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Modeling and Simulation of Fast Neutral Beam
Sources for Materials Processing
Demetre J. Economou
Fast (kinetic energy of 10 to some 100 eV) neutral beams can be used for etching, deposition or
surface modification, without charging damage that may occur in conventional plasma
processing of materials. This paper provides an overview of the modeling and simulation
approaches applicable to neutral beam sources. Neutral beam
sources based on both volume and surface neutralization of
ions are discussed, with emphasis on the latter.
Introduction

Low-temperature non-equilibrium plasmas have made

and continue to make possible the incredible shrinking of

integrated circuit feature dimensions. Plasma etching can

replicate fine-line features into silicon and other materials

with complete fidelity, due to anisotropic ion bombard-

ment normal to the surface.[1] The width of features in

complimentary metal oxide semiconductor (CMOS) inte-

grated circuits is currently as small as �40 nm, with some

layers approaching one monolayer thickness. Plasma

etching, deposition and surface modification will play a

major role in both top-down (lithographic or stamped

patterning) and bottom-up (e.g., self-assembled mono-

layer) nanotechnology at the sub-10-nm scale. However,

plasma processes at nanoscale dimensions face several

‘‘road blocks,’’ notably plasma-induced charging damage.
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Several forms of charging damage can be the result of

differential charging of microfeatures during conventional

plasma processing.[2] Differential charging can deflect ions

towards the feature sidewalls, inducing sidewall damage

(bowing, notching, microtrenching) and reducing the ion

flux at the bottom of the feature. The reduction of the ion

flux as a function of depth in a feature can lead to aspect

ratio dependent etching (ARDE), or even etch stop.[3] This is

a very complex process where, in addition to charging,

imperfect collimation of the bombarding ions, depletion of

reactants by sidewall reactions, polymer deposition, and

redeposition of reaction products may also play a role.[4]

Charging is expected to be more prevalent when etching

polymers, oxide and other dielectrics. As device dimensions

continue to shrink and feature aspect ratios keep increasing,

charging problems will become even more severe. For

example, profile twisting and distortion of the profile cross

section[5] have been observed in very high aspect ratio

(>20:1) oxide etching. Charging of wafers exposed to a

plasma can also lead to gate oxide breakdown.[6]

Charging artifacts could be reduced or eliminated by

using energetic neutral beams (fast atoms or molecules),

instead of ions, to give the directional component of
DOI: 10.1002/ppap.200900005
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Figure 2. Neutral beam source based on surface neutralization of
ions.[13] Ions extracted from a gridded ion beam source are
neutralized by grazing angle collisions on reflector plates.
reactive etching.[7] For, while surfaces might still charge

through secondary electron emission, there would be no

effect on the neutral particle trajectories and, hence, no

charging contribution to ARDE, sidewall bowing or

notching. To be competitive with conventional reactive

ion etching (RIE), neutral beams must have similar

characteristics in terms of flux, energy, degree of collima-

tion and large area coverage.

This paper provides an overview of modeling and

simulation of interest to neutral beam sources, with

emphasis on fast (kinetic energy of some 10 to some

100 eV) neutral beams for materials processing. Specific

applications of neutral beams are summarized in refs.[7,8]

Generation of Fast Neutral Beams

Fast neutral beams can be generated by neutralization of

ion beams. There are two common methods to neutralize

an ion beam: volume neutralization and surface neutra-

lization. Ions extracted from a plasma source (for example

gridded ion source) can be neutralized in a charge-

exchange cell (volume neutralization) or by impingement

on a neutralizer plate (surface neutralization). Kuwano and

Shimokawa,[9] as well as Ichiki and Hatakeyama[10]

produced fast neutral beams by neutralizing ions in
Figure 1. Neutral beam source based on volume neutralization of
ions.[10] A McIlairth DC cold-cathode discharge produces ions that
are extracted through holes in the (lower) cathode plate. Ions are
then neutralized by charge exchangewith the gas downstream of
the extraction electrode.
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charge exchange cells. Ions produced in McIlraith DC cold

