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Remote plasma sources (RPSs) are being developed for low damage materials processing during
semiconductor fabrication. Plasmas sustained in NF; are often used as a source of F atoms. NF;
containing gas mixtures such as NF;/O, and NF3/H, provide additional opportunities to produce
and control desirable reactive species such as F and NO. In this paper, results from computational
investigations of RPS sustained in capacitively coupled plasmas are discussed using zero-
dimensional global and two-dimensional reactor scale models. A comprehensive reaction mecha-
nism for plasmas sustained in Ar/NF3/O, was developed using electron impact cross sections for
NF, and NF calculated by ab initio molecular R-matrix methods. For validation of the reaction
mechanism, results from the simulations were compared with optical emission spectroscopy meas-
urements of radical densities. Dissociative attachment and dissociative excitation of NF, are the
major sources of F radicals. The exothermicity from these Franck—Condon dissociative processes is
the dominant gas heating mechanism, producing gas temperatures in excess of 1500 K. The large
fractional dissociation of the feedstock gases enables a larger variety of end-products. Reactions
between NF, and O atom containing species lead to the formation of NO and N,O through endo-
thermic reactions facilitated by the gas heating, followed by the formation of NO, and FNO from
exothermic reactions. The downstream composition in the flowing afterglow is an ion—ion plasma
maintained by, in oxygen containing mixtures, [F~] ~ [NO™] since NO has the lowest ionization
potential and F has the highest electron affinity among the major neutral species. © 2017 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4978551]

I. INTRODUCTION

Remote plasma sources (RPSs) are used in microelectron-
ics fabrication to produce fluxes of radicals for etching and
surface passivation while minimizing the damage that may
occur by charging, energetic ion bombardment and ultravio-
let or vacuum ultraviolet radiation.' Due to long flow distan-
ces enabling recombination or attachment, grids or other
discriminating barriers between the source and the substrate,
the flux of charged particles reaching the etching chamber is
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small and the substrate is exposed dominantly to neutrals.
RPS reactors have been used for isotropic etching processes
such as resist stripping by plasmas sustained in N,/O, and
N,/H, mixtures>* and chemical drying etching of SiO, and
SizN4 by plasmas sustained in F-containing gas mixtures
such as CF4/O,/N, (Ref. 4) and NF3/02.5

Nitrogen trifluoride (NF3) is frequently used in RPS for
the ease with which F atoms are produced by dissociative
attachment. F atoms are the main etchants of silicon-
containing materials such as SiO,, SiC, and Si;Ny4. RPS sus-
tained only in NF; typically limits the reactive fluxes reach-
ing the processing chamber to F, N, and NF,. RPS sustained
in NF3 gas mixtures increases the variety of reactive species
that can be produced and so enables more leverage in opti-
mizing the process. For example, the use of NF3/O, mixtures
can selectively increase the etch rate of SizNy by production
of NO which aids in the removal of N atoms from the sur-
face.” The production of NO may, however, increase

© 2017 American Vacuum Society 031302-1
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roughening of the surface.*” The use of NFs/N, mixtures
can selectively increase the etch rate of SiO, by aiding in the
removal of the O atoms, which in turn enhances the removal
of Si through formation of the SiF, etch product.® For certain
applications, it may be desirable to separately control, for
example, F and N,O, fluxes so as to optimize the etch rates
of SiO,, SizNy, and other materials. This separate optimiza-
tion could, in principle, be performed using pulsed power or
pulsed gas sources.

Plasma chemistry models of NF; mixtures have been
developed to gain insights into scaling of RPS systems.
Systems based on RPS for the etching of polysilicon and
Si0, using NF3/O, mixtures were modeled by Meeks et al’
and Vosen et al.' by addressing each component of the sys-
tem with different levels of detail. The remote plasma
source, the transport tube, and the downstream etch chamber
were modeled in tandem by a zero-dimensional (0d) well
mixed reactor model, a 1d plug flow model, and a two-
dimensional (2d) axisymmetric reacting-flow model, respec-
tively, which enabled the investigation of the impact of vary-
ing plasma source operating parameters on downstream etch
results. The etch rate of polysilicon was found to be transport
limited whereas the etch rate of SiO, was found to be
surface-kinetics limited and depend more on pressure and
less on flow rate than the etching of polysilicon. The densi-
ties at the exit of a remote plasma source sustained in Ar/
NF3/N, mixtures were predicted using a zero-dimensional
kinetic model and served as input for a one-dimensional
model to investigate the dependence of atomic fluorine
recombination on operating conditions.'' An increase in
wall temperature accelerated the desorption of atomic fluo-
rine from the walls and increased the mole fraction of atomic
fluorine. Increasing the flow rate or decreasing the gas pres-
sure increased the fraction of atomic fluorine by decreasing
the residence time or mitigating the volume recombination.

A parallel-plate reactor packed with ferroelectric pellets
used for removing NF; from exhaust gases in semiconductor
processing was computationally investigated by Chang et al.
using a one-dimensional simulation.'? The addition of O, or
H, to the exhaust gases significantly attenuated the decom-
position of NF3 due to additional electron energy loss to the
dissociation of the additives. The enhancement of the elec-
tric field resulting from the high dielectric constant of the
ferroelectric pellets favored the decomposition of NF;.

A dielectric barrier discharge (DBD) used for disposing
of perfluorinated compounds was modeled by treating the
DBD reactor as a series of discharge regions and nondi-
scharge regions alternately placed along the axis of the reac-
tor."> Electron impact and exothermic reactions with N
atoms (e.g., NF;+ N — NF+NF and NF+N — N, +F)
were found to be the major species responsible for the abate-
ment of NF, in NF3/N, mixtures. An inductively coupled
plasma sustained in Ar/NF; and Ar/CF, mixtures used for
etching Si-containing materials was investigated using a
global model in which particle balance equations are solved
using the electron energy distribution (EED) functions mea-
sured by Langmuir probe.'* The density of F atoms in Ar/
NF; was found to be about five times higher than in Ar/CF,

J. Vac. Sci. Technol. A, Vol. 35, No. 3, May/Jun 2017

031302-2

with the same input power primarily due to the low binding
energy and large rate coefficients for dissociative processes
of NF; compared with CF,.

In this paper, results from a computational investigation
of RPS sustained in NF; containing gas mixtures at pressures
of less than a few Torr using continuous-wave (CW) power
for downstream low-damage etching applications are dis-
cussed. A comprehensive reaction mechanism for Ar/NFs/
O, was developed including electron impact cross sections
for NF, and NF, which were produced using ab initio com-
putational techniques based on the molecular R-matrix
method. Two modeling approaches were used—O0d global
modeling to investigate fundamental reaction mechanisms
and reactor scale 2d modeling to address the spatial dynam-
ics of flow through the system. We found that F atoms are
mainly created through thermal electrons attaching to NF3
molecules and electronic excitation leading to dissociation.
For power depositions typical of RPS systems, gas tempera-
ture excursions can exceed 1500 K, which in turn enable a
larger variety of endothermic reactions to occur. The addi-
tion of O, leads to the formation of FO, NO, NO,, and FNO
species through endothermic and exothermic reactions,
which are modulated by the gas temperature. In the down-
stream afterglow, the highly attaching gas mixture rapidly
transitions to an ion—ion plasma. The end products are typi-
cally determined by the positive ion having the lowest ioni-
zation potential and the negative ion having the largest
electron affinity, both of which are the end products of
charge exchange reactions. For the NF; and O, containing
gas mixtures investigated here, the terminal ion—ion plasma
is composed of [F] ~ [NO™], a result enabled by the high
gas temperature and large fractional dissociation that enables
the formation of NO.

Descriptions of the models are in Sec. II. Cross sections
for electron impact NF, reactions and the reaction mecha-
nism for plasmas sustained in Ar/NF;/O, are described in
Sec. III. Experimental measurements and simulation results
are compared in Sec. IV. The scaling of RPS based on results
from the plug flow mode of the global model is discussed in
Sec. V. The plasma properties and radical generation in a
RPS sustained in CW capacitively coupled plasma (CCP)
based on results from the 2d model are discussed in Sec. VI.
Concluding remarks are in Sec. VII.

Il. DESCRIPTION OF THE MODELS

Two techniques were used to model the RPS—a global
model using a plug flow approximation to address plasma
and radical generation, and a 2d model combining fluid and
kinetic approaches to address flow and electron Kinetics in a
RPS produced by a CCP. The global model assists in more
rapid development of the reaction mechanism and investiga-
tion of the operational parameter space. The 2d model
addresses spatially dependent electron heating mechanisms
and the dynamics of the flow including back diffusion.

The global model, Global_Kin, is a 0d simulation for
plasma chemistry, plasma kinetics, and surface chemistry,
described in Ref. 15. The global model is implemented in a
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plug-flow mode, whereby integration in time is mapped to
integration in space by computing a time dependent flow
speed. Assuming a constant pressure, the flow speed is deter-
mined by the thermal expansion (or contraction) of the gas
due to changes in temperature, changes in gas number den-
sity due to electron impact and neutral reactions, limited by
requiring the flow to be subsonic. The global model consists
of differential equations for the densities of species based on
the defined reaction mechanism. The power deposition is
specified as a function of position.

With electron impact cross sections and mole fractions of
gas species, Boltzmann’s equation is solved for EEDs over a
wide range of E/N (E and N are the electric field and the gas
number density). These EEDs are computed while assuming
a negligible ionization degree and so electron—electron colli-
sions are not considered. The non-Maxwellian nature of the
EEDs is then addressed.'® This process produces a table hav-
ing columns of E/N, average electron energy (or equivalent
electron temperature, 7,), and electron impact rate coeffi-
cients. If T, is a monotonic function of E/N, the column of
E/N can be thrown away, leaving a lookup table of rate coef-
ficients as a function of T,. The instantaneous 7, is produced
by the electron energy equation. Rate coefficients are then
obtained by interpolation of the table, k(T,). The table is
periodically updated as mole fractions of species change.

More system specific issues of the downstream etch sys-
tem were investigated using 2d modeling with the hybrid
plasma equipment model (HPEM).'” The HPEM is a modu-
lar simulator that combines fluid and kinetic approaches. In
the HPEM, continuity, momentum, and energy equations for
all species are solved coincident with Poisson’s equation for
the electric potential. Use of the HPEM explicitly calculates
all modes of power (electron and ion) self-consistently.
Electron transport is addressed using fluid equations for bulk
electrons and a kinetic Monte Carlo simulation for sheath
accelerated secondary electrons, which play an important
role in the electron heating mechanism in capacitively cou-
pled plasmas. The same procedure is followed to obtain elec-
tron impact rate coefficients for the fluid electrons as
described for the global model. Nonlocal electron energy
transport is accounted for through the thermal conductivity
and convection terms of the electron energy equation that
provide an electron temperature as a function of position.

lll. CROSS SECTIONS AND REACTION
MECHANISM

A. Cross sections for electron impact NF, reactions

The cross sections for electron impact on NF; used in our
models are based on the compilation by Lisovskiy et al.'®
The cross section for dissociative attachment of NF; was
extended to higher energies to agree with electron swarm
data. In the systems of interest, the NF; is heavily (if not
totally) dissociated, producing large densities and mole frac-
tions of NF, and NF, which in turn requires electron impact
cross sections for NF, and NF. The electron impact cross
sections for NF, and NF were calculated using the molecular
R-matrix method.' The cross sections for electron impact
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on NF; compiled by Lisovskiy et al. and for electron impact
on NF, and NF calculated by the R-matrix method are
shown in Fig. 1.

The R-matrix method divides the physical space for the
problem of interaction between electron and molecule into
two regions—an inner region containing the target molecule
and an outer region containing the incident electron. The
method solves Schrodinger’s equation in the inner region
independent of the energy of impact electron and then uses
this solution to solve the Schrodinger equation in the outer
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FiG. 1. (Color online) Cross sections for electron impact reactions of (a) NF;
compiled by Lisovskiy et al. (Ref. 18); and (b) NF, and (c) NF calculated
using the ab initio molecular R-matrix method (Ref. 19).
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TaBLE I. Reaction mechanism for Ar/NF5/O, plasmas.

