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We present a self-consistent formulation to study low-pressure traveling \aaimuthally
symmetric surface transverse magnetic matteszen discharges in nitrogen. The theoretical model

is based on a self-consistent treatment of the electron and heavy particle kinetics, wave
electrodynamics, gas thermal balance, and plasma—wall interactions. The solution provides the axial
variation (as a result of nonlinear wave power dissipation along the wave pétall discharge
quantities and properties of interest, such as the electron energy distribution function and its
moments, population densities of all relevant excited and charged spgdig¢X 12g V),
Ny(A3S ) ,a' '3 ,B3Il,,C3%,,aly,w'A,), Ny, N;, €], gas temperature, degree of
dissociation[ N(*S) /N, mean absorbed power per electron, and wave attenuation. A detailed
analysis of the energy exchange channels among the degrees of freedom of the heavy particles is
presented. Particular attention is paid to the axial variation of the gas and wall temperatures, which
affect in a complex way the discharge operation. For the high electron densities and reduced electric
fields achieved at 2.45 GHz, it is shown that the contribution of exothermic reactions involving
excited molecules in metastable states to the total gas heating can be significant. The role of the
triplet N,(A 32 ) metastable state as an energy “reservoir” that pumps translational modes of gas
particles is pointed out. A strong correlation between the degree of dissociation, the concentration of
metastable B(A33[), N(D,?P) particles, and surface kinetics is shown to exist. Spatially
resolved measurements of the gas and wall temperatures, electron density, and wave propagation
characteristics provide a validation of the model's predictions. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1446229

I. INTRODUCTION veloped in the past~®the degree of sophistication of re-
cent theoretical models for surface wave sustained dis-

Technological applications of molecular plasmas usuall N . .
9 PP P ycharges in nitrogen is less improvEd®®

call for a detailed investigation of the transport and reactions This lesser degree of sophistication results, in part, from

of numerous neutral and charged species and of the ener S . .
J P %I)t{e nonequilibrium nature of low-pressure discharges, which

exchange channels in the plasma source, in order to predi . ) )
correctly the general trends of discharge behavior and thEquIres simultaneous calculations of the strongly coupled

relevant species concentration. As far as microwave plasm@ectron and the heavy particles distributions, taking into ac-
generation is concerned, the investigation of discharges su§OUNt numerous particle interactions, both in the plasma bulk
tained by travelling surface wavéSWs continues to pro- and at the wall, whose rate coefficients are unfortunately
vide major breakthroughs due to their flexible operation andUbject to large uncertainties. As is well known, the vibra-
their accessibility to a variety of diagnostics which, in com-tional manifold of the electronic ground state in nitrogen
bination with modeling, has had a pronounced impact on thélischarges influences dramatically the whole discharge
understanding of hf discharges in genérédlConsidering the ~ kinetics™~**An additional problem is the intrinsic complex-
literature, one notes that long cylindrical plasma columns irity of the self-consistent interdependence of the wave dy-
inert gases have been intensively investigated both theoretitamics and the different balances governing the discharge
cally and experimentally since SW discharge’s inceptionproduction, which results in spatial nonuniformities. The
Self-consistent modeling of such systems has been extemonlinear wave power dissipation along the discharge length
sively developed in the limit of the collisionless approach forinduces axial variations of the discharge parameters, which
wave electrodynamics, but usually neglecting the influenceare nonlinearly coupled to the absorbed power, and of the
of the gas heating on the discharge phy§idS.The opera-  wall conditions (for example, the wall temperatyreSpa-

tion of traveling wave sustained discharges in moleculatially inhomogeneous gas heating leads to spatial variations
gases, like nitrogen, is, however, far more complex due tgn the gas temperatur€,, which affect in a complex way
the subtle and complex nonlinear coupling between plasmge discharge operating mechanistifi£°A difficult and still
kinetics, wall conditions, and wave propagation. Althoughpoorly understood aspect of nitrogen discharges is the strong
detailed models for dc discharges in nitrogen have been d"c‘oupling between volume kinetics and interfaeell) con-
ditions. Plasma—wall interactions, especially those involving
dElectronic mail: vguerra@theta.ist.utl.pt dissociated nitrogen atoms and metastable species, play an
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important role in the whole discharge physics. Wall reactiondeated, and the energy is redistributed among translational
determine the probabilities of reassociation of dissociated atgas heating and internal(i.e., vibrational, rotational, and
oms and of destruction of metastable species, and thus th&jectroni¢ modes. Gas and wall heating result in a change of
can affect the concentration of atoms and of other activéhe neutral densitfunder nearly isobaric conditionsand
species in the plasma bulk. It should be stressed that to dateall temperature along the tube. There is a self-consistent
there is no satisfactory understanding of the nitrogen atonmterplay between wave dynamics, properties of the gener-
production and loss in relation to the discharge operatiorated plasma, and conditions at the interfésell). To ac-
conditions*>*621-23The dissociation kinetics has not previ- count for this, all the quantities concerning the generated
ously been investigated consistently with the main dischargpelasma column, wall conditions, and wave propagation
balances and wave propagation. should be coupled self-consistently. Two important aspects
The major weakness of the existing theories of surfacef discharge physics are investigated self-consistently here,
wave sustained discharges in molecular gases is their lack ofamely:
completeness and self-consistency, since such importal t)
physical aspects as wave electrodynamics, gas heating,
plasma—wall interactions, and atom kinetics are neglected in
one way or anothéf?* A proper description can only be
achieved by coupling the particle balance equations for alf")
relevant charged and neutral species to the electron Boltz-
mann equation, the gas thermal balance, and the equations
describing wave propagation and power dissipation. In this

work we present a self-consistent approach of this type for o 5 self-consistent modeling, the input parameters of the

surface wave sustained nitrogen discharge. In particular, a{heory are the usual externally controlled ones, namely, gas

tention is paid to the energy exchange pathways betweefosq re, wave frequency, tube radius, and electron density at

degrees of freedom of the heavy particles and the dissocigne position of the launchemwhich is controlled through the
t!on kinetics of nltroggn .mole'cules. An gxperlmental Val'da'power delivered to the launchetn order to derive the axial
tion of the model predictions is also carried out as part of th§ ariation of all quantities of interest, the model is based on a
present investigation. o _ set of coupled equations for the plasma bulk describing the
The organization of the article is the following. In Sec. Il inetics of free electrons, the vibrational kinetics of mol-
the basic equations that self-consistently describe the axiglojes in the electronic ground state, the kinetics of excited

structure of the discharge are presented and discussed. Thg, tronic states of molecules and atoms, the chemical kinet-
numerical approach used to solve the set of equations is preéss of neutrals and ions, the gas thermal balance, and the

sented in Sec. IIl. An analysis of the discharge properties angd,rged particle balance determining the electric field sus-
their axial variations is given in Sec. IV. In particular, calcu- taining the discharge. Further, a set of equations for the wave

lations of the electron energy distribution functidBEDP  qispersion properties and power balance is incorporated in
and energy averaged quantities, and of the densities of all;jer to close the formulation.