cathode discharges, were extracted through holes in a

graphite cathode plate, and neutralized by charge

exchange with the gas downstream of that plate

(Figure 1). Goeckner et al.[11] and Nichols and Manos[12]

produced neutral beams by reflecting accelerated ions off a

metal surface at an angle with the ion beam. Kim et al.[13]

produced a fast neutral beam by extracting ions from a

gridded ion source and neutralizing these ions by glancing

angle collisions on the surfaces of a set of parallel metal

plates (reflectors) next to the grids (Figure 2).

A more compact design uses the extraction grid itself as

the ion neutralization surface. Simultaneous ion extraction

and neutralization has the additional advantages of larger

neutral beam flux and better control over beam char-

acteristics. A neutral beam source based on simultaneous

ion extraction and neutralization[14] is shown in Figure 3.

Ions generated in inductively coupled plasmas (ICP) are

accelerated out of the plasma by a ‘‘beam acceleration

electrode’’ in contact with the plasma. A boundary voltage

(RF or DC) applied to the beam acceleration electrode

controls the ion energy, and hence the resulting neutral

beam energy (in the range of 20 to more than 200 eV). The

boundary voltage raises the plasma potential, causing
Figure 3. Neutral beam source based mainly on surface neutral-
ization of ions.[14] Ions extracted from a plasma through a grid
with high aspect ratio holes are neutralized by grazing angle
collisions on the internal surface of the holes of that grid.
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positive ions to accelerate in the sheath over the grounded

extraction/neutralization grid. While passing through the

high aspect ratio grid holes, ions strike the internal

surfaces of the holes (preferentially at grazing angles), and

are converted to fast neutrals. Low pressure (<10mTorr) in

the plasma source (mean free path >1 cm) minimizes the

probability of charge-exchange collisions between ions

and slowneutrals, thus surface neutralization is dominant.

The substrate is placed a small distance downstream of the

extraction/neutralization grid in a differentially pumped

processing chamber. The pressure in the processing

chamber during operation of the source is typically more

than 10� smaller than the pressure in the plasma (e.g.,

10 mTorr in the plasma and 0.5 mTorr in the processing

chamber). Low pressure minimizes gas phase scattering

and helps beam collimation and flux.

Samukawa and co-workers[15,16] also developed a fast

neutral beam source based on simultaneous ion extraction

and neutralization through a grid. A high density ICP was

generated in a quartz tube. A bias was applied to an

electrode in contact with the plasma (top electrode), to

push ions through a parallel extraction electrode (bottom

electrode). The extraction electrode had high aspect ratio

through holes (1 mm diameter and 10 mm long). Ions

suffered grazing angle collisions with the internal surfaces

of the holes turning into fast neutrals. Charge exchange

with neutral gas may have also played a role in ion

neutralization at higher pressures. The authors studied

neutral beams based on both positive and negative ion

extraction and neutralization. For negative ions, they used

a pulsed discharge in an electronegative gas (Cl2 or SF6). In

the afterglow of a pulsed electronegative discharge,

electrons attach to molecules generating negative ions.

Provided the afterglow period is long enough, an ion-ion

plasma forms[17] and negative ions can be ‘‘pushed out’’ of

the plasma by applying a negative bias to the top

electrode. An optional DC or RF (e.g., 600 kHz) bias can

also be applied to the bottom (extraction) electrode to

provide additional control over the neutral beam energy.
Volume Neutralization of Ions

Volume neutralization is based on the charge exchange

between an ion beam and a background gas. For example,

for an argon ion beam in a background of argon atoms,
Plasma

� 2009
ArþðfastÞ þ Ar ðslowÞ ! Ar ðfastÞ þ ArþðslowÞ (1)
whereby a fast (beam) ion is converted to a fast (beam)

neutral, and a slow neutral (of the background gas) is

converted to a slow ion. Data on the cross section of

this process (p. 77 of ref.[1]) can be fit to s ¼
47:05 1:0� 0:0557ln"ið Þ2, where s is the charge exchange
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cross section and ei is the fast-ion energy.[18] In this

expression, the cross section is in units of 10–16 cm2, while

the ion kinetic energy must be in eV.

