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1 3

o AN RIERE A 45 B TR (inductively coup-
led plasma, ICP) 8/ 3z i H T2kl rh, &
BRI L2 55— SR & A S5 8 AT
ZIh, e AR e 2 R E RS U S 5
B HAb b 5T R 15 2 AR L, SR AT S 5
FRIATZI00, 57 A R PR 201, IR, S5
S @B TR 31K (GaAs, GaSb, GaP). 4
J& (Al, Cu, Pt, Mo, Nb) ¥ Sr, Bi, Ta, Ba & Ti ¥
S5 L AT B A P B A 220 e 51) / s 1 4 191

e Ry L 4R, )\ﬂ]?ri(]‘ Ar, Oy, Cl, &
HARA ST, O350 147 7R A5, JUH R

i

e, B
DOI: 10.7498/aps.73.20231369

KU T ASFEA R Z il s R AR B4, 1 Fan
A5 130 AE S T R Y Ar/O,/Cly 1 H AR AS I
GaAs 1 ZI 1 52 B 25 SR S U0 1 38 hn i 8 .
Smith % BT 7ESZE H L B, MAE Ar/Cl, IRA AR
IR Oy J5, AT LA 5 HIRRAR AIN (19211
HOR M GaN B2 R L AR, 13X e 2 iR e

T AIN Fil GaN Z [ EE#EM:. Lee 45 B8 F1 Taube
SEPIAE Ar/O,/Cl, B FIR R, FIH X S4&
JeH T REIE (XPS) AL F AlGaN (1) fi RE %
TE BT 65 i R AL, O J2, JH 2] ol %) 3 5 % 5 F
GaN Fl InGaN. Chung %5 10! [a]#£Af H] XPS #ff 5%
TANFESHOAE P W 201k TiO, HERR A5
SRR FE Ar/CLIR BT IMA O, %5
Ti,O3 1 TiO HY4AAL, MIMTEEAR TiO, MY ZI ik 2.
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2002 4, Park %5 11 3R ] Ar/O,/Cly %5 85 114 %
It SrBryTayOg (SBT) Wi, Z5RFEH: O, FIMA
fifi SBT v RS () 4544 48 TAa e, F 1 S 30 T MR
2V R )T B, Kwon 45 421 5 Kang 45 191 fifi
Langmuir #REMF52 T Ar/0,/Cl, %5 T+ Mo
F AL O VB ) 2] b R, 45 SR R W Mo WA Y
ZI R ZE P O, 7 10 A3 N 52 0 R B Y AR
Ak, T ALyO WERBEAY 2 i A2 B R R, Tinck
A 110 R AR B AR B8 (HPEM) 5% T
AR 2R Ar/O,/Cly 2585 TR Si 74151 %)
TCREPE RS2, AT & BRRE S SR AT O S IR
PRGN, BT A BB A, 20k SR AR BRI
T%&. Hsu % W 7ESCE R LY Ar/O,/Cly IR H
SR RS, Ru i 2R B O, &
A N SR N 5 FEAIR.

AN, ATEBEFE T AP FESET Ar/0,/Cly
FE TR . 0, Efremov 5 48 fifi
Langmuir 8 £ YA f & & B} 3% (optical emission
spectroscopy, OES) #F5¢ T AR Ar/Cl, (O, kb
BIEE) A1 Ar/O, (Cly, FefilE ) Ho il 6 455 1
AR 2, 45 R R BIE CL A& KT
O, &, CLE TN ERIRE ST O B 5E
J&. Hsu %5 L7490 ffi f Langmuir #REH 55 ZFH2 I T.

H, BRI Oy SRR, L ¥ BB 70 A pREL

5 B A F BRI AL ) 25 B 2 T ) 8 U (S A s
#7584k . Tinck 4 4446 i ff] HPEM #EATHEHL, &
PSR 2N kR B O, T I3 NS SR IEAR, (2
S 1] it [ PR A A R AR AR, AR B R
FEPEIF AT 32 5] B2 5.

