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Fig. 1. Schematic diagram of wet etching (isotropic) and dry etching (anisotropic).
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Fig. 2. (a) ICP etching chamber with CHF; as feed gas (this picture was made with reference to Ref. [12]), the matching device is
used to match the output impedance of the power supply and the plasma impedance, the red and blue lines represent the magnetic
and electric fields respectively, the bias voltage in the sheath region can accelerate the ions to several hundred eV, and the high en-
ergy ions can vertically bombard the surface, leading to anisotropic etching. Using two RF sources, the decoupling of the ion dens-
ity and energy can be achieved: the upper power supply can control the ion density through inductive coupling; the lower power
supply can control the ion bombardment energy by adjusting the sheath bias through capacitive coupling. (b) The surface etching
part, the passivation effect of C,F, polymer contributes to anisotropic etching. (¢) The main physical and chemical processes that

occur inside the plasma and on the wafer surface.

A (7 2 1T 22 (8] A 72 DX 3O il 1 R e i L 34V 22 ) B
FHET B (DC self-bias voltage), 112 X 15

SRR N RIS T 7/ MU P T/ P Lk il
TARIRAFE T

RICHH)R, JREETEROR =K B4 I, BR T4
LR TE 25 B IR R AR I R B 7 0, R X
AR ) R T FL, BB TR R E
I 5 o o BB T, R 25 1) S P 22 k. A,
BR 03l B IR AN, nT LA i IR AR T 5 — S A e
U, P T A 2 vl s O T 428 i g - el e,
TR S ER LG, B 2(c) 51 T 4E
TP ER S i B S 1 A A 1 T B AR RN A
e R AN T, R 23 JEURF A CHF iR, 7™
At s A dE T, S TER CHF, 20
S A SRR R E SRRl fa, FC R Al PR AR ] 20 D3
F RS, A SR S T AT, AT
Or TR A AR A R R, A

K 2(b) Frs, fEfBIRH, F/HF 235 SiO,
5 Si AR RS R B SiF,, SRR CF, 45 A
H1 55 P LADURRR LR A5 10131 A 20 b e e f )
7, WORZ ZI B s ds /Iy, SRA PRI T
“ili {27 (passivation layer), BH 1l Y % A 842,
ZVoh 5 R JES TR ) IR T UG AR [ 23 22 O S
A i BE S TR iR, AN AR ek e S 1o R 22 ok
ML, B MG R AWl bF C—F
PR F B A5 B O P R T RORE ik S 1
FH R R AL 2 20 ph s R 8101 Ak Xt Si0, i
o, s TR O RS CF, OB A
SR CO, CO,, COF, 25771y, HE— 4 B
EYIEREIE K, i Si0, 20 plus R AT Si 620 ik

095201-3


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 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 095201

AR IR PR B AR AN, T b A

TN A € N R R 1IN R S A N

TUHL T RS AF A R L BT, T
ZIh T2 S e — D 2 S 45 ZROVRR . &
STRE AR IR RS, W R % T T

SN R R U 7/B= YR N K I N e e DA L N

PP/ A 5 B AR, k2 hd R n]
VARG A RGAEE S 45 JBAR L RGE) RIRPEL (R

e, AREE | AR ) S8 RIRSH (R TR

PR EUR RS R (UK L) SFRAS
BUnPEhl T, Zead RS AR B, e 2 fm i) i[5
A2 S H (B | R | BRI R | 25
PEAFE A SR 0L X 2 2z R 4, R
A FE 5 B 2 kS R R FEA D BRSSO, A REAR
T ZZH Mt 20 A1, Em e Bl SRR
FRPRS N T, 196 A~ S A 7Ll g 22 i 3 5 R
AR H AR K.

TEEZ B K BRI, R T 25
PFEITT IR % (trial and error)P1416, 4
A ERE R — PP T I L 200 )50, AR
W HACRIRTS, TP RMAIR . BEE A
AR T RS 8 T R RS A4 /N, O 1 DR
ity B 22 ok R 4 S DA R D/ NGt R L 4R s A
ROR R T 25 A ) (R Ay P SRR ™ 8
TEXAEOL T, s AR R A G R A B
B AKE SR 15161, Sy 1 B SR AR AT
A, 78 20 T4 80 AR 90 AEAAH, AR H DG
B T 2B T ARZI phd e B, RIE T — PR
oRE 2R BSR4 A I SEREEF, 2
(EREDLA B IR 22 b s 2 P A SO S A, AT 0
ZN 25 2 ph g5 2R sl gE A 21 2D, BUE
B EL 2 RS AR AR R AR L4/ N SRR R TG ],

§ AR RS EOT R R T 250, KK
e T T AT RJAM, NSO T S8R Ik
HEANTE, TEBTRT T2 & A T2 AR iy
SRR TR 2002,

ST A B TR PR R P A TE AR K
A T AR IR A5 8 M P A LA % o TR 5 T ) A 4y P
it B X AR IR B 2 B RO RUE R L, i
SR — A HER HL o8 & AR e, SRR B B I A
M ASEL S2bR b, — D ATRERY ) LA SRR
T B WA R 4 ) AR 553 A,
T BRI EE A Y B 2 i R R . ez,

SRR ) i 2 R, S BR ) 45 g AR R Tl
58 SN T RS A5 B T A R Bk — 2 R R Y
FR AT L7202 0k i 2 N S [ e 528
7 SN ASHL, FEAAEE 5 B i Tl
R | 558 T iz 2R BOM SN AR R A SR
SRR FR A B () HIORHRTE L oot
TESHE. b, [0 1 B LRSI (electron
collision cross section) J&f H B ASHZ —,
TEEAIE P2 A8 B b AT R v 8 DI S 2 119292728,
IX 2 H Rl A e A AT S5 A v ) R 2
P YeE W ——R T ERFXELL S (sl )
St i me R, H R A Y R B A L R B
AE, FL o Al O AR R A i 25 R, 3K
SEAMTIRSF & T IARRIE . RN, TS
JEORR SR A Rl AR ) R RE OIS AR N IE B 1 5 B R
TP OB T, BT TTER T 2 AR 3 2 1 O
FH (LI 2). T2 PR Ay H, il G e ) A i T A
TES B FARZIM BG40 30 Z4EH, AR
i AR SR AR TR OG5 7 U AcHE iy e 5 5
B AR5y [18:14.16:24.26.20-0] HCrp g 5 VR 22 [ B RY
2,%:@3‘(% [14.16,24,‘26,31,32,38,4[)]’ ﬂi]}i*ﬁi’ﬁf%%%%ﬁt
TARKAEF].