Charge exchange reaction (1) does not alter the

directionality of the fast ion. In addition, resonant charge

exchange (between an ion and its parent neutral) has a cross

sectionwhich is often an order ofmagnitude larger than the

corresponding non-resonant charge exchange. The charge

exchange cell pressure [or more precisely the product of

background neutral density and cell length, NL, see

Equation (4) below] should be high enough to achieve

substantial neutralization but not too high to minimize

beam scattering, that reduces the beam flux and direction-

ality. Several researchers have reported on neutral beam

sources based on volume neutralization of ions.[10,19,20]

A simple analysis can be used to calculate the fraction of

the ion beam that is neutralized by charge exchange

collisions through a background gas. If I is the ion beam

flux traveling through a gas of density N, the differential

amount dI of beam neutralized over a distance dL is:
dI ¼ �sIN dL (2)
or
I ¼ I0 exp �sNavLð Þ (3)
The fraction of the beam neutralized will then be,
Fneutr ¼ 1� I

I0
¼ 1� exp �sNavLð Þ (4)
where Nav is the average background gas density over

length L. Actually, a fraction of the fast neutral beam may

be re-ionized in fast atom-atom collisions of the sort,
A ðfast; E > EizÞ þ A ðslowÞ

! AþðfastÞ þ A ðslowÞ þ e (5)
where E is the energy of the fast atom and Eiz is

the ionization potential. An ionization cross-section of

�10–16 cm2 has been experimentally measured for fast

argon atoms with energy �100 eV colliding with thermal

argon atoms.[21] The ionization cross section is a strong

function of the fast-atom energy.
Surface Neutralization of Ions

Ions coming in contact (within �1 Å) with a surface are, for

example, Auger neutralized. The neutralization efficiency

and properties (angle, energy) of the reflected neutral

depend, among other variables, on the kind of impinging
DOI: 10.1002/ppap.200900005
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ion, its energy and angle, and the kind, roughness and

condition (e.g., adsorbed impurities) of the neutralizing

surface. In general, negative ions tend to neutralize more

efficiently compared to positive ions. In addition, negative

ions can neutralize even on insulating surfaces,[22] in

contrast to positive ions that can eventually build up a

potential equal to the ion energy. The angle of impact of ions

on the surface is critical. Ions impacting the surface at

grazing angles aremore likely to scatter forward,[23] and lose

a small fraction of their impact energy. Thus, the emerging

neutral beam retains more of the energy and directionality

of the parent ion beam. In contrast, ions impacting nearly

perpendicular to the surface, will scatter more diffusively,

andwill loose a larger fraction of their impact kinetic energy.

The neutralization of ions by grazing collisions with a metal

surface has been studied extensively.[24] However, data on

ion scattering off rough, practical surfaces, possibly ‘‘con-

taminated’’ by reaction byproducts, that are encountered in

a neutral beam source, are lacking.

A way to predict the fate of an ion beam interacting with

a surface is through molecular dynamics (MD) simula-

tion.[23] MD is a deterministic simulation of the motion of

each and every atom in the simulation cell following the

classical Newton’s law. The force on an atom is computed

based on the gradient of the interatomic potential function.