TE ICP i, S 1 52 IR AL 21 i 5 | 1Y
B RE A Bl E L R, AT STET
FE BN ot il — A S P SR O . D, e 2 P A
) 88 8 A R A - i R D o 25 o 3 O
FEHLM B TR, R0, BT TCP W5 FIFH i
FEVRZ [AFERR AR, B I R AU &
S i R PR B 2 IR A 1 TR, I 2 A S
B TARR R, B0, Lee 5 Chung!'’) Zhang 55 I
1 Wen %5 6] 435I 7ESCHGAEER 2B 24 ICP
IBATHE BRI, A58 A2 5 B e 2y 238 5
R AR5 359, Schulze 45 PO £ Ne i 8 5],
R Y ICP )47 e 0 R IR D 32 sF - pl g
51 A 2 A S B T Bl AT R e A R
M), SR T R A AR A B A% B R il f. A 45 P

ORI 2t T S A s D, HL i AR A e
AAF R PR, LR i s T AR A4, A
RATERARR ICP T

A NATVET T S0 O e 1) S 5 56 1 11
FEVEEAT TOF5E, (B IR X Ar/O,/CLIR &S
P RE P S e JLF- A HiRE s 500, AS 2
JE AL E A BT RE 5 0 A1 KA (ion energy distri-
bution function, IEDF) 7£ Z| {iid F Hh il & JE 5
TEEVE, SR Ar/Oy/ Cly I il i v Y A 56
WFFE AR A B PR, AR SORER Tl B AR A
BRI B 1585 R Pl (Monte-Carlo colli-
sion, MCC) A B ZH it 1R 5 A B | AIF 5 S5 A0 s
JEXT Ar/O,/Cly 1RGSR HL rhaly FURL T2 B | B
PR TR AR A TR DL R B A
HLK 1Y IEDF 5200,

2 & A

K1 R T ARSCITBAU R i 2 25k g ],
A B TR XA R O3, BVAAE B TR DX
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B2 vl R 7 AR Idinis . AR BIAR A
J&, I E T MCC BRI = b e 15 ok
KL 2 6] )RR AR, 2 I A 3 A AR 3R T Y
IEDF. 2 EEHR, RUEE 1 iy ek
FEH R TR, EARSOITR A B AR R T AR A
BT P SR f S 382 A0 P 28 D) e — 2 A A6
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Fig. 1. Schematic of configuration for the hybrid model.
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2.1 E{KAERY
2.1.1 ETFHFHITAZ

TE Ar/O,/Cly IRA MR, 25 B R+ Fh 2
nge 1 g, XSS LR ERLT (PR TR T,
i Ty AR A (6:7:15.16]

dnl L — ds,max + —
dr = L <Z RV,l - Z Rv,l
14 14

+ Rin,l - Rout,l + Z RI[ - Z R;lv (1)

Horr, ng 5 LRI BE s L2 ROV % A
FE. H T2 Y R R ORI, TETTH R
FIR) G AR S I, 5 BN i K 2 5 Bl o 75 HE T
K. RY, Ry SR TR DX ROR I 5 RS A2 1
FORL (877 A= R G T, ELAA Py il 4 i 2 32 B
SCHk [6, 29-32, 35].

F 1 Ar/O,/Cly R URHE T IR IR T
Table 1. Plasma species considered in Ar/0,/Cl, dis-

Hp ARBEERER; A, D, v vy 55
TR Y O L RS R S/
TR FHEL AE Ar/Oy/Cly WU, &S TP kL Y
BAERE y, FE 2 g, Hp, ClRFEgRRESR
TS (ROBE 1) B v 72 B 2 1Y A% BE AR
DL R RS SR I B LU 1. A
SRR I I SR BE N AN, I S N 1 FR A
ﬂi’[ZQ,S?]