AR S A 27 H ol AR T AN A A S AR
20 ol A v (1 7 FH LA R R SRR T S 1) 1L A
55 2 5%, T AR A B AR R R D) R
Tk S BRI A A AR AT, e Al A A T A
HA AR A 6 5 3 TR A 20 kR Y
SMRGTT, DS X I e 20 ol A A i 5 1) A T
B AL, 5 4 Fo45 AR IBGE T EcE 1Y BE 5 52
B, R T RE P A A AR R E
PE X S UG 27 07 T SE SR R s B E, TEER 5
BRI REASCAE—AN TR R BN, e B 20 b oG
53 1R R AR AR TR A S

2 MIMEHREALES FRZGEHE
PR R — B E R T REH
72 i 15 A

N TS R 2 o 72, S5 T
b A5 7 0 e O 220 et AR e M 450 03 AP 3
IR, SEREIAE B TR ZI MRS TSNS R A
BN, i R4 Ak AT A | S R (B R v
bR, Hoh S5 T BB A e 5 S I

095201-4


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 3R Acta Phys. Sin. Vol. 73, No. 9 (2024)

095201

‘ WL T hDRY: MOV B FORHRALY . U . it o

e

LY FZBRIL . BRI

‘ = HNERSHER SR

R WY MTRERAG  STREE . iR
. & ik
fog | TR B EREE. SweRE = | mion i,
ST | b oERE . B DGR IREBUR, RJBUR)
TSR TR . B
BT
,,____T.___.__.T_,_.T_ . :> %}%ﬁi}%
W2 ERTR . BT T (BERE- Y)
\\\7 HiE: PUBUTRE, IR, SRR e ////Qm
o KL
(ML)

‘ ZUotr; 2R AR PR R B ‘

3

Tk 20 2R G 5 459 93 X0 L A b BSR4 AR ) BRSSO [42,43]

Fig. 3. Dry etching system and the processing modules corresponding to each part, theoretical models of each module can be found

in Refs. [42,43].
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Fig. 4. Diagram of binary encounter between an electron
and a particle s which can be regarded as stationary. The

right picture is the inverse process of the left picture.
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ﬁmmozhwWﬁ+%,ﬁmuw.(@

fo 5 f1 73 BIARFE L S0 A 2% 1] [R5 2% 1 S
L7511 i N1 1 PV N e R 2 R Rl
T, IO L RE 515 BIAR 4 B 25 2R BTaoL A0 R
TEFREIT 0D P

(%) =0dfo+0f1, (4)

XIS R fo 5 A2k g (1)—3) X,
AR EICT fo 5 fu AT J7 B, I B filf 48
TR BT R — 3o =, 43 % B PR A4~ T 7 v g
(source term) Sp oc §fo F1.Sy oc 0 f1 , HAAA 12

ZN’U/ Jo(r, v t) fer

s, L,

- fO (Tvvvt) fs,l] %dga (5&)

S, = ZNS’U/ [cos@fl (r, 0, t) fou

s, 0,17
d
— fi(rv,0) ] 7540 (5D)

BRI b, R S0 5 Sy IR B R RTA s | AR
S IR SO RO e A SR R U X S A T
ik, B o' = vl =1, HE RS

el

do
Se = ZNvflrvt)/(l—cosﬂ)deQ

= fZNvfl (r,v,t) o™

= _Vgl.fl (T‘,’U,t), (6)

T om — /<1 ~ cost) %dﬁﬁi‘%iyﬁiiﬁf?ﬁ
[l (momentum transfer cross section), f&H, ¥ 3]
Pl S HUH UL R — >4 ﬁ’ﬁvel—z Nyvol™ &
SRR, X ARSRPE AR RN, T
ST AR 45 B, ST AR AR I R

A i BB AR T A, [R] A DR 1) AR 78T

do

(integral cross section) og= —QdQ AR 27,4247 48]

F AT ELAR S 25 o [ PRI, B

do o

a2~ 4n (™)
254 (5b) 25 (7) 2, ATAS R S R S O
Y DTk :

St == > Nowfifuol, (82)
s, I<l’

81" ==Y Newfifuol®. (8b)
s, 1>
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FERZHCE LT, AR S R0 st O i #80m 1R
JIN, S O T Y BTk 2R, TR S B S
Sy RIS, HiFEEIE Sy

So HELE TR Y STERAS BE AT b AH (5a) X
T, IR SRR R 0. BRRITTE L IR R
55 (WLSCHR [42]), X B EfT By g 5. s
J eV H T EEEE N e = mev?/ (2e), 704l PREL
(3) FEAGRE B A 142

[2e3e
ng (e,7,t) =4n m—gfo, (9a)

8ne’e
ny (e,r,t) = Sm? f1. (9b)
AR H, So 28 H S)
2e3¢
S(l) =A4n m3 507 (10)

€

Ferps O A ik 12

ol me 9 m _ kT
Sy = EQNSmse 52 V7% {no(e) (es 5 )
+ skBTangf)} . (11)

