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Introduction to Gas Discharge Plasma
Physics*

Sergei Krasheninnikov

MIT Plasma Science and Fusion Center

(Notes of the lectures given on January 27-30, 1998 during IAP
at the MIT Plasma Science and Fusion Center)

Abstract
The basic physics of gas discharge plasmas, including atomic
processes, electron kinetics, waves and instabilities, and chemical

reactions are considered.

>X‘Sponsored by the MIT Plasma Science and Fusion Center and
Nuclear Engineering Department.



Lectures outline

L1. Introduction and atomic processes in
weakly ionized plasmas

L2. Electric breakdown of a gas and steady
state gas discharges

L3. Electron and vibrational kinetics in non-
equilibrium plasmas

L4. Waves and instabilities in gas discharge
plasmas

LS. Plasma-chemical processes in non-
equilibrium weakly ionized plasmas
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e Gaining the energy from electric field
electrons can start to ionize neutrals = rapid

increase in plasma density = electric
breakdown of gas = gas discharge

e However, what is the role of collisions?
f =20

elastic collisions )\V
- (V=T




* Energy gain, g, between elastic collisions:

e ) -—ef s —te-se00

dt

VE(t) = —eEt/m

col

T — —
€g = 8<mv2/2> =—e (j) (E-VE(©)dt =(eE1gy, )2/2m

* Energy loss, €;,4, due to elastic collisions
€loss ~ ET(M/M) << e = <mv2/2>
* From energy balance, g = €),,, We find

€T ~ (M/m)EE >>ER, VE << VT = «/ET/m

r

A1
slow drifting,
@& >E spherically symmetric
&-ﬂ v, distribution function
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* Teol = Meol/ VT = 1/ (NGeIVT)’ Ce="

» Polarization interaction of electron with a
neutral particle

4,
- — >
L >

d=0E= oc(r%/e)E
here o is dimensionless parameter and E = e/r?
o 4.5 1.4 160 14 7
Atom: H He Li C N

* Electron-atom interaction potential at large r
Pe_A (D) = e?d/r? = oceb(rb/r)4, €p = e2/rb =27 eV
 Estimates for 6, and 6. vy

2 2
Pe—A(Te)) ~ €T = Og = T(r¢1)” = 7(rp )" /o€ /ET

O VT = T(T} )2 Jo2e,/m =107 cm’/s




* However, in practice there are also inelastic
collisions of electrons with neutrals and ions

e. g.

r
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excitation 1 \
5 VBT
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r — )
= N

| = ~@ = @
electron impact ionization ¥ v

 For these processes €}, ~ 10 eV >> e1(m/M)
and in practice they are determining ey and
neutral ionization, excitation and other
plasma-chemical processes



I. Atomic processes in gas discharge plasmas

1. Elastic collisions

e Usually 64 (v)v=10"" cm?/s, e =1071 cm?
for ~ 1-10 eV electrons (less for helium)

* However, for some cases 6,;(v) has a strong

non-monotonic velocity dependence in some
velocity range

4% (V)

\%

>

e This behavior is caused by Ramsauer's effect

ey,
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FIG. 4-1-9. Elastic scattering cross sections for electrons on atomic hydrogen, take
from the paper by Burke and Schey.” The experimental data of Neynaber and hi
co-workers® refer to elastic scattering only at electron energies below the first excitatiol
energy of the hydrogen atom, 10.15 ev. The solid dots denote cross sections compute
by Neynaber et al. from measurements by Brackmann et al.** The remaining dat
represent the results of theoretical calculations: Bransden, Dalgarno, John, an
Seaton® employed a variational calculation containing both s- and p-wave scattering
Temkin and Lamkin® calculated s-, p-, and d-wave scattering by the method of polarize
orbitals. McEachran and Fraser,* Smith,* and John?’ employed numerical methoc
with exchange approximations (see end of Section 4-4). Geltman®® used a variation:
method in which a trial function allowed for the virtual excitation of the 2s and :
states. Burke and Schey? utilized a close-coupling approximation in which the tot
wave function is expanded in hydrogen eigenstates, and only terms corresponding

the 1s, 25, and 2p states are retained. Note the resonance at 9.61 ev shown on the cur

of Burke and Schey. For a general discussion of the scattering of low-energy electro

by hydrogen atoms, see P. G. Burke and K. Smith, Rev. Mod. Phys. 34, 458 (196.

The principal limitation to the recoil method is the relatively poor detectic
efficiency for most neutral atoms. However, the alkalis can be detect
with exceptionally high efficiency by using surface ionization (see Sectis
13-6). This method possesses certain advantages over the method ¢
scribed above, in which observations are made on the scattered electr
beam. In the recoil method one is not concerned with the trajectories of t
scattered electrons, and consequently it is not necessary to use a higl
collimated electron beam. This fact permits the use of 2 simple electr
gun design, as well as an ~vi-! he beam. Al
the problems associate ‘7’ W energies
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measurements are to be made. Some of these techniques were Introduced
around 1930.7 They have been greatly extended and improved in recent
years and are now being used in many laboratories for various types of
experiments. In this section we shall describe first the crossed-beam
apparatus used by Neynaber and his colleagues for electron scattering
studies and present some of the experimental data obtained on the elastic
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FIG. 4-1-7. Momentum transfer cross sections for electrons in nitrogen, as derived by
Frost and Phelps'® (solid curve). Also shown are data of J. L. Pack and A. V. Phelps,
Phys. Rev. 121, 798 (1961); L. G. H. Huxley, Australian J. Phys. 9, 44 (1956) and -
J. Atmospheric Terrest. Phys. 16, 46 (1959); R. W. Crompton and D. J. Sutton, Proc.
Roy. Soc. (London) A-215, 467 (1952); and R. B. Brode, Rev. Mod. Phys. S, 257 (1933).

scattering of electrons by atomic hydrogen, oxygen, and nitrogen. Then
we shall describe the atomic beam recoil techniques used by Bederson’s
group for studies of electron scattering by alkali atoms.

The technique used by Neynaber et al.?® for measuring the scattering
cross sections of atoms normally present in molecular form is the following.
The number of electrons scattered from a region defined by the intersection
of a dc electron beam and a modulated (i.e., mechanically interrupted)
molecular beam is compared with the number scattered when the beam is
partially dissociated. The molecular dissociation is accomplished in a
radio-frequency discharge, and the degree of dissociation (typically about
30%) is measured with a mass spectrometer. From the scattering and
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CALCULATIONS ON THE ELASTIC SCATTERING OF ELECTRONS 143
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FIG. 4-4-1. Comparisons of the theoretical results of Allis and Morse (solid curves)
with experimental observations (dashed curves) on electron scattering.

Although we are not giving a thorough coverage of the scattering theory,
one additional point must be brought out here: the necessity of consider-
ing the possible effect of electron exchange on the scattering. This
exchange refers to the changing of position of the incident electron with
one of the orbital electrons of the target particle, which is then the one
observed in the scattering. The probabilities of direct and exchange
scattering cannot be added directly. since the wave amnlitudes and not
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FIG. 4-4-2. Elastic scattering cross sections for electrons calculated by Fisk (solid
curves) compared with experimental results (dashed curves). In this figure the cross
sections are given in units of a,®.

the intensities are the quantities to be combined (see Section 6-13-B). For
light atoms and low bombarding energies electron exchange appears to
be an important effect, as shown by Fig. 4-4-3. Rubin, Perel, and
Bederson® have performed an atomic beam recoil experiment for direct
study of the exchange scattering of slow electrons by potassium atoms.

PART #. THE ELASTIC SCATTERING
OF HEAVY PARTICLES

There are several incentives for studying the elastic scattering of ions,
atoms, and molecules. Perhaps the strongest comes from the possibility

7.




11. Tonization

 Electron impact ionization, e+ A —2e+ A",
1s an important mechanism of neutral
ionization

e 2

._.?

7 N
= ~@® = @®
electron impact 10nization ¥ v
9 J/

 Thomson's estimation for 6;,,(v)

1 2/ g'+d¢'
o—_pPp o = ~
€ 2 1

F= (e/r)2, v =Ft./m, t, =1/, r =e>/(v'vm)
et 8¢
£ (8' )2’
ne* ‘I: de' _ me® (1 _ _1_)
e 1(¢ R

o(g') < r? e l/eg = 0c(g') =

€
Cion(€) = {56(8 )= -



* Dimensionless analysis:

1) there are only four dimensional parameters
which are characterizing the problem of
neutral ionization

11) these parameters are: electron charge, e,
and mass, m, ionization potential, I, and
incident electron energy, ¢

i11) there is only one combination of these
parameters which has a cross-section

dimension [cm/2], e4/ 12

iv) therefore, ionization cross-section can be
written as follows

Gion(8) = (e*/12)£(&/1),

where function f(x) must be determined from
additional arguments

e From experimental data was found that

10(x-1)

f(x)= X(x+38)

fits experimental data very well

2 2

» Notice that o;,, =107'% cm?<<o = 1071° cm

/Z



P §2) - HEYNPYTOE CTONKHOBEHME 3JIEKTPOHA C ATOMOM 35

'SNEKTPOHa, J/—noTeHUMan HOHM3aLMH AaTOMa—3HEPrusi  CBA3H
-BAJIGHTHOTO 3/1eKTPOHA. K3 3THX mapameTpoB MBI MOXKEM COCTaBHTb

k
eAyollee BHIDAYKEHHE C PA3MEPHOCTbIO CeYeHHs . ;: ( -;-) » IIpHYEM

F CTeNeHb B MOXKeT OHTb mpoH3BoJbHOA. [lostomy nanéonee ofiee
. BHpaXkeHHAe C Pa3MEPHOCTHIO CEYEeHHS, KOTOpOoe MOXeT GHTh NOJyyeHo
-~ Ha OCHOBE NAHHHX NapaMeTpoB, MOXKHO NPEICTaBHTb B BHJIE

=701 ().

b e f (x)——aexo'ropaa bynuus 6e3paamepnoro napame'rpa. Orciona ‘
- ceyeHHe HOHHM3allHH aTOMa PaBHO

a.o.=;n,-7’§-f. (+). o (1.34) |

»-.'-.'.rne n;—4HCJIO BaNICHTHHX S/IEKTPOHOB B JlaHHOA 0Go/ouKe, f; —sHep-
" THAi CBA3H 3JIEKTPOHA, HAXOAAMIErocs B AaHHOA O0GOJOUKe. Ha puc. 1
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Prc. 1. HoHWaaudst aTomos snex‘rpouuuu ynapou Sxcnepument: /—H [12],
2—He [13], 3—He+ {14}, 4—Li+ [15], 5—Li+ (16], 6—H, [17], 7—Li [18];
10 (x—1) 10(x—1)
AR A = T
¥ 4 ZX\Ffrl""‘%*‘a«C d&‘f“& SAL e(ec?‘rov\ 'va 4¢+19-LA¢~24J‘:@<.1
E - " NPHBOAATCA 3HAueHHs GYHKUHH f(x), BOCCTAHOBJEHHHE Ha OCHOBa-
13

;K7 “HER dopmynn (1.34) npu cpasHeHHH STOA (OPMYJIH .C IKCTiepHMeH-
= .- TAJLHO -H3MepeHHBIMH 3HAUEHHAMH CeUeHHA HOHH3AMH aTOMOB H
o [1pH -5TOM HCNOMB30BaHH JaHHBlE AJA




188 IONIZATION AND EXCITATION BY ELECTRON IMPACT

ionization of molecules by electrons has been done with commercial mass
spectrometers. Lampe, Franklin, and Field,?” for example, used a Con-
solidated Electrodynamics Corporation Model 21-620 mass spectrometer,
which employs crossed electric and magnetic fields and cycloidal ion

18

O,

15

CaHa

12

P;

Y

0

0 150 300 450 600 750
Energy of electrons (ev)

FIG. 5-3-11. The probability of ionization of N,, CO, O, NO, H,; and C;H,;. The
ordinate represents the number of positive charges per electron per cm path at 1 mm
Hg pressure and 0°C. J. T. Tate and P. T. Smith, Phys. Rev. 39, 270 (1932).

orbits. They obtained relative values for the cross sections at a fixed
electron energy (75 ev) for a large number of gases, including argon, and
converted the results to absolute data by companson of their argon data
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3. MOTEHUHAJIbI HOHH3ALLHH ATOMOB H HX HOHOB (3 B)

npmxe)KEHHS
bover. w/d ( @V>

1.0084 13,505
4,003He 24,59; 54,38
8.94Li 5,39; 75,6; 122,4
%.013pe 9,32; 18,2; 153,8
10,828 g 30; 25,2; 37,9
12.01C 11,26; 24,4; 47,9
14.0IN 14,53; 29,6; 47,4
16,020 13,61; 35,2; 54,9
19,ogp 17,42; 35,0; 62,6
20,13Ne 21,56; 41,1; 64,0
- 22.99Na 5,14; 47,3; 71,6
24.32Mg 7,64; 15,0; 801
26,9%A1 5,98; 18,8; 28,4
28,99si 8,15; 16,3; 33,4
30.98p 10,48; 19,6; 30,2
32,975 10,36; 23,4; 35,0
35.48C1 13,01; 23,8; 39,9
| 39.94Ar 15,76; 27,7; 40,9

39, IOK 4,34; 31,8; 46,0
40.08Ca 6,11; 11,9; 5,12
44.385c 6,54; 12,8; 24,75~
47,9071 6,82; 13,6; 27,5
50, 95v 674 14,65; 29,3

52.91Cr 6,76; 16,5; 30,95

54'9‘Mn 7,43; 15,6; 33,7
55.85F¢ 7,90; 16,2; 36,6 -
58,34Co 7,86; 17,05; 33,5
58.89Ni 7,63; 18,15; 35,2
83,34Cu 7,72; 20,3; 36,8
65,3870 9,39; 18,0; 39,7
69.72G5 6,00; |
72.89Ge 7,88; 15,9; 34,1
74.91As 9,81; 20,1; 28,0

78'§f8é 9,75; 21,3;'33,9 :

20,4; 30,6 -

79:92Br 11,84; 19,1; 25,7
83,80Kr 14,00; 26;4; 36,8
85,45Rb 4,19; 23,0; 36,0
87.833r 5,69; 10,38
ss,szY 6,38: 12-2- 205
91.227r 6,84; 13,1; 23,0

9%,9INDb 6,88; i4,3; 25,0

95.25Mo 7.1; 16,15; 27,1
ggngc 7,28; 1513

10‘31Ru 7,36;
102 ith 7,46;

16,8; 28,5
18,1; 31,056
10612pd 8,33; 19,4; 32,9

112,4cd 8,99; 16,9; 37,5




-

»

P o JUSTORN

TIPUJIOXEHHS 395

ITpodorxcernue.

