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Tetraethylorthosilicate Si(OC2Hs),, TEOS S, Kawaguchi, et al., PSST, Vol. 26, 054001 (2017)
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O PECVD + TEOS vapour - - - SiOfEDHFE SiH,8&TUTEOS vapour
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O J. Holtgrave et al. [Chem. Phys. Lett. 215, 6 (1993)]
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J. Holtgrave et al.

[Chem. Phys. Lett.
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Morgan et al.
[J. Appl. Phys. 92, 1663 (2002)]

Tuan and Jeon
[J. Phys. Soc. Japn 81, 064301 (2012)]
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IEEJ Recommended cross section set of O,
[Y. Sakai, Appl. Surf. Sci. 192, 327 (2002)]
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EHETERI 2 : H,O vapour
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S. Kawaguchi, et al., Jpn. J. Appl. Phys., Vol. 55, 07LD03 (2016)
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Discharge plasma in gases containing water vapour has attracted much attention for the
applications in life science.

Stimulation of plants Inactivation of E. coli using atmospheric-pressure

germination and plasma jet
growth. [Kuwahata et al. Jpn. J. Appl Phys. 54, 01AG08 (2015)]

[J. Takahata et al. Jpn. J.
WY e Appl. Phys. 54, 01AGO7
o Q4 (2015)]

(a) untreated control (b) after Ar plasma jet
irradiation for 5s

v In these applications, RNS/ROS in water play important roles, so that proper control of the
concentration for these species in water is needed.

Thus, discharge plasma is often generated in/above water or in water vapour/mist.
H,O is a key molecule for life science applications; therefore, it is focused in this work.

v Previous electron collision cross section sets of H,O vapour are examined, and a reliable set
Is estimated.

16 ﬂ MURORAN INSTITUTE
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Yousfi and Benabdessadok
J. Appl. Phys. 80, 6619 (1996)
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v Modification is needed.
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1. Measured cross sections
* lonisation g; (H,0*, OH*, H*, O*, H,*, O,*)
Lindsay & Mangan, Photon and Electron Interactions
with Atoms, Molecules and lons, Vol.1/17C (2003)

—
[S¥]

10_ T T T T T T T LR | LB R L
« Electronic excitation g, (25 kinds) 0 Gelastio Méasué?gee?iz. (2004) _
Thorn et al., PMC Phys. B 2, 1 (2009), J. Chem. Phys. L e %)
126, 064306 (2007) 10"+ .

—
h

 Vibrational excitation g, (2 kinds)
Seng and Linder, J. Phys. B 9, 2539 (1976)

ot
o|
I

—
™

« Electron attachment q, (H-, O-, OH")

Cross section (cmz)
[
=
3
1

H- & O-: Rawat et al., J. Phys. B 40, 4625 (2007) 101
OH-:Melton, J. Chem. Phys. 57, 4218 (1972) 0 L
« Differential cross section (scattering angle 0 ’f
distribution) ‘ 7
Cho et al., J. Phys. B 37, 625 (2004). 107 : - 1 - - - -
10 10 10 10 10 10 10

_ . ) Electron (eV)
2. Theoretically deduced cross sections ceron eneey i

 Rotational excitation q,,; (3 kinds)
Itikawa and Mason, J. Chem. Ref. Data 34, 1 (2005)
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Present cross-section set of H,O with reaction table