X kg 5 T 43 50 B H % 2 W B ORI . 45 G
(5a) 20, (7) 20, (9a) 2K, (10) A AT 1R H#LPE 58 5
PER B BTk

. i 5 1 .
Sp" = Z Nv |4 —"0 (&) four —mo (€) fsa] o,
s, l<l’ - -
(12a)
Su] [ € |
Sy’ = Z Nv |4/ —"o (&) fsrr —no (€) for | o™,
s[>0 - -
(12b)

e’ =mev?/ (2¢) WU IR BIH T AER . SLPr L,
TAR SRR RS SRR B AR, Sot
IE () S HUA Sg P B (IE) 5 0% —— X i
. 2 l<l, BEERER (fEht e ) 5T RESI
(REHE ey ) ZIAIAYIRAE, HhANECFA B, 55 ol
5ol R

o () = Sl (o), (13)
S,

Herp goy Ml g P BIEREI L AN WOTRTTE, e — &' =
esv — &5 NERITHE.

TSR 7 B H 22 @ 7 RS, BR T PRI AL,
HAEBUEKf# (direct numerical solution) /&)™

Z i 7 BN Kolobov 45 4951 & J& (1) 4H
Z5 [8] H & V. M 4% (adaptive mesh in phase space,
AMPS) Jiik. 7 AMPS t, Akbr 55 3 B 25 (] g 4]
I3 R HARIR A, o AR BRI AR 2 A Sh A R, AT
AR Sy P e A 1 BT 1 SRR R Dk DU A AR AR
WA b S A . LT PG 7, AMPS []
T B TR AR M A SR, TR
252 )RR TP BRERE AR ST, PR X UAE T
EAE, AR FRZER.

2.1.2 PIC-MCC ##

bR T BHEOR RS H 2k 2 RSN, I —FhTIZ R
) gl B 24 B 2 PIC-MCC (particle-in-cell and
Monte Carlo collision) f& I [424352-55 - PIC-MCC
BERL32 PIC 5 MCC PR 43, o PIC A7 b
AT R AL R s 3, T MCC i ikAb 3
YRR 5 AR A Rl R AT R

PIC & —Fh Xk ey i, X BLAYR
ASSEPPEE L E AR GBERRASR A AT
REMY), Mi&AHZS B N SEAR AR ) R Rk 7 S
FR R 72 k0§ (superparticle) 5 T8k F (compu-
tational particle). 7k F AR N, & H AL 5 5L
Pk, — Ml 100—100 AP, BTG HHIE
SRR SR Y i A r 4 R SN X (VI VAR R Dl |
meN, , T LA i 4 —eN,, , ffJit L —e/me . AH
[F] P i S5 b R LGS ) b S A
AHTE R BE . PR, 200 U - i o A 2
[ TR TT, BEAR B T JEAR B X, kK
FEAR TR . (2, Bl PIC B K pe b s
HEEE T b7 A iz g, e 75 5
A MCC J7 R4 iR H bz 5 HAth A - 14 filf 43
T AR 14852951 MCC J7 A AE R 2k 3 FE v,
g LKL T RORETE, JF 52 2 7 A o Rl Y
BELAREAY, TR R i, A R R T
SR AT R I AN S ZRE -, BTSSR il i i
B R T 2R, 33X B RAE TE SR il 43 = 491]
R Z ST, R W T AR 2 T ok
T IECT AT P FERT RIS At N, 25 R R
v, I F5RF s IURIETE, AR R AT L3R
53 143.52,53,50)

P =1 —exp(—reAt). (14)

X v J2 R O EL AR AR
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ve = p(€) ZNs0§(€) =vy(e) Y Nsoi(e),  (15)

Hodt ol (e) J2 i FERARE AR S ERTET, SRR DA [ il
KR s AR SR W REAE LR 6, T ol(e) =
> ok(e) MR T 5B T s ST MR (total
cross section), £ 75 FT A7 S | JE U s L
SRS R A TR T B R A R v MK T T
IBIRE €, FERIIE ol (e) X e FOMHAT M Bk T EL A
R S A, AN SR R L R — IR v P
SRJG A3 HT B Rl 2 R R Br  E TH AR a2
RN TR, I —A 5 e TERATEE R
WA v R ve , v S ve ITREIURS Y B KRR 294

B > Nl (9

Ve = max
reV, 0<e<elim

Hrh VIZERGEARI, 25 ARH S0, W Ny(r)
JEEEL eim RARIRE B AR T AR LR, v
AT AR A 193]

Ve = Vnut(€) + ve(e). (17)
RIS AR BB T 1Y ve , BEHC—AN[RIAREARESE T < ARl
TN v , (6T IS 2 A BB AT v, R
B voan PTRLR “PH RIS ™ (null collision) i3 i ) flf
AR, R e R BN A s, IR LA
TEPRE A REREATR A 7 PR Ry DR A 2 (495599,
AT v Ja, RfHE R s R R

Prax = 1 — exp(—1.At), (18)
S AT AT R R U A A ) B R L TR
Nmax = Ntothax- (19)

X HL Ny A2 B0 T2, T DARLYE 22 i 1 1) S 4K
It PR 7k, TR R SRR R R, R FE
BB N L FAE G 0T, T Poax — T
102 8, HH I TAEBE Ny AN HL T, DR 5 5 BE
A S 2 1T P

