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Abstract

Remote plasmas are used in semiconductor device manufacturing as sources of radicals for
chamber cleaning and isotropic etching. In these applications, large fluxes of neutral radicals (e.g.,
F, O, Cl, H) are desired with there being negligible fluxes of potentially damaging ions and pho-
tons. One remote plasma source (RPS) design employs toteidal, transformer coupling using ferrite
cores to dissociate high flows of moderately high pressure (up to several Torr) electronegative
gases. In this paper, results are discussed from acomputational investigation of moderate pressure,
toroidal transformer coupled RPS sustained inAr and Ar/NF3 mixtures. Operation of the RPS in
1 Torr (133 Pa) of argon with a power of 1.0:kW ,at 0.5 MHz and a single core produces a contin-
uous toroidal plasma loop with cutrent continuity being maintained dominantly by conduction cur-
rent. Operation with dual cores introduees azimuthal asymmetries with local maxima in plasma
density. Current continuity is.maintained by a mix of conduction and displacement current. Op-
eration in NF3 for the sameiconditions produces essentially complete NF3 dissociation. Electron
depletion as a result of dissociative attachment of NF3 and NFx fragments significantly alters the
discharge topology, confining the electron density to the downstream portion of the source where

the NFx density hasibeen lowered by this dissociation.
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I. Introduction

Remote plasma sources facilitate the production of neutral radicals for use in materials
processing reactors while minimizing exposure of materials to significant fluxes of charged species
and photons [1,2]. A remote plasma source (RPS) typically employs either or both of biased grids
or long flow distances from the plasma source to the reactor to isolate chargedparticles or to allow
for recombination of charged particles. These designs result in radical fluxes to the substrate hav-
ing a low charged particle fraction. RPSs are employed for chamber cleaning/[3-5], photoresist
stripping [6-8], isotropic chemical etching [9-12], atomic layer etching [13,14], atomic layer dep-
osition [15,16], and chemical vapor deposition [17,18]. RPSs are.increasingly being investigated
for use in selective isotropic etching processes, and particularly.for the manufacture of horizontally
stacked nano wires and gate-all-around architectures [11,19]:

RPSs are often employed when high radical fluxes are required [1], necessitating high
plasma densities (> 10'>cm™) and high flow rates (upito many’slm) of feedstock gases. As such,
internal components of the RPS can be exposed to harsh conditions, including high radical and
radiative fluxes to plasma-facing surfaces and high.gas temperatures (>2000 K) [20] resulting in
erosion through reactions with these chemically teactive species [4]. Design challenges for RPSs
are demanding, which motivate the use“ef chemically inert internal surfaces and electrodeless
power coupling schemes capable of operating at high temperatures.

High plasma density RPSs.use.a variety of power schemes, including radio frequency (RF)
capacitively coupled plasma (CCP) [9,15], RF inductively coupled plasma (ICP) [11], microwave
coupled [5], and transformer/coupled [2,21]. Toroidal transformer coupled plasma (TTCP) sources
are an attractive option. In conventional ICP sources, the electromagnetic wave delivering power
to the plasma is directly launcheéd into the chamber from the antenna through a dielectric window.
Similar to a tokamak, TTCP sources employ an external primary coil antenna driven by an RF
current which is wrapped.around and induces a magnetic field inside a ferrite loop. The ferrite
guides and focuses the magnetic field, which is delivered to the plasma chamber where a toroidal
electric fieldis induced, producing the plasma. Prior studies have addressed transformer coupled
RPSs in continuous-wave (CW) operation employing electronegative gas admixtures including
NH3[2,22]5 NF3 [4,23,24,25], CF4 [26], Oz [24] and SFe [27]. A typical system layout of the RPS
and, for.example, a plasma etching chamber receiving its output will strategically optimize the

length of the flow tube between the RPS and the chamber [25]. The tube length should be short to
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deliver the plasma produced radical with a minimum of recombination. The tube should be long
to minimize the likelihood for plasma reaching the chamber. While the applications of RPSs have
been highlighted in low-temperature plasma roadmaps [28], there have been few fundamental stud-
ies of RPS plasma properties and transformer-coupled source design.

Commercial use of transformer coupled RPSs is well established [18,29-31].) However,
since the integration of plasma diagnostics is difficult in high plasma density sources having these
operating conditions, diagnostics are often limited to downstream measurements of radical densi-
ties or reaction products. Design of RPSs using the TTCP configuration.would benefit from an
improved understanding of their fundamental operation.

In this paper, we discuss results from a computational investigation of a toroidal, trans-
former coupled RPS sustained Ar and Ar/NF3 mixtures foreonditions typically used for semicon-
ductor manufacturing (1 Torr, 1 kW). TTCP operation using a single ferrite core in argon produced
a continuous plasma loop with a maximum plasma<density of 1.1 x 10'* cm™, and with power
deposition and ionization occurring nearly sniformly ‘along the azimuthal current loop. Trans-
former current in the azimuthal direction is largely.sustained by conduction current. When oper-
ating with dual-ferrite cores, azimuthal asymmetries are introduced resulting in local maxima in
power deposition and plasma density. Theiintroduction of NF3 significantly depletes the upstream
electron density by dissociative,electron attachment, breaking the continuous plasma loop, and
resulting in a low-density (10'° - 10" em ) F/NFx*ion-ion plasma upstream of the ferrites. Trans-
former current is maintained by beth conduction and displacement current.

The numerical model, simulation geometry, and operating conditions are discussed in Sec.
II. Operation of a TTEP in argon.using single and dual ferrite core configurations is discussed in
Sec. III. Plasma properties of TTCPs operating in Ar/NF3 mixtures are discussed in Sec. IV and

concluding remarksiare in Sec. V.

I1. Description of the Model and Conditions

Two configurations of the TTCP-RPS were investigated having single and dual-ferrite
cores. This 2-dimensional (2D) geometry was motivated by commercial designs of RPS. For an
example ofia similar transformer-coupled Ar/NF3 attached to a plasma etching chamber see Yeom
et. al. [25]¢ The computational domain is 22.8 cm by 20.8 cm using a rectilinear, numerical mesh

of 91.cells wide x 83 cell high using Cartesian coordinates, yielding a resolution of 0.25 cm/cell.
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2-dimensional plane of the ¢alculation, produc-
ing a magnetic field through the ferrite pointing into the plane. The ferrite core is, conceptually, a
closed loop oriented perpendicular to the simulation plane, passing through the primary coil and
entering the center of the reactor. The powered ferrite is that portion of the core surrounded by the
antenna. The passive ferrite is that portion of the core surrounded by the plasma. The purpose of
the ferrite.cores are to capture the magnetic field produced by the antenna and transmit that mag-
neti¢ field to power the secondary turn of the transformer, which is the plasma. The transmitted

magnetic.field to the unpowered ferrite points perpendicularly out of the plane in Fig. 1a, with the
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induced current through the plasma zone oriented in the clock-wise direction. In the second con-
figuration (Fig. 1b) two independent 10 turn solenoid coils are coupled to the plasma through two
independent transformer ferrite cores.

The square cross section for the single ferrite and rectangular cross sections. for the.dual
ferrites are a consequence of limitations of the numerical mesh, which is rectilinear. That said, the
majority of commercially available ferrite, closed loop cores do not haves€ircular efoss sections.
The cross sections are typically rectangular due to fabrication challenges, and so the representa-
tions of the cores here reflect current practice. The rectangular cross sections of the cores then
affect the symmetry of the induced electric fields generated by theimagnetic/fields carried by those
cores.