relevant species are presented as a function of the axial co-

ordinate. Calculations of wave and discharge characteristics

for different operating conditions are also provided. A de-A. Particle kinetics

tailed analysis of the various mechanisms of gas heating antl Kinetics of free electrons

atom kinetiqs_is also carried_ out. It.is shown thqt the main The EEDF is determined by solving the quasistationary
model predictions agree satisfactorily with experiments. Fity;mageneous electron Boltzmann equation. Assuming the
nally, Sec. V summarizes the principal conclusions of thisypisatropy caused by spatial inhomogeneities and the field to
Investigation. be sufficiently small, the electron velocity distribution is ap-
proximated by the usual two-term expansion in spherical har-
monics. As shown experimentafly,for the pressures of in-
terest here, the EEDF may be satisfactorily described in the
In this section we discuss the self-consistent modeling ofocal approach limit, i.e., the spatial diffusion of electrons is
a microwave discharge sustained by a propagating azimutislower than their diffusion in energy space. Electron colli-
ally symmetric fn=0) surface wave at a frequencly sions of the first and the second kind and electron—electron
=w/27. The plasma column is generated in a cylindricalcollisions are accounted for. Since vibrationally excited mol-
dielectric tube with permittivityeq. The z coordinate is di- ecules in nitrogen discharges constitute an appreciable frac-
rected along the tube axis and the wave propagates along thisn of the total molecular population, the EEDF is generally
axis with wave vector k a+iB (B8 and a are the axial a function of the vibrational distribution functiqivDF). The
wavenumber and the attenuation coefficient, respeciively electron transport parameters and the rate coefficients calcu-
As the wave propagates and creates its own propagatirigted from the EEDF are functions of the reduced electric
structure, the wave power flow decreases since the wavield E/N (N is the total density of the neutraland of the
power is progressively absorbed by the plasma electron&/DF. Although the SW electric field is radially inhomoge-
Subsequently, the electrons dissipate this power by collisionseous, the radial variation of the gas temperature, and corre-
with the gas particles, i.e., the gas is excited, ionized, andpondingly that of the neutral density, contribute to a flatten-

axial variation of different steady-state discharge bal-
ances: electron and heavy particle balance, electron
energy balance, gas thermal balance, etc.;
characteristics of the surface wave propagation along
the generated inhomogeneous plasma column, i.e.,
axial variation of the wave dispersion characteristics
and wave power balance.

Il. STATEMENT OF THE PROBLEM
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TABLE I. Inelastic and superelastic electron collisions.

Process Reference
e+Ny(X 12y, v=1)=Ny(X 'y ,v=])+e 26
with i,j=0-8, i<]j
e+Ny(X 2y, v=))=Npy(X 25 ,v=i)+e 26
with i,j=0-8, i<]j
e+Ny(X 2y ,0=0)=Ny(Y)+e 26

for Y=A33 ] ,B3Il,,C°M,,B' 3%, W37, ,E®S
a''s;allly,a’ sy ¢/ 13 ¢ Ml b I, b T w A,

e+Ny(X 2y ,v=0)—N; +e+e (Z1) 27
e+Ny(A3S ) —=Nj +ete (22) 28
e+Ny(B Il ) —N; +e+e (23) 29
e+Ny(a' '3,)—N; +e+e (z4) 29
e+Ny(wlA)—=N; +et+e (25) 29
e+Ny(a'lly)—Nj +e+e (z6) 29
e+Ny(A %S 1) —e+Ny(B °I,) 29
e+ Ny(A3S ) —e+Ny(X 12 y) 29
e+Ny(A3S ) —e+N,(C3I,) 29
e+N(*S)—e+N(?D,%P) 15

ing of the profile of the reduced electric fieltIN. Since the  population of these states. Further, due to the high degree of
EEDF is a function oE/N, the assumption of an essentially dissociation, a discharge in a mixturg-NN must be consid-
constant EEDF across the tube radius seems justified. Thered.
inelastic and superelastic processes taken into account and
the sources used for the corresponding cross-section data are
given in Table I. 2. Heavy patrticle kinetics
Under steady-state conditions the power absorbed from 6 {g the significant population in the vibrationally ex-
the SW field per eIec’Froﬂ is equal to the n_et_ power_lost Per ited levels of the electronic ground state(X 1zg ) the
electron due to all kinds of electron collisiorieading 0  gq;mann equation is coupled to the system of rate balance
ionization, excitation, de-expnatmn, and dissociation of N equations for these populations through both inelastic and
molecule$. The corresponding electron power balance caryperelastie-V collisions. The various processes considered
be written a$’ in the system of steady state equations for the populations
2 e (= ver(U)  of, 8,=N, /N in the levels N(X 340, with 0<v<45, are
0(z)=— 3 —f u®? 5 7 o0 listed in Table II. They account fae-V collisions, electron
Me Jo [ven(u)+ ] ou dissociation é-D), V-V andV-T energy exchanggshe lat-
ter including collisions with both Nand nitrogen atoms \
=)(<uvem)+2 uij{wij)- (1)  dissociation byv-V andV-T collisions (V-D), atomic reas-
b sociation R), and deactivation of vibrationally excited mol-
Heref,(u) is the isotropic part of the EEDF,,, is the total  ecules through collisions with the wall’). We note that
momentum transfer collision frequenggollisions with N,  only single quantum transitions, which are the most likely
and N, (v;;) are the collision frequencies for electronic and ones, have been considered in ¥ev andV-T collisional
vibrational excitation and de-excitation, and dissociation, exchange processes. The sole exception concérmsex-
andj denoting the initial and final states, respectively,are  changes in BN collisions, in which the effects of multi-
the corresponding thresholdg,=2m./M (two times the quantum transitions are known to be important. T&®
electron—molecule mass raties the energy transfer coeffi- reactions take into account dissociation WyV and V-T
cient for elastic electron—molecule collisions. processes which are modeled as a transition from the last
The left-hand side ofl) represents the mean absorbedbound levely=45 to a pseudolevel in the continuum. The
power per electron, i.ef(z) at a given position. The two equations and mechanisms accounted for are described in
terms on the right-hand side represent, respectively, the meatetail in previous papers;}21°-*%g which the reader should
elastic energy loss rate and the net rate of energy loss irefer for further information.
collisions with nitrogen molecules and atoms via the pro- In addition to all electron and vibrational kinetic pro-
cesses of vibrational and electronic excitation and decesses, the model includes the reactions determining the
excitation, N dissociation, and atomic excitation. As a result population densities of six excited molecular electronic states
of superelastic collisions, the electron Boltzmann equatioN,(A%3 [ ,a’ '3, ,B%Ily,C°%I1,,a'll;,w'A,). The ra-
and the local electron power balance equation should bdial profile of excited metastable particles is assumed to be a
coupled to the rate balance equations for electronically andero-order Bessel function. The rate equations are deduced
vibrationally excited heavy species. However, only superby taking into account the collisional and the radiative pro-
elastic collisions with vibrationally excited molecules in the cesses given in Tables | and I, along with the corresponding
electronic ground state need to be considered, due to the higlata and pertinent references.