FE N R ZEHNBT Nonax > HL T AU R 2R, T
R EAA B il o A ek R R H - R R E . R
Mg & A T A i S BT (v ek
Un = Vnul} , 50 k DRI SRR XS R FRATR

v, = vp(e) Ni (1) ok (e). (20)
five=Y" v, BRI TAER— KN (0.1
PIIIBEBLEC Ry, W1 Ry L 5491 (409 = 0)

m—1 U m U
k k

E — < Ry < E —, (21)
=0 e k=0 ¢

WHZHL T AR5 m PR S R AHRHE, HUH S Y
HL BRIVl T LA S T R, Bl an s i A
FEL 3B R/ AN, ARSI 1 e TR GO
AE, S BE /NN fi i B W RIS R A
], BT o TR A (RETAR) 0. R
BENLIBURE RS TT . J7 (0 Ff 245 1 [P RS, EHURE L
LR
¢ = 2nR,. (22)
Ry € [0, 1] 23— HEPLEL A RO o 3
AHEHLEL Ry € [0, 1] SER% P27
2n “ do™ N e
Rgng(g)/o m(e,&)sm&d&. (23)
do™

o™ (e) Mg (€ 0) SRR L A m BB R
Y. b T (23) R, FERAMS ST
R EICHE. X i oo SO R Ao R T, AT
i (g ) /o S TR 4 o
A5 Sy 147485254551 Yk 2 e ] BRI 45 ) [) M O
¥ (7) ARA (23) K, 153

cosf =1—2R;3. (24)
FERLHAE T R S AT AR X Ny LT
PEAT LR ERAE, RIATAb B Y — R AR 45
T (FRLT) BB v, R SE B — IR #7524
PR T (R PE RO BT DU T, S Al e A3 % T 2
o R AR o™ A& S E BV R A o Sk
B, BEB PIC-MCC F %43 2] 1Y EEDF $4 1K fig
PEH 22 R (MBI RL) 15 2 45 2R — 2 ).
52 |, PIC-MCC A8 5K fift v 73 H- 2% = 5y # 02
LA, PIC 5 MCC 43 515 R B 73 H-2% 2
& (1) T Ay E FR A5 R 5450),

A LAE ], 78 PIC-MCC MR | o 7 ilf 1 3
TAECHE S MCC 7 3 Ak P Alf 488 2 o s o0 B2 1) B A
SR AR TR P 1 TR 0 3R L Tl
R WSS 25 -G BN 00 RS R SR 2ok
P RE. T, SoRMPIGEL T T H 248
Dy FEARIR], BT B 2 M hif 1) B B R
S Al R AR

DL A A28 T sh B A AR AL v ) i T B 5 2%
7R (B L) A PIC-MCC AR, 8 A5 55 34
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T TR 2 R R R R AR
T R4 10 B R T D B S O
ST S FEEIN A T 1A% 1 T rh TR L
T T S A o R 2, (P i
e RN, A A FERERR . S, A i
B — M52 45 O IR SO 5 {0} T 35095
BT S S TSI (o™} 15 A o 7
OB AR I {oim ) 5% A2 L 3 4 ik o, 7 10 e ik 4
1 27 A SRR Kb T 7E R RO L
Tk, AT — NV FL5E 4 AR P A7)
SRR MIRE TS

2.2 HRFEEEEEFHEER

AR 25 3 T AT P LT L B TR
BT AL AU TR R, iR A st
Sy TR AR th A 2R T s 10 3
= I Ay R s I i 38 37
SRR AR, EESHER x (r, v, 1)
S L SR PR 0 2 R A T et
e (AR, )y PR 9 2 B R
Hi (moments)!*). % B4 & AP AR, BH 2%
BRI (1) 3, By — 1, 7558 T AR AR SF
IR GRS )

ON,

ot

Sl N, = [ fudbo = [ o (0)de Sy TR

I = Neva ST 198 i (flux), 2675 260 ]

ﬁﬁﬁﬁﬁﬁ%%%ﬁ,mzumw/mﬁvz

aﬂw/ﬁmawﬁ%%¥mmwﬁ§;&%m%

SO Oy, WRRN T, 4 x = mew , 1T L1

S T3 B SRS (LB B R, B
CPfE AT

I = —NuuE — DV, N,. (26)

XL pe RO HLFIEFE R (mobility), D. 29 AR
35 (diffusion coefficient), M # 3[FPeE T HL 1Y
st fi—— pe B M (DY, Ne) /N 43 5l J2: HL T 1Y
PTEAS AR, R (26) 2N X N IS -
P 1L (drift-diffusion) J7 f R7TA243.1 g Ji 44 455 #Y
IR RS RS s R4 (transport coeffi-
cients) J& K M 8l 14 0y B b5 9 A S HL, EAT
LA EEDF 458 S0 1155045 ) Pra243401,

+vr'Fe:Sey (25)

2e o0 £3/2
D, = Fo (e)d 27
= [ SoREeE e
2e [ 32 0F, (¢)
- d 27h
e %%A e (27b)

Horb SRR AT AR v A0 5 BT A LRl O AR ) DK,
X IO 8 A 5 R Sk et 4 1Y) 2 e e B i S R
SHUME RIEAR ) B (B BV, DL (15) =X). 52
BRI AT LM AR e (W, (6) 2X).
Fy (e) = no (e,7,t)/(Ne (7, t) £V/2) SR A T B 25
M BRI EEDF, BA07 K eV—3/2

T iz RESb, BT REE ROV AR R AL (rea-
ction rate coefficients) k; (Fifii: m3-s71) IR
R R AT D A SRS &y TR R
14 S5 g T3 ) ERLAS B () 2 B (AR Pl et B g A=
VAR AR5 GID S NS R R 11617 s R O NN
RN LR, Ky [FIRERT LA EEDF A A0
L] [27.43.45),

kj = \/722/000 eoj (e) Fy (g) de, (28)

Hrpo; (e) RN j A .