The ferrite material has a relative permeability of ue= 100, relative permittivity of &r = 3.0
and an electrical conductivity of 6 = 1 x 10”7/Q-cm. The.inner passive ferrite arms are inside a
dielectric Macor housing. A grounded metal spacer placed between the two central ferrite materials
is intended to guide electromagnetic field propagation outwards towards the plasma channels, ra-
ther than reconnecting between the two central ferrites. The plasma channels, lined by alumina
coatings, are contained within a metallie,;shell. As a result, power is coupled from the antennae to
the plasma entirely due to the ferrite generated electromagnetic fields.

The plasma chamber consists of a closed roughly circular path. The secondary loop of the
transformer is the current conducted by.the plasma. With a single ferrite core, the oscillating mag-
netic field through the passive ferrite produces an electric field in the plane of the simulation,
oscillating in the azimuthal direction. With dual ferrite cores, the phases of the primary currents
flowing through the antenna onsthe powered sides of the ferrites were chosen so that the sum of
the induced electric fields generated by the passive ferrites are in phase and oscillate in the azi-
muthal direction.

The model used,in this investigation was the 2-dimensional Hybrid Plasma Equipment
Model (HPEM){32]." The toroidal geometry and transformer power coupling was facilitated by
adding a frequency domain solution and transformer surface current model into the existing HPEM
framework.to enable current loops in the (x,z) plane. In this implementation of the HPEM, a fluid
treatment was used for the bulk electron, ion, and neutral species, and a kinetic treatment was used

for secondary electrons. Bulk fluid heavy particle species fluxes were obtained using individual
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continuity, momentum, and energy equations for each species with collisional mixing tetms be-
tween species. This approach enables individual species to have unique temperaturés and con-
vective speeds. Thermodynamic properties of neutral species in mixtures were computed based
on their individual Lennard-Jones 6-12 potentials and radii using the techniques diseussed in Ref.
[32] and [33]. Ion mobilities in mixtures were given by their total collision frequency with all
other species, with diffusivities then given by the Einstein relation.

The temperatures of all solid materials were kept constant at 325 Kiassuming active cooling
of the device. The inlet flow was given by the specified sccm with'the flux being uniformly dis-
tributed across the inlet. Gas enters into the source with the temperature of the inlet material. The
pressure was held constant on the surface of the pump port, with the outcome being a small pres-
sure drop across the device. Slip boundary conditions for.convective flow and jump boundary
conditions for temperature were employed on all surfaces using a gas-solid accommodation coef-
ficient of 0.8.

The mean bulk electron energy was obtained from a fluid based energy conservation equa-
tion [32]. Rate coefficients and transport coefficients were obtained from solutions of Boltzmann’s
equation for the bulk electron energy distributions using a two-term spherical harmonic expansion.
These coefficients are stored in a table as‘a function of mean electron energy which is interpolated
during the simulation. The table is updated as the gas composition evolves.

The rate of secondary electron emission from plasma-facing material surfaces varied in
direct proportion to the incident heavy ion flux. An ion-induced secondary electron emission co-
efficient of 0.15 was assumed for.alumina and metal plasma-facing surfaces [35]. Photon and
electron induced secondary electrons were not considered in this work. Energy distributions of
secondary electrons were explicitly computed using a Monte-Carlo method as described in Ref.
[34]. The trajectories of secondary electrons, emitted with an initial energy of 3 eV, were tracked
using Monte Carlo methods in the space and time varying electromagnetic and electrostatic fields.
Secondary electrons interact with gas phase heavy particles using the same reaction mechanism as
for bulk electrons while including electron-electron and electron-ion collisions. Statistics on the
energy and locations of secondary electrons and electrons produced by ionizing collisions are rec-
orded on every timestep weighted by the residence time of the electron in a given numerical cell.
Secondary electrons falling below 2 eV were added to the bulk electron population through a

source term in the bulk electron continuity equation. The distribution functions of the secondary
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1
2
3 electrons are used to formulate ies i i i -
4 Table 1: Species included in the reaction mechanism
5 source functions for electron im-
6 Ch ds . €, Al‘+, Al‘2+, F+, F, F2+, N+, N2+, NF;"
7 pact processes that are added to arged Species Nk, NF*
8 .. . . .
9 continuity equations in the fluid Ar, Ar(1ss). Ar(1s2), Ar(1SDRAT(I )
1(1) portion of the model. With every | Neutral Species Ar(4p), Ar(4d), Arf#, N, N*, B* F,*,
% skk
12 call to the Monte Carlo simulation, N2¥, N2, N
13 .
14 10° particles were launched as secondary electrons.
:2 Poisson’s equation for the electrostatic potential was solved using a semi-implicit tech-
17 nique [32] with charge densities in the gas phase and on dielectric surfaces. All metal materials
18
19 were grounded, including the outer boundary of the computational domain.
20 .. . . . . .-
21 The species included in the model are in Table 1.+4The argon reaction mechanism is dis-
;g cussed in Ref. [36], and the NF3 reaction mechanism is discussed in Refs. [37] and [38], with
24 transport coefficients based on Ref. [39]. A brief des€ription of the reaction mechanisms is given
25
26 here. In this mechanism, F* (energetically F(3s*P)), F2* (energetically F2(A *T1.) and N* (ener-
27 . . . . . . . .
28 getically N(*D)) are lumped states including excitation to all higher lying states. N2* is a lumped
gg state energetically N2(A) while also ineluding excitation to N2(B3IT), N2(W>A) and N2(B*%). No**
g; is similarly a lump state energetically N2(a''X) while also including excitation to all higher states.
33 Equations 1 to 7 present examples of NFx electron impact reactions in the mechanism including
34
35 (Eq. 1) elastic scattering, (Eq. 2)/dissociative attachment, (Eq. 3) dissociative excitation, (Eq. 4)
g? ionization, (Eq. 5) dissociative ionization, (Eq. 6) dissociative recombination and (Eq. 7) dissoci-
38 ative ion-ion neutralization.
39
40 e+NF. > NF +e (1)
41
42
o e+NF ->NF_ +F ()
44
45 e+NF. ->NF_ +F+e (3)
46
47 e+NF >N +e+e (4)
48
49
50 e+NF >NF' +nF+e+e (5)
51
gg e+NF SN +F (6)
54
55 F +NE SNF +F+F (7)
56
57
58
59 7



oNOYTULT B WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136804.R1

Rate coefficients for electron impact reactions were calculated from electron energy.distri-
butions obtained from stationary solutions of Boltzmann’s equation [32]. Heavy particle mixing
and cascade process between excited species were also included with rate coefficients obtained
from Refs. [40—43] for argon and Refs. [39,40] for NFx species. In computing argon.ion transport
coefficients and the resulting ion temperatures, the momentum transfer crgss-sections were re-
duced inversely proportional to temperature above 1000 K to capture the fall off in heavy particle
interaction cross-sections at high ion velocities [44]. Gas heating sources,included Joule heating,
elastic collisions with electrons, changes in enthalpy due to gas phase reactions, Franck-Condon
heating due to dissociative electron impact and recombinationgand ion-ion neutralization pro-
cesses. Conductive heat exchange occurs between the gas phase and walls, and convective heat

exchange occurs at the inlet and outlet.