114,8In 5,78; 18,8; 27,9
118,7sn 7,34; 14,5; 30,5
121.8sh 8,64; 18,0; 24,7
127.8Te 9,01; 18,6; 30,5
126,91 10,45; 19,4

131,3%e 12,13; 2L,1; 32,0

132, 23Cs 3,89; 23,4; 35,0
137.4Ba 5,21; 10,0: 56,0
198,912 5,615 11,1; 20,4
140:1Ce 6,91; 14,8; 15,8
0,
140,9pr 5,76
,3
14460Nd 6,31
145,0
4 $1Pm 6,3
15°-4Sm 51; 11,4
152, °Eu 5,67; 11,4
156, 9Gd 11,4
158.2Th 6,74
162.5Dy 6,82
’57’§Er 6,9
168, gTU 6,9
173. on 6,2

5,0
175,904 5,0
178.5Ht 7,0; 14,9
181, °Ta 7,88; 16,2
183,%W 7,98; 17,7
186:3Re 7,87; 16.6
190,205 8,7; 17,0
192:21r 9,0
195.2p¢ 9,0; 18,6
197, °Au 9,22; 10,5
2°°§gHg 10,44; 18,75; 34,2
204,4-“ 6,11; 20,3; 29,7 -
207, zpb 7,42; 15,0; 31,9
209.%9Bi 7,29; 16,6; 25.4

0,0
210,9p0 8,3
210,04t 9,4
222.0Rn 10,75 .
223,01:'1- 4,0
226.0Ra 5,28; 10,1
227, OAc 55

[} 4

232, OTh 5,7, 19,4
231,.0pa 5,7
238§3U 4,0

/6




111. Excitation
a. Excitation of electronic states
e Electronic states in atom

e ; N
confinuum
L
— /'Y
3 |
) m——
I

* Electron impact excitation, € > &y =
e tA(D) > ee g, +A(D)

7~

'— -

Lt s> - =

\.

excitation y\e

J/

e From balance of direct and reverse processes

Oexcit (€) o< VE—Eth




s, 70" P

é )( c ‘( 4‘& ‘l\‘\%‘ 8% A/;L
Pne. 3.5. Ceuenna Boa3GymaeHus
Pa3IHIEHX NIEKTPOHHKX COCTOA-
ERl MOMeKyIH N, (X3Z7,0=0) 47
3JIeKTPOHAMA
1—atll g; -
2—b I, (v, = 0—); | 4q
3 — nepexonn ¢ AE = 12,96 aB;;
4 — B*[1 g;
s§—0CII
u
A 20
6—anZy;
7 — Az,

+ .
8 — EZ, (AE® = 11,87aB)

Pl /4E)
10 ——] " — 1
&d Yo o V4 S v
B . =
A\"\.r’d"\a ,AF o7 7‘*
15 T / x 2
o5 . g
.4 / st
-} f ) / A f
+ 6 , ———
J
7 7 5 7 9E/IE 7 5 77 75 E/4E

Puc. 3.6. ®yaxoua ¢(z) AaA BO3OYXHREeBHA ONTHYECKH paspemleBHHX NEpPeXOf0B 2IAeKTPO-—
HaMR

, + + + +
1— H(18 — 2P); 2 — H{X1Eg — BIZ,); 3 — HyX'Zy — C'II); 4 — Hi(X'Zg — D' ));

+ +
s —CO (X‘Zg — AMI); 6 — N,(xlxg —_ b‘nu, vy = 4); 7 — pacuer no dopmyne (3.20); 8 — cpeanee-
A3 KDABMX !—6; 9 — pacuer no dopmyne (3.26) .

Puc. 3.7. OyBERIOEA ¢(z) A8 HOHESAIE MONEKYI S3UeKTPOHAME ¢ ofpasoBaEHeM HOHA B O~
pefeeHHOM 3XeKTPOHHOM COCTOSHEE

+ + + + .
1= NyX1Zg, v, =0)— Ny (B'Zy, v, =0); 2—COX'Ty vy =0 —COHAML v, =0) 3—
+ + + o~
COXIZ}, v, = 0) — COH(BIZ, vy, = 0); 4 — COLX'Z g, v; = 0) — COp (A'11); § — CONXIE g, 0 = 0) —

+
-CO, (B3X); 6 — CpelHAA KPEBAA IJIA NOJNHHX CeqeHN? HOHHA3AMNKE

aexyie Golee cymecTBerHO (pHC. 3.8). 3T0 06BACHAETCA TeM, YTO HOHA3ANAA IPO--
UCXONHAT C 06pa30BaHAEM HOHOB B PA3IHYHHIX 3JEKTPOHHHX cocTosmEAX. Hpome
Toro, 6OJbmION BKJaj B CedeHHe HOHH3AaIWM MOKeT [aBaTh aBTOMOHHM3ANAA H3F
CBepXBO36Y:KNeHHHX (aBTOMOHA3aMHOHHEIX) COCTOAHAR MOJEKYII. Bce atm mpo-

oecChl HMEIOT pa3nanHe IIOpOI‘n 3036ymneﬂnﬂ, BCJIeICTBHE 4Yero TPYAHO OKHUAJATH.
wvampancranruantw hvorrnamw o (rY TI9 TONAOATN CAYCHUA WOHRA3ANHAM MOJEKVJIE

(8



b. Excitation of molecule vibrational states
e Vibrational states of molecule

(4 U@) ro

—

. J/

* E, =Eo(v+172)(1-7, (v+1/2))

Molecule  H, N, O, CO
Ey, eV 0.54 0.29 0.2 0.27
Xvs ‘10—3 27 6.1 7.6 6

Vmax 14 ~ 40 ~ 20 ~ 40

e Classical mechanism of vibrational excitation
of molecule by electron impact is ineffective:

8¢ =~ (m/M)eT ~107 +10"*eV << Ej ~ 0.2+ 0.5¢V

G A VAVAVAS
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* In a low temperature plasmas vibrational
excitation of molecule by electron impact
occurs through the formation of a metastable
negative molecular ion

e+ M(v) = (M (v¥)) > +M(v')

[ M M- M
M\ gv* = M\ yv* = M\ g/v* o
Cp V'
v

» Formation of a metastable negative molecular
ion occurs due to restructure of electron states
(orbits) and corresponds to electron-electron
like collisions

e Therefore it is very effective mechanism of
vibrational excitation, d¢ =&t

e As aresult 6,,(v) ~1071° cm? and even higher

720
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Pre. 3.4, Ceuemma Bo3Gyperma KodeGaTeAbHEHMX YpOBHek 7; = 1—8 IpH CTOAKHOBeHHE
MONIEKYIH N,(XIE;) ¢ oamextpomamm [35] :

ITpr E, = 2,3 2B cyMma cevenmit paBra 5-10-1% cx? [28] ZL/

™__ "~ o~ — - -~ a —— s mea = -



1v. Dissociation

* Electron impact dissociation occurs through
excitation of repulsive state and its decay

e+AB—>(AB).._ +e—> A+B+e, and

rep

e+AB— (AB);ep —> A" +B

(dissociative attachment, if A~ is stable)
\

h
4 U@

repulsive

attractive

& _/

* As aresult E;, > Ep, and the products of

dissociation have a significant kinetic energy
~1leV

e Usually 64(v) ~1071®cm? for vibr=0,
however it strongly depend on vibrational
excitation of a molecule

25
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Puc. 3.15. CeveHme AHCCONMANMM 3IeKTPOHHHM YAapoM depes anemponno—noaﬁymeme
cocToAHAR MOJeKyaw NO(X? II, » = 0)

1 — nonnoe cederne mo [142]; 2 — cyMMa mapomansHEmX ceuermil; 3 — gepes AE“‘ = §,93—9,2 B; £ -~
TO *e, 9,2—17,3; 5§ — 6,93—17,3; 6 — 8,5-—9,2; 7 — 8,0—8,5; & — 7,6—8,0

Pac. 3.16. CeveHHe THCCONMANNH 3IXeKTPOHHNM YXapoM depes 3MeKTPOHHO-BO3GYHRReHHEHE
cocronEua Moxexyam CO(X!Z; v =0)

1 — nonRoe cederne 1m0 [142]; 2 — cymma mapuEanbENX cevennll; 3 — gepes AE® =13—14 aB; 4—12,5—
13; § — AE > 14,01

pemensnME. [lonHOEe ceveHme RECCOnEAmEE dYepes 3MEKTPOHHO-BO30YiKACHHEIO
COCTOAHHA IOAYYaJ0Ch CyMMHPOBaHAEM IapOHEAJBHENX cedeHmE (pmc. 3.15). Ha
3TOM ke PACYHKe n3006paxkeHO cedeHTAe JUCCONAAXEE OKHCH 230Ta, HOJYISHHOE II0
maEEEIM (142] DyTeM BHUATAHHA H3 HEX CeYeHHA NUCCONUMATEBHOR HOHH3AMUH.
YnosleTBopHETeNIBHOE coracme KpuBuX I m 2 maGawogaerca npr E, << 40 B, aro
CBHAETEIBCTBYET 0 HaJeKHOCTH JaEHNX B 3T0i 06;1acThH sEepruit. OMHAKO CHIBHOE
pPa3iAYde KPHBHX OPH YBeIWYeHHHE HEPrHH 3J16KTPOHOB IPHBOAHT K BHBOAY,
aro B peayabraTax [142] Boamomxma Goapmaa cHcTeMaTEIeCKas HOrPEIIHOCTS,
HOBHINAIOIMAACA OO MeDe yBeJHYeHHS SHEePrUH 3JIeKTPOHOB. B mpoTmBHOM cay-
Jae OpHmMIoCch OH OpefmoJOKHTE HeOOHYHYI0 3aBHCHMOCTL CeYeHHHE Bo3bymkne-
HUA pa3peleHHHX Iepex0of0B ¢ (Z) OT 3HePrAH HAXeTAlIIEX 3JIEeKTPOHOB.

W3 papEmX pmc. 3.15 BEAHO, 9TO B DOJHOE CeY€HH® AHCCOMHANHEE MOJEK Y/
OKHCH a30Ta JaeT BKJaZ 0oabmoe YHCIO 3AE€KTPOHHO-KOIeOaTeIbHHX ypOBHeH,
pacmoJoKeHHHX (oslee HIA MeHee PaBHOMEPHO MEKAY HePBHM IOTEHIHAIOM JHC-
conmanue 1 A E¥* ~ 18 sB. B6amsm mopora AECCOnMam@dm OCHOBHOH BKJIam
JaeT mpegmcconmamua cocroAEmE A:Z*, B2l m D*Z+. |

Oxucs yraepoga. B cneKTpe E3nIyIeHHA mOJOC OKHCH yriepoga HabaogaercA
npegucconuanda ¢ ypoBHed BZ+ (v, = 0, j > 38; v, =1, j > 18) (oGpusB
moJa0c), a YPOBHHE vy > 2 B'Z*, C'Z+ (vy > 1), £*Z*(vy > 1) BooOme HE Hab-
M0 al0TCA B H3JTYyYEHHH, TAK K€ KaK I BCce YPOBHHE C MOTeHNAAIaMHA Bo30yKIeHAA Zé
seiime 12,5 sB. B noromenun cBetTa U OPHE 31eKTPOHHOM yAape mepexoA: Ha 3TH
ypoBHR Babawaaiorea [143—148). O6puB nonoc ¢ yposra B1Z + HenoaHhH#A. a AR-
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Puc. 3.13. Ceuenua Juccounauuna IMeKTPOH- 45
HHIM yXapoM d9epe3 3JeKTPOHHAE COCTOAHHAA g
+ pommm=
MoseRyIH No(X1Z7, » = 0) r,_7
H v
1 — nonuoe, Ia — 1o e (130), 16 — [131. 130]; f/f\ "_':_-:'_"f'_
2 — eyMMa Napuuaidbubix cedeHnft (3—48) no [64]; =l D e

2a — [129]; 3 —uepes cocromuna ¢ AEN = J 4 b4 40E£,78
=13,8—14,4 3B; 4 — T0 We, 12,4—13,05; 5 —

14,41‘—1_}7,70; 6 — 13,06—13,80; 7 — > 20;

8§ —a

Pae. 3.14. CeveHEe AMCCONMANNE 2/IEKTPOHHHM YAapOM 9epes 3IeKTPORHO-BO3GYRAeHHLe CO-
CTOSTHHA MOTTEKYJIH O,(X“Eg’, v = 0)

1 — montHOe cedeHme (cymMma 2—9); 2 — uqepes B'X;; +=[134]; J-AE“‘ == 6,isB; 4 — 10,29;5 — 9,9, 8 —
15,3; 7 — 16,8; 8 — 12,9; 9 — 19,7

CIOHTAHHOR HpPegHCCONMANEM ¥ DaJHAaOHOHHLIX mePeXOR0oB miaa yposmeir HUI,
H BCeX, Jekamux Beme 12,4 3B, GHaIR coellaHH HA OCHOBAHHH CHJ OCHHJIATO-
poB, M3MepeHHHX B OorjomeHuE B paGore [122], a Takwe mammEmx [123—128]
00 YIIHUPEHAI0 H0J0C B HaGMI0MeHNI0 H3AYIeHAS OPA BO30YKIeHHE 3THX COCTOA-
nmi. Eciu nuens He Habal0ganach B A3AyIeHAR, HO yITAPEeHHe He GHIO 3aperncr-
PAPOBaHO, IOJArajoch, 9YT0 [JIA TAKHX YPOBHed CIOpaBefIHBO COOTHOIIEHHE
(3.99). OtHocuTenbHEHE BEPOATHOCTH OUCCONMANHA AJA 3THX IPYNN YPOBHe
OpHBeeHK HHOKe.

Ar*k, 58 . ... 12,4—13,05 13,06—13,30 13,31—13,80 13,81—15,58> 15,58
Y%k, 0 . ... 0,63 0,33 0,53 i 0,4

IOna aBromoHmsanmoHHEX yposHeir (AE® > 15,58 9B) BepoATHOCTH IHCCO-
HUHamuE ompefeasAsach mo HaHHWM pa6Goter [126].

Cegenne Ruccomuainm| MOJIEKYJHl a30Ta ¢ ypoBHA v; = () OCHOBHOTO COCTOA-
nusg, paccauraHHoe mo dopmyae (3.60), a Takike mapHHasbHEE CeYeHHAA AACCO-

LualuA qepe3 AL 371eKTPOHHHX COCTOAHHA mpmBemeHH Ha pmc. 3.13. Hcmoasso- -

BAJIACH CeYeHHA Bo36y:kaeHNA YPOBHed mo gaHHHM [64] (kpmBas 2) m mo [129] —
rkpuBad 2a. [lonnoe cewenme gmccommamup myTeM BO30Y:KAeHHA HeHTPaIbHOR
MOJIEKYJILl a30Ta, paccuuTanHoe u3 faHHHX [130] 7 oTROCHTENBEEX gamHEEX [131],
nopmuposanueX no [130] mpu E, = 45 sB, m3obpaskeno Ha pmc. 3.13 B BHOe
tToueK ® kpuBoit I. [Ipu mocTrpoennmm Kpusbix 2 1 2a GHIO TAK:Ke YITEHO CeIeHHE
aucconmmanmm ¢ o6pasoBaHmeM Bo36y:kaeHHHX aToMoB asora (132]. momoBmma Ko-
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*) B.H. Bexenees,
B.A.Measeaes, E.JI. ¥ panken n4, Cnpasowrax, Hax-so AHCCCP, M,, 1962.

