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Study on Ionization and Dissociation Processes of Plasma Processing Gases

Using a Thermal-Energy Ion-Beam Method

Masaharu TSUJI and Yukio NISHIMURA

A new type of thermal-energy ion-beam apparatus has been constructed and applied to the study
on ionization and dissociation processes of plasma processing gases. The total reaction rate
constants and product ion distributions in the ion-molecule reactions of Ar* and CO,* with halogenated -
methanes and aliphatic hydrocarbons were determined. The observed rate constants amounted to
23-130% of calculated values from Langevin or average-dipole-orientation theory. The product ion
distributions suggested that charge transfer occurs through near-resonant electron jump at a long range.

It was shown that the beam apparatus could also be applied to the reactions of the Ar,*, AiN,* and N,*

cluster ions with aliphatic hydrocarbons.
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Fig.1. Thermal-energy ion-beam apparatus.
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Fig.2. Mass specctra obtaind from the Ar'/CH, raction
obtained (a) without and (b) with the addition of CH,.
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Table 1. Observed and calculated rate constants of the Ar* + halogenated methanes reactions at thermal energy

Reactions Kops Keale | S k(F,CI)
(107 em’s™) (107 em’s™) (10° ecm’s™)
Our work Reference )
Ar + CH,F 1.7+0.6 1.559 1.8 0.94+0.33 0.27
Ar* + CH,F, 1.9+0.7 1.579 1.7 1.1+0.4 1.7
Ar* + CHF, 2.0+0.6 1.38Y 1.5 1.3+0.5 1.1
Ar' +CF, 0.67+0.26 0.64+0.13% 0.88 0.76 £0.30 0.67
0.70+0.26

Ar' + CF,Cl 0.73+0.20 1.1 0.66+0.18 0.73
Ar* +CF,Cl, 1.4+0.6 1.2 1.2+0.5 1.4
Ar* + CFCl, 0.30+0.10 1.3 0.23+0.08 0.30
Ar' + CH,C1 1.3+0.5 1.9 0.68+0.26 1.2
Ar' + CH,Cl, 0.97+0.42 1.7 0.57+0.25 0.92
Ar* + CHCl, 1.2+0.6 1.5 0.80+0.40 0.37
Ar +CCl, 0.54+0.13 1.3 0.42+0.10 0.33

YRef.25, " Ref. 26.
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Fig. 4. The variation of the branching ratios of ionic
products with CH,Cl flow for the CO,’/CH,Cl reaction.
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Table 2. Product ion distributions in the dissociative charge-transfer reactions of Ar* with halogenated methanes
at thermal energy, in electron-impact ionization, and He(I) photoionization

Reactant Product ion Appearance Branching fraction (%)
molecule potential (€V)”
Ar Electron He(I) hv
(15.76 eV) (70 eV) (21.21 eV)
Our work Ref. 30 Refs. 31, 32
CH,F CH,F' 12.50 29.2 38.8
CH,F* 13.35 6713 27.4 38.4
CHF* 14.78 14+2 2.9
CH,' 14.50 16+2 30.6 22.9
CH,' 13.90 3+1 53
CH,F, CH,F,' 12.70 3.8
CHF,' 13.14 942 36.0
CF,' 14.8 1.3
CF* , 18.8 10.4
CH,F' 15.28 91+2 : 37.6
CHF* 17.7 4.1
CHF, CHF,* 13.86 ’ 0.5
CHF,* 15.75 54+3 329
CF," 14.14 46+3 36.3
CF,' 14.7 52
CF* 20.2 17.8
CF, CF," 15.56 100 77.2
CF,’ 20.3 9.1
CF* 22.6 . 3.8
CF,Cl1 CF,’ 12.63 37+3 72.2
CEF,C1* 15.0 63+3 17.1
CEF,Cl* 12.39 0.5
CFCI - 14.5
CE,Cl, , CF,Cl* 12.55 31+2 62.3
CFCl,* 14.0 69+2 12.7
CFCl, CFCl,’ 11.97 75+4 77.0
ccy,? 12.77 25+4
Ccql, ccLt 11.67 61+2 80.1 - 73.5
ccLt 15.4 3942 11.1 20.3
CH,C] . CH,CI 11.26 53.2 69.4
CH,CI' 12.98 9+5 5.3 4.2
CHCI* 1.6
CH,' 13.87 915 33.5 26.4
CH," 14.6 3.2
cr 16.6 3.2
CH,Cl, CH,CL,* 11.33 5+2 35.5
CH,CI 12.89 95+5 46.3
CHCI 4.1
ccr ’ 8.4
crt 5.7
CH(Cl, CHCL,* 11.6 31+3 62.9
CcCy? 12.2 2.3
ccr 15.5 69+3 17.7
CHCI* 17.5 7.7
cr 22.0 ‘ 9.4