Determination of this function (empirically or by ab initio

methods) is critical for the success of the MD simulation. To

execute the simulation, one starts with a cell (typically

several 1 000 atoms) that simulates the system of interest

(e.g., crystalline silicon). Ions, with given energy and angle,

are then directed towards the surface of the cell, and are

allowed to interact with the surface. Ions are assumed to

neutralize just before impacting the surface, resulting in a

neutral species interactionwith the surface. The outcome of

the interaction (reflection angle, reflection energy, etc.) is

recorded. This procedure is repeated for some 100 to several

1 000 ion impacts to collect adequate statistics.[23] Unfortu-

nately, MD is not able to provide information on the effect

of surface roughness (other than roughness on the atomic

scale) on the ion scattering characteristics. A less compu-

tationally intensivemethod is to use the transport of ions in

matter (TRIM) Monte Carlo code.[25] One simulates a

sufficiently large number of ion impacts at different angles

and impact energies, and tabulates the output in terms of

reflection coefficients, energy and angle distributions. In

some cases, analytical expressions may be derived.[26]

A simple model[23] to calculate the energy of the

reflected particles assumes specular scattering of the

projectile off the surface, suffering two successive binary

collisions with surface atoms. Then:
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Here mi and mwall are the mass of the ion and the surface

material atom, respectively. Also, ui is the angle of

incidence, and ein and er are kinetic energy of the incident

and reflected species, respectively.
Neutral Beam Source Modeling and
Simulation

Modeling and simulation of neutral beam sources can be

broken down into constituent parts according to the

components of the physical system:
1. P
lasma reactor.
2. Io
n beam transport.
3. Io
n neutralization.
4. N
eutral beam transport.
5. N
eutral beam interaction with the substrate.

The division between plasma reactor and (ion or

neutral) beam transport is clearer in the cases shown in

Figure 1 and 2, since ion extraction through the grid and

ion neutralization are rather well separated. In systems

using simultaneous beam extraction and neutralization,

however, this division is not as clear (Figure 3). Neutral

beam interaction with the substrate will not be addressed

here, because, even ions interacting with a substrate for

the purpose of surface modification (etching, deposition,

etc.) are modeled as neutrals.

Plasma reactor modeling and simulation has been the

subject of intense studies over the past couple of decades.

Because of the strong coupling between plasma physics

and chemistry, and the vast range of spatial and time

scales involved, plasma reactor simulation is still an

extremely challenging task. Oneway to attack the problem

is to break it down into smaller pieces, separating the

length and time scales. For example, the plasma volume

may be separated into bulk plasma and sheath. This is

particularly convenient in high density plasma systems, in

which the sheath is extremely thin (100 mm), while the

reactor length scale is much larger (some 10 cm). In many

cases, bulk plasma and sheath are solved together, i.e., the

same equation set is applied to the whole reactor. This

approach is especially prevalent for low density plasma

systems, in which the sheath thickness is an appreciable

fraction of the reactor length scale,[27] but has also been

practiced in high plasma density reactors.[28] The reactor

scale model is further split into ‘‘modules’’ (see Figure 4) to

separate the disparate time scales of electron, ion, and

neutral transport.[29] This is essentially an equation

splitting approach. Calculation of the electron energy

distribution function (EEDF) by solving the Boltzmann

equation is then part of the electron transport module. The

EEDF determines the space- and time-dependent electron
www.plasma-polymers.org 311
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Figure 4. Time splitting approach in the simulation of plasma
reactors. Electrons, ions and neutrals are each solved on their own
time scale to speed up convergence of the simulation. The
Maxwell equations (electromagnetics) are solved periodically
to obtain the electric field. Information is cycled among the
‘‘modules’’ until a steady state is reached.[29]
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energy and transport properties, as well as the electron-

particle (e.g., ionization) reaction rate coefficients.