JI B.Typsaw;

. HPKJIO)KBHKE
j)l A/S OC 2 Hhetn
12. SHEPTHS AHCCOUMALLHY nBYXATOMHH)& MOJIEK Y %)
Suepras Suepras Srepras ﬂ Sneprus
Mone~ I  Moane- ¢ -§f Moae- .§ Mone— -
kyas - | “tan ey | kvae  |am e | Kvaa  |“mam ey | xvas | Res e |
BaBr | 2,8 | GsF 50 || ICl 2,15 | NaF 5,0
BaCl 2,7 CsH 1,9 IF - 2,9 NaH 2,1
BaF | 3.8 | Gsl 36 § IO 1.9 { Nal 31
BaH 1,8 Cu 0,2 |.K 0,51 j NaK 0,61
BaO | 4.7 | Cubr | 3.4 [ Kbr 3,95 | O, 5.1
BaS | 2.4 | Cucl 37 | K&l | 44 | oH 4.4
Br, 1,97 | CuF 3,0 KF - 5,1 Rb, 0,48
Brel |- 2,23 | CuH 2.9 | KH | 1.8 { RbBr | 4.0
BrF | 2.4 | Cul 3,0 | KI 3,33 | RbCl 4.4
BrO -| 2.4 | CuO 4.8 | Li 1,1 | RbF 5.4
G, 62 [ F, | 1.6 fLiBr | 44 [ RoH 1.8
cal 2:8 | Ha 4,48 | LiGt 4,8 | RbI 3.3
-CF 47 | HD 451 | LE | 60 S 4.3
CH 347 | D 455 | LiHt 2.4 | sh 3.5
CN 8.4 | HT 4,52 { Lil 3.6 | SO 5.3
co | it | 1. 459 | Lic | 34 | TIB: | -3¢
CaBr | 2.8 | HBr 3,75 | MgBr- | 3.2 | TICL | 3.8
CaCl | 2.8 | Ha 443 | MgC1 | 39 [ TIE | 47
CaF | 3.1 || HF 5.9 | MgF 50 § TIH | 2.0
CaH | 1.7 | HI 3.05 | MgH 22 { TII 2.8
Cal 2,8 Hg, 0,06 § MgO- 3.4 ZnCl 2,6
CaO | 50 | HgBr | 07 | N 9,76 | ZnH 0,85
CaS | 30 [HeCt | 1.0 | NBe | 2.9« Znl 1,4
dl, 2.48 | HgF 1.8 | NH- 3.6
CIF 2.6 || HegH 0,38 | NO 6.5 |
Clo | 28 | Hgi 0.3 | NS 5,0-
Cs 045 | HgS |. 2.8 073
CsBr | 4.3 | I, t.54 Nabe - 3§
Cscl | 4.4-{ 1Br. 1,82 NaGL | £2

B. H. Komapatses,

13. SHEPTHR JHCCOLHALIHH MOJIEKYJIAPHBIX HOHOB

Monexy; Smepraa | Moaexy- | Omepras | Moaexy- | Sgeprus | Monexy- | Smepras |
AApHHA | 1ACCONNA- | AAPEHA | xRcconma-f AADENA | xmccouma-f JAADHMA | AUCCONHA-
HOR 13- BET)) HOR UHE (90) HOR ‘RER (%) HOR oHR  (36)
) + +
Ay | L1 Cst 07 { B, | 3 g:; :'2
+ 4 ’
.grs:l 2,3 F,+ 3,3 ICI+ 2,2 | NeH+ 2,2
g | %3 i 2,65 | K3 0,76 | of 6,7
c} 55 | HBr+ | 4,0 % "1 p ’
Ch+ | 36 |HCa+ | 47 | K& | L1 |O; 4,1
Co+-| 8.35 | HF+ 3,7 | KeH* | 3,7 | OH+ 4.9
CN+ 4,6 HI+ 3,1 Liy 1,4 OH: 4,
CS+ 7,3 He! 2,24 | N3 8,7 Rby 0,7
cy 4,2 | HeH+ | 1,78 | NO+ 10,9 |- Xe} 1,0
ClOo+ 5,3 HgH+ 2,3 -~

1]

28



Rate constants

* In what follows we will use both cross section
and the rate constant, Ky =(c(_,(v)v), of
atomic processes (...)

e The reasons for that are

a) lack of detailed information about 6 y(v)

b) in many cases the details are not
important

C) rate constant enters in the balance
equations

* As an example consider electron density
balance equation

one

ot

where _je 1S the electron flux, SS’) and S(e") are
the electron volumetric sources and sinks

+V-je=8{H -0

27



* If electron source is due to electron impact
ionization of neutrals then -

S(e+) = neN(Gjon (V)v)=n NKj,p
where Kion[cm3/s] is the ionization rate constant

o If electron sink is due to electron dissociative
attachment (DA) then

S¢” = neNap(0pa (V)V)=n,NapKpa
where Kpa [cm3 /s] is the DA rate constant

* However, in many cases electron sink is due
to a three-body processes, e. g. three-body
electron attachment (3bA)

e+tA+B—> A +B
e In this case electron sink can be written as

S¢” = nNANgK3pa
where Kjpa [cm6/s] is the 3bA rate constant

* Notice that the rate constants usually depend
on €1, gas temperature, vibr. excitation, etc.



v. Electron attachment

e + neutral(—s) > A™ +...

* This process (-es) is important, since it
reduces a number of electrons in a discharge
by converting them into negative ions (sink of
electrons!), and can significantly affect both
breakdown of gas and plasma parameters

 Tree main channels of electron attachment
a) dissociative attachment (DA)

e+AB—> A +B
b) radiative attachment (RA)

e+tA—>A +h®
c) three body attachment (3bA)

e+A+B—>A +B

* Notice that electron kinetic energy is
transferred here to either neutrals or photon

« However, in the presence of rather complex
molecules (e. g. SF¢) electron kinetic energy
can also be transferred to internal degrees of

freedom e+ M — (M *)” (CMA)

31



Electron attachment cross-sect. and rate const.

* DA: "normally" max(cpy )~10"'8cm?
however it is strongly depend on vibrational
excitation of a molecule (as well as electron

impact dissociation)

 However, for some gases (e. g. e+HI > J +H)

max(Gpgy ) ~ 10" *cm?

« RA: Kga can be as high as 1071°*16 cm?/s, but
strongly depends on the binding energy of A~

3bA: K3pa can roughly be estimated

assuming that during electron-neutral
collision, the second neutral particle (B) stays
close to the first one (A) to be able to take
electron kinetic energy out

r

\.

@

~ B,

w

3
K3paANp ~ K¢p X (Tﬂ‘bNB)
K3bA ~ 10_30 cm6/s

« CMA: for SF¢ and electron energy <0.2 eV,

OCMA ~ 10_15 cm

2
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6. SHEPHUI CBBH JIEKT A B OTPHIA Jlb‘l;lOM HOHE *)
Otprna- | 5 OTtpuua- | » OTpuna- | 5 .
e | s | SRR | R | e | e
H-(18) 0,754 K-(1S) 0,30 _ || Zr—(*F) 1,0
‘He—=(4P) 0,08 Ca- He cymecrsyer |} Nb=(3D) 1,3
Li—-(1S) 0,6 Ti=(4F) 0,4 Mo~=(4S) 1,3
Be- He cymecrsyer || V—(8D) 0,6 Tc=(%D) 1,0
B-(3P) , Cr—-(8S) 1,0 Ru=(4F) 1,4
. C—-(48) 1,2 Mn- He cymecrsyer | Rh~(3F) 1,3
O-(3P) 1,46 Fe=(4F) 0,6 Pd-(3D) 1,4
F-(8) 3,40 Co=(3F) 0,9 Ag-(1S) | 1,9
Ne- He cymecrsyer | Ni=(2D) 1,3 Sb- 1,5
Na-(19) , Cu-@2S) 1,8 Te- 2,0
- He cymecrByer | As— 2,0 J=(1S) 3,08
Al-(3P) 0,5 Se- . 2,0 Cs~(1S) 0,23
Si—(48) 1,4 Br-(1S) 3,37 Au-{15) 2,8
P-(3P) 0,8 Rb-(1S) | 0,27 Pb- 1,6
S-(2P) 2,1 Sr- He cymecrsyer || TI- 2,1
Cl-(1S) 3,62 Y- - 0,3 Bi- 1,8 .
Ar- He cymecrByer ‘
*) B. M. CMupHOB, ATOMHHE CTOJIKHOBEHHA H 9/IeMEHTapHHE Npomecch
B maasMe, Atomusgar, M. 1968. ‘
7. OJIHHA PACCESAHH A 3JIEKTPOHA HA ATOMAX HHEPTHbLIX FA30B [1}
) ATtomM He Ne Ar Kr Xe
Hanna paccesaHHS (a,) 1,14 0,2 . -16 | —-3,2 | —5,8
!

[IJIHHA PACCESHHS 3NEKTPOHA HA ATOMAX UIEJIOYHBIX METAJJIOB
- H ATOME BOJIOPOJA (2]

Atom H Li Na K Cs
CunrneTHas AJMHHA pacce- .
AHHA (a,) 58 3,6 4,2 0,4 —4,0
TpunjeTHas AAHHA pacce- '
AHKA (ay) 1,88 —5,7 —5,9 —~15 —25

1. 5. M. CMupHOB, ATOMHEE CTONRHOBEHHA H 3/eMEHTapHHe InpoHeccsl B
naasme, Atomuagar, 1968. _
2.3. M. Kapyae, B c6. cratei ¢ATOMHHE CTOJNKHOBEHHR», «3HHaTHe», Pura,

1965, T.

3, ctp. 33.

o
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FIG. 8-7-6. The normalized cross section for formation of O~ ions by electron impa¢
on O, molecules. The open circles represent the data of Schulz®*; the black dots, th
results of Craggs, Thorburn, and Tozer.* Electron-beam techniques were used in eacl
case. Schulz’s cross section has a peak value of 1.25 x 10~ cm? at 6.7 ev. The curv
obtained by Craggs et al. has a shape similar to that of Schulz, but its peak value i
almost twice as high. Additional data on electron attachment and ionization in oxyge
have been recently reported by R. K. Asundi, J. D. Craggs, and M. V. Kurepa, Pro
Phys. Soc. (London) 82, 967 (1963)
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DATA ON NEGATIVE ION FORMATION AND ELECTRON DETACHMENT 411

For plotting, the detachment frequency v, is divided by N, the number
density of the gas, with whichthe ions are essentially inthermal equilibrium.
Also shown for comparison is the thermal electron three-body attachment
frequency v,, divided by N2 The collisional detachment results of Pack
and Phelps are of particular interest in connection with ionospheric
studies, for they show that the frequency of electron detachment collisions
between O, ions and a thermal distribution of oxygen or nitrogen mole-
cules in the lower ionosphere is at least two orders of magnitude smaller

- l | T 1 5
Q ]
a (Y <2
= 10=29 . —410=14 -
£ — —_ £
S | <
2 3
= | -4
g 2 auly S S
° Va/N E
- -
: :
s -
P
g 10730 —10-15 8
g — j — 3
g. o
@ ™ ] 2
= =
‘-~ - ] s
S va/N g
E =
= 3]
3] — ] S
) -
= &
< 17

1031 | | | | 10~16

0 100 200 300 400 500 600
Temperature (°K)

FIG. 8-7-7. Thermal attachment and detachment coefficients in molecular oxygen as a
function of the gas temperature. The reactions are e + 20, = O,~ + O,.

than the previously accepted values. (More recent work by Pack and
Phelps®! indicates, however, that the detachment frequencies are really
about 309 higher than those plotted in Fig. 8-7-7.) Another important
result of this study was the determination of the electron affinity of O,,
which was obtained by equating the rates of attachment and detachment
and using the law of mass action. The value thus determined by Pack and
Phelps®® was 0.46 4= 0.02 ev (later revised to 0.44 ev).

We have already mentioned (Section 8-6-C) the work done at the
National Bureau of Standards on photodetachment of electrons from
atomic and molecular negative ions of oxygen. The photodetachment
cross sections for O,~, derived from measurements by Burch, Smith, and
Branscomb,’ are displayed in Fig. 8-7-8. Also shown are results for O~
obtained by Branscomb, Burch, Smith, and Geltman,”® whose measure-
ments are particularly important because they furnish the most accurate
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DATA ON NEGATIVE ION FORMATION AND ELECTRON DETACHMENT 415

shown in Fig. 8-7-11. Three illustrative curves are also shown for molec-
ular oxygen for various assumed values of the vertical detachment energy
E,. These curves are correct only if the experimental photodetachment
spectrum from which they were calculated refers to single initial and final
vibrational states. Curves of the radiative attachment cross sections for H
and O are also given in Branscomb’s review.1°

10-14 T I T

—
o
)

—

wn

10-1¢

Radiative attachment coefficient « (cm3/sec)

Electron energy (ev)

FIG. 8-7-11. Radiative attachment coefficients for atomic hydrogen and oxygen and
illustrative curves for molecular oxygen.

C. carBoN. Electron attachment to carbon atoms has never been
studied experimentally in the laboratory, but Seman and Branscomb? have
investigated the structure and photodetachment spectrum of the C-
negative ion. The C- photodetachment spectrum was measured in the
visible region of the spectrum relative to the O~ spectrum, and the O~ data
of Smith?™ were used to obtain absolute values for the C~ photodetach-
ment cross section shown in Fig. 8-7-12. The circles (whose diameters in-
dicate the magnitude of the statistical experimental errors) and the circles
with error bars represent the experimental cross section data. The solid
line represents the best fit to the C~ ground-state threshold data. The
lower dashed line indicates absorption by an excited metastable (D) state
of the C~ion. Since the relative populations of the metastable 2D and the
ground 1S states of the C~ in this experiment were unknown, it isimpossible
to calculate the cross section for photodetachment from the excited state.
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vi. Plasma recombination
e Electron-ion recombination include

a) radiative recombination (RR)
e+AT 5 A+ho
Kgrgr = (eT)"l/ 2 Kggr ~1072cm3/s for ep =1 eV
b) three-body recombination (3bR)
e+AT+B—>A+B
rough estimate K3bRNB ~ K (e1) X (m%NB),
gives K3pg ~ 107 28 cm®/s for e1 =1 eV
» Dissociative recombination (DR)
e+(AB)" > A+B

very fast, Kpg ~107" cm?/s for e =1 eV, and
strongly increase with decreasing et

e Charge-exchange recombination (CXR)
A"+B">A+B

can be very fast, Kcxg ~ 10% cm?/s for

H™ +H" — 2H and Ty =1000 K, and strongly
increase with decreasing Ty

37



vii. Interactions between heavy particles

* Jon-neutral elastic and charge -exchange
collisions

P——
o-@-Z |5 -

| (elastic collision 4 |charge-exchange collision]

J

» These processes are very important since they
determine ion transport (mobility and
diffusion) in a gas discharge

e Typically Kgﬁll) =107 cm’ /s .

* In case of resonance charge-exchange
(AT +A > A+AT) KFY =103 cm? /s

e "Penning ionization" (PI):

A*+B— A+B* +e, where A" is the neutral
particle in excited metastable state and

EZ >IB

Kpr ~ 10~ cm>/s
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FIG. 4-9-1. Experimental values for scattering cross sections of ions in He, Ne, and A.
The macroscopic cross sections Q are expressed in units of cm~ and the microscopic
cross sections ¢ in units of 10-1¢ cm®. The symbol s refers to elastic scattering, T to
charge transfer, and ¢ to the sum of s and T. (a) He* on He, W. H. Cramer and
J. H. Simons, J. Chem. Phys. 26, 1272 (1957); (b) Ne* on Ne, W. H. Cramer, J. Chem.
Phys. 28, 688 (1958); (c) A*on A, W. H. Cramer, J. Chem. Phys. 30, 641 (1959). 3q
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FIG. 6-2-13. Cross sections for charge transfer of various ions in molecular nitrogen.
The data are normalized to the results of Stier and Barnett for charge transfer between
protons and nitrogen at high energy. At 5000 ev, g is taken to be 11.6 x 10-'¢ cm? for
H+-N, (Stebbings, Turner, and Smith?’). Asexplained in the text, the curves for O,*-N,
and N,*-N; in this figure probably pertain to incident ions in excited states.

ions had high energy, about 100 ev. Amme and Utterback,* on the other
hand, worked with ion source electrons whose energy could be varied
between 16 and 24 ev. The latter investigators observed a resonance shape
for the O,"-Nj, cross section when electron energies above 22 ev were
used, but a strongly non-resonance behavior when the electron energy
was reduced below 18 ev. The resonant Ny*-N, cross section observed by
Amme and Utterback varied as a function of ion energy in the manner
generally reported by other investigators, but its value decreased by about
15 per cent when the source electron energy was increased from 17 to 23
ev. The ion impact energy range covered by Amme and Utterback ex-
tended from 40 to 1000 ev.
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FIG. 6-2-14. Charge transfer cross sections fqr NO+ and N,* ions in nitric oxide
(Stebbings, Turner, and Smith??). s/
D .




vil. Electron emission from material surface

e Electron emission from the surface due to ion
bombardment

4 A )

Metal Vacuum

\— J

 Electron yield, vy;, (electron per ion ratio)
strongly depends on a surface purity, in

practice y; =107 %<<1

e Secondary electron emission

( ‘Vacuﬁm ‘Vacuumﬂ
=é ———————
Metal Metal

* Secondary electron emission yield, 9,
(electron per electron ratio) strongly depends
on surface material and primary electron
energy, usually d<<1
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FIG. 13-2-11. Electron yields for A* ions on outgased tantalum and platinum and on
these metals after treatment with hydrogen, nitrogen, and oxygen. J. H. Parker,
Phys. Rev. 93, 1148 (1954).