I1.A Transformer Power Coupling Model

Addressing the toroidal remote plasma sources with current loops in the x-z plane required
modification of the existing HPEM framework. “Aisolution of the electric field frequency domain
wave equation in the Electromagnetics. Module (EMM) was implemented to enable modelling of
lateral (x) and axially (z) orientated currents and electric fields in a Cartesian plane. A transformer
coupling model was also developed to facilitate'coupling of the primary winding induced out-of-
plane magnetic field (Bcrg) between the powered and unpowered arms of the ferrite materials, and
to compute the resulting induced secondary winding (x,z) electric field components. Electric fields
in the (x,z) plane are produced using a Successive Over Relaxation (SOR) solution to the frequency
domain wave equationy

—v[ 1 V-ET(F,t)] +v-( 1 VET(F,t)J =

u(7)

)

—

where, £ is the electric field vector resulting from the toroidal transformer, and e and u are the

material dependent permittivity and permeability. The current components include: J, the plasma
current density, J, the antenna current density, and J: the effective transformer current density, dis-

cussed below. In the frequency domain,
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E,, (F)exp(iar) (9)

E,(7.1)=E, (7)exp(i(ar +4.(7)))

|

J, (F,t)z%exp(i(a)t+¢3a(?)): ZS(;) exp(iar) (10)
J (F.t)=G-E(F1), (11)

where E[,(f) is the real amplitude of the electric field, 4,(7)is its phase with the Vector notation
indicating a unique phase for each component of the electric field and E  (#).4$ the complex am-

plitude including phase 4, (7) (the phasor), where the subscript ¢ ‘generally denotes a complex

—

quantity. / (77) is the direction amplitude of the antenna current where A is the skin depth of the

o

wave into the metal of the antenna and d is the depth (thickness) of the antenna. O is the tensor
conductivity having contributions from electrons and 1onsiwhich, in the absence of an applied
static magnetic field, has only diagonal elements.

The transformer current density is J (#¢) defined only in unpowered ferrite materials

which serve as the secondary winding of the transformer circuit. Computationally, in 2-dimen-
sions, the spatial locations of the ferrite material serving as the primary winding of the transformer
are mapped 1-to-1 to locations in the secondary winding. This mapping requires the shape of the

primary and secondary ferrites to be the same. The transformer ferrites carry only a non-zero

azimuthal magnetic field (Bo). Bog(l_; ) in the powered, primary ferrite is computed from,

VxE - 0B i|dE;.(F) dE. (F)| (12)
) dx dz

f Pt B, (F,1)= B, (F)exp(iot), B..,(F)=

The magnetic field in'the secondary, passive ferrite is ch(? ) ZBCTQ(F ) exp(—i77) where 7' is the

secondary 1-to-1 mapped location of the primary location 7 . With the magnetic field oriented
into the plane/in the primary ferrite and out of the plane for the secondary ferrite, there is a 180°

phase shift.in theisecondary winding. The current density in the secondary ferrite is then,

-1

Jor, (F)z;(VxEcm (F))—ia)gEm_ (7)» (13)
J o ()= %(V x B,y (7)) - i0cE 4. (F)- (14)

Substituting for Berg from Eq. 12,
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-1 (d’E.(F) d'E,(F)

chx(f)=ﬂ(?) PR ~ice(F) B (F) (15)

| (dE,(F) dE,(F)
NGNS dedx

iae(7)E,. (7). (16)

Equations 15 and 16 describe the external current density components that.would be re-
quired to produce an electric field of the strength and distributions experienced at the powered
ferrite material surface. Including the transformer current densities/(Eqgs. 15and 16) in Eq. 8 for

the solution of E, results in the generation of a time-varying electric field adjacent to the unpow-

ered arm of the ferrite in proportion to the electric fields induced by the antenna at the powered
arm of the ferrite.

This formulation implicitly assumes no magnetic. flux leakage from the ferrites, and no
induction of internal eddy currents, maintaining a putely azimuthal (perpendicular to the compu-
tational plane) magnetic field vector throughout the simulation domain. Given the low-field cou-
pling (< 1000 G) and low driving current frequeney (< 1 MHz), ignoring flux leakage and eddy
currents should have few consequences. Commercially available transformer cores are typically
constructed of laminar sheets of ferrite material, inhibiting internal eddy currents.

In previous implementations of the 2-dimensional HPEM, the inductively coupled electric
fields were produced by antenna curtents perpendicular to the plane of the simulation, which in
the absence of an externally applied magnetic field, produces only a perpendicular component of
the electric field, Eo. This ¢omponent of the electric field is perpendicular to the plane in which
plasma transport is computed in.the Fluid, Kinetics and Poisson Module (FKPM) in which Pois-
son's equation is also solveds, As a result, in the FKPM Eg appears only as a heating term in the
electron energy equation and does not directly affect plasma transport in the (r,z) for cylindrical or
(x,z) for Cartesian.planes.~When simulating toroidal plasma sources, the inductively coupled elec-
tric fields, Ex ‘and Ez, are in the same plane as plasma transport is computed, and so must be ac-
counted forin the FKPM. The following method was used.

The HPEM uses time-slicing techniques in which the solution for electromagnetic fields
from the EMM are held constant while computing transport in the FKPM; and plasma properties
producediin the FKPM are held constant when computing inductively coupled fields in the EMM.

In the. FKPM, ion transport is computed using continuity, momentum, and energy equations. The

10
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transformer produced E[(F J) are directly included in the momentum and energy equations using

their time dependent form,

Ep(7,t)=

Ep (7)|cos(x + gy (7)) @7
The consequences of these fields are then naturally accounted for in the resulting ion momenta.

Electron transport is addressed using a drift diffusion formulation. E, (7,#)Was addéd to the elec-

trostatic electric field, 5:9(7 ,f) =V, where Dy is the electrostatic potentialproduced by solution

of Poisson's equation. The electron flux is then

b, (7,t) = =D, (¥,t)Vn, — 1, (7 ,t)| Es (7,t) Er (Fot) | (18)
where De and pe are the free electron diffusion and mobility of electrons. Any charge separation
that might occur due to drift resulting from Er(l_; J) is compensated by the value of Eg(? J) pro-
duced by Poisson's equation. In the time-slicing methodology used in the HPEM, there is no real-

time feedback to regulate the value of E[(l_; J) . Sinee the drift motion of electrons is proportional

to the sum of ES(F J) and ET(I_; J), this needed feedback is provided by regulation of E(7,¢) so
that their sum provides the needed current continuity without there being charge separation. This

is achieved by adding the change in‘electron density due to drift driven by E,(7,¢) to an effective

diffusion term in the semi-implicit;solution of Poisson's equation for @,

—V- eV (t+At)=p(t)+ Atd'fot) =

19
=p(t)- AtZV -q,;0; (1) 8N - qun, OV (1+At)+V -q,D,Vn ()= V - q un,(t)Ey (1) (1)

where @(77,1‘) is the flux of ion j provided by the momentum equation for that species.