lg(yal) = —1.22 — 1.34 exp (—1.48nc1”(C1 0)) )
2 (v=

H2 PR BRI 020 0209

Table 2. Reactions of neutral species on the walll6:2932:35],

charges.
FEA R HRLT Ar, O,, O;, O, Cl, (v = 0), Cl, CIO
R Ar™, Ar', Ar(4p), Oy(a), O(D),
BT Cl, (v=1),Cl, (v=2), Cl, (v=3)
EHT Art, OF , O, CIf , CIt, ClO*
BT /T 0,Cl,e

No. Reaction M
1
1 Cl+wall — §C12 (v =0) FiFE(3)
1
2 Cl+wall — ECIO FiTE(4)
1
3 O +wall — 502 0.09
1
4 O (D) +wall — 502 0.09
5 Clz (v) +wall — Cla (v —1) 1
6 02 (a) +wall — O2 0.007
7 O (D) +wall - O 0.1
8 Ar* +wall — Ar 1

Ring = 4.48 x 10" Qin 1/ V, Rouy = 1.27 x 1075
1 Qin,sum/ (po V) 53 A2 B TSR TEAFIGL P i
AR AE R R I, Horpr ) Qi SR SR AR
ABEZEMRE, VEREZSWERE, Qnwn=
>, Qunt JEFA RV TRA A SR Z L, po Jih
WAL B SE, BAf7JE Torr. I FAESLPRECHE A, H
SIRNFRVUR, ISR AR Rin, H2 HIAE R
BRI R R E R . REEENE, BT
WEHR2MEH, e R R AR s = rh
O XA, BRI T 5 RS A 4K Row, RS 5210
HH R R L 25 1 285 R (30325259,

DR (1) v B f S PRI R 7 B T i BE SR T

B i 5P o H1E 1767 SR ST 0T SR i 7 26 e B U R X o

HE S A S A DA SOk S O AR S A AR BE SR T
PRI (GRIUA ) P20, rp b1 1 e e BE L A9
RAHON )

A2 v (22—~ "
l+ ( 'Yl)

Kioss = | = 2
loss Dl Al/l - ’ ( )

JONE 2 B ZR K B AU B R E 1920798
log,, (va1) = 2.15Fp, — 2.62 x exp (0.002/ Fo,) , (4)

S, Fo, = Qo,/ (Qo, + Qo o) LM LRI
OB . LRI L
R T BB Ry

ug + A
Kioss = OB, Leff, + (5)

Hth, Ay = 2nRLhr ¢ + 2nR2hy o 2 B F 41K
AR, REEERER, hey M A 5500
A2 I Rt ) PR 2300 2 5 O A ) 8 B R L 2990921,
PR ) kN

el (1 + o 0-5
Ttes) ©
Hrp, e B AT My 28 T RiaE; oo 22
AR B SR R L, R )Z ik Ak
HYHLEARE PO o =T/ T IR T, 5 ¥
W T LB, A SR s iR T FE S+
REE Ty 52 3UE p (mTorr) FITF 5 URIRIE Ty (K)

U, + = |:
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4] R [15.16.54.60],

0.5 x 11605,
T, =
Tyas + (0.5 x 11605 — Tae) /p, p > 1 mTorr .

(7)

BRI, REE R, BBEWIh

BERSARFAAR IR (GEF 7E 300—330 K Z [1]), {H)&

JHCH R Ak B SRR B TT BB, JLHY ICP Ak

TR BB, L, 75 5 AR IR T X
Eﬁ% [16,24,32]:

p <1 mTorr,

Tyas ((Peoit) , ) = 300 + s (p) x logy (fﬁggg) . (8)

5 (p) = T80 (1 — e~0091XP) 4 950e—035TxP(g)
1, (Peoi) = Peoi/ V SRR B Dy 5855
HL TR e T DA A A PR

Zq+n+ - Zq_n_ —ene =0, (10)