R s b

projectiles, the observed yields must be due entirely to kinetic ejection.
Kinetic ejection is also the dominant mechanism at very high ion energies.
Data for such energies are displayed in Figures 13-2-16 and 13-2-17.
Oliphant® and Allen®® have investigated the dependence of y; on the
angle of incidence of the bombarding ions. Figure 13-2-18 shows the
behavior observed by Oliphant for 1000 ev He* jons on nickel. The angle
made by the ions with the normal to the surface is denoted by 6. Allen
employed ions in the energy range 48 to 212 kev and observed a yield

gz
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maximum predicted for each ion by theory. The agreement is quite gond
in every case except that of neon. These data are mterpreted as meani
that He*, A¥, Kr+, and Xe* ions are neutralized in the process of dire
Auger neutralization but that some 109, of the Net* ions are resonanc
neutralized near the surface and form excited atoms that go to the grou;
state by Auger de-excitation. This two-stage process can produce fas
electrons and has a higher yield per ion than the direct process, .

30 x 10~3 =
25
E
& 20f
[
R o
& -
¥ g SEIRITYI S
! d
0 .~
£
10
)
-4
5
0'
0 4 8 12 16 20

Electron energy, Exle™) (ev)

FIG. 13-2-20. Energy distributions of secondary electrons ejected from Mo by He*
ions of various energies. H. D. Hagstrum, Phys. Rev. 104, 672 (1956).

Hagstrum’s lowest energy, 10 ev, the maximum observed electron energy
was E; — 2¢ for Ne* as well as for the other ions.

Figure 13-2-20 illustrates the energy distributions of secondary electrons
ejected from atomically clean molybdenum by helium ions as a function
of ion kinetic energy. The energy distributions in the ion energy range
10 to 200 ev are explained in terms of Auger neutralization. The low-
energy peaks for the 600-ev and 1000-ev ions must come from another
process. The dashed portions of these curves describe the behavior
expected if only an Auger process were operative. These “excess” low-
energy secondaries are probably the result of kinetic ejection.

Kronenberg et al.2 have recently established the presence of high energy
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are produced deep within the target and lose so much energy in collisions
with other electrons before they reach the surface that they too cannot
escape. We let E,, denote the energy at which the yield reaches its
maximum value 8...; E,, and E,_ are the primary electron energies at
which the yield curve crosses the line 6 = I with positive and negative
slopes, respectively.

Values of 8,,,,, E,0, E,4, and E,_ for 31 different metals are listed in
Table 13-3-1. Note that 6,,, varies only from 0.5 to 1.7 in this table,
whereas other properties of these metals, such as density and electrical
conductivity, vary over a much wider range.

2

Omaxf-——————=k

\

Eps Ex 1000 E,- 2000
Ep (eV)

~_

b — ——_—— —— ]

FIG. 13-3-2. A typical plot of secondary electron yield J as a function of the energy of
the primary electrons E,. The numerical values of the yield shown here are represen-
tative of pure metals and many semiconductors, although intermetallic compounds and
insulators may have considerably higher yields (see Table 13-3-2).

The secondary electron yield is sensitive to surface contamination and
roughness, and values of d,,,, obtained for metals by various investigators
may differ by 10%. Determination of yields for insulators is more
difficult than for metals, and discrepancies in the data are considerably
wider. The principal difficulty in making measurements on an insulator
arises because its low conductivity permits the bombarded surface to
acquire a net electrical charge. Thus, if £, < E,,, the surface will charge
negatively until it approaches the primary electron accelerating potential
and no more primary electrons can strike it. If E,, < E, < E,_, the
surface will charge positively to a potential near that of the secondary
electron collector, and space charge effects will reduce the effective yield
to unity. If £, > E,_, the surface will charge negatively until the yield is
increased to unity.

In order to avoid the charging effects experienced with insulators, it is
necessary to determine the yield by a pulsed beam technique,*® in which
the surface is allowed to recover completely between pulses of electron
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collisions within the target. These electrons are the “rediffused primaries”
just referred to. Separation of the rediffused primaries and true secondaries
is not possible, and the boundary between regions II and III is arbitrary.
It is usually taken at 50 ev.

The total secondary electron yield ¢ is defined as the average number of
external electrons produced per incident electron. The true secondary
electron yield d,,,, is the average number of external electrons in the energy
range O to 50 ev produced per primary electron. The backscartering

N(E)

0 50 100 150 g 200
Secondary electron energy E (ev)

FIG. 13-3-1. A typical energy distribution for secondary electrons; E, denotes the
energy of the primary electrons which produce the secondary emission.

coefficient m is defined as the average number of external electrons with
energies greater than 50 ev per incident electron. From these definitions
it follows that

=0 +1 (13-3-1)

Although 7 may be small in some cases, it certainly is not always small in
relation to 6. In spite of this fact, the terms “secondaries” and “true
secondaries” are frequently used interchangeably, and most data on
secondary emission are expressed in terms of 4 rather than d,,,,.*

1. Dependence of & on the energy of the primary electrons. The second-
ary yield o varies with the energy of the primary electrons £, in approxi-+
mately the same manner for all target materials. Figure 13-3-2 shows the
shape of a typical yield curve. At very low and very high energies few
secondaries are ejected, but the yield is substantial at intermediate energies
and may exceed unity there. At low primary energies the energy of many
of the secondaries at the surface is less than the work function of the
target, and they cannot escape. At high energies most of the secondaries
* Some Russian authors have attempted to remove this ambiguity by using different
letter symbols for the total and true yields. They denote the total yield by ¢ and the

true yield by 6. The relation involving these symbols which is equivalent to (13-3-1)
iseg=04+1.

{s
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TABLE 13-3-1. Values of the peak secondary electron yields
dmax and the primary electron energies E,, at which they
occur for different metals. The electron energies E;,, and E,_
for which the yields equal unity are also indicated. This table
is taken from the review by Hachenberg and Brauer.5?

Atomic  Chemical
Number  Symbol  dp Eo E,, E,_

.3 Li 0.5 85 - -
4 Be 05 200 - -
11 Na 082 300 - -
12 Mg 095 300 - -
13 Al 095 300 - -
19 K 07 20 - -
2 Ti 09 280 - -
26 Fe 13 (400) 120 1400
27 Co 12 (500) 200 -
28 Ni - 135 550 150 1750
29 Cu 13 600 200 1500
37 Rb 09 350 - -
40 Zr 1.1 350 175 (600)
41 Cb 12 375 175 1100
42 Mo 125 375 150 1300
46 PAd  >13  >250 120 -
47 ' Ag 147 800 150 >2000
48 cd 1.14 450 300 700
50 S 135 500 - -
51 Sb 13 600 250 2000
55 Cs 072 400 - -
56 Ba 082 400 - -
73 Ta 13 600 250 >2000
74 W 135 650 250" 1500
78 Pt 1.5 750 350 3000
79 Au 145 800 150 >2000
80 Hg 13 600 350 >1200
81 Tl 17 650 70 >1500
82 Pb 1.1 500 250 1000
83 Bi 1.5 900 80 >2000
90 Ta 11 800 - -

bombardment. Even so, the yield of insulators is so sensitive to surface
conditions and method of preparation that results may be quite misleading.
The yield of MgO, for example, varies from 2.4 to 25, depending on the
method of target preparation, surface treatment, and even the past history
of the sample. Table 13-3-2, prepared from data compiled by Hachenberg
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TABLE 13-3-2. Maximum secondary electron yields from semiconductors and
insulators under electron bombardment. These data are taken from the review

by Hachenberg and Brauer.%’

Group Substance Omax E,
Semiconductive Ge (single crystal) 1.2-14 400
elements Si (single crystal) 1.1 250
Se (amorphous) 1.3 400
Se (crystal) 1.35-1.40 400
C (diamond) 2.8 750
C (graphite) 1 250
B 1.2 150
Semiconductive Cu,0 1.19-1.2§ 400
compounds PbS 1.2 500
MoS, 1.10
MoO, 1.09-1.33
Ag,0 0.98-1.18
ZnS 1.8 350
Intermetallic SbCs, 5-6.4 700
compounds SbCs 1.9 550
BiCs; 6~7 1000
Bi,Cs 1.9 1000
GeCs 7 700
Insulators LiF (evaporated layer) 5.6
NaF (layer) 5.7
NacCl (layer) 6~6.8 600
NacCl (single crystal) 14 1200
NaBr (layer) , 6.2-6.5
NaBr (single crystal) 24 1800
Nal (layer) 55
KCl (layer) 1.5 1200
KCl (single crystal) 12
KI (layer) 5.5
K1 (single crystal) 10.5 1600
RbCl (layer) 5.8
KBr (single crystal) 12-14.7 1800
BeO 34 2000
MgO (layer) 4 400
MgO (single crystal) 23 1200
BaO (layer) 4.8 400
BaO—SrO (layer) 5-12 1400
Al,Oj4 (layer) 1.5-9 350-1300
SiO, (quartz) 2.4 400
Mica 24 300-384
Glasses Technical glasses 2-3 300-420
Pyrex 23 340-400
Quartz-glass 29 420
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e Thermionic electron emission
{ A N\

Vacuum

( Metal

J

* With increasing temperature of a metal more
and more electrons can overcome potential
barrier and leave

e This results in electron current from the

surface, jgs“rf), which is described by the

Richardson's equation
j(esurf) = AT? exp(-¢/T)
where A = me/ (21t2h3)
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Lectures outline

L1. Introduction and atomic processes in
weakly ionized plasmas

L2. Electric breakdown of a gas and steady
state gas discharges

[.3. Electron and vibrational kinetics in non-
equilibrium plasmas

L4. Waves and instabilities in gas discharge
plasmas

L5. Plasma-chemical processes in non-
equilibrium weakly ionized plasmas
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A. Electric breakdown of a gas

Y 4 N

1 = HHio

[DC discharge Ju, RF discharge

\ y \_ J

* Evolution of electron and ion densities is
described by continuity equations

ane 1 an
Me 1 V.3=S 4 —S,

o 1TIO T
where j. and j; are the electron and ion fluxes;

S(+)> and S_y are the electron and ion

volumetric sources and sinks (we assume no
negative ions)

—14+V. Jl S(+)—S( -)

* Before we apply strong DC electric field or
RF the electron and ion densities are usually

very small (ng~10°cm™)
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* This is not a plasma yet! Electrons and ions
are not coupled through ambipolar electric
field, E,;,, which occurs due to electron and
ion separation

 Estimation of ambipolar potential, @,
which can be caused by electron and ion
separation in a chamber with a scale L can be
found from Poisson equation

V (Vo) =4ne(ne —n;)
e(Pg(r)gb/ST < 4Te noLz/ST L/}"D)

where Ap 1s the Debye length and et 1s electron
averaged energy

e For ng~10°cm™, e ~0.1 eV, we find Ap ~
100 cm and, therefore, for L ~ 10 cm we have
epl®, fer 107> and EQ), 21074 Viem
which are negligibly small

 Notice that for electric breakdown of the gas
at the pressure of 1 torr we need an external
electric field

E., >100V/cm

g



* To detenmne electron and ion fluxes (j. and

]1) we consider electron and ion momentum
balance equations

dmn V
ot

=—eEn, - V(n.e1)—mn NK V.

oMn; V; . e
;tl 1+Mni(Vi-V)Vl

= eEni - V(HIT) - MniNKiNVi

€+ mn (Ve V)V,

where E is the electric field (E = E., + E,p);
V. and V; are the electron and ion flow
velocities (je=n.V,, j;=n;V;); m and M are the
electron and ion masses; K.y and K;y are the
rate constants of elastic electron-neutral and
ion-neutrals collisions; T is the neutral/ion
temperature and et is the electron "effective"

temperature (averaged energy) which can be
much higher than T

e Recall that usually K.y ~107"cm?/s and
Kin ~ 10~ cm>/s
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* We are interested in a slow processes

0; << Ven = NK,N, Vin =NK;y where left hand
51des of momentum balance equations can be
ignored and we have

- €N, = €T
= — E-—V E-D Y
om0 B L (o) -nu B D(n)

ene & _ T
MViN MViN

i= V(n;) = n;,E — D;V(n;)
where [, =e/mv.y and p; =e/Mv;y are the
electron and ion mobilities; D, =&t/mv.y and
D; = T/Mv;y are the electron and ion diffusion
coefficients

* Notice that since mK.y << MKy we have
HLe>>W; and D,>>D; (a rough estimate gives

mKeN/l\/IKiN "’“i/ue ~ Di/De ~ ‘\/m/M)

* Since we are considering a conditions for a
breakdown of gas we can assume that the
electron and ion densities are small and

—

E= Eext >> Eamb
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* At low plasma density we also can ignore
recombination processes assuming that
electrons and ions only are disappear at the
surfaces of the chamber (we assume no
negative ions!)