®Refs. 5, 29
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Table 3. Observed and calculated rate constants of the
CO,* +chloromethanes reactions at thermal energy

Reactions Kos Keale Koos K
(10° em’s™)
CO,'+CH,C1 0.87%£0.37 1.8 0.48+0.21
CO,' +CH,Cl, 0.67%£0.31 1.6 0.42+0.19
CO,'+CHCl, 091+041 1.5 0.61+0.27
00, +CCl, 0.49+0.16 1.3 0.38+0.12

FISHY Art D LR IVE— (15.76 eV) |71 15.3-15.5 eV
DA A VIRBNDEXRERBH CTETITHIEEHS
MZ Uz, ShiWRETHRHENBZRILVF—D 85-
95% 84 A VDRI RILF—IBIT L. BORERY
DXL RINF—-~BITT 52 Ebd -7, CGH, Tid
BN K& LEBEBIT 2 BT A AV DEKD
ZH o tohi, TOREIZD IO 4% IBXET. ER
IR TN - 7o

CH,, ® DD REHMM (n-C,H,, iso-C,H, )DOHEED FHE
WS RICHEHED EALIZ DOV T HEBRE U, TDREE.

Table 4. Product ion distributions in the dissociative charge-transfer reactions of CO," with chloromethanes at thermal

energy, electron-impact ionization, and He(I) photoionization

Reactant Product ion Appearance Branching fraction (%)
molecule potential (eV)®
Co,* Electron He(I) hv
(13.78 eV) (70 eV) (21.21 eV)
Our work Ref. 32 Ref. 30 Ref. 31
CH,Cl1 CH,CI* 11.26 33+5 60+10 53.2 69.4
CH,CI* 12.98 28+5 40+10 53 4.2
CH," 13.87 39+5 33.5 26.4
CH,C1, CH,CL,* 11.33 2513 35.5
CHCL* 12.12 8+3
CH,CI" 12.89 67+2 46.3
CHC], CHCL,* 11.6 100 62.9
CCrt 15.5 17.7
cql, ccL? 11.67 100 80.1
CccL,t 15.4 11.0
JRef. 29.

Table 5. Observed and calculated rate constants of the Ar*
+ aliphatic hydrocarbon reactions at thermal energy

Reactions Kos Kealo Kope/Keae
(107 em’s™)
Ar' +CH, 0.93+0.32 1.1 0.85+0.29
Ar* +C,H, 0.42+0.14 1.1 0.38+0.13
Ar* + C,H, 1.1+0.4 1.2 0.92+0.33
Ar* + C,H, 0.92+0.30 1.2 0.77+0.25
Ar* + CH 0.94+0.33 1.3 0.72+0.25
Ar* + C,H, 0.78+0.27 1.3 0.60+0.21
Ar*+n-CH, 0.79+0.28 1.4 0.57+£0.20
Ar' +iso-CH, 086+0.31 1.4 0.62+0.22