+

y 945 N4, G- ﬂ:‘[] n_ ﬁ%IJ%EJ\%¥Hg%ﬁ&

N
= &

1.2 HEFETA

YRR B RS I, 45 B A DU IR A i
R G B RS AE R DA 4. Horp ) S5 1A
W A g 3R 2 ok [ 28 B g 3R g e R g 3
#Rr; A B IARTHFER DR E 2GS 5
AR R A B R L I AR R R AR 1T R
FIRE Tk, LA ST HEORE -V 1] 4 BE | A O 7 A
i e HLBR T 5 RS IR Th 34 % . R, T3P 1 72
j:, [6,7,15,16]

d /3
& (2€neTe>

1 1
= 15 Pcoi Pias *Pc** Pwa Possa 11
77 (Peoit + Phias) 7 (Puatt + Hoss) . (11)

Hofr, P 22K B IR, B — DN A SR
Prias 42 FH I FE VR 5 RS A 0T 356 A0 4 i R TR 1)
AR BRA IR AR A BEN LRI . PR AR AR
VA T L PR R A A S A R Sl
MR B RE R 2052

P, = en, Z nnkiz€c. (12)

Ny &2 SRR R IES TR TR, ki, LT
IR PERE T A v B AR PR R, e R
Az — AN - BT RS A RE K 2.

Tite (11) HF R Pan il R T AR S 45 B

FAr S L5 R AP, HRA N 671910

Pun =Y eup iy [nRTh 4 (4 + )
+

+2rRLhg Vg +n(R? — RY) hp 4 V4], (13)

Ho, A FRERER R =13cem; ey Fl e, B4
RIS PR R R vt R E S
T 1 J2 FR PR . AR TE R 1 Child 52 B2, Ay
Vy = (Abias/ Ag) Vhias » FEH Vs RIS I HI U5
HL R %, Avias FI1 Ag 4353112 O . FL B R 1 FELARE 1)
JAIAH.

T (11) WY Ploss 2278 B UL 1) it Fie FELA 2 THT
PIE B 5 R RE AR, HFRAA Ty 071510

Ploss = Z AbiashL,+uB,+n+e%ias~ (14)
+

2.2 REEERE

UFET HAR E it i — A e R R R
N S P8 A8 2 T P K A A T ) A S A
RS, PRI, AR SCTE S AR RN 1) S At # 5 1 )2 A
Y H A HBL T R IR S EON S B AR I R
M. 75 ICP ", 5B 1R R, WS 250, R
2B BT /N T e F B A2, DRI T AR FH— 4
JEREARR SR . FERZ X, B T2 nes F
BB n_ W R IR 28 = A A

V. —
TNes = Ne EXP [ pT @S] , (15)
€

T
Horbr, ne Fln 235 AR T AS B AR5 2
TR L7 A GBS T B, AR e TR 3
Vo BN 0.

B2 AT A EL e o T AL TFIRA T 7

oy 1
022 :_5 Zq+n+s - Zq,n,s —ene |, (17)
¥ —

Forh, 2o BRI AHBHC ny RERNIERT
I, WS FLA B 00,

N_s=n_exp [Vp_%] : (16)

8n+s 8n+su+s

o 9 0. (18)
ups BT, BBl S E R E
au-i-s au-‘rs € a@s vp-i-s M
+ g S L - :
ot 0z M+ 0z n+sM+ n+SM+
(19)
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H, pyg BIEE T HRGR, M 23S s SR
L RN SRR,

WE 1 R, i R o — B8 B Cs i
FERN T AR L. A T R4S O FE B b A L VL A
P KA R A TTRR I 3 Pyjas , TEREA MR TG 2R 5
— G AR, BV L+ Lo+ Lo = Tos - e I,
I FN I A3 2 B L . LT HEL A A HL I, Toias
2 T I 1) O s FEL ARG 1740 FEL g 115160
d(Ve — Vi)

Ibias = C'B dt 5 (20)
Herp ) R FER A HL . Vie 2278 K
Vie = Vpsin (2nft) (21)

A, Vo JEHURBRAE, f R0 IRAYIIER,
H i IS A BRI f R aUgs i 6719161

1 Trf
Pbias = ?f/ V;: (Ii + Ic + Id) dt+P0hm+Pstoc 5 (22)
tJo

Horbr, mi S P PR S )5 Ponn J2 T HL A0
HA PR AR T 5 R T R IR IR ;- Poe S HT T
B 23R 10 5 RS A BB P 23 (52.67),