Plasma reactor simulations range from zero-dimen-

sional (well-mixed) to three-dimensional. Well mixed[30]

and one-dimensional models (including plug flow mod-

els[31]), are best for sorting out the complicated gas and

surface chemistry to arrive at a reduced reaction set for use

in multidimensional simulations. Two-dimensional simu-

lations can address the important aspect of reaction

uniformity across the wafer radius.[28] Three-dimensional

simulations are useful for studying azimuthal asymme-

tries in the reactor due to non-axisymmetric power

deposition, or non-axisymmetric gas inlets and pumping

ports.[32,33]

There are three kinds of glow discharge simulations:

fluid, kinetic and hybrid. Fluid simulations use moments

of the Boltzmann equation describing species density,

momentum and energy conservation.[34] They require

some assumptions regarding the species distribution

function (usually taken as Maxwellian) to achieve closure

of the equations. Kinetic simulations, including particle-

in-cell with Monte Carlo collisions (PIC-MCC),[35] or direct

simulation Monte Carlo (DSMC)[36,37] yield the particle

distribution functions as an output of the simulation.

They are considered more accurate than fluid simulations

at low pressures when the species mean free path l is

comparable to or longer than a characteristic length scale

L (the Knudsen number, Kn¼ l/L> 0.1–1), or for highly

non-equilibrium situations. However, there is evidence

that fluid simulations can perform well even at low

pressures for which their assumptions must be scruti-

nized.[38] Kinetic simulations are computationally inten-

sive as compared to fluid simulations. Hybrid simulations
Plasma Process. Polym. 2009, 6, 308–319
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were developed[39] in an attempt to preserve the accuracy

of kinetic simulations and reduce the computational

burden at the same time. A typical hybrid simulation

treats the plasma species as interpenetrating fluids, but

the EEDF is computed based on a Monte Carlo

approach.[40,41]

A fluid model consists of the coupled equations[28] of

mass continuity for electrons, ions andneutrals [Equation (7)],

momentum continuity for the mixture [Equation (8)],

energy continuity for neutrals [Equation (9)], and electrons

[Equation (10)], and Poisson’s equation for the potential

field [Equation (11)]. The ion temperature is often assumed

equal to the gas temperature Tg due to the comparable

masses of ions and neutrals and the collisionality of the

plasma. The continuum approximation is valid when the

mean free path l� L.
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In the above equations, subscript s denotes species

including electrons (s¼ e), different kinds of ions (s¼ i), and

different kinds of neutrals (s¼n). Subscript r sums over all

gas-phase chemical reactions. rs is the species density

(number density ns timesmolecular massms), r is the total

density of the mixture, u is the mass-average velocity of

the mixture, and Js is the mass diffusion flux due to

gradients in species density, pressure, and electric

potential. Rsr denotes the mass rate of production or

consumption of species s in reaction r. P is the viscous

stress tensor, g is the acceleration of gravity, and p is the

total pressure, which is the sum of all partial pressures

(including electrons). rnen and reee are the thermal energy

of neutrals and electrons, respectively; qs and hs are the
DOI: 10.1002/ppap.200900005
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thermal conduction flux and specific enthalpy of species s,

respectively; Qes and Qce,s are the energy exchange terms

between electrons and species s (elastic collisions), and

ions and species s (elastic and charge exchange collisions),

respectively. The (multicomponent) mass diffusion flux Js
can be expressed according to the formulation of Ramshaw

and Chang.[42] The last (summation) term in Equation (9)

represents gas heating due to chemical reactions. The last

term in Equation (10) represents electron energy loss (or

gain in superelastic collisions) due to inelastic collisions.

Boundary conditions typically include: given inlet gas

composition and flow rate, wall temperature, and outlet

pressure. Onwalls, the positive ion flux is often set equal to

the drift flux, the negative ion flux is set equal to zero, and

the (net) electron flux is determined by the electron

thermal flux and secondary electron emission coefficient.

The neutral species flux is set according to the respective

neutral reaction probability. Despite the collisional nature

of the plasma, the EEDF is often non-Maxwellian.[43]

When the ion (and fast neutral) distribution functions

are of interest, a kinetic simulation is necessary. Two

approaches have been popular in this respect. Test-particle

Monte Carlo (MC) and PIC-MCC. In the test-particle MC

method, the spatial and temporal ionization and electric

field profiles are first obtained by a fluid simulation. Using

a Monte Carlo method, the trajectory of ions generated in

the plasma according to the now known ionization

profiles, is followed in the established E-field, allowing

for gas-phase collisions, until the ion strikes a surface.