Species®

Ar Ar(1ss) Ar(1sy) Ar(1s3) Ar(1sy) Ar(4p) Ar(4d)
ALY, Art Ar, " NF; NF, NF NF;*
NFE, " NF* N, No(v) No(A S D Ny (B *TI,, higher)

N N(’D) N,© Nt F, F(1'S00) F
FCS) B F~ F~ 0, 0,(v)

Ox(a 'Ay) 0x(b ') o o('D) o('s) 0; 0,"
o" 0, (o 05~ FO FNO NO
N,O NO, NO™ N,O"

Reactions®

Process Rate coefficient® References AH (eV)©
Electron impact NF,

e+NF; — NF; +e d 18 e
e+ NF; — NF, +F~ af 18 —-1.0
e+ NF; — NF5(v) +e de 18

e+NF; — NF,+F+e d 18 -5.8
e+NF; - NF+F+F+e d 18 —6.1
e+NF; — NF;  +e+e d 18

e+NF; - NF," +F+e+te d 18 -0.5
e+NF; — NF'+F+F+e+e d 18 —42
e+NF; - F'+NF, +e+e d 18 —1.1"
e+NF, — NF, +¢ d 19

e+NF, — NF+F~ d 19 —0.5
e+ NF, — NF,(v) +e de 19

e+NF, » NF+F+e d 19 5.1
e+NF, —» NF," +e+e d 19

e+NF, - NF"+F+e+e d 19

e+NF, - F" +NF +e+e d 19

e+NF — NF+e¢ d 19

e+NF - N+F~ d 19 —0.6
e+ NF — NF(v) +e de 19

e+ NF — NE('A) +e de 19

e+NF — NE('S ") +e de 19

e+NF - N+F+e d 19 —4.0
e+NF - NF +e+e d 19

e+NF - N"+F+e+e d 19

e+NF - F"'+N+te+te d 19

e+NF;" — NF, +F 1x1077 T, est. 39! —11.1
e+NF," — NF+F 1x1077T, ' est. 39 —6.3"
e+NF" > N"+F 1x1077T, " est. 39 7.1
Electron impact F»/F

e+F, —>F,+e d 40

e+F, >F +F d 40 —-1.8
e+F, —F+F+e d 40 -1.6
e+F,— Fz* +e d 40

et+F, - F, +e+te d 40

e+F," - F+F 1x1077T, 7 est. 39 —0.6
e+F—F+e d 41

e+F—F+e d 41

e+F—F't+ete d 41

e+F —F +e+te d 41

e+F" —F 45%10° 131,70 est. 42

e+e+F" S F+e 512 %1072 T, ™3 est. 42

Electron impact N, O,

e+NO — NO+e d 43

e+NO —=N+0O" d 44 -2.1
e+NO —->N+O+e d 43 -0.3
e+NO —>NO"+e+e d 45
e+NO—-N+O"+e+e d 45 —0.1
e+NO - N"+O+e+e d 45 —0.1
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TaBLE L. (Continued)

Reactions®

e+NO" - N+0O I1x1077T. est. 39 -1.8
e +NO, — NO,+e d 46

e+NO, = NO"+0O+e+e d 45 —-0.5
e+N,0 — N,O+e d 47

e+N,O — N,+0" d 47 —0.1
e+N,O = N,+0O+e d 47 —0.2
e+N>O — N,Ot+e+e d 47 and 48

e+N,0 = N,+0"+e d 47 and 48

e+N,O =N, " +0+e d 47 and 48

e+N,0" = N, +0" 1x1077 T, est. 39 -7.0
Radiative transitions

F, —F, 244 %x107s7! 49

F - F 5x107s7! 50

Collisional quenching

No(W)+M — N, +M 2x 107" 51 -0.3
N,"+M— N, +M 3x10°'° 52 —6.2
N,"+M—N,"+M 3x 10710 est. 52 —22
N4+M — N+M 2x 1071 52 —24
0,(V)+M — 0,+M 1 x 107 T,2 53 —0.2
0,"+M— 0,+M 3 x 10™"® exp(—200/T,) 54 -1.0
0,"4+M—0,"+M 3.6 x 10717 T, 53 —0.6
0,"4+M— 0, +M 4% 10718 1,12 53 -16
O"+M—0+M 5% 10712 25 -1.9
o('S)+M — 0" +M 4.8 x 10~ "% exp(—850/T,) 54 -23
F'+M—F+M 3x 1078 est. 54 -2.0
F+M—F+M 3x10°18 est. 54 -2.0
Penning ionization

Af+F B +Ar+e 12x107°T,"? est. 278

A +F —F'+Ar+e 12x107°T,"? est. 27

Ar 4+ N, - Nyt + Ar+e 12 x 1072 T,"? est. 27

A+ N, = Ny" + Ar+e 12x107°T,"? est. 27

Ar'+0," = 0, +Ar+e 12x 1077 T,"? est. 27

A +0," = 0"+ Ar+e 12x107° T, est. 27

A +0('S) - 0" + Ar+e 12x107°T,"? est. 27

Ar'+NO — NO" + Ar+e 12x107°T,"? est. 27

Ar(dp) +N" = NT+Ar+e 12x107°T,'"? est. 27

Ar(4d)+N" — N"+Ar+e 1.2 x 1072 T,"? est. 27

Ar(4p)+ 0, — O, + Ar+e 12x107° T, est. 27

Ar(4d)+ 0, — O, + Ar+e 12x107°T,"? est. 27

Ar(4p) + O2(v) — O, + Ar+e 12x107°T,"? est. 27

Ar(4d) 4+ 05(v) — 0, + Ar+e 12x107°T,"? est. 27

Ar(dp) +0" — O +Ar+e 12x107°T,"? est. 27

Ar(4d)+0" — O +Ar+e 1.2 x 1077 T,"? est. 27

Ar(4p) +NF, — NF," + Ar+e 12x107° T, est. 27

Ar(4d) +NF, — NF, " + Ar+e¢ 12x107°T,"? est. 27

Ar(4p) + NF — NF' + Ar+e 12x107°T,"? est. 27

Ar(4d) + NF — NF' + Ar+e 12x107°T,"? est. 27

Ar(4p) +N,O — N,O" + Ar+e 1.2 x 1072 T,"? est. 27

Ar(4d) +N,O — N,O" +Ar+e 1.2x 1072 T,"? est. 27

Ar(4d)+N — N" +Ar+e 12x107°T,"? est. 27

Ar(4d) + NF; — NF; " + Ar+e 12x107°T,"? est. 27

Ar(4d)+0 — O" + Ar+e 12x107°T,"? est. 27

A, +F, > F, 4+ Ar+Ar+e 5.0x10710T, 1”2 est. 24

A, +F S F '+ Ar+Ar+e 5.0x10710T, 2 est. 24

A, +N," = N, "+ Ar+Ar+e 5.0x10710T, 12 est. 24

A, + N, = N, T+ Ar+ Ar4-e 5.0x10710T, 12 est. 24

Ar, +NO — NO" + Ar+Ar+e 5.0x 107 10T, 12 est. 24

A, 4+0," — 0, + Ar+ Ar+e 5.0x10710T, 12 est. 24

Ar, "+ 0('S) > 0"+ Ar+Ar+e 5.0x10710T, 2 est. 24

JVST A - Vacuum, Surfaces, and Films
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TaBLE L. (Continued)

Reactions®

Positive ion—neutral collisions

F'+F—F+F" 1x107° est. 28! m
F'+Ar— F+Ar" 1x107 1 est. —14
F'+F, - F+F," 1x107 ! est. -1.7
F +N, » F4+N," 97x1071° 55 —-1.8
F™+Ny(v) - F+N,"© 9.7x 1071 est. 55 —2.1
F"+N—-F+N*" 1x 1071 est. -2.9
F'+0—-F+0" 1x1071° 56 -3.8
F'+NF; — F+NF; " 1x107 1 est. -39
F'+N,0 — F+N,O" 1x10° " est. —45
F"+NF — F+NF' I1x107 ! est. —-5.1
F'+0,—>F+0," 7.01 x 1071° 55 -53
F'+0,(v) - F+0," 7.01 x 107 1° est. 55 -55
F"+NF, — F+NF," Ix10 M est. -5.8
F"+NO — F+NO™" 8.64 x 107 1° 55 —8.1
F'+Ar, = F+Arn" 1x10 " est. —13.6
F"+NO — O+NF" 9.4 %1071 55 —1.9
F"+0, —»FO+0O" 6.06 x 107! 55 -1.0
F™+0,(v) = FO+ 0" 6.06 x 107! est. 55 -12
Ar"+F, — Ar+E" Ix107 " est. -0.3
Ar"+ N, — Ar+N,* Ix10 1 est. —0.4
ArT+Ny(v) — Ar+N," I1x1071" est. —0.7
Art 4+ N — Ar+ N+t I1x107 ' est. ~1.5
Ar"+0 — Ar+0" 1 x 107" est. —2.4
Art +NF; — Ar+NF;* 1x107 ! est. -25
Art +N,0 — Ar+N,0" Ix10 1 est. 3.1
Ar"+NF — Ar+NF" Ix10 1 est. —3.7
ArT+ 0, — Ar+ 0, 5.1x 1071 28 -39
Art +05(v) — Ar+0," 51x10° " est. 28 —4.1
Ar"+NF, — Ar+NF, " 1x 107! est. —4.4
Ar"+NO — Ar+NO™ Ix 1071 est. —6.7
Bt +F, —»F+E" 1x107° est.

Fot+ N, — F, + No & Ix107 " est. —0.1
Fot + No(v) = Fo+ N, * I1x107 M est. —04
Ft+N—>F+N*" 1x107" est. —-12
F,"+0—-F,+0" I1x107 ! est. —2.1
F,"+NF; — F, + NF;* Ix 1071 est. —22
F,t+N,0 — F, +N,0* 1x10° ! est. -2.8
F>,"+NF — F, + NF" Ix107 " est. —34
F,"4+0, = F,+0," 1x107 ! est. -3.6
F, "4 0,(v) = F, +0," 1x107" est. -38
F>"+NF, — F,+ NE," I1x107 1! est. —4.1
F,"+NO - F, + NO* Ix 1071 est. —6.4
Bt +AnL — F+ At Ix10 M est. —11.9
N>t N, — N+ N, * 1x107° est.

Not+No(v) = Np + N, * 1x107° est. -0.3
N, +N — N, +N* 8.0x 10712 57 —1.1
N,"4+0 = N,+0" 98x107 "2 55 -2.0
N," 4+ NF; — N, + NF;* Ix 101 est. -2.1
N, " +N,0 — N, +N,O0" 6x10°1° 58 -2.7
N,"+NF — N, 4+ NF*" 1x107 " est. -33
N," 40, - N, +0," 5x 1071 55 35
Ny +05(v) = Ny +0," 5% 1071 est. 55 —3.7
N,"+NF, — N, + NF," 1 x 107" est. —4.0
N,"+NO — N, +NO* 4.1x1071° 55 —6.3
N, 4+ A" — No+Ar, Ix107 " est. —11.8
N,"+N,0 — N, +N+NO* 4x10°1° 58 —14
N,"+NO, — N,O+NO* 5x 1071 58 —48
N,"+0, - NO+NO™ 1x107" 59 —4.5
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TaBLE L. (Continued)

b

Reactions

N, T+ 05(v) = NO+NO™ 1x107" est. 59 —4.7
N,"+0 — N+NO*t 1.4 %1071 58 3.1
N>"+0 = N+NO* 1.8x10° 0T, ! 58 —-0.7
A"+ N — Ar+Ar+ N7 1x107 ! est. —0.2
Ar,"4+0 — Ar+Ar+ 0" 1x107" est. —1.1
Ar, "4+ NF; — Ar+ Ar+NF;*+ 1x107 1! est. —12
Ar, "4+ N,O — Ar+ Ar+ N,O*" 1x 1071 est. ~1.8
Ar, "4+ NF — Ar+ Ar+ NF*" Ix10 M est. 24
Ar," 4+ 0, — Ar4 Ar+0," Ix10™ M est. -2.6
Arst+0,5(v) — Ar+ Ar+ 05" 1x10° " est. -238
Ar, "+ NF, — Ar+ Ar+NF,* I1x107 ! est. 3.1
Ar, "4+ NO — Ar+ Ar+NO* I1x1071! est. —54
Nt 4+N - N+N*+ 1x107° est.