T LRI R, TETEAN % R4S B IRk 2= O
B4 R B AR v r il i B N TR R AR A
BLOOL, 4 R AY Z M T GRARBIRL () s I, R
BUEBESFETTRE (a0 (25) 2X) iIB4b My s pdfhae
- R 181, 2 e SR s AR S

jrets— Y Ci (29)

Ci Je e o (B35 PTREAE B e 15 s) XS b~
THERE KT BORCERE N, Bl R PR R

dN;
- = > (ACi;k;NeNs) (30)

J

Horr ACy; 2 OB j B i A i e S i R L
(922, SR AN 1 T 9 B b a Bz M (30) 3K
ATRIE S, Ky AT LU T35 B AR R ok 120
JBE. B, R AFES TP Y F, HE 8506 A
e, A PRI A S AR R R R B A R e
O OL T, T LATHAC A JRURF A i fige g %, i
BRI R R RO, D o 81 v ) 20 e 2 i
RSP A S HL

2.3 BEeE#

TR BB R 2 K A AN ) W B R A T
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R LSS Ak, HIR—P 3t fEn] DA
[F] R B2 AR A 38 7). AETR AR | R R e 2 [
LA S AR AR . A IR AR B ST
(1), AT AR e R AT 25 4 AR, LI
S PE RN ZE R A, A FHAS [m] A 4 AR b 2R ] —
YRR, TR A RIR ) HAE I A S 2 25
me. P, YRS AL B AR R R s, T
Z P AN IR A5 B AL A SEBR R
TR A RUANAAT DL 45 85 - URORH O Y At 22
5%, I REFH T SEBR 4 B IR &5 iy O ki P
RSN — A5 12 Kushner HIBA 2157
J¥ % ) HPEM (hybrid plasma equipment model)
. HPEM F 2 i H # 7A H (electromagn-
etics module, EMM) , Fi Ffg Rzl (electron
energy transport module, EETM) . JiifAzh#2%-7H
FARRHRE (fluid kinetics-Poisson module, FKPM) 4§
or 4R EMM 545G E fl B, £ EETM
T AR i EEDF R4 AS%. #IH EEDF, EETM
AT DATHEAS 31 H - flf 18 S 0 R R 4R s R
LSRR SR A FKPM, #nT DA 3]k
FHE HRE - 1 2 B L dE i S AU . Horp, 7E EETM
111158 EEDF B, Bk T LR 8 525 2 7 2 oh,
WA —Fh A 72, B SRR
1 (electron Monte Carlo simulation, EMCS) J7
ik 18215457 EMCS 26 T PIC-MCC KR (Y
MCC J5¥k. 785 HAbK 7R A7, B 7ER#ES
PIVERT B Bz gl R FE R R “Oh Rl Jr
PR AL B, T PR AR v T, PR UCRIEAR 1) B
[ITETRE (FE 1Y B CATIED) R Cgn Hy 1804
L L (31)

Ve

o RZIX[H] (0, 1) PN Y BEALEL. A J A ) i 22
AR LA B Rl B A P 0 R S . R AL B REfE
TS FEEE, EMCS HH] Wl 48 2 780 DL R o 0 £
5 MCC & —3 (W, 2.1.2717), AT
k. "TLES], EMCS 5 MCC WP 77 19 X 51
TE TR I ] 9 . MCC LA PIC #A iy
[ B[R] 204 A SR HEUE, RERR At b P — R Al it
T2, 1 EMCS WP F] RGN, 256 BTk
1 7 HL & AR AR (Y IR ). 4K, EMCS Jy ik (5K
HPEM F2 ) [F #7522 i TRl 4 A A b g A =
B F A BT AT DU F R R A R
R #E S, g% & EEDF iz 25 5H 1

NZENFANAL B4

DL A2 7 AR A5 A T ) S
AU SRR R RAUL A B R rh B Ak A AR R
TR RZH A R 58, BRI I AT DI
e SR S R A AR Bl 58 S R [ A AR W]
DAFE B, SO A 0 SR R 4 B ARG
FHOCH A S B (45 TR RS 1T | s R )
PR R K HERENTT R, B Rl B A
s | AR SRPE L SR B RO ZE T RS T
IR 55 B AR RGBS ) AR T, AH DGR e
PRV 1 R o B MR IRy T R e A S AR AL
SEIREE IR, gy — R 58 55 10 A A
FEL R LR T R LS A PR A 55 S
B, B EA — LR i, BN LX Catl2o8,
LXCat J&— M FFeus ) i) W 28 Bt 1, SR8 145
BB R AC T H (plasma data exchange pro-
ject), I HTE 2010 4 H I L 4 125 1A 4051 duf 1Y)
LR PRI —S M P22 41 (gaseous electro-
nics conference) & i, B F—MEIILEF 5,
REfEREE BT 5T N DL AR FEITASIT BB 2. LX Cat
A TR A B IR AR BT IV 28, 46
A3 1) L Rl A AT s R A RO R | g
T AT PRESE. AR, B AR i R N 5 A b
5 R . AR Y AT Ol A b R R I, D
TR JEE S 6 AT UK B A B R e, IR A
B RS F e — K B E A TR