E(z)
v2
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TABLE II. Kinetics of No(X ') molecules.

e-V e+Ny(X 2y v)2e+Ny(X 135 ,w)
V-V No(X 125 1)+ No(X 125 W)y eNy(X 1S, v—1)
+Ny(XTZg w+1)
V-T Ny(X 'S4, ») +Np=Ny(X 'S5, v—1)+N,
V—T (N,—N) Ny(X 'S4 ,») +N=Ny(X 'S sw<v) +N
Ny(X 1S4 ,») +NEN+Ny(X 1S w<v)
w Ny(X 'Sy, v) +wall->Ny(X 'S5, v—1)
e-D e+Ny(X 137, v)—et+N(*S)+N(*S)
e+Ny(X 13, ,v)—e+N(*S)+N(‘D)
V-D No(X 1S5 ») +No(X 125, v=45)=Ny(X 'S5, v—1)
+N+N
No+Ny(X '3y ,v=45)—N,+N+N
R N+N—Ny(X X ,»=0)

Following the analysis in Ref. 12 the excitation of elec- condition ne:[N;:H-[NI]_ The balance between the rates
tronic states by electron impact was treated as a single eff charged particle production and loss determines the main-
ergy loss process assuming that all the molecules are in th@nance field self-consistently. In fact, the field strength nec-
ground vibrational level (X 'S, ,»=0). It was further as- essary for the steady-state operation of the discharge is ob-
sumed that all processes leading to the formation of a grounghined from the balance between the total rate of ionization,
electronic state molecule populate the levelO only. including direct, associativéinvolving collisions between

In the present model two types of positive ions, Bnd  the metastable species, (M 323) and N(a’'3;)] and
N, have been considered. The Nons are created by elec- step-wise ionization [from N,(A33 1), Ny(a’''s,),
tron impact ionization of neutral molecules, stepwise ioniza\,(w A ), N,(B 31]9) and Ny(a lr[g)] processes and the
tion (Table ) and associative ionizatiaiable IV), while N;  total rate of electronic losses due to diffusion to the wall, in
ions are created mainly by associative ionization processefe presence of N and N; ions!’ and electron—ion bulk
involving N>(A%% 1) and Ny(a' 'S ) metastable states. We recombination. Taking into account the ionization and re-
assume the same branching ratio for the production pf N combination processes listed in Tables I, Iil, IV, and V along

and N, by associative ionization. Additional channels con-with the corresponding rate coefficients, electrons satisfy the
tributing to the creation or the destruction of positive ions arefollowing continuity equation:

also listed in Table IV. The main processes of removal of ,
charged particles are ambipolar diffusion to the wall and bulk NeNZy+NeN(A)Z,+NeN(B) Z3+neN(a') Z,
dissociative recombinatiofiTable V). Electron rate coeffi- +NnN(WHZg+n N(ah) Zg+N(a' )N(A)Kasy
cients for dissociative recombination of ions have been cal-

culated using semi-empirical formulas reported in Ref. 31 as ae

D
+N(a,)2ksa2:n —+ar1neN1+ arzneNz, (2)

a function of the electron kinetic temperature. ®AZq
_ S whereA, a’, wl, B, anda® denote the states A3 ),
3. Charged particle balance and maintaining field N,(a’ 125)’ No(w A ), Ny(B 3Hg) and Ny(a 1Hg) respec-

The maintenance electric field is self-consistently detertively, D, is ambipolar diffusion coefficient for electrons in
mined by solving the continuity equations for electrons andhe presence of two types of positive iofs is an effective
positive ions N and N, together with the quasineutrality diffusion length which is determined assuming that both

TABLE IlIl. Collisional-radiative processes involving electronically excited molecules.

Process k (m’s™Y) References
Na(a’ *27) + Ny(X)— Ny(B 3I1,) + Ny(X) 1.9x10°1° 30, 31
Na(a 1 g) +Np(X)—Ny(a’ 3 1) + Ny(X) 2.0x10 Y 32
Ny(a I —Ny(a' ') +hf 1.91xX1¢ s ¢ 33
N2(C 3I1,) —Ny(B 3IIg) + hf 27.4x10F st 34
Na(B3I1g)—Ny(A %S ) +hf 2x10° st 35
Na(ag)— Ny(X,v=0)+hf 1.8x10* st 32
N2(A 33 1) +Ny(A 33 1) —Ny(B 3I1) + Ny(X,v=0) 7.7x10° Y 36
No(A 33 5) + Np(A%S 5 — Ny(C BTT,) + Np(X, v=0) 1.5x 10716 37
Na(B 3I1g) +Npy— N (A% ) +N, 0.95x 3.0x10™ Y7 37
Na(B 3I14) +Np—Ny(X, v=0)+N, 0.05x3.0x 107 38
Na(B’ %) —Ny(B3Ily) +hf 16
Na(w *A,)—Ny(a 'Ily) + hf 6.5x10% s ! 39
No(AZS )+ N(*S)— Np(X, v=6-9)+ N(?P) 4x10°Y 40
No(A3S ) +Ny(X,v=5-15)-N,(B *14) +Ny(X,»=0) 2x107Y7 37
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TABLE IV. Rate constants for reactions involving positive ions.