II1. TTCPSustained in Argon
A. Single Ferrite Core

Plasma properties (ET, electron flux and electron temperature) for the single core TTCP
sustained.in Ar are shown in Fig. 2a. The conditions are an outlet pressure of 1.0 Torr with a flow

rate.of 500 sccm and 1.0 kW power deposition at a driving frequency of 0.5 MHz. The values are

11
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Figure 2: Plasma properties for the single core TTCP operating in 1 Torr Ar flowing at 500 sccm with
1 kW power deposition. a) Azimuthal electric field Er, electron flux ®., and electron temperature T. for
phase 6 = 180° when the induced electric field Er is oriented counter-clockwise. The flood contours
show the magnitude of Er, electron flux @., while the arrows show vector direction and magnitude. The
maximum value or range of values plotted are noted at the top of each image, with "dec" indicating the
number of decades for log-plots. b) Electron temperature, electron flux and ion flux during a single
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shown at RF phase & =180° for which the induced field has a maximum in the counter-clockwise
orientation. InFig. 2 (and following figures), values are shown using flood contours for which

quantities N are plotted in proportion to logio(N). For example, an image plotted using a 2-dec log

scale has contours ranging from a minimum of logio(N/100) to a maximum of logio(N).

With the single ferrite core having a square cross section, the induced electric field ET will
be oriented and oscillate in the azimuthal direction. The magnitude of Er, in the absence of ab-

sorption, would decrease with increasing radial distance from the center of the core. For the single
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core RPS, the magnitude of Er is 3
V/em at the inner wall of the plasma
channel and 0.4 V/cm at the outer wall,
corresponding to E/N =32 Td (1 Td =
10"'7 V-cm?) at the inner wall and 5 Td
at the outer wall. The plasma conduc-
tivity at the middle of the channel is 2.7
S/cm, which provides a skin depth of
4.3 cm, on the order of the channel
width of 3.3 cm. With the width of the
core (1.3 cm) being small compared to
the inner width of the plasma channel
(5.8 cm) the importance of the non-cir-
cular cross section of the core is less-
ened and the vector Er maps out a cir-
cular path. Consequently, the vector
electron flux also maps out a circular
closed loop path. The majority,of cur-
rent carried in the secondary loop of the
TTCP represented by the plasma 1s con-
duction current.

The non-circulary geometry of
the device does have conseéquences, as

shown by the electron temperature. Te
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Figure 3: Plasma properties for the single ferrite core
configuration operating in argon averaged over the RF cy-
cle. a) Electron density, b) power deposition, c¢) electron
impact ionization source and d) average gas temperature.
Operating conditions are 1.0 kW, 0.5 MHz, 1.0 Torr. The
maximum value or range of values plotted are noted at the
top of each image, with "dec" indicating the number of

is maximum at 3.7 eVhat the inner wall of the plasma channel where Er is largest, decreasing to

3.3 eV at the outér wall. However, with the heating rate of the electron temperature being propor-

tional to E¥;'the small changes in Er resulting from the non-circular core and inner wall produce

some azimuthal asymmetries in Te.

With the electron momentum transfer collision frequency at mid-channel being 9.4 x 10®

s”!, andiEr oscillating at 5 x 10° s!, there is intra-cycle oscillation in charged particle fluxes and

electrontemperature. The axial (vertical) component of electron flux and ion flux, and the electron
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temperature are shown in Fig. 2b during the RF cycle at the location denoted by the white=dot in
Fig. 2a. The axial electron flux oscillates with an amplitude of 2.2 x 10" cm™?s™! (3.50A/cm?)
compared to its random thermal flux of 1 x 10%* cm™s'. The oscillation represents a.fractional
modulation of about 0.2% of the random flux, but sufficient to carry the induced current. Theaxial
flux of Ar" oscillates with an amplitude of 1.1 x 10'7 cm™s™!. The electron temperature oscillates
with an amplitude of 0.22 eV about its mean value of 3.3 eV.

Plasma properties (electron density, power deposition, electron impactionization source
and gas temperature) averaged over the RF cycle are shown in Fig} 3. The mid-channel electron
density is 1.1 x 10'® cm™, balanced dominantly by Ar". (The Ars*idensitysis 3.4 x 10° cm™.) This
electron density is produced by a maximum power depositiofiof 4.8 W/cm?, slanted towards the
inner wall where Et is maximum. Ionization by bulk electrons:has a maximum value of 6.8 x 10"’
cm™ s7!. The plasma potential is positive with respect to the walls by only 15-20 V. Acceleration
of secondary electrons by this potential does not produce particularly energetic particles, resulting
in the ionization source by secondary electron.being about 10~ that of the bulk electrons. The
quantities that are particularly sensitive to the local amplitude of Et, power deposition and ioniza-
tion source, do show some azimuth yariation.resulting from the non-circular cross section of the
ferrite and the inner housing. For example;power deposition has an azimuthal non-uniformity of
about 20% (maximum vs. minimum). With electrons having non-local transport, the uniformity
of the electron density is greater, with only, 8% azimuthal variation.

The maximum mid-channehgas temperature is 1,515 K, resulting from the temperature of
the plasma-facing surfaces being held constant at 325 K. This is, to some degree, an artificial
constraint based on the assumption of active cooling of the device. The gas dynamics, heating and
resulting rarefaction de.impactthe plasma parameters. Ambient temperature gas is flowed into the
top of the plasma source and hot gas is exhausted at the bottom, which produces an axial gradient
and is responsiblé for some portion of the azimuthal (here, top-to-bottom) asymmetry in plasma
properties. Ata'pressure of'1 Torr, large pressure gradients are difficult to sustain. With an outlet

boundary condition of 1 Torr, the inlet pressure is 1.03 Torr.
B. Dual Ferrite Core

When operating a TTCP at high power levels, it may not be practical to deliver the entire

power through a single ferrite core. In those cases, applying power through two (or more) ferrite

14
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cores is a potential solution. In
using a dual ferrite core configu-
ration, it is difficult to maintain
the ideal azimuthal symmetry of
the induced electric field Et that
would result from a magnetic
field oscillating through a small
diameter wire. From a practical
perspective, most ferrite cores in
closed loops have rectangular
cross sections. To maximize the
area of the cores (and so reduce
their specific power loading)
while passing two cores through
the central opening of the plasma
channels, each core has a large
aspect ratio, here 2.8 cm tall x
1.3 cm wide or an aspect ratio of
2. This configuration also results
in the vertical faces of the cores
being physically closer to" the
plasma channel than the horizon-
tal faces. These geometricalcon-
straints then result in azimuthal
asymmetries in. ET hand the
plasma properties that follow.

Plasma properties for a
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Figure 4: Plasma properties for dual ferrite core TTCP sustained
in argon for phase = 180° when the induced electric field E7 is
oriented counter-clockwise. (a) Absolute magnitude of E7 with
vector electric fields, (b) electron flux magnitude with vector
electron flux vectors, ¢) power deposition and d) electron temper-
ature. Operating conditions are 1.0 kW, 0.5 MHz, 1.0 Torr. The
maximum value or range of values plotted are noted at the top of
each image, with "dec" indicating the number of decades for log-

wlndn

dual ferrite core/ TTCP sustained in argon for phase 8 = 180° when the induced electric field Er is

oriented counter-clockwise are shown in Fig. 4. The quantities plotted are a) absolute magnitude

of Erwith' vector electric fields, b) electron flux magnitude with vector electron flux, c) power

deposition and d) electron temperature. Operating conditions are 1.0 kW, 0.5 MHz, 1.0 Torr. The
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directions of the currents in the primary loops powering the ferrites are chosen so that the individ-
ual Er produced by each ferrite are in phase. The Et shown in Fig. 4 results from the in=phase sum
of the electric fields induced by the oscillating magnetic fields guided by the two side-by-side
ferrite cores in the center of the device. The magnitude of Et is maximum along/the.inner vertical
wall at 5 V/cm, compared to 2 V/cm along the top horizontal wall.