Nt+0—-N+0O*" Ix10 M est. -0.9
N+ NF; — N+ NF;* 1x107 1 est. -1.0
NT+N,0 - N+N,0" 1x10 " est. —-1.6
NT+NF — N+NF" 1x 107" est. —22
N*+0, - N+0,*" 3.07x1071° 55 —2.4
Nt +0,(v) = N+0," 3.07x 10710 est. 55 -2.6
N*+NF, - N+NF," Ix107 " est. -29
NT+NO — N+NO* 472x 10710 55 -52
Nt + AR > N+An" I1x1071" est. -10.7
N*4+N,0 — N, +NO* 55%x10°1° 58 ~10.1
N*4+NO - O+N,* 8.33x 107! 60 —2.1
NT+0, - NO+0O" 464 %1071 55 —24
Nt +0,(v) —» NO+0" 464 %101 est. 55 -2.6
N*+0, - O+NO* 232%x10°1° 55 —6.6
Nt +05(v) —» O+ NO* 232x1071° est. 55 —6.8
0"+0—-0+0" 1x107° est.

O"+NF; — O+ NF;" 1x107" est. —0.1
0" +N,0 —» O+N,0" 6.3x 1071 58 -0.7
O"+NF — O+NF" 1x10° 1! est. -13
0 "+0,—0+0," 211071 55 -15
O +0,v) = 040," 2.1x 1071 est. 55 —1.7
O™ +NF, — O +NF," 1x107" est. -2.0
0" +NO — O+NO* 8 x 10713 55 —43
0"+ A — O+An" Ix 1071 est. -9.8
0" +N, — N+NO" 12x107"? 55 -1.0
0"+ Ny(v) > N+NO™" 12x10°12 est. 55 -13
0" +N,0 — NO+NO" 23%x1071° 58 -5.9
0" +N,0 — N, +0," 2x 107! 58 —5.0
0" +0;—0,4+0," 1x1071° 61 —-5.6
NF; " +NF; — NF; +NF; " 1x107° est.

NF;" 4 N,0 — NF; 4+ N,0" Ix10 M est. —0.6
NF;* +NF — NF; + NF*" Ix10™ M est. -12
NF;" 40, — NF; +0," 1x10° " est. —14
NF; 4 04(v) — NF34+ 0, " 1x10° ! est. -1.6
NF;" 4+ NF, — NF; + NF," 1x1071! est. -1.9
NF;"4+NO — NF; +NO™ Ix 101 est. —42
NF;* +Ar,” — NF3 4+ Ar,© 1x10° " est. -9.7
N,O " 4+N,0 — N,O +N,0*" 1x107° est.

N,O " +NF — N,O + NF" Ix107 " est. —0.6
N,O "4+ 0, —» N,O+ 0, 224 x1071° 58 —0.8
N,O © 4 04(v) — N,O + 0," 224 %1010 est. 58 -1.0
N,O ¥+ NF, — N,O + NF,* 1x107 1! est. -13
N,O " +NO — N,O+NO™ 23x1071° est. 58 -3.6
N>O "+ A" — N,O+ Ar,* Ix10 1 est. —9.1
N,O "4+N,0 — N, +NO+NO* 12x107 M 58 -35
N,O "4+NO, — N, 4+ 0,+NO" 429 x10°1° 58 -38
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TaBLE L. (Continued)

b

Reactions

N,O T+0, — NO, +NO™ 459 x 107! 58 —32
NF"+ NF — NF+NF*' 1x107° est.

NE'+0, - NF+0," Ix107 ! est. -0.2
NE' +0,(v) — NF+0," 1x107 ! est. —04
NF'+NF, — NF+NF," 1x107" est. —0.7
NF™+NO — NF+NO™ 1x107 1! est. -3.0
NF'+ A" — NF+Ar, " 1x 1071 est. -85
NE' -+ NF; — NF, 4+ NF, " 55x 1071 62 -0.9
0, " +0,— 0,4+0," 1x107° est.

0, +05(v) = 0, + 0, " 1x107° est. —0.2
0,"+NF, — 0, + NE, " I1x107 ! est. —0.5
0,"+NO — 0, +NO™ 46x1071° 55 -28
0"+ AR — 0+ A" Ix 101 est. -83
0,"+N - 0O+NO" 1.5%x 1071 55 —4.1
0,"+N, - NO+NO™ 1x107" 59 -0.9
0, +Ny(v) - NO+NO* 1x107" est. 59 —12
NF," 4+ NF, — NF, + NE," 1x107° est.

NFE," 4+ NO — NF, + NO* I x 107" est. -23
NE," 4+ Ar,” — NF, + Ar, " 1x107 1! est. —-7.8
NO'"+NO — NO+NO™ 1x107° est.

NO* +Ar," — NO+Ar,* Ix10 1 est. 55
Negative ion—neutral collisions

F +F—F,+e 14%x1071° est. 63
0;7+0—0,+0,+¢ 1.1x10718 64

03 +F—=F +0; 5.5% 1071 est. 64 -13
0357 +0—-0, +0, Ix10 1 64 -25
0O +N, —=N,O+e 1x1071? 58

O +Ny(v) = N,O+e 1x10712 est. 58

O +N—-NO+e 22%x1071° 65

O~ +NO — NO, +e 2.1x 1071 66

0 +0,—0s5+e 5%x10° 1 64

0 4+0,(v) = O5+¢ 5%x10° 1 est. 64

0 4+0," -0+0,+e¢ 6.9x10710T,12 61

0 +0—0,+¢ 14%x10°1° 63

0 +0;—0,+0,+¢ 2x 107 64

O +F—F 40 5.5x 1071 est. 64 -1.9
0 +0,— 0, +0 25x 107 67 1.0
0 4+0,(v) =0, 40 25x 107 est. 67 0.8
0 +0;—0; +0 5.5% 1071 64 —0.6
0 +0;— 0, +0, 1x107 ! 64 -3.0
0,"+N —=NO,+e 4x%1071° 65

0, +0," > 0,+0,+e 2x1071° 68

0, +0—05+e¢ 1.5x 107101, 28

0, +F—=F +0, 5.5%x 1071 est. 64 -29
0, +N,0 — 037 +N, Ix10™ M 58 —-1.0
0, 4+0,— 053 +0 3x10°1 69 25
0, +05(v) = 037 +0 3x10°1 est. 69 23
0, +0—0 +0, 1.5x10710T1,12 28 -1.0
0, 40505 +0, 32x10°1° 64 —-1.6
Ton—ion neutralization

F +F" > F+F" 2% 1077 est. 20" —44
F +F" S F+F 2x1077 est. -1.0
F +NF;" — F+NF,+F 2x1077 est. -15
F +NF,” — F4+NF+F 2x 1077 est. —2.6"
F +NF' - F+N+F 1x1077 est. -5.8
F +NF' - F+N'+F 1x1077 est. —3.4
F +N," - F+N," 2% 1077 est. -0.3
F +N" - F+N" 2x 1077 est. -0.2
F +0," = F+0, 2x 1077 est.
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b

Reactions

F +0" -F+0" 2x 1077 est. —0.7
F +NO" — F+NO 2x 1077 est. —0.4"
F +N,0' = F+N,0 2x 1077 T, est. 58 -95
F +N,O0" - F+N,+0 1x1077 est. 58 -7.7
F +Art — F+ Ar(1ss) 1x1077 est. —-1.0
F +Art — F+ Ar(ls3) 1x1077 est. —0.9
F +Ar," — F+Ar+Ar 2x 1077 est. —11.3
O +F"—0+F, 2x 1077 est. -13
O +F" - O+F 2x1077 est.

O™ +NF;" — O+NF, +F 2% 1077 est. -94
O +NF," - O+NF+F 2x 1077 est. —4.5"
O +NF" - O+N'+F 2x 1077 est. -53
0 +N," - 0+N,” 2x 1077 est. -22
O +N" - O+N" 2x 1077 est.

0 4+0," = 0+0, 2%x1077 est. —0.2
0 +0"—-0+0" 2%x1077 est.

0~ +NO" = O+NO 2x 1077 est. h
0~ +N,0" - 0+N,0 2x1077T,” 2 58 —11.4
0 +N,0" - 0+N,+0 1x1077 58 -9.6
O™ +Ar" — O+ Ar(1ss) 1x1077 est. -29
O +Ar" — O+ Ar(Is;) 1x1077 est. -2.8
O +Ar,” — O+ Ar+ Ar 2x 1077 est. —13.2
03 +F " = 0;4+F" 2x 1077 est. —0.7
03 +F" — O3+ F 2x 1077 est. —0.5
03" +NF;" — O3 +NF, +F 2x 1077 est. -8.8
03 +NF," — O3 +NF+F 2% 1077 est. —3.9"
05 +NF' = 034+ N'+F 2% 1077 est. —47
03 +N," = 034N, 2%x1077 est. —0.6
03 +N" = 03 +N" 2%x1077 est.

03 +0," 0540, 2% 1077 T, 2 64 —0.5
0; +0" - 0;+0" 1x1077T,” —0.5
0; +NO" — 0;+NO 2x 1077 est. —0.7"
03 +N,0" — 05+ N,O 2x 1077 T, 7 58 —~10.8
03 +N, 0" — 05+N,+0 1x1077 58 -9.0
03" +Ar"™ — 03+ Ar(Iss) 1x1077 est. -23
03 +Ar" — O34 Ar(Is3) 1x1077 est. —22
03 +Ar," — O3 +Ar+ Ar 2x 1077 est. —12.6
0, +F " = 0,4+ F," 2x 1077 est. -0.2
0, +F - 0, +F 2% 1077 est.

0, +NF;" — 0,+NF, +F 2%x1077 est. —10.4
0, +NF," — 0, +NF+F 2%x1077 est. —5.5"
0, +NF" — 0,+N"+F 2x 1077 est. —6.3
0, +N,' - 0, +N"+N" 2%x1077 est. —0.5
0, +N" - 0,+N" 2x 1077 est. -0.5
0, +0," -5 0,40, 2%x1077 est. —0.4
0, +0" = 0,+0" 2%x1077 est.