HEEHITH - 12,
Ar* & CH,, CH,, CH, EDISTIX. LA A D5
I A E T — A A v R HlE D R >0 & s U

SRR E R TR

UTFORD & 510, & T RNF—WITETETSH -

THREBDOK BT AEES KIS FEHIZA X L

SV EBENE LR,

(H,C-C,H-CH,-CH,)' - H,C-CH,’ + GH, (C,H, + H)
36% (13)

o
HCCH—-HCCH +CH (CH+H) 7% (14)

CH,

3.4 Ar, Ar N, N,/ EERRKEEDLHF -4
FRIG

7 7 VTNT—IVAEEATHIEAE LI IR —A
AU, BRASICERIN TV AN, TORIGHIR. 2
~4FFDORAHHEI S SR -4 AV THAMHEE
DB, ABFETHZE LA A v E— LEEAB R
F—(0.039eV)TD AN, ZDJ7 SRY—A% > (A,
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Table 6. Product ion distributions in the dissociative charge-transfer reactions of Ar* with aliphatic hydrocarbons at
thermal energy and photoionization,

Reactant Product ion Appearance Branching fraction (%)
molecule potential (eV)?
Ar* PEPICO
(15.76 eV) (1576 eV)  (15.3-15.5¢eV)
Our work Ref. 36, 37
CH, CH,' 12.70 0 0 0
CH,' 14.30 85+1 68 85 } 153 eV
CH, 15.18 15+1 32 15
CH, CH,’ 11.40 100
C,H 17.22 0
CH, CH, 10.51 4+1 0 0
CH,* 13.28 761 80 79 } 15.5eV
CH,' 13.12 20+2 20 21
C,H, C,H,' 11.52 0 0 0
C,H,' 12.46 8+1 0 6
CH,’ 11.87 2+1 17 27 V15.4 ¢V
C,H,' 14.63 42+1 55 47
CH,’ 14.47 23+1 23 16
CH,* 13.59 5+1 5 4
C,H, CH, 9.73 0
CH,* 11.85 5+1
CH, 11.46 0
CH,' 14.24 69+2
CH,' 15.47 0
CH, 15.01 0
C,H,' 12.97 26+1
CH, CH,' 10.95 0
CH' 12.32 0
CH,' 11.01 0
C,H,* 13.14 9+2
C,H,* 12.05 25+2
CH, 11.53 10+1
C,H,' 14.29 52+3
CH,' 14.14 4+1
n-C,H, CH,’ 10.55 0
CH,' 11.65 0
CH' 12.51 0
CH' 11.19 0
CH,* 11.16 0
CH,’ 13.40 22
CH,* 14.96 0
C,H," 12.55 36
CH,’ 11.65 10
CH,* 13.66 32
CH* 13.52 0
CH,' 13.35 0
is0-C,H,, CH,' 10.57 0
CH,* 11.60 0
CH;* 15.33 0
C,H,' 11.23 1
CH,' 10.93 2
C,H,' 14.55 42
CH,' 15.05 0
CH,* 0
C,H,' 13.80 7
CH, 11.65 2
CH' 13.75 46
CH,' 14.75 0
“Ref. 29.
TR HRZ RS suE H25 (197

— 166 —



AIN,', NY) LB R{LAFE [CH,, CH, (n=2,4,6)] DK
[z bEA L,
BISRY —AF v ERAKFEEDLERISHEEE %
RisA A HicgEhd A ORICRBRUTREL -
(Table 7) , 2RUGEEILEILBA AV RENEELL
W GH, TIIED RILKED T LD B T DD
FTI (0.62-1.3) x 10° Ly, FHIRA—DOFHELX
¥ —-%FT5 Ay, AN, N OFT,| A’ RNEFBE)
DOHBIFTDIZH LT N, BEMAFRBRRISERI T
ENHBESFEDRIETRISNTINS ™,

R -
Ar'+CH, —»CH,"+2Ar (15)
N'+CH, —+NCH'+N (162)
— CH,' +2N, (16b)