24 FHFEETHERMERHG

AT 20 b 8 B AR R A4 BOLSIGH,
LOKI, COMSOL Multiphysics, ANSYS Fluent,
CFD-ACE, PEGASUS, Vsim, OOPIC %:. H
BOLSIG+1) 5 LOKIP 2 75 ¥ 301 3T Bl A HE 22 1
B R i FBCH 222 BRI e 2Rk, s, B
1AW LI%5 & EEDF 5 2 i m Aca 15
Fiiz Z AR T S O AR I R R A
T Ay AR FR R it A A S 880 120, 5] 1, BOLSIG+
THE T R B H il 43 48 T 208 >k B T LX Cat,
KA R 142 REGESHEE T LIVE R LX Cat %1
PRI 9 2758, COMSOL Multiphysics, ANSYS
Fluent, CFD-ACE 2T R4S /1% (compu-
tational fluid dynamics, CFD) 1855 7 A& 1 4k 14,
HEAHEISHER A R (AR 1 PEGASUS, Vsim,
OOPIC N ZH:TF PIC-MCC J5 1 sh 3247 B4k
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. 5zBR |, COMSOL Multiphysics 5 PEGASUS
LR BNV BT BE T 40 583, X BE A
AN R FR T — P BRI AR S SEPR 1 1
WOR R EAR 722, L) COMSOL M 69, COMSOL
E—AINREF & 2 Y B0 B, RN EA
GBI, B TR A5 B AR A7 214 f L
JhE ATy, e B S5 210 DCH CCP 5 ICP
Bl 7EHR EEDF B, 41X A7l 55 25 Rl L
T RS R A I 0, FH P P B st =5 R4
SN E REL. X ARSI IESE, COMSOL # 4t
T e HE S g7 (WS 0 TR g T
PeH2E 2. N T R IEL AL T A B H 2%
ST, BT B — A TR SR (Bl
Sy HLBSRE), T X S SR AT 3 A AR TR SR
1%, P E— Ak Rt e i S ECR g 524
277 ¥ EEDF FH FHiiz 250 R HE % R
BOF AR T A B 1 B T RS
FIFB B UCR S 25 2 5 /- B R 0
BREENSI. NG RI 02, TOI A 75 B oK A
H258 7%, i COMSOL HEF TR R 45 B AR
PR, FRTT 2L BT NI L A ACRE R 1) A 4
It 5l N R R — RSB Ar SR

SEE TR, Ar AT 7 AR, H A R

Wk HUES S 5 A HL TR J i, COMSOL N B
A Ar 1 G4 AR RO AR N X, RT LA B
F. X5y, F P T2 A AT SCR N Al
I B AR T 58

3 ZMh SR G AR BT F 0 A E KR
i

ZIM AR 2, PR Gl Y R A2 %)
I TR PR . A SCHE ], 7 SRR RN T
AR, B S R f = L E R 28 H
R Ty, Hoh G S S A ORR | ez 5 %1
g . SEbr b, O TR N ER A AR SR
TAAE, BT B = 4R~ RGN, 5 20 i
FEDUARE AR AR ity [5 2 1h 5245 ofE  22 J2 < S R
HUIRE, JfR G2 5 20 i T 2% 45 )2 WA A T m T
AbEE. IEAh, fEEE T2, AR A
PRICPFZ ] AR AR, 2R ol i 2] ik T
ZRBREY. I, S TR AN R R 5T B %) i
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Fig. 5. Primary process (D and secondary process @ of electron interaction with diatomic molecule AB, and the interaction pro-

cesses for atoms or polyatomic molecules are similar. Note that the excited atoms, molecules, and ions produced in @ will evolve

further.
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Jir 53— 1A 5B R 5L PSS e e 1 L Al
8 S VAR, T FL U R O S SR R B b A
BER AR IA 00 B A, IR
AR R, PRI 25 M I IR 4 5 - 1A b Y L B
TP AT PR, [ SRR A 5 A AR ) N o e 25 48
T, PRt 2k o3 B R I B A s s RS2 31 1A
TR 12 O 1 16264661 YR Gt R MR I e Ak T
RS HBERENE RSN EF 57 (B)
OEINE SUN SRR TR D S .2 [ I = N~ oL ¢ 5113 )
SRS ORI R BB L UG B A 2 A Horp,
YRy ) 1R PG R, DO S SR A Ry 5 i 43
TRe AN Jm BT R, 7EAF B I s ] A
i 55 ST BE Y (collisional-radiative model) S 4b #f |
I I 5 [ B2 1 i SR 6 AE TR Il 5 32
RO AR R ) H AR SR N A A TR
WSO SO AR R R B ST AR SR ik, K
ST T AR B Az 00, 2 R4 K
BB ZNMASIARZE Gy i 15, DA it s i R A S AR
Z b A (R EE ) AR SR O P AR S R S
T OG R 125 — SRR G R 2R 5 ) i
For TR, A T RE A A e,
I A L AR A R 1T i R R B AR
719k, B IRFaFERE AN RS R4
TR B H SRR 5 T R AR R, AR AR
5 5 K0, FEA PR, B mT 5E 5 R

E,

K6 IURT5rT AB B TR 2 g i 20 il R
BH. TR T AB SR B4 ABY, WG
W WK A RE M 2 7 B9 A2 R AX+ B, IR R TR id
B S FE I, R 57407 Frab ok Sk
Bt (e rehZk) A6

Fig. 6. Schematic diagram of the two-step processes of elec-
tron-impact neutral dissociation of diatomic molecule AB.
AB in the ground state is first excited to the dissociative
state AB*, and then dissociates along the potential curve to
form A*+B. The diagram indicates that the evolution of
the secondary process is independent of the primary pro-
cess, which is only related to the properties of the corres-

ponding excited states (e. g. the potential curve).

BN A B R A AR, Bl -5+
A, ORI — R R, RS AR R
BEEE/NT 1070, —BRAHFHZIEEF-EHrEE
. e, TR A, 2 AR TR
H 32 R (WA 5 Hh g s o /) 7=k
1Y, SPIGGSFRTCOE, BIVA: 25REA 0% 12 0 1 1 BT
(ORI Fr b iR AW T, WK 6. 5 kil f2
AR, A5 B - A ZI BT S 1 Al e 45
sk (Esh A ) B L WAk (RSN, B3l
AR ) AT | R B L O BRI DA S A R (v
PR RS WG BA2) JEE AE

Zr BTk, 1R 2 40BN T E R Z) ik
SR 20 EA T AR 2, AN A2 A Y
T RN IR 55 - A A v ) ELAAR O FH LS 2 5

F 1 W HZIMAR. S TR 20 A K kT

G B A T 2 SR AR B R ) B 1 LA

FAET RS F4F.