23 BFREFFTERE

20 R AR TR 8 TR A R 2 ] B ik ARk B AR
FEJ& , A LAY B MCC A58 153 i JE FL B I
) IEDF. b T iHBRGETHR 2, 7218 B 5 MCC
R, 8RR A PR R RT3 ) i

i AR IR A 7 2%, AR IE B BSR4
k100 A, Bl 40 Tk L 3 7 4 sl A R e iR
RN T, BT 1iE sl & & AU, M5
FHTRIMAR LB, 0 SRA%R TAY RE DA S F
SRR 2 (B e ff1 . 2 T 11 5 AT B A AR R
BRI GE 4533 —1b Y TEDF, icfE F (g;) BY:

N (&)

i=nein

> N

=0

1
F(ei) = ) Ei:§M+ (V3+V5+V3)7

(23)
HA | nein 2451 IEDF X 07 085 T BE B 1A% A5
B N (e0) RfEEN T e Ble; + de B THGE; v,
vy Flv, 53 5ie T, y Fl 2 =I5 ERY oy
i BT SR R AR v B A Rl o AR
%A F3CHk [6, 7, 18, 19, 68, 69).

3 #R5itb
3.1 {RIEMRESRRITES FE4F R0
FrRRR U, J5 SO A —3: ICP 1j%
100 W, S K 10 mTorr, = By 2428 F i B 350
15 cm. A[AME IR, SEAS oMb 2% B Bl
it S W 1 P 3 A, B I&] 2 B s vy, A PR R R 10
AT S 10—400 V, i T P E 5350 S 2.26,
6.78, 13.56 1 27.12 MHz, bRtk AR 35

(@ M) c° ©
—~ a — b c
T 3.8 7 e
g g S
=) = 1.5F Z 4
=) S =
= 36} = z
> 2 § 3t
pS P
g —=— 2.26 MHz % 14| 2.26 MHz = —=—2.26 MHz
g 345 = 6.78 MHz < —e— 6.78 MHz S [~ 6.78 MHz
5 —— 13.56 MHz Q —— 13.56 MHz 1ol 1356 MHz
< ——27.12 MHz © —v— 27.12 MHz = —+—27.12 MHz

3.2 I I I A 13 I I I I '_C?l I I I I

0 100 200 300 400 0 100 200 300 400 O 0 100 200 300 400
Bias voltage/V Bias voltage/V Bias voltage/V
N —=— 2.26 MHz | —=—2.26 MHz = —=— 2.26 MHz
T 20 —6.78 MHz ki —+— 6.78 MHz 5 32} —e— 6.78 MHz
g —a—13.56 MHz B 71—a 13.56 MHz . —— 13.56 MHz
% 1.6} —v 27.12 MHz 2 —— 27.12 MHz E —v— 27.12 MHz
— — ~
< =6 B
Z 12f 2 2 a8l
E g G
< osf < 5 ©
o 5 Q
(d) (e) © (f)
0.4 . . . J 4 . . . . 9.4 . . . .
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2 [ i AR AT, e 2 v s 4 L o i T M L 94 A8 1

Fig. 2. Evolutions of the densities of ground state neutral particles with bias voltage for different bias frequencies.
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R Ar/0,/Cly = 50/20/100 mL/min. 5745 %
s T [ B AR T, Bl D e WR(EL 38
Ar JF T Oy 20 T 1 Cly (v = 0) 5> TR S
AL, JF2218 TR /L IRFeAAE, s PRk
HFEAL; ClO 4311 % B2 N et R F%, J5JLF
PRIFFANAR /WG TN, ) R 3 R R 1T O i
TR O 7 1 %8 B I SRt Bl JL-F-F2
FEAR /WEAT G, B Je PR PR3 . e Ak,
HTASERATR, FEA P R B 1 v () S AR U I
K. 7ok, Y s (B /T 200 VEF, Ar R
0, 771, Cly (v = 0) 73 F LA I CIO 43 1Y% B bifi
i AT A I REAIS, 10 O J5iF 1 CL Y
5l S BT A 1) B D0 T AR . e e TR
200—300 V PAZFLET, 25 Bt obr 1 25 L B
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Fig. 3. Evolutions of the power deposition and power loss with bias voltage for different bias frequencies: (a) 2.26 MHz; (b) 6.78 MHz;