Reactions Rate constant (m’s™!) Reference

Ny +N,+e

No(A®S )+ Ny(a’ 13)) K, =1.0x10"" 16
Ny +e
Ny +N,+e

No(a' ')+ Ny(a’ 'S] K,»=50x10"" 16
Ny +e

N; +N>—Ny +2N, 2.1X 107> exp(Tg/121) 41

Three-body collisions

Ny +N,+N,—N; +N, 6.8X 1072°(300/Tg) " m®s 42

types of ions reach the corresponding ion sound speed at tfae converted into the ground state*SJ through collisions

plasma—sheath bounddfyandN; andN, stand for the N
and N; ion density, respectively.

4. Dissociation kinetics

with the wall and quenching in collisions with heavy par-
ticles, which is symbolically expressed IbiR9). A total ef-
fective probability y=0.8—0.9 is used to describe these
mechanisms. As shown in Ref. 16,is in fact close to one,

The dissociation kinetics is an important issue due to thg.e,, most excited metastable atoms are converted to the
numerous volume and wall processes inVOlVing atoms Whic@round state. The remaining fraction of excited atoms
influence Strongly diSCharge Operation. The kinetics of nitrO-N(ZD,zp)' Corresponding to the probabiiiW: 1— v, is as-

gen atoms in the grouridN(*S)] and metastablgN(?D,?P)]

sumed to reassociate into,(X '3y ,»=0) (R10.

states is taken into account by considering the following re-

actions(some of the reactions are listed in Tables | and Il

and rewritten hene'®

e+Ny(X'25 ,v=0)—e+N(*S)+N(*S) (R1)
e+Ny(X'2  ,v=0)—e+N(*S)+N(°D) (R2)
No+Ny(X12F ,v=45—=N,+N+N (R3
e+N(*S)—e+N(?D) (R4)
e+N(*S)—e+N(?P) (R5)
Nop(A3S 1)+ N(*S)—Ny(X 124 ,6<v=9)+N(°P)

(R6)
N(*S) +N(*S) +Ny— Ny(B *I1) +N, (R7)
N(*S) +wall—3Nx(X 2 5 ,v=0) (R
N(?D,2P)—N(*S) (R9)
N(°D,?P)—3Np(X 24 ,»=0) (R10

The main source of ground state 48) nitrogen atoms

B. Gas heating

In order to account for gas and wall heating, the gas
thermal balance equation must be incorporated in the system
of equations. In the present 1D formulation, under nearly
isobaric conditions, neglecting axial transport and assuming
heat conduction is the predominant cooling mechanism, the
stationary gas thermal balance equation can be expressed in
the form?®

8\ (Ty)
RT(TQ_TW):Qin- ©)

Here, T, is the radially averaged gas temperaturg,is the

wall temperature, and (Tg) is the thermal conductivit?

Qin accounts for the total net power transferred per unit vol-
ume into the translation mode from volume and wall sources
of heat. A parabolic radial profile of the gas temperature has
been assumed. The wall temperature is introduced as an in-
put parameter as experimentally obtainsde below The

for the conditions considered is electron impact dissociatioffalculations of the total gas heating tet@;, in Eq. 3 take
(R1, R2. One of the loss channels of f§) is reassociation into account all collisional processes that convert some en-
on the wall (R8). According to the work of Guerra and €rgy into the gas translational mode, namely:

Loureiro® the probability /=5x10"* has been assumed i
for this process. The metastable atomgEP) are created
by electron impact(R4, RS or through the important

quenching reaction of NA33) in collisions with N(¢S)

atoms(R6). It is assumed that most of the metastable atoms

TABLE V. Rate constants for dissociative recombination of idns.

Reactions Rate constafrh®s™?)

a;1=4.8X1073(300/T,) 12
a;,=2.0X 107 4(300/T,) 2

e+N; —N+N
e+N; —N,+N,

aSee Ref. 31.

V-V vibrational relaxation mechanisms of, Nnol-
ecules in N—N, collisions.
45 45

Q=2 [NA(X,»)] X [No(X,w—1)]

w—1w w—1w
X PV,V*lAEV,V*]. ’
V—T relaxation mechanisms of ;Nmolecules in
N,—N, collisions.
45

=[Nz 2 {[N2(X ) 1Py

(i)

- [NZ(Xv v— 1)] PV*l,V}AEV,V*].'
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(i) V—T relaxation mechanisms of ;Nmolecules in This equation linking the wave power flux to the power ab-
N,—N collisions. sorbed by the electrons in the discharge provides the axial
- 45 45 - description of the discharge structure. By differentiating Eq.
Q2 =[N [Ny(X,»)]> P 2"AE,,, (4), the following equation is readily obtained for the axial
_ o s WAl gradient of the electron density:
(iv) vibrational deactivation at the wall
45 dne 2ang 5
=3 IN2(X ) I7AE, o€, dz " n.da n.do’ ©®
(v)  pooling reaction&#4 a dn, 6 dn,
Na(A3S ) +Ny(ASS )= Ny(X 135, v=8) As usual, the attenuation coeﬁ|C|e@tli6derlved by solving
the local wave dispersion equatith'® As far as wave
+Ny(B°Ily) +AE,, propagation is concerned, the plasma response can be de-
No(A %S 5+ Ny(A3S ) —Ny(X 125 v=2) scribed by the frequency dependent dielectric permittivity
Epl-
+N,(C3TT,) +AE,, P ,
AE,;=2eV; AE,=0.4 eV, epl(z)zl_L(_Z)
(vi) deactivation of metastable states on the wall w0+ ve)
y D where w,(2) = (Ner(D€¥Mee,) 2 (e and m, are the electron
Qin=[N2(Y)] 7 AEE, charge and mass, respectively, angis the vacuum dielec-
A g p Y
_ tric permittivity) andn.i and v are w-dependent effective
— 3y + r 1 1 1 € €
o YENG(ATS ) Np(@" ) Na(@ TTHg) No(WPAU), yqjes of the electron density and electron-neutral collision
(vii) elastic collisions of electrons with neutrals frequency. As pointed out in Ref. 7, considering these effec-