Label Type of collision Reaction ep (V)
mom? Momentum transfer? HO+e - H,O+e

rotl Rotational excitation H,O (J=0)+e—=HO (J=1)+e 4.604 x 1073
ot2 Rotational excitation HO (J=0)+e—=H.0 (J=2)+e 8.690 x 1072
o3 Rotational excitation HO (J=0)+e—H0 (J=3)+e 1.764 x 1072
vibl Vibrational excitation H,O (000) + e — H,O (010) + e 0.198
vib2 Vibrational excitation H,0 (000) + e — H,O [(100) + (00D)] + ¢ 0.466
al Electron attachment H,O+e —=H +0H 4.000
a2 Electron attachment HO4+e—=0H +H 4016
a3 Electron attachment HO+e -0 +H, 4300
exl Electronic excitation H,0 + e — H,0(@By) + ¢ 7.140
ex2 Electronic excitation H,0 + e — H,O(A'B)) + e 7490
ex3 Electronic excitation H20 + e = H2O( 3A3} +e 8.900
ex4 Electronic excitation H,0 + e — H,0('45) +e 9.200
exs Electronic excitation H-O4 e — H30(1~93A1) +e 9.460
exb Electronic excitation H,0 + e — H,O(B'A)) +e 9.730
ex7 Electronic excitation H,0+ e — H,O(dPA)) + ¢ 9.820
ex8 Electronic excitation H20 + e — H2O(FB; + C'Bi) + e 9.980
ex9 Electronic excitation H.0+ ¢ — H,O(D'A)) + ¢ 10.12
ex10 Electronic excitation H,0 + e — H,O[C' B,(100) + 3B | + ¢ 10.35
ex1l Electronic excitation H,0+ e — H,O['B, + D'A,(100)] + e 10.55
ex12 Electronic excitation H,0+ e = H,0(%A,) + ¢ 10.70
ex13 Electronic excitation H20 + e — H20[D'A:(110) + C'B1(200)] + e 10.77
ex14 Electronic excitation H,0+ e = H,O('45) + ¢ 10.84
ex15 Electronic excitation H,0 + e — H,0[2B; + E'By + D'A;(200)] + ¢ 10.97
ex16 Electronic excitation H,0+ e - H,O(B, + 'B, +*By) + ¢ 11.10
ex17 Electronic excitation HsO0+ e = H00CA; +'45 4+ A + 34, + 'B +3B)) + ¢ 11.23
ex18 Electronic excitation H20+ e — HaO('By + 3B 434, + 'A + e 11.35
ex19 Electronic excitation H,0+4 e = H,O('By +°B> +°By + 'By) + ¢ 11.50
ex20 Electronic excitation H,0+ e = Ho0(A, + 'A)) + ¢ 11.61
ex21 Electronic excitation H,0 + e — H,O(B;) + ¢ 11.68
ex22 Electronic excitation H,0 + e — H,O('B)) +e 11.75
ex23 Electronic excitation H20 4 e — HaO(4; + '4)) + e 11.80
ex24 Electronic excitation H,0 + e — H,0('4; +°B; + 'By) + e 11.90
ex25 Electronic excitation H,0+4 e - H,0('A)) + e 12.06
ex26 Electronic excitation HO4e - H,0" +e 12.50
il Tonization H,0 + e — H,O" + 2e 12.65
i2 lonization HO+e — H" + OH + 2e 16.95
i3 Tonization H,O +e - OH" + H+ 2e 18.08
4 Tonization HO+e — Ot +Ha+ 2e 19.00
5 Tonization H,O+e - Hy2"+0+ 2 20.70
i6 Tonization H:O+e -0 +H, + 3¢ 80.00

a) Elastic.

S. Kawaguchi, et al., Jpn. J. Appl. Phys.,
\ol. 55, 07LD03 (2016)
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Table I. Excited States of H,O molecule

o estimated Qex(l) No.  State Designation No.  State Designation
s ~ 4 1 @3B, 14 4,
S =
/ ~ ;
. .
/ ilp I - 1 2 A'B, 15 &B; + E'By
] 1 ~ + D14,(200)
3 3 *A; 16 °B,+ B,
] + °B,
4 1A2 17 3A1 +1 A2 +1 A1
+34, +' B, +3 B;
5 b3A, 18 'B,+3B, +34, 4+ 4,
6 B'A, 19 'B,+3B,+3B, +'B,
7 d3A1 20 3A +1A
Gex (25) : 2+ A
8 é*B, + C'B,; 21 3B,
2 468l 2 4682 2 4 6 8 9 51A1 22 1B1
10 10 10
Electron energy (eV) 10 (¢'B,(100) + °B, 23 34, +1 4,
 Electronic excitation g, (25 kinds) 1 1p +54,(100) 24 L4 3B, 418,
Thorn et al., PMC Phys. B 2, 1 (2009), J. Chem. Phys. , )
126, 064306 (2007) 12 Az 25 A
 An estimated cross section shown in dashed line 13 D4, (110)

23
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H- & O : Rawat et al., J. Phys. B 40, 4625 (2007)
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v The sum of g, .. @nd (., is measured by Cho et al. (J. Phys. B 37, 625 (2004)).

25 (f MURORAN INSTITUTE
OF TECHNOLOGY



O

TN EZRMES : g,

-12

10 LR | L] LELELELILLLL | LR | LR |

13 Pl Recommended data
10 1 x 0.1 . — — Itikawa and Mason (2005)
10 |

o]
=
—
Lh
I

—
=)

: 2
Cross section (cm )
[

\ o
3
I

10
10—18 i
107t ‘
10‘20 ; ||||2 ||||||||1 ||||II||0 1 Illuu lJ lllll’Jz_l L1 111 X
10 10° 10 10 10 10 10
Electron energy (eV)

Theoretically deduced cross sections

 Rotational excitation q,,, (3 kinds), but multiplied by factor 0.1
Itikawa and Mason, J. Chem. Ref. Data 34, 1 (2005)
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Measurement ]
0 Electron beam method [Cho ef al. (2004)] (4eV) A
— 10" E
5. m
g 4 eV 10 eV 30eV ]
= K --- 6eV 15eV --- 40eV |
3 s P — 8¢V 20eV. —— 50eV
& 107k £
o - ]
S - ]
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2
g 10 ]
— - T3 / .- 3
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& 1sotropic scattering ,
A 10_17 F -~ """ TTTT---- - T~
10—18 ] ] | | | | | |

0 20 40 60 80 100 120 140 160 180
Scattering angle #[degrees]

collision

v" Electron is found to be scattered
mainly in forward direction after
elastic and rotational excitation
collisions with H,O.

