
M) 5 AR HEARRLHA R BEE 2R
FERSE N, Bk R 2 2 s 3R A 5 e KT
2 e 3 X Do )23 2 ol TR 5

S 0k

[1] Jung J, Kim K 2023 Materials 16 3611

[2] Hao Q, Kim P, Nam S K, Kang S Y, Donnelly V M 2023 J.
Vae. Sci. Technol., A 41 032605

[3] Eliceiri M, Rho Y, Li R, Grigoropoulos C P 2023 J. Vac. Sci.
Technol., A 41 022602

[4] Ma X, Zhang S, Dai Z, Wang Y 2017 Plasma Sci. Technol. 19
085502

[6] Huard C M, Zhang Y, Sriraman S, Paterson A, Kanarik K J,
Kushner M J 2017 J. Vac. Sci. Technol., A 35 031306

[6] Horiike Y, Tanaka T, Nakano M, Iseda S, Sakaue H, Nagata
A, Shindo H, Miyazaki S, Hirose M 1990 J. Vac. Sci.
Technol. , A 8 1844

[7] Matsuura T, Murota J, Sawada Y, Ohmi T 1993 Appl. Phys.
Lett. 63 2803

[8] Imai S, Haga T, Matsuzaki O, Hattori T, Matsumura M 1995
Jpn. J. Appl. Phys., Part 1 34 5049

9]
[10]
1]
[12]
[13]
[14]

(15]
(16]

[17]

(18]
(19]
20]

[21]
22]

23]

(24]

[25]

[26]
(27]

28]

215214-12

Kim J K, Cho S I, Lee S H, Kim C K, Min K S, Kang S H,
Yeom G Y 2013 J. Vac. Sci. Technol., A 31 061310

Song E J, Kim J H, Kwon J D, Kwon S H, Ahn J H 2018
Jpn. J. Appl. Phys. 57 106505

Goodyear A, Cooke M 2017 J. Vac. Sci. Technol., A 35
01A105

Yoon M Y, Yeom H J, Kim J H, Chegal W, Cho Y J, Kwon
D C, Jeong J R, Lee H C 2021 Phys. Plasmas 28 063504
Nakamura S, Tanide A, Kimura T, Nadahara S, Ishikawa K,
Oda O, Hori M 2023 J. Appl. Phys. 133 043302

Ranjan A, Wang M, Sherpa S D, Rastogi V, Koshiishi A,
Ventzek P L G 2016 J. Vac. Sci. Technol., A 34 031304
Agarwal A, Kushner M J 2009 J. Vac. Sci. Technol., A 27 37
Huard C M, Lanham S J, Kushner M J 2018 J. Phys. D:
Appl. Phys. 51 155201

He P N, Ning J P, Qin Y M, Zhao C L, Gou F J 2011 Acta
Phys. 60 045209 (in Chinese) [¥1F3, THF, B, &AL
F, HEY 2011 PrH2AH 60 045209]

Vella J R, Humbird D, Graves D B 2022 J. Vac. Sci.
Technol., B 40 023205

Sui J, Zhang S, Liu Z, Yan J, Dai Z 2016 Plasma Sci.
Technol. 18 666

Ge J 2014 M. S. Thesis (Beijing: Tsinghua University) (in
Chinese) [E# 2014 #0830 (ALET HHEK)

Brezmes A O, Breitkopf C 2015 Vacuum 116 65

Liu Z L, Jing X B, Yao K L 2005 J. Phys. D: Appl. Phys. 38
1899

Yang H J, Song Y X, Zheng S L, Jia P F 2013 Acta Phys.
Sin. 62 208201 (in Chinese) [ %5, RAME, HBHE, B13% %
2013 YRR 62 208201]

Gao Y F, Song Y X, Sun X M 2014 Acta Phys. Sin. 63
048201 (in Chinese) [F#fR, KIMH, IMFEE 2014 PyHL2E4f
63 048201]

Zheng S L, Song Y X, Sun X M 2013 Acta Phys. Sin. 62
108201 (in Chinese) [FSH Ik, KIRME, PR 2013 By H~F4R
62 108201]

Huard C M, Zhang Y, Sriraman S, Paterson A, Kushner M J
2017 J. Vac. Sci. Technol. , A 35 05C301

Han J, Pribyl P, Gekelman W, Paterson A, Lanham S J, Qu
C, Kushner M J 2019 Phys. Plasmas 26 103503

Kushner M J 2009 J. Phys. D: Appl. Phys. 42 194013


https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.3390/ma16103611
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002482
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1116/6.0002399
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1088/2058-6272/aa6d4d
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.4979661
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1116/1.576814
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1063/1.110340
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1143/JJAP.34.5049
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.1116/1.4823335
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.7567/JJAP.57.106505
https://doi.org/10.1116/1.4972393
https://doi.org/10.1116/1.4972393
https://doi.org/10.1116/1.4972393
https://doi.org/10.1116/1.4972393
https://doi.org/10.1116/1.4972393
https://doi.org/10.1116/1.4972393
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0047811
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1063/5.0131685
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.4944850
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1116/1.3021361
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.1088/1361-6463/aab322
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.7498/aps.60.045209
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1116/6.0001681
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1088/1009-0630/18/6/14
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1016/j.vacuum.2015.03.002
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.1088/0022-3727/38/12/008
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.62.208201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.63.048201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.7498/aps.62.108201
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1116/1.4973953
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1063/1.5115415
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
https://doi.org/10.1088/0022-3727/42/19/194013
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 21 (2023) 215214

Rate optimization of atomic layer etching process of silicon
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(Key Laboratory of Transient Physics, Nanjing University of Science & Technology, Nanjing 210094, China)
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Abstract

With the shrink of critical dimensions of semiconductor devices to a few nanometers, atomic layer etching
(ALE) has become an important technique to achieve single-atom resolution. The ALE can divide plasma
etching into two self-limiting reaction processes: passivation process and etching process, allowing for the
sequential removal of material atomic layer by layer. Therefore, it encounters the problem of low etch rate. In
this work, the variation in surface substance coverage during the passivation process and the etching process are
investigated numerically to optimize both the passivation duration and the etching duration. A coupled model
integrating a two-dimensional inductively coupled plasma discharge chamber model, a one-dimensional sheath
model, and a three-dimensional etching trench model is developed and used to investigate the optimal time for
one single cycle ALE of silicon through the use of Ar/Cl, gases under the condition of Ar inductively coupled
plasma discharge. The results indicate that during the passivation stage, the surface coverage of SiCl and SiCl,
initially increase with time going by and then decrease, while the surface coverage of SiCl; continuously
increases, and eventually, the surface coverage of these three species stabilize. When the surface is
predominantly covered by SiCly, it is the optimal time to trigger the etching process, which induces a relatively
favorable surface state and a relatively short etching time. Comparing with typical ALE etching techniques, the
time of our optimal ALE single cycle is shortened by about 33.89%. The ALE cycle time (etching rate) exhibits
a linear relationship with the aspect ratio. Additionally, the duration of the passivation process and etching
process increase linearly with the aspect ratio or etch depth increasing. Moreover, as the etch depth increases,

the effect of the passivation process on the ALE rate becomes more significant than that of the etching process.

Keywords: atomic layer etching, passivation and etching time, the component of passivated layer, aspect

ratio
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