Here, PV~ 1% p

Qiﬂ: Ne[N2]Pg-

w1 Puv—1, PTZW_N are the rate coefficients for the

corresponding processeAEY is the energy of the excited
state;,, is the frequency of wall lossé§:A=a/2.4; P, is
the average energy transferred from electrons to neutrals iare used to obtain the spatial rate of wave power losses. The
elastic collisions¢ is the accommodation coefficient, which coupling structure generates an azimuthally symmetric TM
determines the part of the energy returned to the gas phageode and the wave field components in cylindrical geometry
that dissipates into heat due to deactivation of metastable &€E,, E; andH . The expressions for the fields are well
vibrationally excited species on the wall. It should be notecknown and can be found elsewhéfeThe wave dispersion
that in procesqv) it is assumed that half of the available characteristics can be obtained as usual by considering the
energy goes into gas heatifftf**

C. Wave-to-plasma power coupling

tive parameters is essential since the electron-neutral colli-
sion frequency for momentum transfeg,(u) in nitrogen is
strongly energy dependent. Under the assumption of a slow
variation of the plasma permittivity along the wave path,
“local” field equations with a “local” dispersion equation

continuity of the field tangential components across the in-
terfaces. This provides the local dispersion equatlddE)
which can symbolically be expressed“a4®

(6)

D[ w/ wy(2),walc,vei(2) w,e4,k]=0.

The self-consistent interplay between wave electrodyAccording to the experimental situation, solutions for con-

namics and discharge balances results in inhomogeneogsantw and variablev.x(2)/w andn.«(2) along the wave path
power dissipation along the wave path, consequently in aare searched for.

axial variation of the discharge parameters. These parameters

are nonlinearly coupled to the absorbed power. The theorghI_ METHOD OF SOLUTION

ical treatment of the wave-to-plasma coupling in the model is

based on a simultaneous solution of the wave and the elec- A flow chart of the model and solution algorithm used is
tron power balance equatiofsThe mechanism of power depicted in Fig. 1. The input parameters of the model are the
transfer can be expressed quantitatively by introducingvave frequencyw/2, tube radiia and b (inner and outer,
#—the mean power needed to maintain an electron—ion pairespectively, pressurep, electron density at the position of
The absorbed power in a plasma slice of thicknAgsat the SW launchemng(z,) and the axial profile of the wall
position z is AP=60(z)Sn,(z)Az, S denoting the plasma temperatureT,(z).

cross section. Under steady state conditions, the spatial rate The procedure starts with arbitrary values of the electric
of wave power changéP/dz is equal to the power absorbed field E, vibrational (T%) and gas Tg) temperatures. The
by the electrons per unit discharge length. The local poweelectron Boltzmann equation is solved by iterations. In the
balance equation is therefore calculations of the EEDF, the accuracy achieved in the elec-
tron power balance equatidit) (yielding the value of) is
better than 10°. By using the rate coefficients for electron
impact processes, the nonlinear set of equations for heavy
particles and ions is solved by applying the Newton—
Rapshon method. The electric field is varied to satisfy the

dP
0(2)Sne(2) = — > =2a(2)P(2o)

xex;( — fZZa(x)dx).
)
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FIG. 1. Flow chart of the model.
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FIG. 2. Axial variations of the calculated EEDR&/27=500 MHz, p
=0.5 Torn.

given value of the electron density(z). Then, the gas ther-
mal balance equatio(B) is solved and a new iteration pro-
cedure(loop 4 determines a self-consistent value Bf .
Using the self-consistently calculated valuesmfi(2) and
ve(2), the LDE is solved in complex algebra. The integra-
tion of Eq.(5) yields the new value of the electron density at
the positionz+Az. Then the entire loo5) is repeated
for the next axial position. So, point by point, the discharge
and the wave characteristics are calculated along the plasma
column until n. reaches the critical valuen®lw
=(nee?/mee,) 2], where it is assumed the discharge stops.

The calculated results include the axial variation of the
EEDF and its integralsg(z), ne(z), the VDF of the elec-
tronic ground states,, the population densities of the
electronically excited states ,N(A3%; ,a’ '3 ,B3Il,,
C3ll,,a'ly,w*A,) and nitrogen atoms in ground state
N(“S), electric fieldE, gas temperatur@,, and wave at-
tenuation coefficient.

IV. RESULTS AND DISCUSSION

This section presents an application of the model to two
different cases of SW discharge operation. Experimental re-
sults that aim at checking some basic physical trends pre-
dicted by the model have been obtained in microwave dis-
charges operating at the frequencie27=500 MHz (a
=2.25cm,b=2.5cm, p=0.5Torr) andw/27=2.45 GHz
(a=0.75cm,b=0.9 cm, p=0.6 Torr).

Considering the discharge at 500 MHz, Fig. 2 shows the
variation of the EEDF along the discharge length. In order to
unify all the results, the distance toward the ek is nor-
malized to the total discharge length,. As noted, the
electron—molecule energy exchange processes significantly
influence the EEDF shape. The observed decrease in the en-
ergy interval 1.5-3 eV, as is well known, reflects the rapid
rise of the vibrational cross sections in this energy rafigé.
This effect of “vibrational barrier” is well-pronounced close

electron continuity equatiori2). For the electric field(E)
determination, an accuracy better than 1@ achieved. As a
result of the first(1), second2), and third(3) iterative loops  higher degrees of ionization, and thus higher vibrational
convergent solutions for the vibrational temperatilireand  excitatiort’ in this region. The degree of ionization, for the
the electric field maintaining the discharge is achieved for aonditions considered, varies from approximately 310

to the end Az/L;—0), but is partly attenuated by superelas-
tic collisions toward the SW launcheAg/L;— 1) due to the
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FIG. 3. Axial variation of the electron densitgurves: calculations; «: ex-
perimeni (@) «/27=500 MHz, p=0.5Torr; (b) w/2m=2.45 GHz, p
=0.6 Tor.