Table 1. Commonly used etching gases. The ob-

jects involved in plasma etching modeling include the

etching gases in the table, the corresponding dissoci-

ation fragments, and the atoms and molecules in

metastable states.
Zh S A 24151
CF,, CHF;, CH,F,, CH3F, C,Fg,

BRALEY o CyFy, Gy
AT NF;, SFg, SiFy, CCLF,------
HFRGETWAT HBr, Cly, BCly -
HENT H,, CH,-eor
FEI A4 0,, Ny, Ar, He----

2 AR T URZ il A T Y R TR AR 2
R A P AR A T ARIR SF B T A
SR ZEBUE L

Table 2.  Types of electron collision cross sections
required for plasma etching modeling. The cross sec-
tions in the table describe the main electron colli-

sion processes in low temperature plasma.

AT T AR T2 2 T
§s¥ i) SLINE B/ GiPY
S /Bl e R AT 5 s 20N

Fedifsc e AR, TR SHTEIRE

B ARSI A SR b
AR () 0 5
AR A TR TR A RS
S B LA 2
H T R
MR TR T
R T e Sl B T}

U 6 12 AT
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Schwinger Z il i 7 43 (Schwinger multichannel
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on) ™) FIL S % # & (convergent close-coupling)!™!
ik, R T R R, g5 ATk
PRSI Y o3 R, SR IR R R 5k
LI BRI R, HAR O ER R R R RS (ASTH
THBJE 1) WE BB 5 7 1, 808 BERIT
%M JCHY Lippmann-Schwinger 5 #2. 410, R %
P RIS SECBE R 5 7 VA 2 5 T R 400 S I RS 1Y %
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GO AL, SR ZIERI . RS
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potential) J5 ¥ (BPE S S0 ME#E )™, BEL-
scaling(binary encounter f-scaling) 7% (FiIFERE
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Bethe) J5 ik (FRLES B ) ™. S5HEHE 0T A A A
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f f Eo+B+E,
Hrf By, BHIE, 53 il &R G o . ¥ F A 4l ne
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J 38 H R BT RO B R SE . AR R, 3R
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B ESE. A T TS RS KRB R, BEL
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Fig. 7. Schematic diagram of swarm experiment (pulsed Townsend apparatus)!

4677 The electrons released by photoemission drift to-

wards the anode under the electric field, and the collision with the background gas leads to attachment, excitation, ionization, etc.

The generated currents (including electronic current and ion current) are monitored by the detection circuit, and the pressure of the

background gas is detected by the manometer.
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Lambert law)[™-52:

It _ IoefNo-‘L _ Ioefpg—‘L/ (kBT), (33)

Hop N BRI, Ll T SRR A
AR IE, p AT 23 e 0O ) U A2 X it
B, kp BICHES W RS AT AT
MR, p = Nk T . WILAER], SCH R 1,
Io, L, pMT, §ta] ARSI oty 17 76
EARNERE L, B f U IR
—E MR BE T ARAR p , =PI AN AL T AH7

MG

YRR TR

2]
)

P8 AL R TR OO SRR A R B T RE
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Fig. 8. A typical apparatus for electron beam scattering experiment: high-resolution fast electron energy loss spectrometer(™. The

electrons emitted by the electron gun are monochromized by the electrostatic hemispherical monochromator and then collide with

the sample gas in the reaction chamber (cross-beam layout), and the scattered electrons are detected by a position sensitive detect-

or after passing through the electrostatic hemispherical energy analyzer. The measured scattering angle can be varied by rotating

the analyzer. Electron optics such as lens (F, L), deflection plate (Q), and aperture (P) are used for focusing, collimating, accelera-

tion (deceleration) and monitoring of the electron beam. Time-of-flight mass spectrometers used to measure positive and negative

ions are also shown.
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827710y N N A D7 3 55 L 8 B N S e
FRAGHAB S A (g 7953,

24, LTB F1 MCEB Jy i 7 5 i 7
SREEIT, A PR RE R 5 M B s n R R G R
22 092 SR b o ANERDN AR AR 43 B A0 5 Bl Y
HL AN AR A AR T 2 S L, 0 B B A
£ A0 (MCEB #2255 1§ 180° — A6 ) i [Bl N A HLS
ML, A0 RANES 1Y BE B 43 AN A DL IX 533X T H,
F, DU 6 P 7 S E R R S O, A A T
EH/INTRSE. — WIS, JoE X se e
FEARE R H - DA SRR IUEAR /N (e s AR shiik
K ) AR SRR L, R I AR ) Rl o N T
X HERRGY, FTDPPAR B IE ik REeiR s 1052,
4222 SE% (HERR) BE. BI=5URIIEL

HmE

WHTETIR, AEARIR S5 B R AR 4R Y (I B
I RERIEE X, 250 T8 0 5454~ #8 FE A L
43 FRCT AT it % AR 70 R AR AT 28570 B A B 048
AT, A ) il 42 R et T ) 4B I 5 TN ) s s e 28 A
SPHLFRE SRR SCEE. 10, 7RI SR HUR AR ST A

A1 5% Bl e R A ), TR 2SI R SR 2
TR T RO, AREREIUE R 0 PSRRI
PR 5, B e s 13 5 i B e %o Ak (G
He 9 5P G000 FSCRT AR T Sy e XA ) SR 3K 7%
AT AT KT . ZEZBUE LT, 32 BR T 1 A
JEE D 90 L, — PR R S 0 ) i ) 4 SR A
) 0°F 180°,li§;—<)§ﬁﬁfﬁi¢%¢ﬁa 0 B 15 B SE
(o= [ Soac) et (o = [-
9)((110;d(2> o8, AT, e R DX R 9
WES AT AST TR AT, A 2 B RS
SEPE 0°—180°4 1 BV I U e HR 0 (BRI
REFE BTG )BT38, A, R 2805+ % shie e b
TR/, HEE O AR/ TR RE B 4 B, S8
DA i s G TP 2 0 % e Sl & i) Tk 1o 6T
[FARE 14 S R i ) i 4B T ) ST ) e XA S 7
Rt TR B ZEK (meV )P, (115
2Nk o F A SC S IR I IR D W TR,
THBCRRERUI, H R 5 R A 7[Rl — S g v —
eV R VA€ I R 1217 2 W VA R Y o a1
(REBHE KT 0) MR B4k [16.54:85.90],
4.2.23 HBFEH&E®E