The orientation of Et, shown by the white arrows, forms a closeddoop around the central
block, resulting in alternating clockwise and counter-clockwise acceleration of charged particles.
The electron flux has a maximum value of 5.4 x 10" cm™s™! or 8.6 A-cm? and aligned counter-
clockwise and anti-parallel to Et the induced electric field. In thetabsence of Er, electric fields are
dominated by the ambipolar electric fields which point fromnthe center of the plasma towards
boundaries, with electron motion being diffusion dominateditowards surfaces. With the superpo-
sition of Er, electron motion is instantaneously dominated by the oscillating azimuthal motion.
Averaged over an RF cycle, the oscillating azimuthal'metion and current density averages to zero,
leaving ambipolar diffusion towards walls as the dominate net flux of electrons and ions.

Although the direction of the conduction current density, indicated by the arrows in Fig. 4b,
forms a closed loop, the conduction cusrent density is/itself not continuous. The electron flux and
conduction current density are maximumealong the equator of the device in the axial direction
where the electron density is also maximum (discussed below), which results in the oval-shape
loop. The required current continuitysis maintained by displacement current in the horizonal di-
rection on the top and bottom of the loop.  This offset between conduction and displacement current
is an artifact of the topology of this design. With the side-by-side pair of ferrite cores having
rectangular shapes, the.maximum<ET, power deposition and conduction current density are along
the internal vertical surfaces of the device.

The division of azimuthal current around the loop between conduction and displacement
currents does not.necessarily benefit nor detract from the performance of the TTCP. In the extreme
where current flows only by conduction current in one portion of the loop and only by displacement
current inanother portion of the loop, the TTCP would resemble a dielectric barrier discharge
(DBD). As with a DBD, the details of proportion between conduction and displacement current
affects the impedance of the device which must be accounted for in matching to the power source.

Thé power deposition (maximum of 24.0 Wem™) and electron temperature (maximum 3.2

eVo)at.& = 180°, are shown in Fig. 4c and 4d. The total RF power density scales as: P= ¢ E, and
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to dissociative recombination to Ar2" is small, while the plasma potential gradient inhibits net elec-
tron fluxes out of the source.

The bulk ionization rate is a maximum of 2.9 x 10'® cm3s™! sustainedsby an €lectron tem-
perature of 3.2 eV (Fig. 4d). At a pressure of 1.0 Torr (with gas heating) the electron collision
frequency is ~ 10° s and the electron mean free path is between 0.5 cm and'1.0 cm (horizontal
and vertical channels, respectively). As a result, electron transport is largely dominated by local
fields. Maxima in electron density, temperature, and ionization source cortelate with the maximum
in RF power density. The plasma is predominately sustained through direct electron impact ioni-
zation of ground state argon and multistep ionization of the Ar(1s5).and Ar(Is4) states. The density
of Ar(1ss), shown in Fig. 5c, is maximum along the inner walls at 131 x 10'2cm™. Multistep
ionization of the Ar(1s3) and Ar(1s2) states contribute approximately 10% of the total bulk Ar"
ionization rate.

In contrast to the single ferrite configurationythe. asymmetry in power deposition also pro-
duces an asymmetry in gas heating, shown‘in Fig."5d. The gas temperature is maximum mid-
channel at 2,790 K, significantly higher than,the single ferrite device due to the locally higher
power deposition. With cool gas being.injected,at the top and hot gas being pumped out at the
bottom, additional asymmetries are introduced. As with the single-ferrite configuration, there is
only a moderate pressure gradient across the device. The inlet pressure is 1.05 Torr for an outlet
pressure of 1.0 Torr. The pressure-gradient is nearly twice that of the single-ferrite source due to
the higher local gas temperature, which requires a larger body force from the pressure gradient to
maintain the flow rate.

The electron fluxy/plasma.potential and electron temperature are shown in Fig. 6 as a func-
tion of phase during the RE.cycle, where 6 = 0° is the phase of maximum clockwise azimuthal
electric field and @'= 1802 is the phase of maximum counterclockwise azimuthal electric field.
Properties for the phases.& = 180° - 360° are symmetric to € = 0° - 180°. The electron flux, ®e,
varies from a'maximum of 4.2 x 10" cm2s™! (6.7 A/em?) at € = 0° oriented dominantly in the
azimuth direction, decreasing to essentially zero in the azimuthal direction at § = 90°, before
changing direction and rising back to @ = 4.2 x 10! cm™?s™! at § = 180° dominantly in the azi-
muthal direction in the counter-clockwise direction. The argon ion flux @ar+ (not shown) does not
instantaneously respond to the applied RF fields at 500 kHz. Instead ®ar+ is predominately orien-

tated towards the walls and remains approximately constant throughout the RF phase cycle. The
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Figure 6: Plasma properties for the dual core TTCP sustained in argon for phase @ = 0° to 180°, where
6 =0°is when the induced electric field Eris oriented at its maximum clockwise. a) Absolute magnitude
40 electron flux and vector flux." (Theflux vectors for & = 90° show direction only.) b) Electric potential
41 and ¢) electron temperature. The conditions are 1.0 kW, 0.5 MHz, 1.0 Torr. The maximum value or
42 range of values plotted are noted at the top of each image, with "dec" indicating the number of decades
43 for log-plots.

maximum in @ar+ 182.1 x 108 cm 25!

incident upon the inboard walls within the vertical chan-
46 nels. The ion flux to,the dielectric walls must be balanced, averaged over the RF cycle, by the
48 electron flux. This'balance is achieved. However the azimuthal electron flux in the (counter di-
50 rection) of Et is large in comparison. At #=90°, the azimuthal Er passes through zero magnitude
and the electric fields in the plasma channel are dominated by ambipolar electric fields. At that
53 phase; the magnitude of the electron flux is reduced by an order of magnitude, while its direction

55 is largely towards boundaries. For example, in Fig. 6a for electron flux at & = 90°, the inner band
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of electron flux is directed towards the inner
walls, and the outer band is directed towards
the outer walls.

The phase-resolved plasma potential,
shown in Fig. 6b, exhibits an azimuthal rota-
tion. This azimuthal oscillation in the plasma
potential results from the azimuthal oscillation
of Er and the electron density not being azi-
muthally symmetric. The electron flux rapidly
responds to the acceleration resulting from os-
cillation of Er while the ions are slowly accel-
erated in the opposite direction by Et. The az-
imuthal gradients in electron density then re-
sult in space charge separation. This space
charge is produced along the azimuthal flux
lines of the electrons. The response ofithe sys-
tem to the induced space charge is to generate
azimuthal components of the, electrostatic
field to limit further space charge-separation.
These confining azimuthal components of the
electric field then produceslocal maxima in
and azimuthal oscillationthe plasma potential.

At 6 = 90° when the chargeseparation driven
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Figure 7: Plasma properties as a function of time.
a) Plasma potential, argon excited state density and
electron temperature averaged over the plasma re-
gion for 2 RF cycles. b) Electron temperature at
three locations indicated by the schematic showing
power deposition. Operating conditions are 1.0
kW, 0.5 MHz, 1.0 Torr of argon.

by Er is a minimum, the plasma potential is symmetric across the midplane.