* As aresult, the electron and ion continuity
equations can be written as

on .

ate =V- (neueEext) +V- (Dev(ne)) + e Vion (ST) +Sg
on: .
—a‘t“l' ==V (njl;Eext )+ V- (D;V(n;)) + neVion(€T) + So

where v;,(e1)=NK;qp(€T), and Sy is a source
of primary electrons and ions (e. g. cosmic UV)

e Notice that in this approximation ion density
evolution is completely determined by the
evolution of electron one

e Recall that et 1s determined from the balance
of electron energy gain from the electric field

and inelastic energy loss and, therefore, in
DC electric field

2 2
€T <€ (eEext/ mNKeN) oc (Eext/ N)

5



DC discharge

* We assume that the discharge chamber is
"ShOI‘t"

o A )
E

L

v

® v ©
\ °© 0 ~/
and diffusion loss of charged particles to the

sidewalls 1s small compare to their loss to the
electrodes




* Then a steady state solution can be found
from equations

d(net;eEeXt) +1n¢Vjon(e1)+Sp =0

X

- d(nit;iEext) + nevion(eT) + S0 =0
X

with boundary conditions for the electron,
Je=—ncUcEey, and 10n, j;=n;u;E,,,, fluxes at
the electrodes (recall secondary electron
emission from the surface due to ion
bombardment):

at a cathode: j.=—v;jj
at an anode: ;=0

Notice that E., €1, Wi, We, and Sy do not
depend on x-coordinate

 Extracting one of these equations from
another and integrating equation for j, we
find that

Ji— Je= ] = const.
e®1j¢(Cathode) - jo(Anode) = Syar(e™ - 1)

Ol = Vjon /MeEeyx; 15 @ first Townsend coefficient

5



* Taking into account boundary conditions at
~ anode and cathode we find

So(l(ﬁaL" - 1)
1-yie®™/(1+7))
 Townsend's gas breakdown condition:

oLy =Ly Vion/MeEexe = m{(1+v7)/vi}

e Recall that E.,, = U/L, n. =e/mNK n(ET)
Vion = NKion (ST)’ .ST =& (Eext/N) = ET(U/NLH)
Townsend's criterion can be written as

o8 (el ool )

=£n{1+yi} SN
Yi

U = Upaschen (NLll)

]
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* Ionization rate constant, which has the most
crucial dependence on the ratio NL;/U can be
approximated as

Kion(eT(U/NLy)) = Aexp(-B(NLy/U))

where A and B are the constant which only
depend on a gas properties

e Then Townsend's criterion has the form

F(NL,,U)= (N][“J") exp(—B Né")=c

where C is some constant
* For given U function F(NL;,U) looks like

~N

. _
$ F(NL,,U)

Fy 7

AN

(NLy), NL

\ J

* Where Fy = 4U/(eB)* and (NL;),; = 2U/B




. Theréfore:
a) gas breakdown is only possible for
U2U,,;, =C(eB)?/4

b) for given U > U_,;, the breakdown is
possible for

(NLy) i, (U) SNLy < (NLy)_(U)

~
(4 UPaschen (N LII )
u I
Umin NL||
L (NLII )mjn (NL" )max y
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Puc. 1.1. 3aBHcuMocTh HanpsxerHs npoGos oT riapauerpa pL (kpupne
[Tamena) pas pasnHuEuX rasos ~

Toraa yciioBust npoGosi TAKHX ra3oB, eCTECTBEHHO, H3MEHAIOTCH

TaKHM 00pas’oM, YTO BO BCeX BHILLIENPHBEXEHHHIX BRIpaXKeHHAX
BeJTHIHHY V; HEOOXONHMO 3aMEHHTb Ha Pa3HOCTb V;—v,.

§ 1.2. MpocTpancTBeHHO OXHOPOAHLIR
CTpHMepHLI# npoGoik )

A PSP SN Y S0P

- Kak ykasuiBajiioch BHIe, KpHTepu# npoGos TaynceHza
B Buze (1.11) u saxon noxo6ust [Tamena ssasOTCH OYeHD. yNI-
poileHHHMH. OCHOBHOe TNpexnoJoxenHe, IONYLIEHHOe NpH
BHIBOJE 3THX YTBepPXKAeHHH, 3aK/0Ya/I0Ch B OrPaHAYEHHH [I/IOT=-
HOCTH BTODHYHRIX 3/IEKTPOHOB, BO3HHKAIOMHX HZ CTalHK
pa3BuTHR npoGos. EcrecrBeHHO, 4T C pocToM mapamerpa pL
3TO YCJOBHe Hapyuurcs (p — AaBileHHe rasa). ONHT NoKasH-
Baer, YTO KpHTepHH npo6os B BuAe (1.11) npumeHuM JauIIBL
MpH He CJIHIOKOM BHICOKHX 3HaueHHAaX pL<<10'—10%* Top-cm.

B caydae, Korza 3JeKTpHYECKOe MoJie: 00pa3yiomHuxcs sp
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RF discharge

* In RF discharge the energy which electron
can gain in electric field depends on RF
frequency, o, and, therefore,

(eEgg/m)°
(NKeN )2 + mz

e Due to oscillation of electric field there is no
effect of drift velocity on gas breakdown

RF discharge
\. Y,

e Then, approximating diffusion loss to the
walls in electron continuity equation as

D.n./L* (where L is the scale length the
region with high RF wave intensity) we have

ET x<EE o<

d
-(f;lf = (Vion(eT) -D,/ Lz)ne +Sp = VRrrDe +S9

ol



* It gives electron density time evolution

n,(t) = ngexp(Vgpt) + So(exp(VREt) —1)/VRE

o Exponential growth of electron density
corresponds to RF gas breakdown

VRF = Vion(eT)— De/L2 >0
* Recall: D, o<1/NKn (ST)’ Vion * NKion(eT)’

and ey o< (Egg ) / {(NKeN )2 + a)z}, therefore
RF breakdown criterion can be written as

2 2
N2 CXP{—BRF \/(NKeN) o } > CRF

ERr
(AERF )
VeN =0
// >
\ Nm N Y,

b2



Streamer

* The main simplification we have used to
derive Townsend's gas breakdown criterion is
that the electric field strength, E, does not
vary during gas breakdown and E ~ E.,,

* However, in many cases this approximation
fails (spark, lightning) and electric field can
be significantly altered due to electron
avalanching

~

* In this case analysis of a gas breakdown
requires to consider both electron transport
and electrodynamics equations and becomes
very complex

e Here we will just to make some simple
estimates to show when it may happen

&3



* Assume that E_,, SE, then

d/
£(t) = UeEexit = Wet, _&'tg =UeE, E= eNe/(ge)z

(dne/ dt = Vionlle

N, = exp(Viopl/we)=e¥ < -

de/dt =w,

where N, 1s the number of electrons in an
avalanche

* As aresult of avalanching E increases

E(t) = (VeOEey )™ exp(cw,t/3)
and E(t,) = E .y

e At t=t, we have
Ne = E oy (eocz) >>1 (applicability limit)

£(ta) = n{Eey /(07 )} o >> £ (1) = Vo

o If different avalanches merge together before
E ~ E.,; = homogeneous streamer

ng > (£e(ts)) > = o ~10%%cm ™



B. Steady-state conditions

* After electric gas breakdown electron and ion
densities are strongly increased (Ap <<L) and
ambipolar electric field becomes very
important to keep ambipolarity n, = n;

* Therefore, electrons can not diffuse freely as
before and their life-time can significantly
increase

* Consider electron and ion fluxes to the
sidewalls in the positive column of DC
discharge assuming that n, =n; =n

—

je=—nuE-DcVn,  j=nyE-D;Vn

< )

~H [positive column) H—

U

§ o O )




e Since j.=j;=] we find electric field E
which maintains ambipolarity, and j
. D.-D.

Eamb="( < Dl)Vén(n)
He T M4

amb?

j=-D, Bivn=-D, . Vn
Me

where D, 1s the ambipolar diffusion
coefficient

I)e >> Damb >> Di

. . 2
* Therefore electron life-time, Ty, =14 /Dy,
becomes much larger than free electron

diffusion time, [} /De :

* As a result, DC electric field, E, in positive
column must be significantly lower than it use
to be during breakdown and is determined by
the balance of neutral ionization and plasma
diffusion loss

Damb(E)/ L%L = NKjon (E)

et(E/N)
Kin(NL )’

= Kion (E/ N)

A



* In RF discharges reduction of electron loss
due to switch from free electron to ambipolar
diffusion results in

NK;on (ERg) > Damp (Erp)/LA

* Therefore a steady-state condition can only be
reached due to reduction of RF electric field

e Usually i1t occurs when electrons in the
discharge start to alter RF wave propagation

 In simplest case of a planar RF wave it
corresponds electron density n

Wpe(n) = \/4nnez/m = WRF

At that conditions RF wave propagation
becomes very nonlinear and even anomalous
absorption mechanism can appear

bt
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A. Electron kinetics in gas discharge plasmas

 In previous lectures we have used some
estimates for the rate constants of electron-
neutral interactions (Kgn, Kiop> Kexcits ++-)

o However, the rate constants of electron-
neutral interactions are determined by

electron distribution function f,(¥,7,t)
K(.)(E,t)=[o (1) (7,5,t)dv

e Where f.(7,7,t) itself is determined by

electron heating in applied electric field, E,
and cooling due to elastic and (mainly)
inelastic electron-neutral collisions

e Moreover, since ionization degree in gas
discharge plasmas 1s usually small (< 10'4),
electron-electron collisions (causing
Maxwellization of f.(¥,7,t)) are weak and
f.(¥,7,t) is far from Maxwellian

e Thus, f.(7,7,t) can only be found from
solution of electron kinetic equation



* Kinetic equation for f,(¥,,t)
of .(V,T,t e E
e(gt LY + Vi (9 (9,5,t))- Vs -(——fe(i’f,'f,t)) =
CeN (fe) + Cee(fe’ fe) + Cei (fe)

where Cn(fe), Cee(fe.fe), and Cg;(f,) are the
collision terms describing electron-neutral,
electron-electron, and electron-ion interactions

e The most important conclusion which can be
made from the observation of electron kinetic
equation is:

if electron-neutral collisions dominate than
electron kinetics and, hence, all electron-
neutral interaction (excitation, dissociation,
ionization, elastic collisions, etc.) depend
only on the ratio

E/N

simultaneously, characteristic length and time
scale like N~
o It can be proven by making scaling

transformation tXxN —>t and TXxN > T in
general electron kinetic equation

7o



e Recall that if electron energy loss is due to
elastic collisions then electron drift velocity,
v, = eE/(mNK,y ), is mach smaller than
electron thermal velocity vy

Ve = /M/M vp<<vp

e In this case electron distribution function is
almost spherically symmetric

« This will be true even if electron energy loss

is due to inelastic collisions, but oS>

olelastic and symmetrization of f,(¥,7,t) in

velocity space occurs faster than energy loss
 Fortunately this inequality usually holds and

therefore electron kinetic equation can be
significantly simplified



* When f.(7,%,t) is almost symmetric in
velocity space we can use the expansion of
f.(¥,7,t) around spherical one

fo(7,7,t) = fo (19, F,t) + cos O f; (IV], F, t)+...
where cos® =(v-E)/(VE) and fy >>f,
e Consider electron-neutral collision term
Cenl(fe)
=-[d¥,dQq(u, 8)u{f (VF(¥%;) - f(V)F(71)}

where F(V) is the neutral distribution function,
u=lv—-vl, q(u,9) is the differential cross-
section, and ¥ and V'; are the particle velocities
after collision

» Taking into account that electron velocity is
much higher than neutral one and 19/=I¥'] in
elastic collisions it is possible to show that

(Cen(fe)cos®d)
= —-N[dQq(v,d)v(1 - cos®)f;(I9l,7,t)

and N[dQq(v,0)v(1—-cos?)= NK(erlﬁ})(v) = v(erli})(v)
is the momentum transfer frequency
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* As a result, neglecting f, (k>1), we have
coupled equations for f, and f;

ofy vy __eE (V) __ )
ot 30x 3mv: ov N

8f1 afo cE afo (m)
—+ - =-V f
o ox m ov N (Vi1
* Considering slow processes, d, << vgﬁ), we
find

eE afo \" af()

f,= —
1 mv(erl?l)(v) ov vgﬂ)(v) ox

convection L T diffusion |
8f0 + 8 eEv afo _ 8 V2 afo
at  dx 3mv(e§)(v) av | ox 3v(e§)(v) ox

1 9 ((eE/m)*v? oty
f
+3V2 BVL v(erl{})(v) ov +Canl(fo)

heating T cooling 1

3



* In general case equation for fy can only be
solved numerically even for a steady state
homogeneous conditions

* However, in some interesting limits it is
possible to simplify collision term C.y(f)
and get analytic solution

* For example, for elastic collisions C.(fy)
can be written as

1 0 of
Celastic g ) _ 0 m L2 {83/2VeN (e)(TN X +f0)}

where N[dQq(v,9)v=NK (V)= vn(V), and
e =mv>/2; for excitation process we have

CeN (fo) = —VeX (e)fo(e)

E+e |
LR " — W viR(e+eg )fo(e+eg)

where &y, 1s a threshold energy, and for et>>¢y,
expression for CSx () can be reduced to

C(£0) =0 2 (vERl (e eto o)

24



* Then electron kinetic equation for these two
cases can be written as follows

2 9 ((eE)z g3/2 afo]

3\ 9| mvi(g) oe

m 1 d [ 39 ( of )}
+M\/§ae{8 VeN(E) TN 3 +f0 0

for elastic collisions and

2 9 ( (eE)?e¥? of, L& O
3Vede| mv{(e) o ) e e

for neutral excitation in the limit ep>>¢y,

(VN (e)Vefo(e)) =0

* Solving these equations we find
€
fo(e)= fO(O)exp(—jde' /Tegs (€ ))
0

where Tg(€) = 2 (eE/m) M

3 veN(s)v(m)(e)

+ Ty, and

3egm v (€ )V (e")
2(e:E)2

fo(€)oe exp{ [de } (e>€eq)
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* General trend of f(¢): fy(€) is strongly
depleted above excitation threshold. E.g. for

VR (€) o« VI (e) o< +/& We have

fo(€) < eXP{_S/ Text} (e>eq)
where T, = (2(eE)2 ) / (3ethm veXt(a)v(m)(e))

decreases with increasing viY

f‘ )\
En(fo (8))
€
>
_ €th y

e As aresult of fy(¢) depletion at e>¢,, the

excitation rate,

Sext = J [deEVER (€)Eo (),

saturates with increasing vex

b



» Saturated level of excitation rate, (Sext )y

can be found by solvmg kinetic equation for

e<g€y, and assuming that f (g4, ) =0 (electrons
with €>g, excite instantaneously)

* For e<ey, kinetic equation is simple

d(=je) __9 [2(eE)*e*?0dfy | _
Vede ede| 3mviW(e) oe

where j; is the particle flux along e-coordinate
into region £>&g, and which is equal to (Sgy)

sat

* Therefore, assuming that f;(e4, ) =0 we have

& 3mvi(g)
fn(e)=(S de’ eN
O( ) ( CXt)Sat i 2(CE)28' 3/2

* Then, taking into account n, = [de~ef(e),

0
we find (Sext ),
n 8E
(Sext )sat = oo ;mv(m) (8 ) = nev(e%})—e-;
J de/e f de' eE)2 372
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B. Kinetics of vibrationally excited molecules
in non-equilibrium plasmas

* Vibrationally excited molecules in gas

discharge plasmas play a very important role
in:

a) electron kinetics and energy balance
b) gas lasers

c¢) endothermic chemical reactions (e. g.
AB(v2vy)+C — A+BC), since effective
vibrational temperature, T,, can be much
higher than gas temperature Ty

e Main mechanisms of vibrational excitation
and de-excitation of molecules

a) excitation: by electron impact through
the formation and decay of metastable
negative molecule (e-v processes)

M(v)+e >MD) 5 M(v)+e

b) de-excitation: by neutral particles (v-T
processes)

M(V)+N—->M(v-1)+N



e While e-v processes are very effective, v-T
are not and 1t allows to reach T,>>Ty in a
weakly 1onized plasmas

e The reason why v-T processes are not
effective is that neutrals are heavy particle
and Massey parameter is large

Ma= Eorb /hVT >>1

where Ej is the energy of vibrational
excitation, ry, is the Bohr radius, and vy 1s the
neutral thermal velocity

e Massey parameter occurs from a quantum
mechanic treatment of the probability of
vibrational transition, P,_r, due to neutral-
molecular interaction V(Y)

P,_ro [e@V(t)dt= [e Eo/My(pyat

where V(t) = V(¥xnt) varies smoothly at time
scale ~ 1, /vy (€. g V(t) < 1/ {1+(th/rb)2})
» As aresult we find

P,_t o exp(~Eqry/AvN)

47



» Averaging P,_t over Maxwellian distribution
of neutrals we arrive to Landau-Teller
formula for v-T relaxation rate constant K,,_

_3/2
Ky_T=KNNT

X | exp(—EOrb [hvy - Mv& 2T )d(VN /vT)
 After some algebra we find

K, 1=~ Knn 2> 0 (Ma)?/3 exp{—3(Ma/2)2/ d
1/3
o< exp{~(Epta/TN)" |

‘ 2
where Eyp, = 27(E0rb) My =E, 2TEoMN 44
8 h 3 Eb m
practice Eyy, ~100 eV >>Ty < 0.1 eV (Ma ~30)

e As aresult, e-v excitation can exceed v-T
relaxation at a very low ionization degree

n,/N 3K, /Ky_1 51077

 While v-T relaxation is slow, an exchange of
vibrational quanta (v-v exchange)