0, +NO" — 0,+NO 1x1077 est. —0.5"
0, +NO" - 0,+N+0 1x1077 58 —22
0, +N,0" — 0,+N,0 2x1077T, 2 58 —12.4
0, +N,0" — 0,+N,+0 1x1077 58 —10.6
0, +Ar" — 0,4 Ar(Iss) 1x1077 est. -39
0, +Ar" — 0, + Ar(Is3) 1x1077 est. -38
0, + A" — 0,4+ Ar+ Ar 2x1077 est. —14.2
Neutral-neutral collisions

0,40, - 0;+0 1.11 x 10~ exp(—49 800/T,) 70 4.1
0,4+ 0,(v) — 05+0 1.11 x 10" exp(—47 481/Ty) 70 3.9
0,(V) + 05(v) — 03 +0 111 x 10~ "' exp(—45 162/T,) 70 3.7
0,+0," = 0+0; 2.95x 102! est. 71 3.1
0,(V)+0," = 0+04 2.95x 102! est. 71 29
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Reactions®

0,+0"—0+0," 2.56 x 10" exp(—67/Ty) 53 -0.3
0,+0"—=0+0, 1.6 x 10~ "% exp(—67/Ty) 53 -0.9
0,(\)+0" = 0+0," 256 x 107! est. 53 —-0.5
0,(v)+0" = 0+0," 1.6x10712 est. 53 —1.1
0, +0," = 0,+0, 9 x 1077 exp(—560/Ty) 54 -2.0
0, +0," - 0,7+ 0, 9 x 1077 exp(—560/Ty) 54 —0.4
0,"+0('S) - 0"+ 0, 29x 1071 61 —1.7
0,"+0('S) - 040, 1.1x10°" est. 61 -52
0,"+0('S) = 0+0+0 32x 107! 61
0,"+0;—0,+0,+0 5.2 % 107" exp(—2840/T) 63 0.1
0,"+0,”" - 0,"+0, 3.6 x 10717 T,0° est. 72 —22
0,"4+0;—>04+0,+0, 1.5x 107! 63 —0.5
0+0;— 0,40, 8.71 x 10~ "% exp(—2113/Ty) 73 —4.1
0+0;—0, +0, 1x 107" exp(—2300/Ty) 63 -3.1
0"+0;—0,+0, 12x107'° 72 —6.0
0"+0;—0,+0+0 12x 1071 72 0.8
0('S)4+ 05 — 0, +0, 5.8x1071° 74 -8.3
03405 — 0, +0,+0, 7.42 x 107 "% exp(—9460/T,) 75 -3.0
N,"+N — N, +N" 4x 1071 T, 7000 52 -38
N, N — N, +N" 4 x 1071 T, 7000 est. 52 —6.0
N, +0, — NO +NO 9.85 x 10~ ° exp(—64 660/T,) 76 1.8
N + 05(v) — NO +NO 9.85 x 10™° exp(—62341/T,) est. 76 1.6
N>(v) + 0, — NO + NO 9.85x 10°° exp(—61 180/T,) est. 76 1.5
Na(v) + Oa(v) — NO +NO 9.85 x 10" ° exp(—58 861/T,) est. 76 13
N,+0 — N+NO 1.26 x 107" exp(—38 040/T,) 73 3.2
N,(v) +0 — N +NO 1.26 x 10~ "% exp(—34 560/T,) est. 73 2.9
N>+ 0, — N,O+ 0 1 x 107'% exp(—55 200/T,) 59 3.5
N>+ 05(v) — N,O+ 0 1% 107" exp(—52881/T,) est. 59 33
N>(v) + 0, — N,O+ 0 1 x 107 "% exp(—51722/T,) est. 59 32
No(v) + 04(v) — N,O + O 1 x 107'° exp(—49 403/T,) est. 59 3.0
N, +0, - N0+ 0 7.8 x 107 59 —2.7
N, +0, = N,O+0" 3x 1071 59 —0.8
N>+ 0,(v) = N,O+ O 78%x 107 est. 59 -29
N> +0,(v) — N,O+ 0" 3x1071 est. 59 -1.0
N, +0, = N, +0," 2% 10713 1,055 61 -5.0
N, +0, > N, +0," 2 x 10712 1,09 61 —4.0
N>" 4+ 05(v) = N, +0," 2x 1073 T,0% est. 61 —52
N, 4+ 05(v) = N+ 0, 2x 10712 1,09 est. 61 —42
N,"+0 — NO+N 5x1071° 59 -3.0
N, +0 — NO+N" 1x10° 12 59 —0.6
N> + 03 — NO+NO+0 8.4 x 10712 59 -0.3
N,”+0—NO+N 5% 10710 77 -3.0
N,”+0; = NO+NO+O 8.4 x 10712 59 -33
N+0, — NO+0O 4.4 x 10" " T, exp(—3270/T,) 78 —14
N+ Oy(v) = NO+O 44%x10° 12T, exp(—=951/Ty) est. 78 —-1.6
N+0,"—=NO+0 2% 107" exp(—600/Ty) 59 —24
N+0,” = NO+0 25%x1071° 79 -3.0
N+0; - NO+O0, 5x 1071 80 -55
N'+0,—NO+0 122 x 10" exp(—317/T) 81 -3.8
N"+0, - NO+0" 6x 10712 T1,0° 58 -19
N"+0,(v) = NO+0 122 %1071 est. 81 —4.0
N+ 0,(v) = NO+ 0" 6x 10712 1,03 est. 58 —2.1
N4+0," > NO+0 2x 1071 est. 59 —4.8
N'+0,”" = NO+0 25%x1071° est. 79 —54
N*+0; = NO+0, 1x1071° 59 -79
N +NO, — NO +NO 1.33x 10712 59 —34
N+NO, - N, +0+0 1.12x 1012 76

N+NO, — N, +0, 1.41 x 10712 73 —52
N+NO, — N,0+0 5.8 x 1077 exp(220/T,) 58 -1.7
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Reactions®

N+NO — N,+0 3.14x 107! 82 —32
N*4+NO, — NO +NO 1.5%x 107" 83 -5.8
N"+NO, - N, +0+0 1.12x 10712 est. 76 —24
N"+NO, — N, + 0, 1.41 x 10712 est. 73 -7.6
N"+NO, — N,O+0 1.5 x 10~ "% exp(—570/T,) 59 —4.1
N"+NO —N,+0 63x 107! 83 —-5.6
NO+0—N+0, 7.48 x 10" T, exp(—19 500/T,) 73 1.4
NO+0O"— 0,+N 1.5%x 1071 84 -0.5
NO + O3 — O, + NO, 1.4 x 10" exp(—1310/T,) 85 —2.1
NO +NO — N, + 0, 1.35 x 10" exp(—28 680/T,) 75 -18
NO +NO — N,0+0 7.22 x 10~ "% exp(—33 155/T,) 59 1.7
NO,+0 — 0, +NO 6.5 x 10~"% exp(120/T,) 59 -2.0
NO,+0" — 0,+NO 3x10°1° 59 -39
NO, +NO, — NO+NO + 0, 2.63 x 10" exp(—13 790/T,) 73 12
N>O+N," — O+N,+N, 8 x 107 58 —45
N>O+N," — NO+N+N, gx 10 58 -13
N,O+N"— N, +NO 1.5 x 10" exp(—570/T,) 58 -73
N,O+0 — Ny + 0, 1.66 x 107" exp(—14 100/T,) 59 -35
N,0+0 — NO+NO 1.15 x 107" exp(—13 400/T,) 59 -1.7
N,O+0" — N, 40, 493 x 107" 59 —54
N,O+0" = N, +0," 2.43 x 107" TN,>? exp(—9645/T,) 86 —44
N,O+ 0" — NO+NO 8.22x 107! 59 -3.6
N,O +NO — NO, + N, 2.92 x 10~ "% TN, ** exp(—23 292/T,) 59 -15
F,+0 — F+FO 1.62 x 10" exp(—5233/T,) 73 -0.7
F+0; — FO+0, 2.82 x 107" exp(—252/T,) 73 -12
FO+0 — 0,+F 5% 10! 87 -29
FO+0" — 0,+F 5x 107! 88 —438
FO+F—F,+0 6.61 x 10~"* exp(—9561/T,) 73 0.7
NF; + N — NF+ NF, 2.13 x 107" T,"7 exp(—15 120/T,) 89 —-0.5
NF, + N — NF + NF 3.0x 10712 90 —0.1
NE, +N — N, + F+F 1.4 % 10" exp(—95/T,) 91 3.7
NF+N — N, +F 25%x10°1° est. 92 —6.7
NF; +N" — NF+ NF, 2.13x 10712 est. 89 -29
NF, +N" — NF + NF 3.0x10°12 est. 90 -25
NF,+N"— N, +F+F 14x107 " est. 91 —6.1
NF+N"— N, +F 25x1071° 92 —9.1
NF; + NF — NF, + NF, Ix107 M 93 —0.4
NE, + NE, — NF + NF; 1.66 x 10~ exp(—18 600/Ty) 94 0.4
NE+NF — N, +F+F 6.88 x 107" exp(—1251/Ty) 76 -3.6
NF+NF — N, +F, 4x10°12 76 -52
NF, +F, — F+NF; 3.0 x 107" exp(—4860/Ty) 95 —-1.0
NF; +0" — NE, 4+ FO L1x107 " 96 —-1.6
NF, + O — NF + FO 1.79 x 10712 90 0.7
NF, + O — F+ FNO 125%x 107" 90 -29
NF, +FO — FNO +F +F 38%x10712 97 —0.6
NF, +NO, — FNO + FNO 8.6 x 10~ exp(—2444/T,) 98 -2.1
F,+NO — F+FNO 12x107 99 —0.8
FO +NO — F+NO, 26x 1071 87 —0.9
FO+FO — F+F+0, 2.09%x 1012 73 —0.6
FNO+ 0O — F+NO, 3.0x 1071 100 —0.8
High temperature chemistry

F,+M —F+F+M 7.6 x 107 "% exp(— 14 300/T,) 101 1.6
F,'+M —F+F+M 7.6 x 10712 est. 101 —11.3
FO+M—F+0+M 1.31 x 107" exp(—52 740/T,) est. 102 2.3
FNO+M — F4+NO+M 1.31 x 107" exp(—53 899/T,) est. 102 24
N,+M—N+N+M 9.86 x 107> T, *?? exp(—113 220/T,) 103 9.8
No(v)+M — N+N+M 9.86 x 107> T, *?? exp(—109 740/T,) est. 103 9.5
N,'+M = N+N+M 9.86 x 107> T, 33 exp(—41337/T,) est. 103 3.6
N, +M = N"+N+M 9.86 x 107" T, *** exp(—69 163/T,) est. 103 6.0
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b

Reactions

N,"+M = N+N+M 9.86 x 107> T, 33 exp(—41337/Ty) est. 103 3.6
N, +M = N"+N+M 9.86 x 107> T, *** exp(—69 163/T,) est. 103 6.0
NF;+M — NF, +F+M 3.98 x 1070 exp(— 18 417/T,) 104 2.6
NF,+M — NF+F+M 1.26 x 10~ exp(—25 700/Ty) 105 3.0
NF+M —N+F+M 1.31 x 107" exp(—52 740/T,) est. 102 3.1
NO+M —N+0+M 2.28 x 10~ "% exp(—74 680/T,) 102 6.6
NO,+M — NO+0+M 1.88 x 10~* T, 7 exp(—37 640/T,) 106 3.2
N,O+M — N, +0+M 2.36 x 107 "% exp(—25 810/Ty) 71 1.8
0,+M—0+0+M 1.31 x 107" exp(—52 740/Ty) 102 5.2
0,(V)+M — O0+0+M 1.31 x 107" exp(—50422/T,) est. 102 5.0
0, +M—0+0+M 1.31 x 107" exp(—41 146/T,) est. 102 4.2
0,”"+M - 0+0+M 1.31 x 107" exp(—34 190/T,) est. 102 3.6
0;+M—=0,+0+M 7.17 x 10~ " exp(—11 170/Ty) 102 1.1
F+F+M—F,+M 28x 10 *embs! 101 -1.6
F+F+M—F, " +M 2.8 x 107 ** exp(~131012/Ty) cm®s ™! est. 101 11.3
F+0+M — FO+M 1.0x 107 cm® s~ 107 -2.3
F+NO+M — FNO+M 59x1072T, """ em®s™! 108 —2.4
N4+N+M—= N, +M 141 x 107 cm®s™! 73 -9.8
N+N+M— No(v) +M 141 x 1072 cm®s™! est. 73 -9.5
N'+N+M—N,"+M 141 x 10722 em® 7! est. 73 —6.0
N+N+M— N, +M 141 %102 cm®s™! est. 73 -3.6
N 4+N+M—-N,"+M 141 x 102 ecm®s ™! est. 73 —6.0
N4+N+M - N,"+M 141 x 10722 cm®s™! est. 73 -3.6
NF, +F+M — NF; +M 1.03x 107 cm®s™! 109 -2.6
NF+F+M — NF, + M 1.03x 107 cm® s 7! est. 109 -3.0
N+F+M — NF+M 28x 10 *cm®s! est. 101 3.1
N+O0+M—NO+M 9.13x10** ecm®s™! 73 —6.6
NO+0+M —NO,+M 1.0x 107 T, "¢ em® s 85 -32
O +N, +M — N,O+M 28x107*cm®s™! 85 —3.7
0+0+M— 0,+M 5.25 x 1077 exp(906/T,) cm®s ™' 73 52
0+0+M— 0,(V)+M 525x10 P em®s™! est. 73 —54
O+0+M—0,"+M 525%x 10 cm®s! est. 73 —6.2
0+0+M— 0, +M 525%x 107 ecm®s™! est. 73 —6.8
0+0,+M— 0;+M 2.57 x 107*% exp(—855/Ty) cm® s~ 76 —-1.1

“For simplicity in the reaction list, following notation is used for excited states: Ar," < Ar2(3zu+), N," < No(A 3zu+), N, NZ(B31'[g, higher), N —
NCD), By Fo(1 '35, ), F — F(S), 0," = 05 'Ay), 0, = Ox(b 'Y, "), and 0" O('D).