FE i - AU OR AR TAT S, A 22 A B
BUNNE S DB 3] T RXE. X2 F R, 78 IKEE
HLF A SIS, AH LT A ST FfRght, dEsim i i
THIRE R AL AN BEZ M. I, K8 IE AU AN ] fE
T HL IS RN AR AR AR RIXE, TS 250
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K9 COZT AMIHL TR A AR 3l A8 A B0 0T * el SR [94] il B9 GOS THE 5 3. "I RLE B, B4R Born BT
Tl (HEZR) TEARAE X L AR 23 0°—180 % 23 Bl ST 4B I 74 2 ) SE B (B (515 98 RARZ | {HJ2 BE-scaled R #UHT (S5£%) 5 SR HAT

PR

Fig. 9. Integral cross sections of the vibrational states of AT in carbon monoxide. * calculated from the GOSs reported in Ref. [94].

It can be seen that although the Born cross sections (dashed line) at the low energy region are much larger than the experimental

values obtained by integrating the differential cross sections in the region of 0°~180° (dots)”> %l the BE-scaled integral cross sec-

tions (solid line) agree very well with the experimental values.
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T RO ST IR A 25 51 X B IRE
25 Bl /DT R R A A R B STk (koA
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FEME LI, O A A 0 A S (BTN TEERA . UL
A, AT BE AR 045 A0 A S AR (18 1 5 ) OU i 2 O
/I, Morgan % 102 7E5%F CHF 5 14 8% 11 2088 2517 25
BB H T I —[R) .

—— BE-scale ICSI13]  «
. 80F « Gotoltoo] ® Yoo L.
“'E - Sugaill0l .. o
2 Sugai .
T 60Ff (modified)
= .
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Incident electron energy/eV

€l 10 CHF A o figg 3 4 I 0 ) 2k 25 21 09, Sugai 55 (101
TFOFARE T AT A0 I 45 A 000 Ey T A R T
YA CF, (v = 1—3), LA T f# % 3| CHF, fl CHF [ 5%
HRFEAT B IE

Fig. 10. Measured total dissociation cross sections into neut-
ral species for CHF;!. Sugai et al.'l recalibrated their
previous experimental results!%. Since their measurement
only considered neutral fragments CF, (z = 1-3), the con-
tributions of dissociation to CHF, and CHF were added for

correction.

SH AL, ST LAE T 5258 o
B0 oy O BT R ER A FE R LR AR S X 5T
8 BT (non-resonance inelastic X-ray scattering,
NRIXS) i, #043FXHE T R/E AT LA 1R
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2 —— BE-scaled 93]
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% Khakool107]
o Filipovic(l08; 109]
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Cartwright/110]

4s'[1/2]4
@QLXCatl27:58]
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T BE-scaled FR 43 # 1H7 (FB €8 55 4R ) 15% 11 5% 3 i 22 199, J
il i 2k H LX Cat B4 g 2758

Fig. 11. Integral cross sections for the 4s[3/2]; and 4s'[1/2];
states of Arl®l. Dots are the experimental results measured
by low (medium) energy electron impact'%611%. The shaded
areas indicate an experimental uncertainty of 15% of the
BE-scaled integral cross sections (black solid lines)”. The
other lines are the data from the LXCat databasel?7%.
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Abstract

Semiconductor chips are the cornerstone of the information age, which play a vital role in the rapid
development of emerging technologies such as big data, machine learning, and artificial intelligence. Driven by
the growing demand for computing power, the chip manufacturing industry has been committed to pursuing
higher level of integration and smaller device volumes. As a critical step in the chip manufacturing processes,
the etching process therefore faces great challenges. Dry etching (or plasma etching) process based on the low-
temperature plasma science and technology is the preferred solution for etching the high-precision circuit
pattern. In the low-temperature plasma, electrons obtain energy from the external electromagnetic field and
transfer the energy to other particles through collision process. After a series of complex physical and chemical
reactions, a large number of active particles such as electrons, ions, atoms and molecules in excited states, and
radicals are finally generated, providing the material conditions for etching the substrate. Dry etching chamber
is a nonlinear system with multiple space-time dimensions, multiple reaction levels and high complexity. Facing
such a complex system, only by fully understanding the basic physical and chemical reaction of the etching
process can we optimize the process parameters and improve the etching conditions, so as to achieve precision
machining of the semiconductor and meet the growing demand of the chip industry for etching rate and yield.
In the early days, the process conditions of dry etching were determined through the trial-and-error method,
which is characterized by high cost and low yield. However, with the help of plasma simulation, nowadays
people have been able to narrow the scope of experiment to a large extent, and find out efficiently the optimal
process conditions in a large number of parameters. In this review, we first introduce the basic theory of the
mostly used models for plasma simulation including kinetic, fluid dynamic, hybrid and global models, in which
the electron collision cross sections are the key input parameters. Since the formation of the low-temperature
plasma is driven by the electron-heavy particle collision processes, and the active species for plasma etching are
generated in the reactions induced by electron impact, the accuracy and completeness of the cross-section data
greatly affect the reliability of the simulation results. Then, the theoretical and experimental methods of
obtaining the cross-section data of etching gases are summarized. Finally, the research status of the electron
collision cross sections of etching atoms and molecules is summarized, and the future research prospect is

discussed.
Keywords: electron collision cross section, dry etching, low-temperature plasma, plasma modeling
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