M(V)+ M) > M(v+1)+M(v -1)

is fast, since 1t is almost a resonance process
(corresponding Massey parameter << 1)

43



 The kinetic equation for the population of
vibrational states of molecules taking into
account e-v, v-v, v-T processes and chemical
reactions can be written as follows

dN,
dt

where N, is the density of the molecules on
virational level v, C._,, C,_,, C,_T, and Cg
are collisional terms describing vibrational
excitation by electron impact, v-v exchange,
v-T relaxation, and chemical reactions

=Ce_ytC,_+C,_1+Cg

e The expressions for C._,, C,_1, and Cy can
be written as

Coy =~ T Kooy (VW N, =Ny e Friw™Bv)/Te |
W

g 3 Keoy(v=w,w){Ny_y, ~NyeBrEr-w)/Te ]

w>0
-E.)/T
CV—T = —NKv—T(V){NV - N'V__IC(EV“1 v)/ N}
Cr =—VR(V)N,



* Consider v-v exchange collisional term

Cyv=— 2K,_(¥ ’W){NVNV'

vV, W
~NyswNy_w eXp(_ 2EgxyW(v—V' +w)/TN )}

where exponential factor, depending on gas
temperature, is due to relations between the
rate constants of direct and inverse processes

* For the conditions where v-v exchange is a
dominant term in vibrational kinetics we find
that C,_,=0 results in so-called Treanor
distribution of vibrationally excited states

2
N;l:reanor o exp{— Eo(v+1/2) + Eoxv(v+1/2) }
| Ty In

where T, is effective vibr. temperature of v=1
[ )
# NTreanor [y =~ Ty /23, Ty)
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e In practice N, does not increase as strongly as

N Ireanor qoes (due to the effects of

dissociation boundary and impact of v-T and
reaction processes)

 However, N, usually still has an extended
Treanor-like tail with a cut off due to

e ~
ANV
dissociation
\Y4
_ »)
or
( )
N,
dissociation
reaction |

+V
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A. Instabilities in gas discharge plasmas

* In many cases in order to provide an efficient
process (€. g. population of molecular
vibrational states in powerful gaseous lasers,
acceleration of plasma-chemical reactions
output, increase the power into discharge,
etc.) 1t is necessary to have large product

ne. NV
where V is the plasma volume

e Therefore it is very desirable to have
relatively high ionization degree (n,/N ~107>)
of nonequilibrium T.>>Ty plasmas with
relatively high neutral gas density (pressure)

* However, in practice it is very difficult to du
due to instabilities of powerful gas discharges

* One of the most universal and the most
dangerous instabilities in gas discharge
plasmas is a thermal instability

e Thermal instability usually lead to discharge
contraction and spoils discharge quality (Ty
becomes close to T,)

%8



* Basic physics of thermal instability can be
understood from analysis of positive column
of glow discharge

- ™~

‘H (positive column] H-‘

U

© O *)

* Recall that all rate constants of electron-
neutral interactions (ionization rate constant
in particular) depend on the ratio E/N

* Consider relatively high plasma density so
that plasma sink is due to recombination
2
(e ) Krec =NgVion = neNKjop, =
Ne = NKjon/Krec

where K,,, and K. are ionization and
effective recombination rate constants

e Recombination in atomic gases is usually due
to formation of molecular ions

AT+B+C—(AB)" +C

following by dissociative recombination
(AB)" +e > A+B)



* Radial profiles of the gas temperature, Ty,
and density have departure from averaged
values T and N, due to the gas heating

(" [sidewalls N T ‘ N T\
\. \ /' >
~ _— | N,
AL
//7\\ > TO
T,
\_ N(r) J

 In atomic gas discharges the gas heating is
close to a total energy deposition into
discharge (Joule heating)

Qgh =€jeE= ene;,LeE2
where |1, =e/(mK.y) is the electron mobility

e Neutral gas heating supposed to be
compensated by the gas cooling due to gas
heat conduction, Ky, to the sidewalls

0 _kN(TN—Tw) KTy No-N
R 51 13 Np

10



* As a result we find equation describing gas
temperature (density) departure (Qgh=Qgc)

N(eEy? Kion EN) _ KTy No =N
MK NKrec L_J_ No

* Since ionization rate constant has the most
strong dependence on the ratio E/N we can
neglect all dependencies on neutral gas
density in the left hand side of our energy
balance equation

e Then, adopting expression
Kion = IA<ion exp{—B(N/E)}
where K, and B are some constants

we can rewrite energy balance equation as
follows

exp(SN) =8N/Q
where Q = (QObOL%L ) / (knTw)> Qo is the energy

deposition into discharge at N = N,
bg =B(No/E)>>1, and 8N =by{(Ng—N)/Ng}>0



e Analyzing energy balance equation we find
that solution only exist at Q < Q . =e

(A

w

Q < chit SN/ Q

stable

unstable

exp(ﬁN)

L 5N

J

* Thus we find that the power into discharge,
Q, is limited by a rather low value Qg

Q < Qi = (CKNTW)/ (boLzJ_) << (xnTyw)/L1
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* For higher power (Q > Q_,,) positive feedback
QT = Tn(0)T = N0 = v, (E/N)T =
=1.T=2QT= ...

will cause contraction of the discharge
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* In RF gas discharge thermal contraction may
cause discharge filamentation

A R
ne
4\\/>
4’
_ X )

* In dense gas the scale of these filaments, A,
can be about RF wave length Agg. In some
regimes the filamentation of discharge
sustained by RF wave starts to exhibit a
stochastic properties

* To consider RF discharge filamentation a
physical picture we considered for glow
discharge must be modified to take into
account wave propagation and reflection due
to inhomogeneous plasma density

* Such effects are very important for RF wave

interaction with atmosphere and ionosphere
of the Earth



* There are many varieties of thermal
instability of gas discharge plasma which
manifest the peculiarities of gas properties

 In noble gases (e. g. argon, krypton) electron-
electron collisions can significantly elevate
the tail of electron distribution function and,
therefore, increase ionization rate constant
even in relatively weakly ionized gas with

n,/N ~1070%3
A )
{n(fo(e)) ne /N #0

ionization

ne/N=0

_ €th )

e In this case, a positive feedback occurs not
only due to gas heating but also can be caused
by dependence of K;,, on n./N

94
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* In molecular gases the main part of the power
goes 1nto excitation of vibrational levels and
not into gas heating

e Gas can be heated due to v-T relaxation of
vibrational energy €, (energy per molecule)

Qgh = &yNVy_1 =&,N’K,_1(Ty)

where K_1(Ty) < exp{~(Enta/Tn)" *Lis the
rate constant of v-T relaxation

e Recall that Ey;, >> Ty and, therefore, v-T

relaxation processes is very sensitive to
neutral gas temperature

e Considering a simple case when vibrational
excitation by electron impact is balanced by
molecular deactivation at wall we find

e, NDy;/L4 =T.n . NK,_, =
2
&y = TeneKe—vL_L/ Dm

where K,_, is the rate constant of vibrational

excitation by electron impact, T.>>Ty 1s the

electron temperature, and Dy is the diffusion
coefficient of the molecules

at



e Then, taking into account ionization-
recombination balance which gives plasma
density

ne = NKjon /Keec

the expression for the gas heating due to v-T
relaxation of vibrational energy can be
written as follows

2 2
Qgh =~ TeneN KV—-T(TN>K8—VL_L/ Dm

_ TeNKion(E/N)K,_1(Tr)Ke_y LA
KrecDM
 Notice, that in addition to strong dependence
of K,,, on variation of gas temperature

(density), in molecular gases we also have
sharp dependence of K, _t

 We balance gas heating by heat conduction to
the walls

KN(TNZ—TW) _ KNsz No—-N
L1 L7 Ny

Qgc =



* For stability analysis it is enough to consider
Ty around T, and approximate

1/3 *
K, 1(Tn) _ exp{l (EMa) Tn-Ty

v

Ky—1(Tyw) |3\ Ty T,
1/3 ‘
= exp 1/Ema | No=N{(_ exps by No —N
3\ Ty, N, YN

* Then, from equilibration Qg = Qg We have

exp{N}=3N/Q,

2 2
where Q, = (b, +bg) L} Vo-Twb] g
KNTyw DM
Qy =Ten NK._, 1s the energy deposition into
vibrational levels

* As aresult, we find that the discharge is
stable if

1 KnT D
Qy < (Qv )crit = - M

(bv+b0) L%L vV—TL%L

M



* Interesting situation can happen for the case
of strong vibrational excitation (&, is high)

* Then, v-v exchange processes becomes
important and the population of vibrational
states, v, trends to form the Treanor function

-

AN, AN, A
t=0 t=t1

l V» \vb

* v-v exchange conserves averaged vibrational
quantum number (v), but <v2> Increases

» Recall that the energy of vibrational level v is
E, =Eo(v+1/2){1-y,(v+1/2)}

* Therefore averaged vibrational energy ¢, =
Eq(V) —onv<v2> decreases and Ty increases

with increasing <v2> due to v-v exchange =

fast gas heating = thermal contraction

(0P



B. Non-linear waves in gas discharge plasmas
(domains, strats)

* In Section A we considered instabilities
leading to plasma perturbations which are

homogeneous along electric field (k-E=0)

= \

—_—

instability

. J

* Here we consider instabilities leading to
perturbations along electric field (k-E #0)

E
instability 1 I I |
& y

» Nonlinear waves emerging as a result of

instabilities with k-E #0 are called domains
or strats

fo



* Domains due to electron attachment can be
formed in discharges in electro-negative gas
(e. g. oxygen)

* Electron density in this type of discharges can
be sustained by external ionization source,
Sext> (€. 8. €lectron beam) and controlled by:

dissociative attachment e+ AB— A~ + B, de-
attachment A~ +B — e+ A +B, and charge
exchange recombination A~ +B™ — A+B

dn _
—(i-tg = Sext — VN, + Vdng )
dn{" _

dlt = Sext —K;nj nj™

ne + ng_) = n§+)

where n{™ and n{* are the density of negative

and positive ions; v,(T.) and v4 are attachment
and de-attachment frequencies, and K, is the
recombination rate constant

(we assume here that ionization by impact of
thermal electron is negligible)

oy



. SOlving particle balance equation we find

l Sext(vd + 2Va) +

=F(T +
e ( e) 2 (Vd"'va)va

2
\/{l Sext (Vd + 2Va)} + Sextvczi/Kr — ngt

2 (Vd + Va)Va (Vd + Va)Va
e Notice that for S, > v3/K, there are two
solutions for electron density

 Electron temperature T, is determined by
electric field E (gas density we assume
constant) and increases with increasing E

* Therefore
F(T, )= F(T.(E))

 For the case when perturbations are along E,
electric current (electron flux) must be
conserved j=n.u.E=const.

» As a result, we arrive to the equation for
electric field

i/(1eE) = F(Te(E)
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* Recall that dissociative attachment cross-
section has energy threshold so that

4 v (T.(®) )
e, Te(E)
9 >

e Meanwhile, vy and K, do not depend on
electron energy and, hence, on E

e Therefore, for S.,, >v3/K, we find following
asymptotic behavior of n.(E)=F(E)

a) for E -0 (v,—0)
0$" = 28ext/Va = o0, g7 = Sext/Va ~ Va/Kr
b) for E - (v,—const.)

n(e+) = ng)(oo) > ng_) ~ ng—)(oo)



e As a result, schematic dependencies of LHS
and RHS of equation for electric field can be
shown as follows

4 A N
n, RHS (+)
stable
LHS unstable
RHS (.) stable
—
E
_ ’)

e Domains of low (high) and high (low) electric
field (electron density) can co-exsit and as a
result

(05



 Similar effect can occurs due to negative
differential mobility observed in the mixtures
of molecular and noble (argon, xenon) gases

f‘ A\
e T,

-

E/N
\ >

* This effect is caused by Ramzauer's minimum

on the cross-section of electron-neutral elastic
collision

* Then, from electron energy balance equation,
assuming electron flux conservation, we find

ejz = Ue (Te )Sinel (Te)

where €;,.; 1S the energy loss due to inelastic
electron-neutral collisions, dg;,.;/d T.>0

* Due to non-monotonic dependence . (E/N)

energy balance equation can allow three
solutions

(06
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* In noble gases (e. g. argon, krypton) K;,,
dependence on n. /N due to either electron-
electron collisions or multi-step processes
involving metastable states is the main reason
for occurrence of strats

e From plasma particle balance and current
"conservation”

Vion (E/N,n,) = vp = D /L =const.,
n.L.E = j=const., we have
Vion (E/N, /e E) = vp

e For some current densities, increasing
dependence of 1onization frequency with
increasing n, can compensate reduction of
V;on With reduced electric field strength
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* In the discharges with magnetic field there
are a large variety of instabilities associated
with gas ionization and plasma-neutral
collisions which result in strats, discharge
filamentation, and turbulent effects

* Propagating fronts in RF discharges due to a
strong increase of plasma density at the front
and RF wave reflection

" RF N
<
(N9 crit
N

where (ng)_.. — oope((ne ) Crit) = ORFE

[



Lectures outline

L1. Introduction and atomic processes in
weakly 1onized plasmas

L2. Electric breakdown of a gas and steady
state gas discharges

[.3. Electron and vibrational kinetics in non-
equilibrium plasmas

L4. Waves and instabilities in gas discharge
plasmas

LS. Plasma-chemical processes in non-
equilibrium weakly ionized plasmas
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General remarks
e Any chemical reaction can be written as
zkiAi - O
i

where A; is a chemical symbol of a reactant (it
can be atom, molecule, 10n, electron)

e For example, reaction 2H, + O, <& 2H,0 can
be written as

2H2 + 02 - 2H20 =0
and, therefore, ky, =2, ko, =1, and kg o0 =-2
e From statistical physics we know that if
reaction goes at constant pressure and
temperature, thermodynamic potential of our
system should decrease and reach minimum

for equilibrium conditions, which results in
equality

2kl =0
1

where W, is a chemical potential



* For 1deal gas (plasma) we have (see statistical
physics course)

Wi =T4n(P;) +€g; — e Tén(T) = §;T

where P; 1s the partial pressure, € is the
internal energy of the reactant, Cpi 18 the

specific heat at constant temperature (cpi=5/2

for atom, and 9/2 for bi-atomic molecule), {;
1S the chemical constant

 Introducing reactant concentrations,
Ci = Pi/P, we find

« -2 k;
1
-2k Tkl Xkic, —X(ki€i/T)
=P i ei Ti e i =K.(P,T)
= constant of chemical equilibrium

 As a result, for equilibrium conditions the
concentrations of reactants only depend on
pressure and temperature

[y



Examples
* Saha equilibrium:

chemical reaction A e+ A"

CpA =Cpe =C p+ = 5/2, C= én{g(m/Znh2 )3/2}

3/2 h3

Ca gA (275)
— =P I'T)=PK..(T
CA+Ce 2gA+ T5’2eXp(/ )= | p( )