"This table is a subset of the mechanism for Ar/NFs/O, plasmas. The reactions that would occur in a pure Ar discharge are the same as discussed in Ref. 24.
The electron impact reactions and radiative transitions that would occur in a pure O, plasma and a pure N, plasma are the same as discussed in Refs. 25 and
26, respectively.

“Rate coefficients have units of cm® s~ unless noted. T, is electron temperature (eV). T, is gas temperature (K) and T,, is normalized gas temperature (T,/
300K). AH is the change of the enthalpy (eV).

dRate coefficients are calculated from the electron energy distributions produced by solutions of Boltzmann’s equation using electron impact cross sections.
The cross section is for the forward reaction. Reverse cross sections are obtained by detailed balance.

“The rate of gas heating by elastic collisions is ky,(3/2)kg(2 m./M)(T.—T,) eV cm?’/s, for elastic rate coefficient ky,, electron mass me, neutral mass M, and
Boltzmann’s constant k.

"The cross section for dissociative attachment of NF; from Ref. 18 was modified so as to agree with the electron swarm data.

€Electron impact excitation of NF, to the vibrationally excited states, NF3(v), NF,(v), and NF(v), and the electronically excited states, NF('A) and NF(IZ+),
was treated by assuming ground state NF, as the final product with an energy loss of the activation energy.

"Reduced gas heating was assumed. Actual product would be the transient excited state with higher potential energy which rapidly decays to states with lower
potential energy by emitting a photon.

iRate coefficient for dissociative recombination was assumed to be 1 x 1077 cm® s~! (Ref. 39) when measured or calculated data is not available.

IThe total ionization cross section is from Ref. 47, branching ratio from Ref. 48.

XAr” represents any excited atomic state of Ar. The same Penning ionization rate coefficient was used for all pairings of excited states of Ar.

'Rate coefficient for charge exchange between ions and neutrals was assumed to be 1 x 107" em® 7! (1x 10~ ecm® s~ for resonant charge exchange) (Ref.
28) when measured or calculated data are not available.

"™The rate of gas heating of the neutral by charge exchange is Kee(3/2)kp(Tion—T,) €V cm’/s, for charge exchange rate coefficient k.. and ion temperature Tjo,.
"Rate coefficient for neutralization between positive and negative ions was assumed to be 2 x 1077 cm®s ™! (Ref. 29) when measured or calculated data is not
available.
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region, which is energy dependent. The cross sections for
electron impact processes including elastic scattering, disso-
ciative attachment, dissociative excitation, and ionization
were calculated using the molecular geometries provided by
the National Institute of Standards and Technology (NIST)
database.”?' All cross sections were calculated using the R-
matrix method from threshold to 20eV. Above 20eV, the
cross section for dissociative attachment goes to 0, while the
cross sections for other processes were extrapolated to higher
energies using the scaled Born cross sections (for excitation
and ionization)*? or assuming dominant dipole transition (for
other processes) and scaling with In(¢)/e, where ¢ is the elec-
tron energy. The detailed R-matrix method used for calcula-
tion of the NF, cross sections is described in Ref. 23.

B. Reaction mechanism for Ar/NF3/0O,

A reaction mechanism was developed for plasmas sus-
tained in gas mixtures containing Ar/NF3/O,. The species
included in the model are listed in Table 1. The rate coeffi-
cients for heavy particle collisions are listed in Arrhenius
form while the rate coefficients for electron impact reactions
were calculated based on the EEDs produced by solutions of
Boltzmann’s equation as described above. The reactions that
would occur in a pure Ar plasma are the same as discussed
in Ref. 24. The electron impact reactions and radiative tran-
sitions that would occur in a pure O, plasma are the same as
discussed in Ref. 25 and in a pure N, plasmas are the same
as discussed in Ref. 26. The additional reactions required to
complete the mechanism for Ar/NF;/O, are electron impact
with NFy, F,, F, and N,Oy and heavy particle reactions in
Ar/NF3/O, mixtures. These additional reactions are in Table
I. The resulting reaction mechanism is intended to be as
complete as practical for a discharge sustained in Ar/NF5/O,
mixtures. As such, there are rate coefficients whose values
have never been experimentally or analytically determined,
and so a subset of the reaction rate coefficients were esti-
mated based on enthalpies of reactions and analogy with simi-
lar reactions. For example, the rate coefficient for Penning
ionization between excited states of Ar was uniformly esti-
mated to be 1.2 x 1077 Tnl/2 cm® s~ '?7 the rate coefficient
for charge exchange between ions and neutrals was assumed
to be 1x107" em® s7' (1x107? em® s™! for resonant
charge exchange),?® and the rate coefficient for neutralization
between positive and negative ions was assumed to be
2x 1077 em® s7'. % As to the ion—ion neutralization invol-
ving diatomic or polyatomic anions, the rate coefficients can
be calculated based on semianalytic expressions.*’

Although vibrationally excited NF,(v) is not included as a
separate species in the mechanism, electron energy losses
for collisions with NF, producing vibrational states are
included. As the gas mixture for our conditions is highly dis-
sociated, the fractional dissociation and density of atomic
species are sensitive to the sticking coefficient and recombi-
nation probability at the surface of the wall. In this mecha-
nism, the wall recombination coefficients for atomic F, N,
and O were uniformly assumed to be 0.01.
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NF; has a thermal dissociative electron attachment cross
section enabled by the electron affinity of F (3.4eV) being
larger than the binding energy of NF; (Dy=2.4eV).>! The
large rate coefficient of this process results in the dissocia-
tion of NF; being predominantly due to thermal attachment
when the electron temperature is only a few eV. Electronic
excitation of NF; also leads to dissociation of NF; producing
NF,, NF, and F. NF, and NF are also thermally attaching
species with a binding energy of 2.9eV (Ref. 31) and 2.8 eV
(Ref. 32) producing F~. These radicals are also dissociated
to NF, N, and F through electronic excitation.

In a pure NF; discharge, thermodynamically the reaction
pathway is terminated by forming N, and F, through wall
recombination and gas phase reactions, although electron
impact excitation, dissociation and ionization of these spe-
cies also occurs. With the addition of O, to NF3, a variety of
additional reactions are enabled, which diversifies the spe-
cies produced in the discharge. O, is dissociated into O
atoms through electron impact dissociative excitation and
attachment. In addition to dissociative processes, electron
impact excitation to Oz(alAg, blz;) and O('D, 'S) produ-
ces species with large potential energy, which require lower
activation energy in both electron impact reactions and
heavy particle reactions. The high specific power deposition
and contributions to gas heating from Franck—Condon pro-
cesses produces high gas temperatures, which enable endo-
thermic heavy particle reactions to occur. Endothermic
reactions have a positive change in enthalpy (AH > 0)
whereas exothermic reactions have a negative change in
enthalpy (AH < 0).

With the addition of O, to NF;, reactions between NF,
and Oy directly lead to the formation of FO through

NF; + O('D) — NF, + FO, AH = —1.6¢V, (1a)
NF, + O — NF+FO, AH=0.7¢V, (1b)
F,+0 —F+FO, AH= —0.7eV, (lc)

F+0;3 - FO+0,, AH= —1.2¢eV. (1d)
The formation of NO occurs through endothermic reactions

N, +0 —- N+NO, AH=32eV, (2a)

N, + 0, - NO+NO, AH=1.8¢eV, (2b)
and through exothermic reactions

N+0O, = NO+O, AH=—14eV, (2¢)

N+ O3 = NO+0O,, AH=-55¢eV. (2d)

The formation of N,O dominantly occurs through the endo-
thermic reaction

No+ 0, - O0+N,O, AH=3.5eV. 3)

FNO is largely produced by the exothermic reaction

NF, +0 — F+FNO, AH= —29eV. 4)
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These species produced in primary reactions lead to second-
ary reactions which form, for example, NO,, through exo-
thermic reactions

FNO + O — F+NO,, AH= —0.8¢eV, (5a)
FO +NO — F+NO,, AH=-09eV, (5b)
N,O+NO — N, + NO,, AH = —15eV, (5¢)
NO + 03 — 0, +NO,, AH = —2.1eV, (5d)

and the endothermic reaction
NO + Oz(alAg) — O+ NO,, AH=1.0eV. (5e)

The full reaction pathway is fulfilled by reactions among
NF; species, Oy species and newly formed species (e.g., FO,
NO, N,O, NO,, and FNO), which are either endothermic or
exothermic.

In systems where the gas temperature approaches and
exceeds 1000K (0.1eV), many of these endothermic reac-
tions have appreciable rate coefficients, and so radical gener-
ation also occurs by heavy particle reactions in addition to
electron impact. This is particularly important downstream
of the plasma zone. For example, in addition to the primary
reactions between NF, and Oy, the formation of N,O also
occurs through the endothermic reaction

NO +NO — O+N,O, AH=1.7eV (6a)
and the exothermic reaction
N+ NO; — O+ N,O, AH= —1.7eV. (6b)

The formation of NO also occurs through exothermic
reactions

N +NO, — NO +NO, AH = —3.4eV, (7a)
NO, + 0 — 0, + NO, AH = —2.0eV, (7b)
N>O+0 — NO+NO, AH=—1.7eV. (7¢)

These reactions are not inhibited by the decrease in gas tem-
perature as the gas flows downstream and results in NO
being the dominant radical in the downstream region. In
addition to reaction in Eq. (4), the formation of FNO also
occurs through exothermic reactions

NF, + NO, — FNO + FNO, AH = —2.1eV, (82)
NF, + FO — FNO + F+F, AH= —0.6eV, (8b)
F, +NO — FNO+F, AH= —0.8eV. (8¢)

Even though these reactions are not inhibited by the decrease
in gas temperature in the downstream, the FNO density does
not increase since the consumption of FNO by O atoms [Eq.
(5a)] offsets their contributions.

There is certainly a need and desire for reduced reaction
mechanisms which would not only be computationally more
expedient in multidimensional models, but also might lead
to more intuitive interpretation of the results. In this regard,
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we performed sensitivity studies beginning with the com-
plete reaction mechanism while excluding certain species
and reactions. For example, we found that removing N,O,
FO, and O3 (and their reactions) for our base case operating
conditions produced a change in the densities of major spe-
cies of less than 3%. Although this reduction in scope of the
reaction mechanism provides reasonably consistent results
with the complete mechanism, the reduced reaction mecha-
nism would give considerably less good results if the pres-
sure was increased to the degree that three-body reactions
became important. A similar conclusion would hold for tem-
perature. A reduced reaction mechanism for low power oper-
ation in which the increase in gas temperature is nominal
could be constructed by removing nearly all of the N,O, spe-
cies. This reduced mechanism would be insufficient for high
power operation where endothermic reactions are important.

IV. VALIDATION

To validate the reaction mechanism, results obtained by
global and 2d models were compared with optical emission
spectroscopy (OES) measurements. The experimental setup
was a remote CCP source with a volume of 1110cm® sus-
tained in an Ar/NF;/O, =5/10/100 gas mixture at 400 mTorr
with a flow rate of 1150 sccm. The total input power was
varied from 90 to 3000 W. The relative density of neutrals
was measured through OES using actinometry.>® In actinom-
etry, the density of a reactive species, such as F, relative to a
nonreactive gas of known density, such as Ar, is obtained
from the ratio of optical emission originating from excited
states that have similar thresholds and rate coefficients for
electron impact excitation. In this regard, optical emission
intensities were recorded from F atoms at 704 nm (3p*P° —
332P) and from the reference actinometry species, Ar, at
750 nm (4p’[1/2] — 4s’[1/2]°). F(3p2P°) is 14.8eV above
the ground state while the Ar(4p’[1/2]) is 13.5eV above the
ground state. The relative density of F atoms is given by

I(F*)
I(Ar*)

[F] =y, [Ar], ©)
where I(Ar¥) is the intensity of the Ar 750 nm emission line,
I(F*) is the intensity of the F 704 nm emission line, and C%,
is the actinometric coefficient which is in principle a func-
tion of discharge parameters (e.g., EED, pressure, gas tem-
perature).34’35 In order for Eq. (9) to be valid, the emitting
states must be dominantly populated by electron-impact
excitation from the ground state and should decay domi-
nantly by photon emission. The excitation to the emitting
states of F and the actinometric species, Ar, should have sim-
ilar thresholds and similar magnitudes for cross sections.
That is, their rate coefficient for excitation should be similar.
These requirements cannot always be strictly satisfied; how-
ever, it may be possible for I(F*)/I(Ar*) to be proportional
to [F]/[Ar] over some range of plasma conditions which are
chosen to make the actinometric coefficient a constant. It is
possible to compute the dependence of the actinometric
coefficient on the electron temperature with different
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types of EEDs (e.g., Maxwellian, bi-Maxwellian, and
Druyvesteyn) as discussed in Ref. 36. Assuming that emis-
sion from both states results from electron impact excitation
of the ground state and the corresponding excitation cross
sections for F and Ar have similar energy dependence, the
actinometric coefficient in Eq. (9) is assumed to be 1.