v" The scattering angle @is calculated
as

o
quDCS (0)sine'de’
é: =

. .
_[ dpes (0')sin6'd6
0

& random number

 Differential cross section (scattering angle distribution)

Cho et al., J. Phys. B 37, 625 (2004).
27

OF TECHNOLOGY

W MURORAN INSTITUTE



H,O0 OEFEFEZRETER CHDEER

Diff. cross section

Electron collision cross section set (elastic + rotational exc.)
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Measurements 10 F IM ' ' ' ' ' ' '
13 | q elasti O Cho et al. (2004) i : casurement
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14 Seng and Linder (1976) —_ 1| |
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Electron drift velocity (em/s)

H,O (D& F XL

Electron drift velocity Longitudinal diffusion coeff. Effective ionisation coeff.
W, ND, (@—n)/N
. 120x10°" - 10" -
B B Measurement
Monte Carlo simulation (W) . Monte Carlo simulation A SST experiment
—&— w/ Yousfi and Bencbdessadok's set o —8— w/ Yousfi and Benebdessadok’s set [Hasegawa et al. (2007)]
g | —O— w/ltikawa and Mason's set i - 100 - w Hikawa and Mason’s set T o
10 —8— w/ Present set g —e— w/ Present sct g 16
~ ~10 F
k= Measurement a
2 80| 4 Pulsed experiment ] 2
i [Yousfi ef al. (2010)] é
. S g
10 o o 17
8 S0
2 ki
3 5
‘ E E
10 E g1
Measurements @ & Monte Carlo simulation
A Double-shutter method 5 m —&— w/ Yousfi and Benebdessadok's set
[Hasegawa et al. (2007)] — —— w/ Itikawa and Mason's set
= Pulsed experiment —8— w/ Present set
[de Urquijo et al. (2014)]
5 ! ' -19 1
10 2 3 456 2 3 456 L 2 3 456 ) 2 3 456 5 10 2 3 4 56789
10' 10° 10° 10 10 10 100 1000
EN (Td) E/N (Td) E/N (Td)

Good agreement in the transport coefficients is obtained between the
calculated and measured values in a wide range of E/N.
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Measurements
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-18
101 3 Superelastic collision may affect the
19 ot (3) qa( ) transport properties of electrons in
10
Gvir, (2 H,O vapour.
10_20 3 - 2 - 1 l | III““IO 1 2 3
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Electron energy (eV)

4.6 meV < 3/2kgT
~ 35 meV (0 °C)
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— Superelastic collision cross section -

10
. M. Yousfi et al. [Phys. Rev. E 49, 3264 (1994)] etc.
10
" Principle of detailed balance
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1 €4 Ae (e + Aé)
-16 (e €
2] + 1 07
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, 2
Cross section (cm )
[a—

o

10
‘10—>3\ N & . Electron energy
10" Mo | /,,‘ 6] (26) Ag : Threshold energy of rotational
ol ot 3) " (?;') 7 | excitation cross section dg_,,
10 ¢ 2a ~ J  : Rotational angular momentum
10-20 I ...?l\dllj .(.n |2I : h‘ A‘m
100 100 100 10" 10 0’

Electron energy (eV)
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Electron drift velocity Longitudinal diffusion coeff. Effective ionisation coeff.
W, ND, (a—n)IN
21
|M T Iel]IISI T IIII T T rmrrrri }-goxlo T T T TT III T T T T TT T 10—15 - . T T . —T I T
108 | A Double-shutter method 4 v, Measurement -
F [Hasegawa et al. (2007)] 17 - A  Pulsed experiment o -
—~ - ' Pulsed experiment . g 100 [Yousfi et al. (2010)] - g i
g [ [de Urquijo ez al. (2014)] 1 - L
o | o ]l E Monte Carlo simulation = 2r
~ -g 80| —®— w/osuperelastic ¢ . R 16
> 5 . 5 n |
= 7L 4 & —&— w/ superelastic g S 10 F 3
& 10 E 1 % = = .
= - ] @ g C ]
o - . g o B ]
& [ ] .g 60 - . g i ]
3 - 1 &£ S 2r .
o s § Measurement
,(‘:.'2 106 3 3 ; 40 7 k=) 10'17 3 A SST experiment c
@ F i = o - [Hasegawa et al. (2007)] 3
53] i Monte Carlo simulation (W) ] 'g = - ) ) .
i w/o superelastic g 1 & 20 - b i Monte Carlo simulation .
® perciashic g 1 on E i —@— w/o superelastic g i
—8— w/ superelastic ¢ g 2 —o— w/ superelastic ¢ -
1 1 L L L L1l I L L L L L L L]l
10 0« S -18 1 1 L gl L
101 2 4 6 3102 2 1 6 8103 1 68 10 ) 2 3 4567 2 3
10 10 10 10

E/N (Td) E/N (Td) E/N (Td)

Superelastic collision has a very little influence on W, and ND, about E/N =50 Td and 50 — 100 Td,
respectively.
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