Ne _ 1
Np \/1 +PK,(T)

e Dissociation of molecule:

chemical reaction A, & A+ A

Con =572, Cpa, =912, Lo = en{g(m/znh2)3/2},
Ca, = Zn{(I/ h60))(m/1c)3/ 2}

3/2
N, (nA+nA2) 8PI(7/m) exp(Ep/T)
(HA)Z gZO)Tl/Z




Two ways to carry on chemical transformations
1) Equilibrium plasmas (T, = Ty)
arch discharges, T, = Ty= 5000 K
e Advantages:
high power 0.1-1 MW,
high pressure (1 atm and higher)
e Disadvantages:

close to equilibrium, tempering is needed,
otherwise we may come back to initial

conditions
r N
T
\ 5000 K
Ar
/
<+—300K 300 K
’
N t Y




* However, applicability of equilibrium (or
quasi-equilibrium) relations requires
relatively slow variation of temperature

* When temperature variation is fast reactant
concentrations have some delays due to a
finite rate

* Moreover, usually almost all reactions (even
exothermic one) require some energy to be
activated (activation energy E,)

LIAE =€1—&
Al —> A2 | £

L 14

* AE enters in equilibrium balance equations,
while E, determines the rate of chemical
reaction (Arrenius law)

K(T) o< exp(—=E,/T)

(17



e Therefore, for E,/T>>1 the rate of reaction
can be significantly reduced by relatively
small drop of temperatures

e As a result, fast reduction of temperature can
lead to frozening of gas composition at a level
corresponding to a higher temperature

4 D
T(Q
4+— 5000 K
Eziti
/
<+—300K <+—300K
_ t Y




i1) Non-equilibrium plasmas (T, >> Ty)
glow, RF discharges, etc.
Te=1 eV, Ty=300-1000 K
* Advantages:

tempering does not needed
high selectivity in reaction path
(internal degrees of freedom)
potentially can have higher efficiency

. Dis-advantages:
low power, low pressure,

low production rate, instabilities



* In both equilibrium and non-equilibrium
plasmas, many reactions go a chain

* €. g. reaction
A, +B, —2AB
goes mainly though the channels
Ay, +B— AB+A
B, +A— AB+B
and not through
A, +B, —>2AB
* Moreover, usually

N, Ng << nAZ’ HB2

(20



Example
* Synthesis of NO from the air
N2 + 02 < 2NO

 This is endothermic reaction (we must supply
some energy to make it happen)

EN2 =9.76 eV, Ep? =5.1 eV, ER0 =6.5eV =
AE = (ED2 +E82 —ZE%IO) /2-~O.9 eV (per NO)
o It goes through the chain
N, + 0 < NO +N, (endothermic)
E,=AE=3 eV
0O, + N & NO + O, (exothermic)
E,=0.3 eV, AE=-1¢V

e In non-equilibrium plasmas endothermic
reaction N, +O — NO+N goes due to
vibrational excitation of nitrogen

" Ny(v310)+O—>NO+N



e However, the presence of radicals, R, (in our
case O and N) results in a departure from the
Landau-Teller expression for v-T relaxation

e This is due to formation of a metastable
molecules

M(v)+R — (MR)" > M(v)+R

e As a result, v-T relaxation on radicals occurs
much faster than it follows from Landau-
Teller model

e In addition, reaction O, + N — NO + O, being
exothermic, results in a significant gas
heating and accelerates conventional v-T
relaxation

* As a result, the efficiency of NO synthesis in
gas discharge plasmas is < 30% (real energy
"cost" of NO 1s ~ 3 eV)

(27
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Plasma Processing and Chemistry

D C Schram, J A M van der Mullen and M C M van de Sanden

Eindhoven University of Technology, Department of Physics,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Abstract. The growing field of applications of plasma as deposition,
etching, surface modification and chemical conversion has stimulated a
renewed interest in plasma science in the atomic physical chemistry
regime. The necessity to optimize the various plasma processing
techniques in terms of rates, and material properties has made it
mandatory to take a new look at the various processes, as
fragmentation, plasma and radical transport and plasma surface
interaction with advanced diagnostics and with modellization.

Many types of plasmas are used in the technology of plasma chemistry:
va.ryini from RF-glow, discharges, coronas to high density arcs.

The physics involved will be illustrated at the hand of important
examples: etching and modification of surfaces and the deposition of
thin layers of amorphous (a~C:H, a-Si:H) and crystalline (diamond,
graphite) layers. Besides dissociation and ionization in the plasma,
wall association, recirculation, cluster formation and energy flows are
important issues.

These conclusions are also pertinent to the new field of waste
destruction and are directly relevant to the economics of the plasma
process.

1. Introduction

Plasma processing, deposition and etching, modification, conversion and nucleation
in or with plasmas has become important in practically all aspects of high
technology and more traditional industries [1—4]. The economic interest in plasma
processing for microelectronics, sensors, solar cells, hard coatings is enormous and
is in the order of tens of billions of dollars (3]. The development of the field has
first been phenomenologically; at present it develops into a new professional
sub—discipline, with systematic analysis and modellization in connection with
material science, vacaum science and gaseous electronics.

The effectivity of the plasma as chemical medium is a consequence of the high
reactivity related to the presence of electrons, ions, radicals and other active
species. Both electron and heavy particle kinetics play a role in transferring kinetic
energy to internal energy. The high energy density of the plasma medium makes it
possible to obtain large radical fluxes which carry a high energy flow at low
densities. The virtue of plasmas lies further in the nearly unlimited possibilities for
atomic combinations. Practically everything is possible: deposition of crystalline or
amorphous thin layers, etching, surface modification, chemical conversion,

0741-3335/94/000065+14$19.50 © 1994 IOP Publishing Ltd B65
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X

synthesis and destruction, cluster formation and production of powders. The low
inventory in the conversion process makes plasma processing inherently relatively
clean and safe and is environmentally friendly if properly designed. The only byt
important limitation of plasma processing is the relatively high price; also this
aspect is linked with the two earlier mentioned factors: high energy density ang
small material inventory (and thus throughput). It is for this reason that more
systematic scientific support is desired, like that traditionally present in the plasmga
fusion community.
10 4
Thermonuciear
plasmas Tokamaks

n, /ng

/ @ ' / .n.n'
deposition / etching

polymerization

1 ! | 1 ! I 1 L

24
10 10 10” 10 10
o (1/m 3.

1 i | ]
10 10t 10 10

P (Wim®)

Figure 1. Plasmas characterised in terms of electron density and. ionisation degree for several
plasma applications and plasma types; gd glow discharge, pd: microwave discharge, s: surfatron,
ag: anomalous glow, rfi: rf induction plasma, h: helicon discharge, ecr: electron cyclotzon
resonance discharge, icp: inductively coupled plasma, epb: expanding plasma beam; va: vacuum
are, t: thermal plasma, hea: hollow cathode arc. At the bottom the required power density is
indicated. Adapted from [5].

Important applications of plasma processing are to be found in Integrated Circuit -
(IC) semiconductor electronic industry, polymer films, optical layers, protective---
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layers, membrames, biocompatible layers, corrosion— and wear resistant coatings,
production of ceramics (including high T superconductors) and catalysts,
conversion and destruction of chemical compounds and waste, plasma spraying,
and recovery of materials from metal scrap. Plasma processing ranges from high
added value processes as in IC fabrication, intermediate cost processes as large area
thin films for solar cells, to low added value processes as destruction of waste
materials, and in the metallurgical industry. In the first class the cost of the
process is less important and the quality of the layer is the key issue. In the
intermediate class of processes (as thin layer solar cell fabrication) acceptable cost
figures could be $ 10-100/m? for a 1 um thin layer, which is equivalent to $
10-100/g. In the low added value processes prices of § 1-10/kg have to be reached
to become economically feasible. In most cases the time duration of the process and
associated depreciation cost determines the price and high power, large
throughputs and high energy and material efficiencies are essential. This line, from
high added value processes to the processing of larger volumes (cf. also fig. 1, [5])
will be our guideline in the description of plasma processing.

2. Plasma processing, a short summary of etching and deposition mechanisms

In the IC process industry (and in e.g. solar cell fabrication) RF excitation is the
traditional technology. We will first describe the dry etching of patterned wafers,
which is a crucial plasma assisted step in IC—(sub)micron technology. The process,
e.g. fluorine etching of SiO, is relatively well understood because of detailed beam
studies [6], many diagnostics studies {7| and modellization including wall processes
[8]. Between two parallel plates of the size of a wafer an RF field is applied with
typical conditions; pressure 10~-100 Pa, 10—-100 W RF power at 13.56 MHz with
RF field amplitude and self bias of 100 V-200 V. Plasma etching can be performed

surface topography produced by plasma etching for
the production of microprocessors (Siemens)

|
RF ground electrode
|

t } |
MVAVECARICARACA VA SA VA CANA R WA NA N
space charge layer

ambipolar
: fisld\ s adsarbeddayer\ s\t NN

i
REF active electrode & substrate
I

photoresist
| i i l Sio,
Si

Figure 2. Etched patterned wafer (with permission reprinted from brochure “p.l'a.sma
assisted processes for surface engineering” of Arbeitskreis Plasma Oberflachen
Technologie); sketch of RF—reactor & anisotropic and selective etching.
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(e.g. SiO, by CF,) with chemical selectivity (large etch rates for the material to be
etched, e.g. SiO, and small for the photoresist mask) and anisotropy (i.e. fast
etching in depth and slow lateral etching) as important figures of merit. In this
way anisotropic etching will ideally lead to features of (sub) um dimensions (fig. 2).
The anisotropy and chemical selectivity are thought to arise because of the ion
induced character of the etching by radicals. In this picture radicals adsorbed at
the surface are stimulated to etch the surface by an incident ion. The side wall
etching is inhibited because of the absence of ion irradiation and the protection by
an inert (e.g. CF,) inhibition layer (fig. 2). The etch rates are limited by the ion
flux, which in turn is limited by the ionization production.

Plasma chemistry processes can all be characterized by five steps:

plasma production, electrons and ions serve as source for:

production of radicals by dissociation of injected and recirculating monomers
in electron and heavy particle processes

transport of radicals and ions by diffusion or convection (typical transport
times 1074-103 s) .

surface interaction, adsorption, reactions, polymerization and desorption
recirculation of stable monomers and radicals, which add to the injected
monomers (residence time 0.1-1 s).

Rt ol o

Electrons heated in the RF—field ionize and dissociate the etchant gas: CF, + e°
— CFy* + F + 2 ¢ and CFy + - — CF,, + (4-n) F + e". Ambipolar diffusion
drives ions and electrons to the substrate, with ambipolar diffusion velocities in the
order of the ion acoustic speed. Large bias potentials, in the order of the large RF
- field amplitude (100—200 V) accelerate the ions to the substrate. Radicals diffuse
collisionally to the substrate where they may reflect, adsorb or react. Desorption of
radicals (F, CF;) contributes to the radical demsity and desorption of stable
monomers (CF,, C,Fy) and etching products alters the gas composition, cf. fig. 3.

30

a CF‘
A CyFq

"
o
)

Figme 3. By IR absorption
spectroscopy measured densities of
CF¢ and C4Fy in a CHFy plasma as
a function of the gas pressure at 80
watt RF power and 1/3 sce/s flow;
from Haverlag [7].(scc/s= standard cc
per second, 1 scc/s is equivalent to
2.5 10!9 molecules per second.

density (110'9 m")
=

As dissociation is more effective than ionization the net flux of radicals (incoming -
desorbed) is somewhat higher than the jon flux (typically a factor 3-10). The
incident radical flux is much higher because of radical demsity built up in the
recycling. In the SiO, — CF case the etch rate is ion flux limited and can be
estimated from a global inspection of the mass and emergy balances [9], i.e. the
existence demands of the plasma non equilibrium system. The mass balance
equates the volume ion production to the ambipolar ion flux to the substrate:

fffnencn klon (’i“eff) d Vol =ff Dasb ¥ p, . d.s = ff.ion flux . dS
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With typical values for the electron density (n, ~ 10!%/m3), neutral density
(ncm ~ 102!/m?), ionization rate (ki°® (T,®ff) ~ 108 m3/s) and distance between

the electrodes (2 cm), ion fluxes of 10!?/sm? result. The mass balance determines
for éiven dimensions and pressure (30 Pa) the effective ionization temperature,
Te#t ~3 eV, which can be associated to the non—Maxwellian electron energy
distribution function. This conclusion is independent of the value of the electron
density as both the production and the flux are linear in n,. The mass balance

learns that T, has to be large enough to guarantee sufficient production by
ionization to balance the diffusive losses.

The electron density is determined by the energy balance; the dissipation results
mainly from ion production and ion acceleration in the sheath and vibrational
excitation of the molecular gas. Hence in the most simple form the Joule
dissipation is equal to the energy carried with the ion flux and the (electron
induced) vibrational heating of the molecular gas. As both losses are proportional
to the electron density the allowable power density (108 W/m3) and energy flux
(10¢* W/m?) limit the electron density to the quoted values at the 13.56 MHz
excitation {requency. Hence the mass and energy balance determine the ion flux
and thus the etch rate (or deposition rate). In the quoted example it is 10!9/m32s
equivalent to 1 monolayer per second and etch rates in the order of 1 nm/s result.
From this simple picture it is already clear that low pressure and high power
favours ion induced anisotropy whereas chemical slectivity is optimum in a more
radical rich situation at higher pressures and smaller power. At higher frequencies
the density increases somewhat and self bias decreases; thus higher rates can be
achieved and ion induced damage (but also the anisotropy) decrease.

RF excitation is also used for plasma deposition of thin layers of many materials,
as polymers (2], diamondlike amorphous carbom, TiN, passivation layers and
diffusion barriers. A pertinent example is the deposition of amorphous
hydrogenated silicon, (a-Si:H) for solar cells applications (4]. Silane (SiH,)
admixed with H, is dissociated (SiH,) and ionized (SiH4') see fig. 4. Is has been
shown with infrared laser absorption spectroscopy (SiH,), visible light laser
absorption and laser induced fluorescence (SiH) {10 that SiH; is the most
abundant radical, typically 10% of the parent gas. Detailed modelling with over

SiH, H,

T F T ITHF
s

Figure 4. Densities of Si,
SiH, SiH, (measured by
LIF and Intra cavity laser
absorption) in a SiHy
plasma diluted by Ar (a)
or Hy (b) at a total
pressure of 0/3 Torr, a
0 | PRI BT total flow of 10 scem and
0.01 0.1 1 0.01 0.1 i RF power of 15 W; from

SiH, Concentration Ratio SiH, Concentration Ratio Tachibana et al. (10].

Peak density (cm'3)
T T 187 "'l
SiH, density (cm™)

4]
2\ 4

LB MR A LL |

SiH,

100 reactions has confirmed this finding. Hydrogen atoms may also participate in
the radicalisation, either in the gas phase or at the wall:

H + SiH v — SiH; + Hy; SiH, + H(wall) — SiH, + H,
The deposition mechanism is commonly thought to be radical controlled [11},

(27
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though other possibilities are mentioned [94:5[12 . There is an influence of doping;
which is different from SiH, feed then for SiF, [11]. Still many authors argue that:
SiH, is the preferred precursor as the mobility of this fragment at the surface iy
high, but also SiH, is mentioned [13]. Similar standpoint exist concerning the
preference for CH; in diamond deposition but also here controversies exis.
However it could also be that not so much the volume abundances of a specific
radical is the determining factor, but rather the composition of the adsorbed layer,
Of course the latter depends on the irradiation of radicals and thus the flux
composition (at least the stochiometry in Si/H) but also on energy irradiation,
substrate temperature and thus the effective temperature of the adsorbed layer.
The fact that many plasma methods lead to similar deposited material favours thig
more general point of view. Hence energy irradiation in the absorbed layer is of
importance too and needs to be considered.

For deposition higher frequencies may be benmeficial as in that case lower ion
energies and higher rates are desired. Improvement of rate and quality of the layer
have been realised this way for deposition of amorphous silicon for e.g. solar ceil
applications [14].