To model the RPS for validation, both the global model
and the 2d model were utilized. Schematics of the RPS
addressed by the plug flow mode of the global model and by
the CCP operation of the 2d model are shown in Fig. 2. In
the global model, total power deposition by electrons is
specified for a tube 8.4 cm in diameter and 20 cm long. The
afterglow then extends for another 15 cm. In the 2d model,
the RPS was simulated in Cartesian coordinates and has
length of 20 cm, a width of 8 cm, and a depth of 6.9 cm, val-
ues to better represent the experiment. The top electrode was
powered and the bottom electrode was grounded as are other
boundaries. The bounding dielectrics to the electrodes are
alumina. The gas enters from the left boundary and exits
through the right boundary.

In the model of the CCP, as in the experiment, the power
deposition is apportioned between ion acceleration in the
sheath and electron heating in the bulk plasma (including
secondary electrons). From a practical perspective, only the
power deposition into electrons produces excited states and
ionization. The power into electrons specified in the global
model was determined by performing simulations using the
2d model which explicitly calculates all forms of power
deposition for the experimental conditions. The power dissi-
pated into electrons from the 2d model was then used as the
input power in the global model so that side-by-side compar-
isons can be made to the experiments. In the 2d model, total
power deposition for any given case was obtained by adjust-
ing the amplitude of the 10 MHz applied voltage. As the
power increases from 90 to 3000 W, the power dissipated by
electrons indicated by the 2d model increases from 58 to
388 W while the fractional power dissipated by electrons
decreases from 64% to 13%. This scaling results from the
increased applied voltage and sheath potentials favoring
power deposition by ions relative to electrons.

The densities of F atoms measured by OES-actinometry
and predicted by the global and the 2d models are shown in
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Fic. 2. Schematic of the remote plasma source addressed by (a) the plug
flow mode of the global model and (b) the CCP operation of the 2d model.
The gas is pumped in from the left and exits at the right side.
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Fig. 3. In both the experiments and simulations, the relative
density of F atoms increases with power until saturating at
high power. The density of F atoms predicted by the model
reaches its maximum at about 1200 W. As the power
increases above 1200 W, the density of F atoms slightly
decreases as the increase of the F density produced by addi-
tional dissociation of NFj; is counterbalanced by the rarefac-
tion of the gas by increased gas temperature. The density of
F atoms predicted by the 2d model saturates at higher power
compared with experiments and results from the global
model; however, the differences are not large.

Other validation was made between results from the
global model and OES measurements performed in a micro-
wave plasma by Kastenmeier ef al.” A plasma was sustained
in an O,/NF3 mixture at 1Torr with 1400 W power at
2.45 GHz, which was also the input power in the global
model in plug flow mode. The NF; flow rate was 300 sccm
for all cases. The densities of O, N,, and NO predicted by
the global model and measured by OES are in Fig. 4 as a
function of the ratio of O, to NF; flow rate. The density of O
atoms increases linearly with increasing flow rate of O, at
low values, and beginning to saturate at high values due to
the finite power deposition. The density of N, decreases in
favor of the generation of NO. In the experiments, the den-
sity of NO remains almost constant for flow ratios of O,/
NF; < 0.6 and sharply increases when the ratio is above 0.6.
In the global simulations, the density of NO also remains
nearly constant for a ratio of O,/NF; smaller than 0.6 but
increases less abruptly than that in the experiments for larger
ratios.

The formation of NO is mainly through the endothermic
reactions in Egs. (2a) and (2b) with an activation energy of
several eV which favors high gas temperature. The depletion
of NO is mainly through exothermic reactions in Eq. (8c)
and
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FiG. 3. (Color online) Comparison of the global simulation results (blue dot-
ted lines), the 2d simulation results (brown dotted lines) and the OES meas-
urements (red solid lines) for the densities of F atoms at the end of the
plasma zone. Discharge conditions: Ar/NFs;/O,=5/10/100, 400 mTorr,
1150 sccm, and CCP equivalent power: 90-3000 W (power into electrons:
58-388 W).
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NO +NO — N> +0,, AH= —18eV,
NO+N—N,+0, AH=-32eV.

(10a)
(10b)

NF; is almost fully dissociated for the given power. Adding
O, contributes to more Franck—Condon heating, and so the
gas temperature increases from 1840 to 2810K as the flow
rate of O, increases from 30 to 450 sccm, which benefits the

031302-16

formation of NO. The smaller slope obtained from the simu-
lation when the ratio of O,/NF; is larger than 0.6 may be due
to underestimates of the gas temperature or the sensitivity of
the density of N, molecules to the wall recombination
coefficients.

V. SCALING OF REMOTE PLASMA SOURCES BY
PLUG FLOW MODELING

A schematic of the RPS addressed by the plug flow global
model is shown in Fig. 2(a). The base case is an Ar/NFz/
0, =5/10/100 gas mixture at 400 mTorr with a flow rate of
1150 scem. The total input power to electrons is 237 W
which corresponds to a total CCP power of 900 W. Densities
of charged particles and neutrals as a function of flow dis-
tance are shown in Figs. 5 and 6. In the plasma zone, the dis-
charge is highly electronegative with a ratio of negative ions
to electrons of 25-70. The electron density increases during
the flow to a maximum of 7.2 x 10°cm ™ while the electron
temperature decreases from 4.0 to 3.5eV. These trends result
in part from the manner of specifying power. The power is
specified to be uniform over the first 20 cm of the flow tube.
The increase in electron density is due to the decrease in the
mole fraction of molecular species and increase in the mole
fraction of atomic species, the latter of which have a lower
rate of specific power deposition than the molecular species.
The electron density increases so as to maintain the desired
uniform power deposition. The electron temperature
decreases to reflect the less attaching nature of the more dis-
sociated (and more atom dominated) gas mixture as the gas
flows downstream. A lower electron temperature is enabled
by there being less ionization required to balance the reduced
rate of attachment. This decrease in T, occurs in spite of the
increase in gas temperature and slow decrease in gas density
which then increases the rate of loss of charged species by
ambipolar diffusion.

The dominant positive ions in the plasma zone are O,"
and NO™. With the dissociation of O, and the formation of
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FiG. 4. (Color online) Comparison of the global simulation results (blue dot-
ted lines) and the OES measurements (red solid lines) for the densities of (a)
O atoms, (b) N, molecules, and (c) NO molecules at the end of the plasma
zone. The OES measurements are for a microwave discharge conducted by
Kastenmeier et al. (Ref. 5) Discharge conditions: ratio of flow rate for O,/
NF; = X, 1 Torr, (300 + 300X) sccm, X = 0-1.5, and microwave power
(into electrons): 1400 W.
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Fic. 5. (Color online) Densities of charged particles and electron tempera-
ture in the plug flow mode of the global model. Discharge conditions: Ar/
NF;/0, = 5/10/100, 400 mTorr, 1150 sccm, and CCP equivalent power:
900 W (power into electrons: 237 W).
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Fic. 6. (Color online) Densities of the neutrals and gas temperature in the
plug flow mode of the global model. Discharge conditions: Ar/NF3/O, = 5/
10/100, 400 mTorr, 1150 sccm, and CCP equivalent power: 900 W (power
into electrons: 237 W).

NO, the density of O, decreases from 1.8 to 0.9 x 10''cm >

while the density of NO™ increases up to 7.6 x 10'cm .
Although the ionization potential of NO (9.3eV) is lower
than O, (12.1eV), and charge exchange to NO from all posi-
tive ions is exothermic, the significant difference in the den-
sity of parent molecules results in higher density of O,™ than
NO™ by ~20%. The formation of negative ions is largely due
to dissociative attachment of NF, (x=1-3) by thermal
electrons

e+ NFy — NF,_; + F~ (11)
and dissociative attachment of O, by nonthermal electrons
e+0,—-0+0". (12)

There is essentially no energy threshold for dissociative
electron attachment to NF,, and so attachment rapidly occurs
with thermal electrons (that is, electrons having a low, near
ambient, temperature). On the other hand, electron dissocia-
tive attachment with O, has a threshold energy of 3.6eV,
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which is the potential energy difference between O+ O~
and the ground state O,. As a result, there is production of
both O™ and F in the plasma zone, but only production of
F~ downstream where T, rapidly decays to thermal values.
In the downstream region, the plasma rapidly transitions to
an ion—ion plasma (within a cm of the end of the plasma
zone) composed dominantly of F~ and NO™. There is essen-
tially no electron impact ionization downstream of the
plasma zone; however, there is production and mixing of
positive ions, through Penning processes and charge
exchange. As the ionization potential of NO (9.3eV) is the
lowest among the major positive ions, charge exchange and
Penning ionization predominantly favor the formation of
NO™ ions. The end result is that charge neutrality down-
stream is maintained by [F ]~ [NO™]. Since the mobilities
of F~ and NO" are commensurate, there is little ambipolar
enhancement of the rates of diffusion of the ions. The steady
decay of the densities of F~ and NO™ in the downstream
region predominantly results from ion—ion neutralization.
The loss of ions by simple thermal diffusion accounts for
less than 1% of the total loss.

The densities of neutrals and gas temperature T, for the
base case are shown in Fig. 6. In the plasma zone, NFj; is
rapidly depleted through electron dissociative attachment,
e+ NF; — NF,+F~, and dissociative excitation, e + NF3
— NF, + F +e. The densities of F and NF, sharply increase
to 6 x 10"?cm ™ with approximately the same rate within
I cm of the gas inlet. Further downstream, the density of
NF, decreases while the densities of NF and FNO increase
as NF; is decomposed to NF through electron impact disso-
ciative attachment, e + NF, — NF+F  and dissociative
excitation, e + NF, — NF+F+e. At this point, there is a
sufficient density of dissociation fragments that mutual reac-
tions add to the dissociation rate. For example, in addition to
the reaction of NF, + O producing FO [Eq. (1b)] and FNO
[Eq. (4)], NF, is depleted by reactions with N atoms

NF, + N — NF+NF, AH= —0.1eV. (13)

Although the dominant trend is dissociation and fragmenta-
tion, there are bimolecular reactions that convert NF, back
to NF3

NF2 +F2 — F+NF3,

AH = —1.0eV, (14a)

NF, + NF, — NF + NF;, AH =0.4¢eV. (14b)

As bimolecular recombination to reform NF; requires NF,
and F, (the pressure is too low for three-body processes to
be important) adding O, which rapidly consumes NF, [Egs.
(1b) and 4] maintains the fractional dissociation of NF; and
increases the density of F. This trend is consistent with the
results of experiments where adding O, to NF3 during etch-
ing of Si and SiO, generally increases rates of surface reac-
tions requiring F atoms.”’

NF dissociates to form N and F through electron impact
dissociative excitation and attachment. NF can assist in the
decomposition of NF; and reform NF, by
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NF; + NF — NF, + NF,, AH = —0.4eV. (15)

Another channel for the consumption of NF is through
mutual reactions to form N, and F,

NF+NF — N, +F+F, AH=—3.6eV,
NF+NF — N, +F,, AH= —52eV.