A perfectly symmetric azimuthal geometry would be produced by a circular secondary arm
of the transformer, and circular inner and outer walls of the RPS. These conditions would then
produce antazimuthally symmetric ET, ionization source, electron and ion densities and plasma
potential., The electron flux would uniformly increase, decrease and reverse direction in the azi-
muthal direction which, in the absence of azimuthal gradients, negates the need for a compensating
electrostatic electric field to confine space charge. Even with nominally circular geometries for

the.secondary arm of the transformer and walls, there are invariably gas inlets and outlets that

20

Page 20 of 35



Page 21 of 35

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136804.R1

break the azimuthal symmetry. This break in
symmetry produces azimuthal gradients in
plasma properties, as shown by the single-fer-
rite TTCP discussed earlier.

The electron temperature as a function
of phase is shown in Fig. 6¢c. Similar to the
plasma potential, there is an azimuthal oscilla-
tion in the electron temperature which mirrors
that of the plasma potential while the RF heat-
ing source does not exhibit this oscillation.
The oscillation results in part from convection
of electrons in the Er electric field and in part
by extraction of electron energy in producing
the confining electrostatic fields that counter
Er.

With the electron collision frequency
producing a time between collisions being a
small fraction of the RF period (2 ps), there is
some equilibration of the plasma preperties
with the oscillation of E1. For example, ¢lec-
tron temperature, argon excited state density
and plasma potential are shown.inFig. 7a av-
eraged over the plasma regions during two RF
cycles. Excited states have densities of low-
to-mid 10! cm? which.escillate with +10%
over the RF cycle. Inprinciple, the oscillation
in plasmasproperties should be symmetric over
any given eycle/ That symmetry is broken for
excited state densities due to the spatial inho-
mogengity in electron temperature. Te at three

locations during an RF cycle is shown in Fig.

P(Wiem®, 2 dec)

@

L11.2 Wiem®

Height {em)
S &
T

tn

1 6.3 Wiem®

[1] ST I Bl s s | T
€] (cm”)

20 250 W

Height {cm)
=1

sl

9.6 x10 cm

b Ol oo o 1 s
) Ig2-8.7 ev)
0 250w T

L L

T325K-T,

)

L1 1

L1 |

5 a9 5 a 5 E] 5 a
Width (cm) Width (cm) Width (cm) Width (cm)

Min EEE BT B Max

Figure 8: Plasma properties averaged over the RF
cycle as a function of power deposition (250 W to
1250 W) in argon. a) Power deposition, b) electron
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7b. (The schematic at left shows power deposition averaged over the RF cycle.) Te is maximum
and oscillates with the largest amplitude at the maximum in power deposition. The location at the
top of the reactor has a lower Te than its mirrored location at the bottom. This asymmetry results
from gas heating and gas flow, which produces a plume of hotter, less dense /gas.lower in _the
reactor.

Plasma properties (power deposition, electron density, electron temperature’and gas tem-
perature) are shown in Fig. 8 for operating in argon at 1 Torr for a total power deposition between
250 W and 1250 W. Over this power range, the maximum electron density increases from 9.6 x
10" cm™ to 3.1 x 10" cm™'3, a factor of 3, while the total electfon inventory (spatial integral of
electron density) scales nearly linearly with power deposition., The less than linear increase in
maximum electron density while the inventory scales nearlylinearly with power deposition results
from the more spatially extended power deposition at high. power. The greater gas heating at the
higher power results in more severe rarefaction and/a breader distribution of plasma density. The
maximum gas temperature increases from 14380 K to 3,290 K, with the gas density at the peak of
power deposition rarefying from 7.1 x 10" cm t0:2.9 x 10" cm™.

Bai et al. spectroscopically measured gas temperatures in a similar TTCP device sustained
in argon by observing the spectra of an added trace amount of N2 [20]. Their method resolved gas
temperature as a function of position in a plane perpendicular to the gas flow and averaged axially
along the flow direction. For an average power deposition of 4.5 W/cm?® at 1 Torr, the maximum
gas temperature was 1560 K. Thedata in Fig. 8 was processed to best replicate the measurement
technique used by Bai et al,/and we,predict a temperature of 2,055 K. The experimental measure-
ments were made for atleast twice the equivalent flowrate, which may account for the lower gas
temperature.

The electron temperature becomes more highly confined as the power deposition increases.
This confinement,in Te results from several factors. From 250 W to 1250 W, the conductivity at
peak power deposition increases from 2.2 S/cm to 4.4 S/cm, producing a decrease in skin depth
from 4.8 €m to 3.0 cm. This decrease in skin depth produces more local electron heating. The
decrease in,gas density produces an increase in E/N (based on Er) from 33 Td at 250 W to 104 Td
at 1250 W with Er increasing from 2.3 V/ecm to 3.1 V/cm. With electron heating rates scaling as

Et?, heatifig again becomes more local.
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IV. TTCP Sustained in Ar/NF3 Mix-
tures
The use of RPSs in microelectronics
fabrication is typically as a source of hal-
ogen radicals (e.g., F, Cl) or oxygen at-
oms for isotropic etching and chamber
cleaning. The source gases can be highly
attaching, which significantly affect the
ionization dynamics and macroscopic
discharge properties of the RPS. A
widely used gas for F atom production is
nitrogen-trifluoride, NFs. F atom produc-
tion in NF3 containing plasmas is efficient
due to the large dissociative attachment,
excitation, and recombination rate coeffi-
cients for electron interactions with NEa.
With NFs3 being a thermally at-
taching gas, it is experimentally. difficult
to initiate the plasma in the purely-induc-
tive electric field produced by the trans-
former. The E/N that can be produced in
the device is not sufficient to break down
pure NF3. In commercial operation, this
quandary is addressed by.the discharge
being initiated in a flow of argon. Once
the plasma is ignited, the flow is progres-

sively diluted with NF3 while maintaining

power until the flow consists of only NFs.
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Figure 9: Plasma properties averaged over the RF cycle
for the TTCP sustained in pure NF; for 1 kW, 1 Torr, 0.5
MHz, 500 sccm operation. a) Power deposition, b) elec-
tron impact ionization source, ¢) electron density and d)
gas temperature. The maximum value or range of values
plotted are noted at the top of each image, with "dec"
indicating the number of decades for log-plots. In the
plot for ionization source, the absolute value of the
source is plotted with the white line separating positive
and negative sources . The regions labelled "+" are net
positive sources of electrons where ionization domi-
nates. The regions labelled "-" are net negative sources
where attachment and recombination dominate.

Computationally, igniting the plasma in pure NF3 is

also/challenging for the same reasons as observed experimentally. Unrealistic currents in the pri-

mary would be required to produce a large enough E/N through pure inductively coupling to initi-

ate.a plasma in NFs. The Ar/NF; discharges discussed here were therefore ignited in pure argon
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into which an Ar/NF3 mixture was flowed,
mimicking startup practices in commercial
devices.

We first discuss plasma properties of
the RPS operating in pure NF3 using the dual
ferrite-core geometry shown in Fig. 1b for a
power deposition of 1 kW and flowrate of
500 sccm. The outlet pressure boundary
condition is 1 Torr. Plasma properties
(power deposition, electron impact ioniza-
tion source, electron density and gas temper-
ature) averaged over the RF cycle are shown
in Fig.9. In the image for ionization source,
the absolute value of the source is plotted.
The regions labelled "+" are net positive
source of electrons where ionization domi-
nates. The regions labelled "-" are net nega-
tive sources where attachment and recombi-
nation dominate. The resulting densities of
NF3, NF2, NF, F, N and N2 are shown in Fig.
10.