Statistics of the quantities of interest (e.g., impact energy,

angle etc.) are then collected. The term ‘‘test particle’’

implies that the motion of the ions under study does not

influence the electric field.

PIC-MCC is more accurate but also more computation-

ally demanding. This method solves the Boltzmann

equation (12) with appropriate initial and boundary

conditions. The dynamics of a plasma can be described

by the Boltzmann equation in phase space (x,v), where x

and v are particle location and velocity, respectively,
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Here f is the particle distribution function. In PIC-MCC[35] a

mesh (grid) is overlaying the particles over the computa-

tional domain. Based on the particle positions, charges are

assigned to each mesh point and current densities are

assigned to the faces between the mesh points (weight-

ing). Maxwell’s equations are then solved to compute the

electric field and magnetic induction on the grid. The

Lorentz force F ¼ qðE þ v � BÞ acting on a particle with

charge q is obtained from the computed fields by

interpolation based on the particle position (another

weighting). Particles are then moved according to New-
Process. Polym. 2009, 6, 308–319
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ton’s law (deterministically),
dx

dt
¼ v and

dv

dt
¼ F

m
(13)
Particle collisions are handled stochastically in a Monte

Carlo module in-between field adjusting time steps. The

motion-collision cycle is repeated until a steady-state is

reached and the statistics are adequate to calculate the

particle distribution functions.

Determination of the residual ion and fast neutral flux,

energy and angular distributions, emanating from a fast

neutral beam source, requires a kinetic simulation.

(Residual ions are the non-neutralized ions emanating

from the source.) In the absence of gas-phase collisions, the

ion beam simulation can be decoupled from the fast

neutral beam simulation. In this case, a collisionless PIC

simulation suffices to model ion beam transport and

interaction with the grid. The trajectories of fast neutrals,

generated by collision of ions on the walls of the grid are

followed, perhaps all the way until they strike the

substrate. In the presence of gas-phase collisions, however,

the ion and neutral transport are coupled. Ions (or plasma

flow in general) can still be followed by PIC-MCC. The best

approach to handle neutral transport is by Direct

Simulation Monte Carlo (DSMC).[36,37,44] DSMC can follow

both fast and thermalized neutrals yielding, among others,

the pressure distribution along the length of the grid holes

and in the region downstream of the holes. This affects ion

and fast neutral beam transport thorough gas-phase

collisions. Since ion and neutral flows are coupled, one

would have to iterate between the ion and neutral

simulation until convergence. AlthoughDSMC simulations

of (thermalized) neutral flow through microchannels have

been reported,[45] there seem to be no DSMC simulations of

fast neutral beams generated in microchannels.

Plasma Molding

The properties (flux, energy, directionality) of neutral

beams generated by simultaneous extraction and neu-

tralization of ions through grid holes (Figure 3) depend

critically on the interaction of the plasma with the holes

(plasma molding). Plasma molding[46] refers to the ability

of the plasma-sheath interface to ‘‘contour’’ along the

topography of surface features in contact with the plasma

(Figure 5). In the case of plasma in contact with a grid,

plasma molding depends primarily on the diameter of the

grid hole, D, as compared to the plasma sheath thickness,

Lsh. When Lsh >> D (Figure 5, left), the plasma-sheath

interface (meniscus) is essentially planar as if the hole

were not present (e.g., a solid wall). In this case, ions enter

the hole with the ion energy distribution (IED) and ion

angular distribution (IAD) they would have striking a
www.plasma-polymers.org 313
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Figure 6. Electron temperature and positive ion density in a
chlorine discharge[51] sustained in an inductively coupled plasma
reactor at 10 mTorr and 200 W (top). Positive ion flux profile
across the substrate wafer (bottom). Line is simulation prediction
and points are experimental data.