(16a)
(16b)

Although these reactions are both exothermic, the reaction in
Eq. (16a) has an activation energy of 1250 K and so contrib-
utes less to the formation of N, and F, and the depletion of
NF at temperatures significantly below 1000K. The F,
formed by the mutual reaction of NF is itself rapidly dissoci-
ated in the plasma by dissociative attachment. In compari-
son, Ny, is relatively stable.

NO is dominantly generated by reactions of N, with O
and O, [Egs. (2a) and (2b)] while the source of N, is mainly
through the mutual reactions of NF [Eqgs. (16a) and (16b)]
and surface recombination. The contribution of reactions of
N atoms with O, and O3 [Egs. (2¢) and (2d)] to the formation
of NO is small as the density of N atoms (~10"°cm™?) is
smaller than N, (~10"2cm™>) by 2 orders of magnitudes.
The density of NO is highly dependent on the fragmentation
of NF3 to form NF which is the dominant gas phase precur-
sor to N,. The recombination probability of N at surfaces
(assumed to be 0.01), not extensively investigated here, also
impacts the inventory of Nj.

At the end of the plasma zone, F and O are the dominant
dissociation products with densities of 3 x 10"*cm™ and
8 x 10" cm ™, respectively. NO is the dominant molecular
reaction product, with a density of 6 x 10'*cm ™2, produced
by endothermic reactions facilitated by an increase in T, to
~700K at the end of the plasma zone. This increase in T}, is
mainly sustained by dissociative excitation and attachment
which  produces high-energy neutrals through the
Franck—Condon effect. Being an atomic species which is not
chemically depleted, the density of Ar indicates the heating,
rarefaction, expansion, and cooling of the gas. The decrease
of Ar density in the plasma zone is due to gas heating and
also due to the dissociation of the molecular feedstock gases
which, for constant pressure, expands the gas and increases
flow rate. Downstream of the plasma zone, T, rapidly
decreases to 470K due to thermal conduction to the walls,
resulting in contraction of the gas and a rebound in densities
of Ar, NF;, F, and NO.

The decrease in T, and rebound in densities is likely over-
estimated in the global model which does not account for
diffusive axial transport or axial thermal conduction. The
walls of the flowtube are also held at 325K, which likely
speeds the rate of thermal condition. In spite of the gas-
temperature initiated rebound in densities, the density of NF
decreases from 7.4 to 3.5 x 10"*cm ™ downstream due to its
depletion through mutual, exothermic reactions [Eqgs. (16a)
and (16b)]. From the perspective of relative rates of reaction,
the formation of NF is an endothermic process whereas the
depletion of NF is an exothermic process. The decrease in
gas temperature (and electron temperature, discussed below)
downstream favors depletion of NF.
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A. Power deposition

The densities of neutrals at the end of plasma zone and at
the exit of the flow tube are shown in Figs. 7 and 8 as a func-
tion of CCP equivalent power of 90-3000 W. As the densi-
ties of charged species and excited states are negligible
compared with the densities of neutrals, the fractional disso-
ciation of NF; can be approximated by

far, = (1 _ lad, [NFﬂ) % 100%, a7

[Ar] [NF;],

where, for example, [Ar]y is the density at the inlet. The frac-
tional dissociation of NF; at the end of the plasma zone
increases from 7% to 43% as the power increases from 90 to
3000W and the density of F atoms increases from
1.4 x 10" cm ™ to saturate at 3.1 x 10'*cm . In the plasma
zone, the F atoms are created through three channels—disso-
ciative attachment of NF, by thermal electrons followed by
neutralization of F~, dissociative excitation of NF,, and
heavy particle collisions with F atoms as products. These
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Fic. 7. (Color online) Densities of neutrals and gas temperature at the end of
the plasma zone in the plug flow mode of the global model. Discharge con-
ditions: Ar/NF;/O, = 5/10/100, 400 mTorr, 1150 sccm, and CCP equivalent
power: 900 W (power into electrons: 237 W).
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latter reactions include the exothermic processes in Egs. (4),
(5a), (5b), (16a), and

NF, +N - N, +F+F,  AH= —3.7eV,
NF+N —N,+F, AH=—6.7eV.

(18a)
(18b)

The F atoms are mainly consumed through wall recombina-
tion to form F, and endothermic reactions with FO

F+FO — O+ F,, AH=0.7eV. (19)

As the power increases from 90 to 3000 W, the T, increases
almost linearly from 395 to 985 K with increasing fractional
dissociation of NF; reflecting the dominant role in gas heat-
ing due to the Franck—Condon effect. The density of F atoms
does not monotonically increase. Rather, the density of F sat-
urates at 3.1 x 10" cm ™~ despite of the increasing fractional
dissociation of NF;. A portion of that saturation results from
the rarefaction resulting from gas heating. A similar trend
holds for the density of NO, whose rate of formation based
on endothermic processes [Egs. (2a)and (2b)] increases with
increasing gas temperature while being offset by the rarefac-
tion of the gas with gas heating.
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Fic. 8. (Color online) Densities of neutrals and gas temperature at exit in the
plug flow mode of the global model. Discharge conditions: Ar/NF3/O, = 5/
10/100, 400 mTorr, 1150 sccm, and CCP equivalent power: 900 W (power
into electrons: 237 W).
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The trends for neutral densities at the exit of the tube as a
function of power (shown in Fig. 8) are similar to those at
the end of plasma zone. The densities of most neutrals (e.g.,
Ar, NF;, F, O, and NO) at the exit are larger than at the end
of plasma zone simply because of cooling of the gas.
However, the densities of NF, FNO, and NO, are smaller
than those at the end of the plasma zone due to consumption
of these species through exothermic mutual reactions and
reactions with O atoms [Egs. (5a), (7b), and (16a), (16b)].
Since these reactions are exothermic, they are not inhibited
by the decrease in T, as for endothermic reactions. The frac-
tional dissociation of NF5 continues to increase to the exit
as exothermic reactions with metastable species such as
O(lD) [Eq. (1a)] and NF [Eq. (15)] continue consuming
NF;.

B. NF; flow rate

Plasma properties were investigated for NF; flow rates
from 50 to 500 sccm while maintaining 300 W into elec-
trons, or an equivalent CCP power of ~1600 W. The other
discharge parameters are the same as the base case (400
mTorr, 50 sccm Ar, and 1000 sccm O,). The resulting densi-
ties of neutrals at the end of the plasma zone and at the exit
of the flow tube are shown in Figs. 9 and 10. With constant
power and with increasing NF; flow rate, the fractional dis-
sociation of NF5 decreases from 41% (50 sccm) to 22% (500
sccm). With the average density of NF; increasing with flow
rate, the density of F increases and saturates at 5 x 10'*cm ™2
at a high flow rate. The saturation of the F density while the
density of NF; continues to increase indicates that radical
production is power-limited although a portion of this satura-
tion is due to rarefaction. With increasing flowrate of NF;,
T, in the plasma zone increases from 3.2 to 4.5eV to provide
the additional ionization required to compensate the higher
rate of attachment to NF3.

The density of O, moderately decreases from 2.0 to
1.3 % 10150m73, a consequence of the decrease in O, mole
fraction, as the NF; flow rate increases while keeping pres-
sure constant. The density of O significantly decreases from
1.2%x 10" to 1.6 x 10" cm ™ due to the larger fraction of
the discharge power that is dissipated by NF;, and the
higher rate of reaction of O with NF; radicals. The density
of NO decreases from 5.1 to 2.4 x 10”*cm™ due to the
decrease in density of O and the more rapid consumption of
NO through reaction with F, [Eq. (8c)]. The latter reaction
produces the increasing density of FNO, from 1.8 x 10" to
1.3 x 10" cem .

T, monotonically increases from 760 to 1050 K at the end
of the plasma zone and from 460 to 800 K at the exit for the
increase in NF; flow rate of 50-500 sccm. The higher rate of
dissociative attachment and excitation of NF, with increas-
ing flow rate produces significant Franck—Condon heating.

VI. REMOTE PLASMA SOURCE SUSTAINED IN
CAPACITIVELY COUPLED PLASMA

Although global modeling is quite valuable for system
studies and developing reaction mechanisms, geometrical
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FiG. 9. (Color online) Densities of neutrals and gas temperature at the end of
the plasma in the plug flow mode of the global model. Discharge conditions:
Ar/NF3/0, = 5/X/100, 400 mTorr, (1050 + 10X) sccm, X = 5-50, and
power into electrons: 300 W.

and transport dependent processes are difficult to accurately
represent. With the goal of investigating the consequences
on radical generation of system specific parameters, the RPS
was simulated with the 2d model using the geometry sche-
matically shown in Fig. 2 and described in Sec. II. The sec-
ondary electron emission coefficient for ions was 0.15 on the
electrodes, 0.05 on the dielectric, and 0.02 on the metal
walls. The base case conditions are the same as for the global
model—Ar/NF3/O, =5/10/100 at 400 mTorr and a flow rate
of 1150 sccm. The voltage on the powered electrode was
adjusted to 1050 V at 10 MHz to sustain the CCP with a total
power deposition of 900 W. The self dc bias on the powered
electrode is —293 V.

In addition to investigating the scaling of radical produc-
tion in RPS systems, the following results serve as a case
study for the extreme sensitivity of CCPs sustained in mod-
erate pressure, highly attaching gas mixtures to reactor
design parameters. The origin of this sensitivity is the very
rapid transition between net attachment and net ionization as
a function of electron temperature. For example, EEDs were
generated by solving Boltzmann’s equation for the initial gas
mixture (Ar/NF;/0,=5/10/100, 400 mTorr) for a range of
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Fic. 10. (Color online) Densities of neutrals and gas temperature at exit in
the plug flow mode of the global model. Discharge conditions: Ar/NF;/O0, =
5/X/100, 400 mTorr, (1050 4+ 10X) sccm, X = 5-50, and power into elec-
trons: 300 W.

E/N. The net ionization coefficient, ' =o — f (cm™ ') was
computed, where o is the first Townsend coefficient for ioni-
zation and f is the second Townsend coefficient for attach-
ment. Both o and f§ are sensitive functions of E/N, with o
steeply increasing with increasing E/N and f steeply
decreasing with E/N. o/ changes from —0.05cm ™' (net
attachment) to +0.05cm ™" (net ionization) over a range of
T, of only 0.4 eV, or a fractional change in E/N of only 15%.
In CCPs where electric fields can vary by an order of magni-
tude over a small fraction of the interelectrode distance, this
sensitivity can result in significant changes in plasma
properties.

Time averaged densities of electrons, T,, ionization
source by bulk electrons S, and ionization by secondary
electrons emitted from electrodes, S, are shown in Fig. 11
for the base case. The electric field is naturally enhanced at
the edge of the electrodes at the intersection with the alu-
mina insulators, a triple point—additional enhancement is
produced in the sheath. This electric field enhancement
locally heats electrons and increases electron power deposi-
tion, which increases the local rate of ionization. This local
enhancement produces a local maximum of 1.8 x 10'"%cm >
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in electron density, whereas the electron density in the bulk
plasma is 4 x 10°cm . This sharp gradient in plasma prop-
erties is in part enabled by the extreme sensitivity of o' to
small changes in T, and E/N.

Secondary electrons play an important role in CCPs sus-
tained in electronegative gas due to their contribution to net
ionization. S; is quite uniform and high (2 x 10%em =3 s7h
near the surface of the powered electrode whereas the net
ionization by bulk electrons S, is negative (meaning net loss
by attachment and recombination) in most of the RPS region
except the region near the edge of the powered electrode.
The RPS is then sustained by ionization by secondary
electrons.