The mode of operating the TTCP is
to adjust the current flowing through the pri-
mary windings of the transformer to deliver
the specified power in'the secondary current
loop represented/by the plasma. The result-

ing Et will'generate a plasma that delivers

the specified power preferentially into those regions having the lowest impedance (and highest
conductivity). The flow of NF3into the reactor produces a highly attaching environment. The gas
is essentially pure NF3 in the top of the reactor prior to there being any dissociation of the feedstock

gas... With power deposition, gas heating and rarefaction occurring lower in the reactor, the gas

Density (cm™, 2 dec)

Height (cm)

Heig_l:xt (cm)

Width (cm) Width (cm) Width (cm)
Min IV ax
wf w1t

Figure 10: Neutral densities produced in the TTCP
sustained in pure NF; for 1 kW, 1 Torr, 0.5 MHz, 500
sccm operation - NF3, NF,, NF, F, N and N». The
plots for N and N include excited states of those spe-
cies. Densities are plotted on a 2-decade log-scale
with the maximum value indicated in each frame.
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density of highly attaching gas is larger at the top of the reactor. This higher density produces a
lower E/N for a given electric field. The end result is that the plasma cannot be sustdined.in the
upper portion of the reactor. This inability to sustain the plasma in the upper portion of the reactor
is exacerbated by NF3 being a thermally attaching gas. In the upper region of thereactor which
has a low electron temperature, dissociative attachment dominates over the negligible rate of ion-
ization. The plasma is dominantly sustained in those regions of the reactorwhere the NFx density
decreases to the point that attachment no longer dominates over ionization.

The extinction of the upstream electron population results from electrons diffusing upwards
that are lost to dissociative attachment to the NF3 feed gas and NFx fragments. Dissociative at-
tachment to NF3 is a thermal process having essentially no threshold energy and so attachment is
rapid for even low energy electrons. The electron density,is largely confined to the region of
positive electron impact source (Fig. 9b) where the electron temperature is high enough (maximum
Te = 4.1 eV) to sustain net positive ionization. With'the electron energy relaxation length being
0.5 — 1 cm, the system rapidly transitions to aet attachment and recombination within a few cm of
the maximum of net positive ionization. Thenet pesitive ionization source has two distinct max-
ima of 3 x 10" cm3s™! aligning with.the location of highest electron density. The region of net
positive ionization is surrounded by a hale,of net attachment and dissociative recombination hav-
ing a maximum loss of 4.2 x 10! cm™s™!. Th&¢lectron source is net negative both upstream and
downstream of the maximum in power deposition, sustained by a small net electron current (2 X
10" cm™2s7!, 0.3 A/cm?) from the region of net positive ionization. With the gas flow being lam-
inar, there is little mixing of the dissociated gas in the lower portion of the device and the non-
dissociated gas in the upper portion of the device. So the transition from attachment dominated to
net ionization can be rapid.

While the total volume integrated electron inventory is reduced when operating in NF3
compared to pure argon, the maximum electron density is similar to the argon-only base case at
2.9 x 1013 cm7>. /With the spécific power deposition (eV/collision) being larger for the molecular
gas compared to argon, the total 1 kW of power deposition in NF3 can be sustained with a lower
total inventory of electrons. While the plasma density, and hence plasma conduction current loop,

is discontinuous in the NF3 discharge, there is toroidal displacement current flowing through the
upstream region such that (j) ,u(j+€dET / dt)~dz is conserved within each closed toroidal loop as

with the pure argon case.
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For the same power deposition that produced a maximum gas temperature of 2,790 K in
argon, the maximum gas temperature in NF3 is 3,500 K. The higher gas temperature fesults from
the more localized power deposition (maximum 70 W/cm?) and more localized electron impact
dissociative processes (attachment, electronic excitation, recombination) that produce gas heating
through Franck-Condon relaxation that produces hot fragments. The gas/temperature is high
enough that there is a significant contribution of thermal dissociation of NF3. Fore€xample, at the
top boundary between the positive and negative electron sources, the gas.temperature is 2,900 K,
the electron temperature is 3.8 €V and the electron density is 1.4 x 10> cm:. For these conditions,
approximately 25% of the dissociation of NF3 is due to heavy particle thermal processes (e.g., NF3
+ M — NF2 + F + M, with M being a third body.) For a similar TTCP source operating in NF3,
Gangoli et al. [4] used global modeling to determine that'dissociation of NF3 was dominated by
non-thermal electron impact for gas temperatures less than 2000 K at electron temperatures of 4-
5 eV, and dominated by thermal processes at higher temperatures. Li et al [24] measured NF3
dissociation of about 95% for a similar devi¢e. The operating conditions of that device (pressure,
flow rate and power) resulted in a comparable specific energy deposition (eV/molecule) as in this
investigation.

Fluorine negative ions (anions), produced by dissociative attachment to NFx and F2, are the
dominant negatively charged héavy species. At the top boundary between the positive and nega-
tive ionization sources, the F~ densitynis 2 x 10'> cm™ and the electron density is 1 x 10'? cm™.
Moving towards the top of the device, the electron density rapidly decays due to dissociative at-
tachment to NF3. For example, in the middle of the vertical channel (2 cm higher in the reactor)
the F~ density is 1.2 x 10! cm7.and the electron density is 5 x 10'°cm™. In the top of the device
where the electron density iSinegligible, the F~ density is 1.7 x 10!°cm™ balanced by a nearly equal
density of NF3" forming an ion-ion plasma. These species are not produced locally but rather
diffuse from the.bulk plasma under influence of a weak ambipolar electric field that accounts for
the difference in/diffusivities of F~ and NF3".

Depletion of the upstream electron density significantly reduces the plasma conductivity.
The maximum conductivity is 4 S/cm at the location of maximum electron density, decreasing to
1-10 pS/cm upstream. As the upstream conductivity reduces, the RF power is coupled into a
smalleritotal volume, co-located with the downstream plasma density.

Dissociation of NF3 produces NF2, NF, N, and F neutral fragments, which appear as axial
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layers within the source as the NF3 flows from the inlet and undergoes sequential dissoeiation
processes, as shown in Fig. 10. NFsis rapidly dissociated by electron dissociative ex€itation and
attachment upon entering the source with its density decreasing over two orders of magnitude from
3.2 x 10'®cm™ at the inlet to the boundary of the plasma zone (height = 10 cm). Dissociation,of
NF3 produces maximum densities of NF2 of 6 x 10'* cm™ (height = 11 ¢cm). fDissociation of NF2
in turn produces maximum NF densities of 7 x 10" cm (height = 9 cm). /The NF isfinally disso-
ciated to produce, N atoms. Surface recombination of NF2" and NF* produce sources of NF2 and
NF at the walls which produces local maxima in the densities of NF2 and NF. The inlet flux of
NF3is 2.5 x 10" cm s, The combined NFx (x = 1,2,3) at flux at the outlet is 1.8 x 10'® cm 25!,
representing about 92% fractional dissociation NFx.

Atomic nitrogen is produced following the electromsimpact dissociation of NF, which en-
ergetically favors the production of N + F~. The branching of electron impact dissociation of NF2
to N + 2F makes a small contribution. The maximumdatomic nitrogen density is of 1.5 x 10*c¢m™
in the outlet tube. Molecular nitrogen is produced by recombination of N on the walls reaching a
maximum density of 1.3 x 10'> cm™ in the outlet'of the tube, of which about one-third is vibra-
tionally excited. Once N2 is formed, it.is a terminal species in terms of producing N atoms as the
rate of electron impact dissociation of N2'is low.