BEV IR — AN ORIGHIZ. ZhZ TRATH -
bt AFRIZENT AN RERIGA AV THEEH
THBMBRH GO LTS USRI Xh i -7,

AIN,’+CH, - CH," + Ar+N, a7

&oT AN ORISHIE A’ iISHD &b o 1,

AN, ORIEHNR N kb b A’ IGEOGERO—DEL
T\ AN OET 84% 4% Ar [FFRICREL T3 V2
ENEITF 5N B,

Table 7. Total rate constants of the ion-molcule reactions
of Ar/N, cluster ions with aliphatic hydrocarbons at thermal

energy
Reagent CH, CH, CH CH
Ionization potential
(%] 12.7 11.40 10.51 11.52
Reactant
Ar' (145eV)  1.3(-9)® 1.4(-10) 8.1(-10) 7.0(-10)
AN, (14.6eV)  9.0(-10) 6.8(-10) 8.5(-10) 9.8(-10)

N, (1451eV) 12(-9) 1.3(-10) 6.2(-10) 6.2(-10)

*) (-n) indicates x 10 cm’s™.

4. % B

BIRNF —A A E— LEBEZRME L. KitRo ¥
&7 o X EHRORRBICARBKE TS X<HTO
YBETOE AT ADA AV — R FRISOHERIEE L
Too BEAR Y MVETA F VBEOESREEEE I
ERATERD. A4 DR - HMEBEEZH SN L
7

TR ZREME R ZH RS

Art ool LA S URERRAK TR ED RISE
RENZHFAL 720 TOEE. CHhETBXINXF—ER
DAF V- FRIGOM IR FEAXhTE /- SFT
ED L el BIFERE 23T o 6b i S B4t He
EEZRVBENRHBE Do, Ar KIGTIE.
Franck-Condon fIZH RIS EEA 4 RE~NOBBER
WREZVRAS A MEEPEFERELII R, FLE
RIS REA A VREBANDBBRERNAE LI EE RN
U7zo BRI A BUSIZE B0 X 9 VEDA A 4L
B, EPBEF LB AV ILERKEZS BREBIEER
THDTHY . B xIIF —DA AV 2 ERTHE.
RDNPEF TIIERRAT GBI A A L RBE LK TTRE AL
T &b o T,

EFA LY EBEFHFA A ORIGHEDEBNOER N
A1z At OBEERITED CO 2RIGAAELT
A, 7o0aXs v EOBMBHRISIZ DN THRE L,
CO,' RISTILERBRIEDHA L 53, FELBRIGD R
I CVAC RIS TR S ROBS 1 A bR X
hice ThIRBEFDFA AV TIRASEHERS
BIZ. R RNF—-D— BB RT3 FEEROEE P
EET RIVF — BT 5 720D, FERBFUSDRER N
WRIBI-DEER L, ISITAHEHEEL AUN, B
BRI —AFVERIKFEEDHIGICHBEAL. K
EEEARE Ul BRIEDEFRYA A 375 % B L.
AN ORISR N SIZRA D, A [HEWZ EAB
oz U7,

AR THR U A A E— LEEIR, 107~10°A &
WOBDTEHBEDA AV E—LEREXGE I 0T
BBTHY, SHXSIITS X7 0 XD R
DA A v — FFRIG~DILFE LIS AN TIN5,

EFRAEZTT ABICIE WAKRET HFIT¥ER &
R R SO BN (BERE) B2, B
HESE) | #E Bl (3R NEC) | MFE— (FHEK1L
%)\ HEBERA B2 RE) 0FROBHERN,
CIRHMOBEERLE T, FAAWED I3RS YT
PP AR 7. — 8. JENFHE. 54
IGEEAME. WA 2 )UA MBS EME. 2F#
FRBFBES . XHERENRE [RARWZA B (No.
02555170), HEAZPFF B(Nos. 0643026, 09440201)] &)
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