In our investigation of RPS using the global model, the
power deposited into electrons obtained from the 2d model
was used as input power. The electron density in the middle
of the reactor from the global model is also about
4-5%x10° cm_3, similar to that for the 2d model. However,
T, in the global model, 3.8 eV, is significantly higher than
predicted by the 2d model in the bulk plasma, 2.6eV. The
lower T, in the 2d model for similar electron densities is
enabled by the more efficient contributions to ionization by
the secondary electrons. With there being only bulk electrons
in the global model, a higher T, is required to sustain the
plasma. With axial transport and no barriers placed
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Fic. 11. (Color online) Time averaged (a) electron density, (b) electron tem-
perature, electron ionization source by (c) bulk electrons and (d) secondary
electrons in a remote plasma source driven by capacitively coupled power.
Discharge conditions: Ar/NF;/0, = 5/10/100, 400 mTorr, 1150 sccm,
900 W, and 10 MHz.
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downstream, such as grids, the CCP is not confined in the
source region. The effective plasma volume exceeds that
strictly defined by the electrodes. The plasma extends down-
stream beyond the electrodes to the pump-port with a density
of 1.6 x10° cm*3, and an electron temperature of about
3eV. The specific power deposition (W/cm?) is therefore
smaller.

The densities of F~, O, ", and NO™ are shown in Fig. 12
for the CCP source. Similar to the global model, the density
of F~ in the plasma zone is ~2 x 10" cm ™, producing an
electronegativity of about 50. (Electronegativity is the ratio of
the density of all negative ions to the density of electrons
([M™]/[e].) As the plasma flows downstream, there is a transi-
tion into a nearly ion-ion plasma in which charge neutrality is
maintained by [F ] ~ [NOT]+[0,"]. NO" is the dominant
positive ion with a density of 7 x 10'°cm™> at the exit fol-
lowed by O, " with a density of 2 x 10'°cm 3. The significant
amount of O," is due to ionization which occurs downstream
due to axial transport of electrons and thermal conductivity,
an effect that is not captured in the global model where the
downstream positive ion density is essentially all NO™. Since
expansion of the plasma downstream is nearly unavoidable at
the pressures of interest, RPS must employ distance or grids
to confine the charged particle fluxes, and so enable purely
neutral driven etching downstream.

The time averaged densities of neutrals shown in Figs. 13
and 14 have similar dependencies on flow distance as pre-
dicted by the global model. NF; and O, dissociate and
undergo rarefaction as they flow between the electrodes and
are heated. The dominant radicals at the end of the plasma
zone are F, O and NO, with densities of 2.7, 4.3, and
0.7 x 10 cm 3. The major gas heating mechanism in the
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FiG. 12. (Color online) Time averaged densities of (a) F~, (b) O,", and (c)
NO™ ions in a remote plasma source driven by capacitively coupled power.
Discharge conditions: Ar/NF3/O,=5/10/100, 400 mTorr, 1150 sccm, 900
W, and 10 MHz.
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plasma zone is Franck—Condon heating following electron
impact dissociation of molecular species. The gas tempera-
ture, shown in Fig. 14(f), increases from room temperature at
the inlet to 670K at the end of the plasma zone, which is
accompanied by the increasing density of the dissociation
products, F and O. The density of NO increases to
7 x 10" cm ™ at the end of the plasma zone as the gas tem-
perature increases. Recall that NO is predominantly produced
through the endothermic reactions in Egs. (2a) and (2b).

As NF; flows into the reactor, it is rapidly dissociated to
NF,, which in turn is dissociated to NF. The density of NF;
monotonically decreases from 1 to 0.3 x 10" cm > flowing
through the plasma zone, whereas the density of NF, has a
momentary maximum of 4.4 x 10"*cm 2, a result of its pro-
duction by dissociation of NF; and its depletion by its own
dissociation. The densities of NF, are asymmetric across the
height of the reactor. The densities of NF; and NF, are lower
and the density of NF higher near the upper powered elec-
trode, a consequence of the higher power deposition at the
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Fic. 13. (Color online) Time averaged densities of (a) NF3, (b) NF,, (c) NF,
(d) F, (e) F,, and (f) N, in a remote plasma source driven by capacitively
coupled power. Discharge conditions: Ar/NF;/O,=15/10/100, 400 mTorr,
1150 sccm, 900 W, and 10 MHz.
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edge of the sheath of the powered electrode. The F density
monotonically increases 0 to 3.4 x 10'*cm ™ with axial flow
distance—first due to the integral production by dissociation
of NF,. The increase in density far downstream is in part a
consequence of the gas cooling.

The same general trends hold for O, and O—a monotonic
decrease in the density of O, from 1 to 0.3 x 10'®cm ™, more
highly dissociated near the powered electrode, and a mono-
tonic increase in O atom density to 4.9 x 10'*cm ™ with flow
distance. The increasing densities of O and N,, coupled with
the increase in gas temperature, result in a monotonic increase
in the density of NO with flow distance. The density of N
atoms also monotonically increases with flow distance, but its
contribution to the creation of NO is negligible as the N den-
sity (=~10"cm ™) is 2 orders of magnitude smaller than N,
density (~10"”%cm ™).

The densities of FNO and NO, are less sensitive to flow
and gas temperature, with densities in the gap which reflect
the source of their precursors by electron impact. For
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Fic. 14. (Color online) Time averaged densities of (a) O,, (b) O, (c) NO, (d)
NO,, (e) FNO, and (f) the gas temperature in a remote plasma source driven
by capacitively coupled power. Discharge conditions: Ar/NF;/O, = 5/10/
100, 400 mTorr, 1150 sccm, 900 W, and 10 MHz.
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FiG. 15. (Color online) Time averaged electron ionization source by bulk electrons
power of (a) 300 W, (b) 600 W, (c) 1200 W, and (d) 2400 W. Discharge conditions:

example, the density of FNO increases from 4.7 x 10> cm >

at the center of the gap to 5.9 x 10"*cm™ at the surface of
the powered electrode, similar to the increase in NO, density
from 2.7 to 3.4 x 10"?cm . This increase is in part due to
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and secondary electrons in a remote plasma source driven by capacitively coupled
Ar/NF;/0, = 5/10/100, 400 mTorr, 1150 sccm, 300-2400 W, and 10 MHz.

the lower gas temperature at the electrodes due to thermal
conduction. However, the formation of FNO and NO, occurs
through exothermic reactions [Eqgs. (4), (5a)—-(5d), and (8)],
which are not inhibited by this decrease in gas temperature.
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Since the precursors for these reactions are produced near
the sheath edge, the densities of FNO and NO, are enhanced
near the electrodes.

Downstream of the electrodes, the densities of most neu-
tral species rebound due to the cooling of the gas from 670
to 610K by thermal conduction to the walls, a similar trend
as predicted by the global model. T, is maximum in the mid-
dle of the gap near the end of the plasma zone, about 5cm
beyond the edge of the electrodes, which can be partially
ascribed to axial diffusion and electron dissociative attach-
ment occurring downstream, a process not accounted for in
the global model. With this dissociative attachment comes
Franck—Condon heating.

When varying power deposition, the relative contribu-
tions to ionization by bulk and secondary electrons change
due to the apportionment of power between electrons and
ions. For example, the S, and S are shown in Fig. 15 for
power deposition of 300-2400 W. The corresponding densi-
ties of electrons, F~, O,", and NO* at midgap as a function
of flow are shown in Fig. 16. The voltage amplitude
increases from 630V (dc bias=—118V) to 1690V (dc
bias = —498 V) over this range of power, resulting in large
sheath potential and thicker sheath. A larger proportion of
the power is then dissipated by ion acceleration in the sheath,
which would otherwise reduce ionization. For a factor of
8 increase in power (3002400 W), the power dissipated by
electron collisions increases by only a factor of 2.8

031302-24

(130-360 W) whereas that for ions increases by a factor of
12 (170-2040 W). However, the energy of secondary elec-
trons emitted from the electrodes increases, which facilitates
an increase in S above that due to the increase in ion current.
For example, Sy increases by an order of magnitude
1.1 x10" to 1.0 x 10"°cm ™ s~! in the bulk plasma and
from 7.9 x 10" to 2.3 x 10'°cm™ s™' in the sheath with
this increase in power.

As the ionization by secondary electrons increases, the
plasma responds by allowing more electron loss, which is
achieved by lowering 7, and S,, similar to externally sus-
tained plasmas such as electron beam sustained discharges.*®
As the energy relaxation distance of the high energy second-
ary electrons is longer than for low energy bulk electrons, S
is far more uniform across the gap than S, which responds to
the extreme sensitivity of o’. The electron density in the bulk
plasma increases from 1.4 to 8.0x 10°cm >, a larger
increase in density than power dissipated by electrons due to
the increased efficiency of S, The densities of F, 0, ", and
NO™ in the bulk plasma generally increase sublinearly with
CCP power, reflecting the smaller increase in ionization pro-
cesses compared to ion acceleration.

The densities of NF;, F, and NO, and the gas temperature
along the axial flow distance are shown in Fig. 17 for CCP
powers of 300-2400 W. The fractional dissociation of NF;
increases from 9% to 37% and the density of F increases
from 1.9 to 3.3 x 10" cm ™ at the end of the plasma zone

NF, Density (10" cm™®)

F Density (10" cm™®)

(b)

NO Density (10" cm™)

800

Gas Tem%gerature (K)
o
o

400+ / ./

Flow Distance (cm)

40
Flow Distance (cm)

Fic. 17. (Color online) Densities of (a) NF3, (b) F, (c) NO, and (d) gas temperature along the central axial flow distance in a remote plasma source driven by
capacitively coupled power of 300, 600, 1200, and 2400 W. Discharge conditions: Ar/NFs/O, =5/10/100, 400 mTorr, 1150 sccm, 300-2400 W, and 10 MHz.
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with increasing power. These increases are significantly less
than what might be expected from power deposition alone
due to the smaller fraction of power dissipated by electrons
and some rarefaction by gas heating. The fractional dissocia-
tion of NFj3 predicted by the 2d model is perhaps systemati-
cally smaller than predicted by the global model for the
same range of power (16%—40%), due to the expansion of
the plasma zone beyond the confines of the electrodes. The
peak gas temperature increases from 470K at 300 W to
830K at 2400 W, and this increase in T, facilitates the
increase in NO density from 4 to 8 x 10'*cm " at the end of
the plasma zone due to enhanced endothermic reactions.

VIl. CONCLUSION

Global and 2d modeling have been applied to the investi-
gation of remote plasma sources sustained in Ar/NF;/O,
mixtures. Electron impact cross sections for NF, and NF
were calculated and a reaction mechanism was developed
for plasmas sustained in mixtures containing Ar/NF3;/O,.
Overall good agreement was obtained between model pre-
dictions and relative densities provided by experimental
OES actinometry measurements. In the simulations, NFy
rapidly dissociates in the RPS primarily by dissociative
attachment by thermal electrons and secondarily by dissocia-
tion due to electronic excitation. The Franck—Condon exo-
thermicity in these dissociative processes is the dominant
gas heating mechanism. Addition of O, to NF; diversifies
the variety of radicals (e.g., NO and FNO) and increases rad-
ical production. Gas heating aids in the production of NO
due to its endothermic formation mechanisms while its loss
mechanisms are generally exothermic. The formation of NO
is determined by the availability of N,, which in turn
depends on the dissociation of NF; to form NF and the
recombination probability of N atoms at surface.

Downstream of the plasma zone, the densities of most
radicals increase due to gas cooling. However, the density of
NF decreases due to exothermic reactions consuming NF
and producing N, and F,. In the global model, an ion-ion
plasma maintained by [F~ ]~ [NO™] is formed in the after-
glow due to NO having the lowest ionization potential of
major species, F having the highest electron affinity, and
charge exchange leading to these species. In the 2d model,
axial transport and thermal conductivity enable the electron
density and sources to extend downstream, which in turn
enables an ionization source sustaining O, downstream and
decreased power density. As a result, the fractional dissocia-
tion of NF; predicted by the 2d model is smaller than the
global model and the plasma transitions into a nearly ion-ion
plasma with charge neutrality maintained by [F7] =
[NO*]+[0,"].

The trends predicted by the global and 2d models gener-
ally agree with some exceptions, such as the axial distribu-
tion of F atoms, which can be attributed to the spatial
distribution of gas temperature and axial diffusion, neither of
which are accounted for in the global model. By better con-
fining the plasma in the RPS region through barriers and
grids, the efficiency for radical generation can be increased
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while the plasma will transition into a purely ion—ion
plasma, which will lead to increased processing efficiency
and less damaging etching downstream.
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