As has been stated, the rates of in situ processing are limited by restraints set by
the plasma mass~ and energy balances, or in other words, the existence demands.
To circumvent these rate limitations by the existence demands other approaches
have been pursued. They all have in common that plasma production is separated
geometrically from the plasma treatment. This approach is commonly referred to
as the remote plasma (source) treatment. In this way both production and
treatment can be optimized separately. In these remote sources dissipated power 3
can be chosen to be substantially larger (1kW) and the fluxes and thus the rates .38
are consequently larger too. In e.g. electron cyclotron resonance sources (ECR) the~--Z
plasma is produced upstream in e.c.r. zone (f = 2.45 GHz, Bres ~ .0875 Tesla) [1
The resonance i8 not very critical as the plasma frequency is close to the electroms)
cyclotron frequency. The energy density gradient and the diverging magnetic fiel¢ =4
lead to a fast flow of radicals, ions and electrons to the substrate. The final ion-3g
energy is coupled to the ambipolar acceleration process in the diverging field (and-
can be RF-bias enhanced) and is typically 20-200 V. These soutces and relatedsd
ones as helicon sources [16] operate at higher electron temperature and lower- -5
pressure. The newest type in this approach is the RFI (inductive} source; .38
sometimes combined with minimum B magnetic confinement at sideways and g
upstream sides. This type of source relies on inductive dissipation and again the -
power density iradient and thus plasma energy density gradient leads to efficient -
transport of the produced ions and radi from the upstream side to the-i
downstream plasma treatment. For larger area deposition also non-resonant.
microwave excitation is used. The radiation leaks through vacuum sealed antenns -4
slit and excites a homogeneous plasma with again downstream.deposition. A stil¥'§
other type of source is the surface wave heated surfatron [17]. 5
An extreme form of separation of plasma production and treatment is found in the.<j
expanding plasma beam deposition (EPBD) method [18}. In this method the=4
plasma i8 produced in a thermal arc close to atmospheric pressure and is expanded®s
in a low pressure background where deposition, etching or surface moditicationr:3
occurs. Plasma production at high pressure — and thus high electron density - is-§
very efficient and large ion flows can be achieved. In the expansiom processwy
(supersonic expansion, shock and subsonic expansion) the plasma cools from the E-%
eV temperature in the arc to .3 eV in the treatment chamber. Hence the electrony
temperature is relatively low and the heavy particle temperature is relatively highu
(both .3 eV). In this situation the governing radicalisation kinetics are charge=j
exchange and dissociative recombination, rather than electron kinetics as in the-24
previous examples. For an argon arc and injected SiH, the following reactions may-§

occur [19]:
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Ar* + SiH, — SiH,* + Ar
SiH, + " — Si H* + H, or SiH,* + H
SiH + Ar* — Si** + H

The example shows that very efficient transfer of the chemical energy to the
formation of SiH, radicals and even Si* ions may result. There is no dependence on
electron energy distribution functions and strong radicalisation to even atomic ions
is possible. The charge transfer rates are typically 10! m3/s and may depend on
the ro(tational)-vibrational excitation of the parent molecules. The dissociative
recombination reactions have rates of 10 m3/s also probably dependent on
ro—vibrational excitation. Similar reactions are possible with metastable argon
atoms; however in most cases the ion density is larger than the metastable density
even in recombining plasmas and charge transfer fragmentation dominates.

These examples show the 5 steps to be distinguished in plasma chemistry processes:
plasma production by ionization

production of radicals by dissociation of injected and recirculating monomers

transport of radicals and ions

surface proces as deposition and desorption

recirculation of stable monomers and radicals.

bl i ad

3. Surface modification and deposition by the expanding plasma beam
deposition (EPBD)-technique

Sa. Hydrogen treatment of surfaces

Restauration of archaeological artefacts by hydrogen atom irradiation [20] may
serve as an example of surface treatment processes. Other examples are etching
(with F or O) [21] nitriding [22] (with N) etc.. Here the plasma serves as a
dissociator; for an argon?hydrogen arc charge transfer and dissociative
recombination add to the electron dissociation in the arc. Again the chemical
energy is stored in ions, but even more in atoms. For hydrogen arcs the radical (H)

|{= o
a
< a
105 Q.
1 |}
] @
o % »
§ 14 ®
S 1
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g a
g
3 O stH,
014 @ stAr @--
8 s osen Figure 5. Overview of residual chlorine
o sH, below detection concentrations measured on both shipwreck (sh.)
@ shAr limit and standard type platelets (st.) after treatment
@® sh,oven in an oven, Hy plasma or Ar plasma. The
0.01 4= NS chlorine fraction on an untreated platelet is 5%.

360 4(']) 500 600  After M.]. de Graaf, R. Severens et al. {23].
treatment temperature (°C)
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flow may be as large as 1-3.102! p/s which carry (é dissociation energy. Ip
expansion in 1 mbar background typical plasma beam diameters range from 3 cm
at the shock to 10 cm further downstream. Thus very large fluxes in excess of 1023
sm? are reachable. Archaeological artefacts have been treated in this particle beam
during typically 30 minutes. In particular those specimens which were post treateq
in a nitrogen plasma and further preserved by epoxy—sealing have shown very good
results. By nuclear techniques the residual O and Cl surface abundances have %een
analysed. The results are shown in fig. 5 {23] in which heat treatments and plasma
treatments are shown indicating that the presence of hydrogen and an elevateq
substrate temperature give nearly full chlorine reduction.

Hydrogen plasmas may serve as the most simple plasma chemical systems. Stiil
two major complications become evident already from observation of the above
mentioned plasma cleaning.
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Figure 6b. Variation of dissociation degree with flow in full Hy at constant pressure (1 Torr)
and arc current 35 A). From De Graaf et al. (23], [24]).

(30



Plasma processing and chemistry B73

The first one is an anomalously high recombination rate of hydrogen (containing)
plasmas as compared to only weakly recombining argon plasmas [24]. This
anomalously high recombination is due to the earlier mentioned charge exchange

(H*, Ar* + H,V* — H,* + H, Ar) and dissociative recombination sequence. Hence
even atomic plasmas recombine because of the presence of residual molecules.
Similar effects, though less severe are observed in other molecular plasmas, as e.g.
in nitrogen (25] and methane seeded plasmas. Hence, molecules (essential in plasma
chemistry) influence the ionization degree of higher density plasmas. The second
point of interest is the very presence of the H, molecules in the example. One
major source is wall association of the primary H—atoms of the source with wall
absorbed H—atoms. As practically always the residence time of particles in the
machine is much longer than the circulation time these wall associated molecules
are more abundant than the primary atoms. This is clear from fig. 6 in which the
source dissociation degree and that in the expansion volume are displayed as
function of flow at constant pressure and source current. It is clear that the H/H,
abundances are primarily influenced by wall associated molecules. Similarly if SiH,
would be injected in an argon/hydrogen plasma beam the SiH, concentration (and
wall associated disilane (Si,Hq) and H,) will be determined by wall association and
recirculation of molecules, rather than by the primary gas feed. Hence wall (and
wall conditions) have a major influence on the molecular plasma constituents and
therewith on the deposition process.

3b. Plasma deposition of amorphous and crystelline layers

Plasma deposition is a very wide area, with many material combinations and
executed with many kinds of plasmas. Polymer layers from all kind of organic
precursors, metal-organic layers —nitrides, —oxides with organo metallic gases or
high vapour pressure fluids [2], semiconducting layers as a~Si:H and a~Ge:H [26]
and hard protective layers as a~C—H, or diamondlike layers [27]. The most
important issue here is an understanding of the deposition process, in order to
obtain control on composition, morphology, (semi)conducting optical and electrical
properties and (in particular for the intermediate added value processes)
sufficiently fast rates.

Deposition of amorphous hydrogenated carbon [27] and —silicon [26] has been
extensively investigated in view of application as protective coatings and in solar
cells respectively. With elaborate diagnostic techniques radicals (SiH, SiH,, SiH,)
have been measured (10]; they all point to a dominance of SiHy (similarly CH; in
the case of CH,). This has been verified by extensive modellization [28] and there is
more or less consensus on the preferred role of SiH; and CH; as precursors. But
still the picture is far from clear and further clarification would facilitate the
achievement of further advanced layers with new properties. Here we will
summarize the results for amorphous carbon obtained with the fast expanding
plasma beam technique [29]. In this method, quite similar to the H-atom source
(fig. 6), a very large radical flow is obtained by seeding of monomers as C,H, oz
C;H; (toluene) in the highly ionized argon plasma beam, which expands from a
high pressure thermal arc source. As explained earlier the fragmentation is in this
case mainly through heavy particle kinetics and radicalisation to C* ions is
possible. The growth rate measured by in situ ellipsometry increases linearlg with
monomer flow rate and values in excess of 100 nm/s over areas of 100 cm? have
been reached. Layer properties as index of refraction, bandgap, hydrogen/carbon
ratio and bonding types have been measured with ex situ spectroscopic
ellipsometry, nuclear techniques and infrared absorption analysis. The results point
to more dense and hard layers for the larger monomer flows (and thus larger rates).
An explanation for the dependence is sought in a variation of the energy
flux/deposition event, which decreases with increasing flow. Such an explanation
would tend more to a thermal growth picture, but can also fit in incomplete
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very promising. From these experiments is appears that a small admixture of ’
fluorine containing gas is beneficial for the layer properties and leads to a smoothey
lqyer. This example again shows that the major hindrance in this field is a good
picture of the growth process: it is still nearly impossible t¢ = ‘ict such 4
beneficial effect of F~admixture.
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Figure 7. (a)~{(c) Effect of increasing Hy admixture on the Raman spectrum. with other reactor £
settings constant: {C3Hz}=1; Pare = 2.8 kW; pc=103 Pa; Tpy = 840 °C; increasing H;
additiom, 5, 10 and 20 scc/s respectively.

The Raman peak at 1355 cm! is called the defective graphite peak (DG), the one at 1581 am™t
the graphite peak (G). Better material corresponds to a largs G/DG ratio. (d) Micrograph of
the film of (c). In (e) the erosion threshold for amorphous (open symbols) and crystalline (solid} -
graphite is shown as function of Hy flow. (CFC denotes carbon fiber composites) From Buurom: .-
et al. {30], [31]. '
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With the-same method also crystalline layers as graphite and diamond can be
deposited. Graphite is grown if the substrate temperature is above 600 °C with
relatively large amounts of C,H, (8 scc/s). Thick layers (up to 2 mm) were grown-
with deposition rates between 2 nm/s on 30 cm? up to 400 nm/s on 1 cm?. The
material (for divertor repair) has been tested on erosion threshold (cf. fig. 7) [31].
In fig. 7 the quality improvement of the graphite as measured with Raman
spectroscopy with increased H, admixture (up to 20 scc/s) is also shown. With
increasing H, admixture the graphite peak at 1581 cm-! grows and narrows,
whereas thq defective graphite peak at 1355 cm™ decreases. It is clearly an example
of quality improvement with the addition of etchants, at the cost of deposition
rate, which is a quite general feature of plasma deposition.
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Figure 8. Raman spectra of diamond films deposited at different pressures. Note that the
highest pressure film with the best Raman spectrum (diamond peak at 1332 cm™! most
prominent) grows also faster than the othems. For comparison also a single crystal grown with
the same method is shown with Raman spectrum from, Beulens {29], [32].

Diamond has been grown by various methods (hot filaments, flames, ECR plasmas,
inductive coupled plasmas and thermal arcs). Again the fact that from this variety
of methods similar qualities have beem obtained points to a more thermal
explanation of the growth process. Also with the expanding plasma beam diamond
was successfully deposited. Essential are high etchant admixtures (H,, O,/H,) and
for CH,/H, a high substrate temperature (1000 °C). In figure 8 results with Raman
spectra for 3 ambient pressures are displayed. It is clear that higher pressure gives
better quality in this case. The diamond Raman peak at 1332 cm™ appears and
becomes prominent at the highest pressure. At the same time the deposition rate
increases to 10 nm/s with pressure because of the narrowing of the plasma beam
with pressure [32]. It is another example of improvement of quality together with



B76 D C Schram et al

improvement of rate.

To complete the section on deposition rate some words should be said abogt
nucleation, cluster and dust formation in the plasma phase. Investigations in silape
point to two phases: nucleation and first growth by negative ion {or
cluster)—positive ion recombination agglomeration {up to 1-10 nnS and continneq
growth by association of radicals and monomers to the cluster [3:}1]. Final size ang
dynamics depend on flow fields and electrostatic potentials. The clusters are
negatively charged with charge number roughly proportional to the radius and the
major forces are the electrostatic and drag forces. Clusters or powder influence the
plasma state and offer an additional wall, probably at a high temperature. Powder
may be detrimental e.g. for deposition; it may also be very usefull for the
production of catalyst and ceramic powder. Also this aspect forms a very
interesting and new area for the plasma physics community.

4. Plasma chemical conversion and waste destruction

Conversion processes and waste destruction processes require high throughputs tq
be economical and hence thermal plasmas at atmospheric pressure high power
levels and higbh throughputs are common in this field I[,34 . Thermal plasmas have
traditionally been used for plasma spraying, element analysis, C,H, synthesis and
for extractive metallurgy [35]. We will further shortly summarize waste destruction
and effluent gas purification with plasma technology.

With plasma spraying injected ceramic or metallic powder is accelerated and
heated by the plasma emanating from a high power DC plasma gun or from an
inductively coupled plasma (ICP) and deposited on the workpiece. The material
and energy efficiencies are high with corresponding high growth rates. The process
has been investigated in detail [37] with plasma diagnostics and in flight analysis of
velocity by laser anemometry and of particle temperature by pyrometry. The new
development here is low pressure plasma spraying, with deposition in a lower
pressure (0.1-0.3 bar) inert atmosphere. Inductively coupled plasmas (ICP) are
used traditionally as excitation source for atomic emissionyor ion mass spectromy)
element analysis. Droplets are injected, evaporized and atomized in the inductively
heated plasma; with emission spectroscopy or mass spectrometry the element -
concentrations of the sample (in the droplets) are measured with very high :3
sensitivity (1~10 ppb).

Waste destruction is relevant for concentrated liquid organic waste, waste from
manufacturing processes (e.g. metallic dusts) and low level radioactive waste. For
the destruction of liquid organic waste commercial units exist [38] eg. a 1 MW &
non-transferred plasma torch with two cylindrical electrodes which allows -
destruction of PCB’s at a rate of 12 1/min (at 850 kW). The process is economical -
for intermediate amounts of waste, also as the processing unit is self contained and @
can be moved to the waste site. For larger amounts of waste, incineration is more
economic. Combination of plasmas with thermal processing may be way to improve -4
the economics of the total unit. Other technologies under investigation are g
transferred arcs also of high power combined with rotating furnaces in particular -3
for metal scrap recovery.
Cleaning of effluent gas (De NOX/De SOX) by corona discharges (39}, 3
non~thermal plasmas at atmospheric pressure have been shown to be promising, in -
particular the pulsed negative corona and the silent discharge. Both types have ;
already a history in effective and efficient ozon production.
In all these processes economics is a key factor, which also requires testing (afier- 4
scaling) at high power levels. The field is still developing; a new development is the- i
realisation that heterogeneous reactions on droplets or dust can be a key factor to .
reduce the energy cost per conversion and thus the economics of the process. In this -4
area further research on cluster dynamics, electrostatic and drag forces and
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(catalytic) heterogeneous reactions is necessary to investigate this promising line.
It is again an example that plasma physics research needs to be complemented with
flow dynamics and surface chemistry to fully exploit the potential in the field.
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