(Az/L,—1) to about 10° close to the plasma column end
(Az/L—0) (see Fig. 3. The predicted values af,(z) com-
pare satisfactorily with experimental results obtained by a
probe diagnostic technigtfeas shown in Fig. 3.

The axial variation of the VDF of the electronic ground
state N(X 24 ,») is depicted in Figs. @ and b. Different
regimes of population and depopulation of the vibrational
levels can be identified from the shape of the VDFs. The
VDF shape results as usual from the combined effects \6f 16000
and V-V exchanges at low vibrational levels, of near reso-
nant V-V exchanges at intermediate levels, which tend to I
form a plateau in this region, and to the simultaneous effects 12000
of vibrational dissociation andl-T exchanges at the highest
levels1t121516As can be seen from Fig(@ for a low de- 10000
gree of ionization, the regions corresponding to the abovesz 5000 [

14000

mentioned mechanisms can be clearly identified. A small in-= I

crease in the population of the high vibrational levets 35) al—

toward the column end should be noted. s ]
At higher degrees of ionization (16-10°) [Fig. L 8

4(b)], the calculated VDFs are considerably “excited” and _— _ _

exhibit significant changes along the discharge length. In or- [

der to characterize the degree of vibrational excitation, the 0 i L — i ] " L i

vibrational temperatur& ,, defined as the characteristic vi- 00 02 04 06 08 10

brational temperature of a Treanor-like distribution that best Azl ©

f'ts the Calclglated fractional .pOpUI?tlonS. f(?|S0$3, IS FIG. 4. Axial variation of the calculated VDF&) w/27=500 MHz, p
'ntrOducedl' “The CorrESpondmg axial variations ﬁf, are =0.5Torr; (b) w/2m=2.45 GHz,p=0.6 Torr; (c) axial variation of the vi-
shown in Fig. 4c). The higher degrees of ionization and brational temperature.
reduced fields achieved in the discharge at 2.45 GHz cause
higher vibrational excitation of the lower vibrational levels
i.e., higher vibrational temperatures. Further, as compared t4-T depopulation rates of the VDF by,NN collisions. To
the case of lower degrees of ionizatidfig. 4(@)], a consid-  understand this, one should note thatW¥d& rates for N—N
erable reduction of the plateau region occurs as shown inollisions increase with the-th quantum number by several
Fig. 4b). The effect is more pronounced close to the SWorders of magnitude at constant gas temperatyrand in-
launcher Az/L—1) due to the higher degrees of ionization crease also ag increase$ as shown in Fig. 5. For higher
and higherT. vibrational levels, th&/-T relaxation processes in,NN col-
The significant increase in the population density of thelisions cause therefore a rapid falloff of the VDF. The ob-
highest vibrational level§»>30) [Fig. 4(b)] toward the tained results clearly demonstrate that the simultaneous ef-
plasma column endXz/L,—0) is a consequence of the high fects of the decrease in degree of ionizatiog/(N) and gas
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FIG. 5. Rate coefficients fo¥ — T exchanges in M-N collisions(Ref. 47.
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b L
temperaturgsee below, cause a decrease in the population 50 | B o

of the lower vibrational levels(j.e., T,) toward the end. At
the same time, the decrease of the nitrogen atom de(ssty
below) andT, toward the end causes an increased populatior
of the higher vibrational levelsi(>30) close to the dis-
charge end £z/L;—0) as a result of the decreasing influ-

b
o

8

ating channels (%)

ence ofV-T depopulation mechanisms in,NN collisions. : EQ; 5}'3:32

Calculated and measured axial distributions of the gas® 20 | :g; ::;l:lgreactions :
temperature are shown in Figs. 6 and 7. Also shown on thes/& | (E) V-TN,N,
figures for completeness is the axial distribution of the mea-~ c

sured wall temperature. An infrared sensitive nonperturbative :
measurement, using an electro-optical thermometer, provide / - - - D. -
experimental results for the axial variation of the wall tem- 0.0 0.2 0.4 06 08 1.0
perature during the discharge operation. Note that the wall i< AZI, ®)
cooled by natural convection only. The experimental gas
temperatures were determined, as usual for nitrogen, by mee
suring the rotational distribution of the second positive sys-
tem of nitrogen N(C°IL,,»")—N,y(B3%ly,»") in the
375.5-379 nm wavelength rangies., 0—0 vibrational tran-
sition) assuming that the rotational and translational modes
are in equilibrium®® As observed, the gas temperature de-
creases nonlinearly from the position of the SW launcher
toward the plasma column end as a consequence of the nor
uniform wave power absorption along the wave péthe
Fig. 8. The larger wave power absorption at 2.45 GHz re-
sults in a higher gas and wall temperatures. The experimente
results clearly demonstrate that, to a first approximation, the
gas temperature at a given axial position is a function of the
power absorbed per unit length by the plasma electrons a
that position.

At lower degrees of ionizatiofFig. 6(@)], a good agree-
ment between measured and calculated valueg,df ob-
tained. It is usually considered that gas heating in nitrogen
discharges comes mainly from theV andV-T relaxation
processes of the vibrationally exciteg Molecules* This is
confirmed by the results presented in Figb)6 where the
relative contribution of the different gas heating channeld /G- 6. (& Axial variations of the gas(*) and wall (+) temperatures
- (w/2r=500 MHz, p=0.5 Torp; (b) Relative contribution of the different

along the discharge length is depicted. The excitation of V_heating channels to the total gas heatifw); Relative contribution of the

brational levels by electron impact followed M T relax-  yiprational levels of the electronic ground state to the channel associated
ation in N,—N multiguantum processes is the dominant gaswith V—T relaxation processes in,NN collisions.
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about 102 obtained for these conditionssee below. It
should be noted that including the contribution of the exo-
thermic reactions at the wall, i.e., wall deactivation of the
molecules in metastable statehannel(vi)], just results in
slightly higher gas temperatures at the beginning of the dis-
charge Az/L,— 1) where the population of these species is
higher.