The F atom density increases throughout the source from the inlet to the outlet as all dis-
sociative processes involving NFx produce F atoms. The maximum density of F at the outlet is 1.2
x 10" cm™ with a flux of 6 x 10 cm™2s!, representing the largest product leaving the reactor. F
is produced by the successive dissociation of NF3 to NF2 to NF to N + F. F2 is produced by 3-body
recombination of F whilersurface recombination of F producing F2 occurs throughout the source.
The flux of F at the outletis.5 x 10" cm™s!, about 10% that of the outlet F flux.

The confined plasma resulting from the flow of highly attaching NF3 and the azimuthally
driven electron currents. resulting from the oscillating Et produce vortex motion of the electrons
while maintaining charge balance. When averaged over the RF cycle, the flux of electrons to the
dielectric surfaces of the plasma channel must equal the sum of the flux of positive ions. (The flux
of negative ions is small in comparison.)

The RF averaged density of positive ions and flux vectors are shown in Fig. 11a. The

corresponding values for electrons are also shown in Fig. 11 for phases of 0° (Er oriented fully

clockwise), 90°(Er =0) and 180° (Er oriented fully counter-clockwise). The electron fluxes must
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simultaneously satisfy the need to match the ion M’ (2.9 x 10™cm®, 2 dec) [e] (2.7 x 10 cm™, 2 dec)

fluxes to surfaces (averaged over the RF cycle)

while carrying the azimuthal toroidal plasma

current. The ambipolar component of the elec-

tron flux that matches the ion flux points radi-

Height (cm)

ally outwards from the maximum in electron

and ion density. The toroidal current compo-

nent of the electron flux is maximum near the a)

inner wall, while alternating in the azimuthal di-

rection. The vector sum of these requirements

results in vortex-like electron flux vectors. For

the 0° phase, the vortex is counter-clockwise

Height {cm)

and at 180° the vortex is clockwise. For the 90°

phase when Et =0, the electron fluxes are dom-

inated by their ambipolar component and point B T N N TS
c) Width (cm) d) Width (cm)
towards surfaces. Min, S Vax

104 10 10°

The confinement of the plasma by, the Figure 11: Plasma transport properties of posi-
tive ions and electrons for the TTCP operating in

flow of highly attaching NF3 is afunction of the | NF;. a) Density of the sum of all positive ions
with ion flux vectors. The electron density and
electron flux vectors are are shown for phase 6 =
tron impact ionization source are shown in Fig. | @) 0°,b) 90° and ¢) 180°. Densities are plotted on

) : a 2-decade log-scale with the maximum value in-
12 for Ar/NF; inlet mole fractions of Ar/NF3 = | dicated in each frame. Operating conditions are

100/0 (pure Ar) to AHNFs=0£100((pure NF3). | -0 kW, 0.5 MHz, 1.0 Torr.

The conditions are 1 kW, 500.secm and 1 Torr outlet pressure. With inlet mole fractions of only a

NFs flow rate. The electron density and elec-

few percent, the plasma in the upper portion of the reactor is extinguished, producing the confined
plasma downstream. With’Ar/NF3 = 95/5, the confined plasma is nominally centered at the maxi-
mum of Er, as with the pure argon, though extending further downstream into the fully dissociated
NF3 than €xtending upstream into the incoming flow of NF3. The ionization source has distinct
regions of met positive and net negative electron production. With progressively larger NF3 inlet
mole fractions, the confined plasma decreases in spatial extent and shifts lower in the reactor. The
plasmaistabilizes where a critically large fraction of the NFx has been dissociated, and rates of

attachment have diminished. The maximum plasma density and ionization source both increase in
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Figure 12: Plasma propertics averaged over the RF cycle for the TTCP operating in Ar/NF3 gas mixtures
ranging from pure Ar to. pure NFz..a) Electron density and b) electron impact ionization source. The
41 images are log-plots (2-decades for electron density and 3-decades for ionization source) with the maxi-
42 mum value noted in cach {rame. In the plot for ionization source, the absolute value of the source is
43 plotted with the white line separating positive and negative sources. The regions labelled "+" are net
44 positive sources of glectrons where ionization dominates. The regions labelled "-" are net negative sources
45 where attachment and recombination dominate. Operating conditions are 1 kW, 0.5 MHz and 1 Torr.

47 the more confinéd plasma with an increase in NF3 fraction so that the total power deposition re-

mains 1 kW.
52 V. Concluding Remarks

54 Rémote plasma sources (RPSs) are employed in semiconductor device manufacturing to

providera nearly charge-free source of, for example, halogen radicals for chamber cleaning and
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isotropic etching. The toroidal transformer coupled plasma (TTCP) is an efficient RPS fordeliv-
ering high power densities when using highly attaching gases. Results were discussed from a 2-
dimensional computational investigation of single-ferrite core and dual-fersite core TTCPs sus-
tained in Ar, NF3 and Ar/NF3 mixtures. In single-ferrite core configurations, the'secondary of the
transformer represented by the plasma consists of a closed conduction currént loop with plasma
properties (electron density, power deposition) having azimuthal symmetty: Current in the sec-
ondary is carried dominantly by electron conduction. When using a dual-ferrite core configuration,
geometrical limitations result in power deposition and plasma densities.that have local maxima.
Although there is a closed plasma current loop, the current is carried by.a combination of conduc-
tion and displacement current.

Operation in Ar/NF3 mixtures substantially altered:the discharge topology, a consequence
of depletion of the upstream electron density due to dissociative attachment to NF3 and its dissoci-
ation fragments. When operating in NF3, the maximum.in electron density migrated downstream
to where dissociation of the NF3 and subsequent decrease in attachment enabled the plasma to be
sustained. The upper volume of the plasmaisoutee contained a low density (10'° - 10! cm™)
F/NFx" ion-ion plasma. When increasing the NF3 mole fraction in Ar/NF3 mixtures, the plasma
becomes more confined with a higher gasitemperature. That higher gas temperature contributes to
radical production through thermal dissociation of the NF3.

Perhaps the greatest uncertainties in this investigation center on thermodynamics and heat
transfer, particularly with electronegative gas mixtures in which power deposition can be highly
confined. The local gas heating resulting from the confined power deposition produces local rar-
efaction of the gas which increases E/N, leading to more heating and more rarefaction. This is
potentially an unstable condition that in other discharges produces arcs and constriction. In this
device, heat transfer to the walls of the plasma stabilizes this potential instability. However, that
stabilization is sensitive.to’heat conduction through the plasma, and the temperature of and heat
transfer through the bounding materials. The heat transfer is sensitive to the thermal conductivities
of the bounding materials and cooling of the device. The heat conduction through the plasma is
sensitive to transport coefficients of the dissociation fragments which are poorly known. For the
usual operating conditions, we do not expect the flow to be turbulent, however, the onset of turbu-
lence would add additional uncertainties.

With the goal of having total dissociation of the feedstock halogen donor, there are several
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tradeoffs that are made. For example, increasing flow rate produces a more confined plasma at a
lower location in the device, which may then have less favorable transformer coupling:, Total

power deposition will normally scale with halogen flowrate so that the specific energy.deposition

oNOYTULT D WN =

(eV/molecule) remains above a critical value. An added benefit of this scaling is ' maintaining the

10 spatial distribution of the plasma to have favorable transformer coupling.
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