(c) 13.56 MHz; (d) 27.12 MHz.
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Fig. 4. Evolutions of the generation and loss rates of ClO molecules with bias voltage for different bias frequencies: (a) 2.26 MHz;

(b) 6.78 MHz; (c) 13.56 MHz; (d) 27.12 MHz.
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Fig. 6. Evolutions of the generation and loss rates of Cl ions with bias voltage for different bias frequencies: (a) 2.26 MHz;

(b) 6.78 MHz; (c) 13.56 MHz; (d) 27.12 MHz.
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Fig. 7. Evolutions of the generation and loss rates of ClO* ions with bias voltage for different bias frequencies: (a) 2.26 MHz;
(b) 6.78 MHz; (c) 13.56 MHz; (d) 27.12 MHz.
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Fig. 11. IEADF's of Ar" ions for different bias frequencies and bias voltages.
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Table 3.

Time-averaged sheath thickness and voltage drop across the sheath for different bias voltage amplitudes, at bias

frequency of 13.56 MHz.

25V 50V 7BV 100 V 125V 150 V 175V 200 V
ds /mm 4.67 4.75 4.79 4.80 4.81 4.85 4.93 5.03
Vi IV 31.32 55.47 79.98 104.63 129.34 154.1 178.88 203.70

W 5 AN TR A1, 33 DU AR B A B 1t 433 B g 40023
FIR A (2 AL A AR Ar+ B TRARL. 191400 224 it F 450
RN 2.26 MHz i, 33 DUF s 7 14wy AR 04 31 ) R
TE 2 229 €V /233 eV /218 eV /228 eV Ab , 1% fik 1§

O3 9 BLAE 2 28 eV /19 eV /41 eV /29 eV 4b, &
TREWETEJE Ae RIKH 201 eV /214 €V/177 V/
199 eV; Y EAH A 27.12 MHz i}, 3% PUFhEs 7
(14 155 RE V& 43 ) HF IR AE 24 149 eV /154 eV /143 eV/
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Abstract

In the etching process, a bias source is usually applied to the substrate of the inductively coupled plasma
(ICP) to realize independent modulation of the ion energy and ion flux. In this work, a hybrid model, i.e. a
global model combined bi-directionally with a fluid sheath model, is employed to investigate the plasma
properties and ion energy distribution function (IEDF) in biased inductively coupled Ar/O,/Cl, plasmas. The
results indicate that at a bias frequency of 2.26 MHz, the CI ion density and ClO* ion density first increase
with bias voltage rising, and then they decrease, and finally they rise again, which is different from the densities
of other charged species, such as O and Cl atoms. At the bias frequency of 13.56 MHz and 27.12 MHz, except Cl
and ClJ ions, the evolutions of other species densities with bias voltage are similar to the results at lower bias
frequency. The evolution of the species densities with bias frequency depends on the bias voltage. For instance,
in the low bias voltage range (< 200 V), the densities of charges species, O and Cl atoms increase with bias
frequency increasing due to a significant increase in the heating of the plasma by the bias source. However,
when the bias voltage is high, say, higher than 300 V, except Cli and Cl ions, the densities of other charged
species, O and Cl atoms first decrease with bias frequency increasing and then they increase due to a decrease
and then an increase in the heating of the plasma by the bias source. In addition, as the bias frequency
increases, the peak separation of IEDF becomes narrow, the high energy peak and low energy peak approach
each other and they almost merge into one peak at high bias frequency. The results obtained in this work are of

significant importance in improving the etching process.
Keywords: inductively coupled plasma, bias source, hybrid model, ion energy, ion flux
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