It is also instructive to analyze the relative contribution
of the different vibrational levels to the main heating chan-
nel, i.e.,V-T relaxation in N—N collisions. This contribu-
tion is presented in Fig.(6). The correlation between the
increased population in higher vibrational levelsy (
=25-35) close to the end\g/L;—0) [Fig. 4@], and the
increase in their relative contribution to gas heating should
be emphasized.

A different situation occurs at higher degrees of ioniza-

vibrational levels of the electronic ground state to the channel associateflon, reduced effective electric fields, and molecular dissocia-

with V—T relaxation processes in,NN collisions.

tion degreegsee below. Taking into account only the heat-

ing mechanisms associated with vibrationally excited

heating mechanism for the conditions considered. This resutnoleculesprocessesi), (ii), (iii), and(iv)] and the contri-
is a consequence of the high T depopulation rates of the bution of exothermic pooling reactions betweep(N33 ")
VDF by N,—N collisions. These effects are extremely impor- metastable speci¢shannel(v)] results in significantly lower
tant, even for the relatively small atomic concentrations of(about twicg T, values than experimentally obtainggig.
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FIG. 9. Axial distribution of N(A 32:) and Ny(a’ 12;) metastable par- F_IG. 10. Axial distribution of the relative number dens[tiN(*S)]/N of
ticles. nitrogen atoms.

7(a)]. Additional sources must therefore contribute to the to-  The variation of 6, self-consistently calculated on the
tal gas heating in this case. Plausible sources can be exothérasis of the electron energy balan&sy. 1), is plotted in Fig.
mic reactions at the wall involving long-lived species, such8 (dotted line$. As seend follows a different behavior than
as N, metastable moleculgghannel(vi)], or channel(v).  dP,,J/dz (Eq. 4. Due to the sharp decrease of the electron
Due to the high degrees of ionization and reduced effectivelensity (see Fig. 3, 6 exhibits a sharp increase close to the
electric fields, high populations of Nmolecules in meta- plasma column endXz/L;—0).
stable states can be reach@ge Fig. 9 beloyv The meta- An important problem in Bl discharges is the kinetics of
stable molecules NA®3 ), Ny(a' '=;), Ny(a'lly), and  nitrogen atoms KS). At the pressures of interest here, the
N,(w *Au) are lost due to the diffusion to the wall. There- main source channel for N atoms is electron impact dissocia-
fore, wall deactivation of metastables may contribute to theion (reactions R1, RRand one of the main loss channels is
gas heating mechanism even if, for instance, only 10% of théN(*S) re-association at the walR8), with probability /. As
available energy returns to the gas phase and dissipates inpoeviously discussed, we assume that most excited atoms
heat as the calculations shgWig. 7(a)]. However, the pos- N(?D,?P) are converted into the ground state Sl through
sible contribution of other heating mechanisms should beollisions at the wall and quenching with a total effective
also kept in mind. probability y=0.8—-0.9. Due to the lack of data and for the

The competitive interplay of the different gas heatingsake of simplicity, a constarite., temperature independgnt
mechanisms along the discharge length, depicted in Figorobability for atomic re-associationf€5x10 %) at the
7(b), demonstrates that the channel involving metastable pawall has been assumed. Thus, as a first approximation it is
ticles can play an important role in gas heating for high de-assumed that the axial variation g§fdoes not significantly
grees of ionization and reduced fields of the order of 0
and 1710 ° (V/cm?), respectively. As a consequence of
the decreasing density of the metastables close to the end, the 18 T T T - T
contribution of the processes involving metastable species [
decreases. At the same time the relative contribution of the
V-T relaxation processes in,NN collisions sharply in- 14 .
creases asAz/L;—0). As can be seen from Fig(dj, this [ ]
fact is strongly correlated with the increase in population in
the higher vibrational levels of the electronic ground state
No(X'24 ,») [Fig. 4b)] and the increased relative contribu-
tion of these levels to heating By—T processes in NN
collisions. [ ]

The above analysis is only intended to show that exo- 4l i
thermic processes involving long-lived metastable species i 1
can contribute significantly to total gas heating and provide a W‘“WWW WW,M’
better explanation of the measured gas temperature profiles. o 1 s 1 . L .

7200 7400 7600 7800
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16 |- 7468.3 A -
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ol S ]

6l ‘ i
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L

However, due to the existing uncertainties in collisional data,
particularly those concerning plasma-wall interactions, no
gquantitative conclusion can yet be drawn about the predomigig. 11. Emission spectrum of the discharge operating at 2.45 GHz (
nant heating mechanisms. =0.6 Torr).

Downloaded 06 Mar 2002 to 193.136.134.45. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Guerra et al. 2659

% S : e e — e s S R
~-— tothe end (@) P=05Torr
70- ........... of2r =500 MHz -
N ] -
2 71 =
Zz . —— Wall reassociation J <
R (— e+N(‘S) > e+N’ | z
g L e N,(AYN('S) > N,(X,V)}+N(P) . 4
@ 7)
; S
< g2 I e
____________ ———’D,%P)=0.80
P 1D .’P)=0.90
A INCSIUN
B: [N(A)YN
L 104 r L A i A i B ']
A I a 1 A I A ] . 0.0 0.2 04 06 08 1.0
00 02 04 06 08 10
Az, ‘
FIG. 13. Correlation of nitrogen atoms relative density with(AN33 ")
density.
80 A E—S—— . — y
[ -— () p=06Tor
70k to the end of2n = 2.46 GHz ) ) )
L] that the nitrogen atom density does not simply followas
& oF e . can be seen from Figs. 3 and 10.
¥ 50 T 1 Figure 12 shows the percentage contribution of the fol-
5 [ ol ' lowing loss processes of K§) atoms: wall reassociation
g ok e . (RY), effective destruction by electron impact as a result of
- the two-step reaction
0 .......
b 1 4 22
R . e+N(*S)—e+N(*D~“P),
Wall reassociation 1
e eN('S) > e+’ N (1-7)
- 4 %p) 4 2 2 1 + o
ol NL(AYN(’S) —> NL(X,v)#N( P)- N(“D,*P) — 3Nx(X 129 ,v=0),
sk_k ; I . . and effective quenching by the metastablgA®S ) by the
0.0 0.2 0.4 0.6 6.8 1.0 two-step reaction
Azl
. No(A3S1)+N(*S)—Ny(X 13 6<v=9) + N(2P),
FIG. 12. Percentage contribution of the various loss channels 88)N( (1-y)
sloms. N(P) — 3Ny(X1Zg . »=0).

The competition between these channels results in dif-
affect the N atom axial profile. It should be noted that includ-ferent predominant loss mechanisms at low and high degrees
ing axial variations of{ (as a result ofT,, axial variatior) of dissociation and ionization as shown in Figs(d2and
would require detailed consideration of N atom surface ki-12(b), respectively. Quenching of A 33 1) by N(*S) at-
netics, which is beyond present knowledge. oms is the dominant loss channel at low ionization degrees

As expected, the higher electron densities and reduceldig. 12a)]. At higher electron densities, electron impact de-
fields for the discharge operating at 2.45 GHz lead to highestruction dominates. It should be stressed, however, that the
dissociation degrees than in the case of the discharge at 5@0esent results are to be regarded as merely indicative due to
MHz, as shown in Fig. 10. This result is confirmed by in- the large uncertainties in input data. Particularly, this con-
tense atomic linegbelonging to the 3¢S°—3s*P transi-  cerns the values of the probabilities for wall reassociation of
tion) detected in the emission spectrum of the discharge aground state atoms and wall destruction of metastable atoms.
2.45 GHz(see Fig. 1}, but which are not easily detected in The strong sensitivity to plasma—wall interactions, and
the 500 MHz discharge. As far as the main productionthe coupling existing between the population densities of
mechanism of N atoms is electron impact dissociation, th&N(*S) and N(A 33 ") is demonstrated in Fig. 13. Changing
decrease ofi, andE/N along the discharge results in a de- the probabilityy for wall deactivation of N¢D,?P) from 0.9
crease of the N atom number density. If there were no corto 0.8 results in a decrease in the*8J number density by a
relations with the populations of excited nitrogen atomsfactor of two and a corresponding increase in théANs )
N(°D,?P), metastables and the wall-temperature-dependemibpulation density by a similar factor. The results obtained
surface kinetics, the atomic concentration would be nearlglearly show that an accurate determination of théSy(
proportional to the electron density. However, the variationatom density is inevitably coupled to an accurate treatment
of the relative density of N atoms is less than one order obf the kinetics of plasma—wall interactions in correlation
magnitude along the whole discharge length, which indicatewith the gas thermal balangge., To) and the wave electro-
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2 y T g T y T - T v —0). We can conclude that the electrodynamical description
of the model accounts well for the wave power absorption
<« {o the end _ .
p=05Torr along its path.
» of2n= 500 MHz
5 Theory 4
* Experiment VI. CONCLUSION

In the present work, a self-consistent numerical model
for a microwave nitrogen discharge sustained by a traveling
surface wave has been developed and applied to investigate
the discharge structure under different operation conditions.
The model is based on the solution of a coupled system of
equations including the electron Boltzmann equation, par-
ticle balance equations for all relevant charged and neutral
species, the gas thermal balance equation, and the equations
describing wave propagation and power dissipation. The so-
lution provides the axial distribution of all discharge quanti-
ties and properties of interest such as the EEDF and its mo-
ments, excited and charged species population densities
[N2(X12£ ), Na(A3S],a’ 1=, B3Iy, C3I,, a'lly,
wlA),N; ,N; ], gas temperature, degree of dissociation
[N(*S)]/N, mean absorbed power per electr@nwave at-
tenuatione, etc.

Due to the inhomogeneous wave power absorption along

0.0

p=06Tor o :

<— totheend of2n=2.45 GHz the wave path, the main discharge parameters, nonlinearly
- Theory ) coupled to that power, also present axial variations. A de-
3 ¥ Experiment

tailed analysis of the energy exchange pathways among
translational(gas heating and internal (vibrational, elec-
tronic) modes of the heavy particles is presented. To achieve
an accurate description of the discharge kinetics, the axial
distribution of gas temperatuiig, must be taken into consid-
eration, because the variation Bf results in changes in the
neutral density and some rate coefficients have a strong tem-
perature dependencfor instance, those fov-T energy ex-
changes It is usually considered that gas heating in nitrogen
discharges is determined MV andV-T energy exchanges
between vibrationally excited molecules and molecules and
Azl atoms. This is confirmed by experimental and theoretical re-
sults for SW discharge operation at 500 MHz. For these con-
ditions of low degrees of ionization (16—10%), the exci-
tation of vibrational levels by electron impact followed by
V-T and V-V relaxation in N—N and N—N, collisional
dynamics. Future work should concentrate on this point iprocesses is in fact the dominant gas heating mechanism.
order to get deeper insight into the discharge physics. However, for a SW discharge operating at 2.45 GHz, higher
In order to test the spatial rate of wave power losseglegrees of ionization and reduced effective electric fields are
predicted by the model, the wave attenuation coefficient haebtained, which results in higher populations of nitrogen
been measured. The SW electric field outside the plasmanolecules in electronically excited metastable states. Conse-
column allows one to detect the radial electric field or thequently, gas heating channels involving these states can play
associated power by using an antenna alignated normally @n important role in the total gas heating. The triplet
the tube wall and movable in the axial direction. Power seniN,(A %3 ") metastable state plays the role of an energy “res-
sitive recording along the wave path provides measurementesvoir” for translational modes of gas particles. It was further
of P(z) and of the local values of the spatial rate of waveshown that the simultaneous &) atom density decrease
power loss, i.e.q(z)=—3[1/P(2)][dP(z)/dz]. and the increase in the population density of the higher vi-
Theoretical and experimental values @fz) shown in  brational levels N(X 1Eg, r=20-35 toward the plasma
Fig. 14 are seen to be in good agreement. The gradual ircolumn end cause an increase in the relative contribution of
crease ofa(z) along the major part of the column is fol- high vibrational levels ¢=20-35) to heating by-T mul-
lowed by a sharp rise close to the end. This is a consequendtiguantum energy exchanges ip-NN collisions.
of the simultaneous decrease in electron density and increase The creation of ground state atoms*8] is mainly due
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FIG. 14. Axial variation of the wave attenuation coefficient
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