Figure 5. Plasma molding over surface topography. The sheath
thickness Lsh is much larger (left), much smaller (middle) and
comparable (right) to the hole diameter D.
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planar wall (one dimensional sheath). These distributions

have been studied extensively.[47] For a low aspect ratio

hole, most ions would exit the hole without colliding with

the wall, i.e., as residual ions (assuming charge exchange

collisions are negligible). The resulting ion flux and angular

distribution at the hole exit can then be predicted based on

geometric arguments alone. In this case, however, the fast

neutral flux would be very small since most ions would

preserve their charge in their transit through the hole.

In the other extreme, Lsh�D (Figure 5, middle), the

plasma ‘‘leaks’’ inside the hole. Plasma molding is severe,

and the incoming ion trajectories are grossly perturbed.

Most ions strike the sidewall and their impact angle is

nearly perpendicular to the wall. These ions loose a

large fraction of their impact energy during collision with

the wall. The resulting neutral beam would have a large

angular divergence and relatively low energy. In the

intermediate case, Lsh�D (Figure 5, right) the plasma-

sheath meniscus ‘‘bends’’ gently over the hole. In this case,

ions strike the sidewall at nearly grazing angles and loose a

relatively small fraction of their energy upon collision.

When the sheath thickness is much larger than the

diameter of the grid holes (Figure 5, left), the grid appears

as a solid wall, and the plasma/sheath interface is planar

(one-dimensional sheath). In this case, plasma reactor

simulation is no different than the widely studied system

of plasma over a substrate wafer.[28,39,40] In the presence of

plasma molding (Figure 5, center and right), however, the

shape of the (multidimensional) plasma-sheath interface

must be determined as part of the simulation. In general,

the grid hole geometry necessitates a 3D simulation, a

daunting task. For simplicity, the gridmay bemodeled as a

set of concentric ring openings reducing the system

dimensionality to 2D. On the other hand, the reactor

may be simulated as a whole, or separated into bulk

plasma and sheath. In the latter case, the bulk plasma

simulation provides boundary conditions for the separate

sheath simulation. For the multidimensional sheath

simulation, a reasonable approximation is to focus on a

single grid hole or a collection of several holes.[48–50]
Plasma Process. Polym. 2009, 6, 308–319
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Results and Discussion

Figure 6 (top) shows the electron temperature and ion

density distributions in a 10 mTorr, 200 W chlorine

discharge sustained in an ICP reactor, predicted by a fluid

simulation.[51] The ion density profile yields an ion flux

that peaks on axis. Should this reactor be used as a plasma

source for an ion gun, the extracted ion flux would be

maximum on axis, resulting in non-uniform etch or

deposition rate. Kanarov et al.[52] proposed a modification

to the plasma source design to correct this problem. They

used a re-entrant vessel design to suppress the ion flux

maximum at the center of the reactor. They were able to

achieve very high uniformity along a 300 mm wafer.

To illustrate plasma molding, Figure 7 displays electric

potential profiles[46] for a 500 mm-wide and 500 mm-deep 2D

trench in contact with a high density plasma. Due to

symmetry, only half of the trench is shown. The time-

average sheath thickness Lsh was calculated on the wall far

away from the trench (one-dimensional sheath). Lsh was

smaller than, comparable to, and larger than the trench

mouth width D for cases a), b), and c), respectively. Plasma

molding along the surface topography of the trench is most

severe for case a). In all cases, the sheath is locally thicker over

the trench mouth and becomes thinner and planar away

from the trench. As the ratio Lsh/D decreases [from c)–a)], the

sheath becomes more conformal to the surface topography.
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Figure 7. Electric potential contours around a 500 mm-wide and
500 mm-deep trench at trf¼0: a) Lsh¼ 108 mm (Lsh/D¼0.22);
b) Lsh¼ 468 mm (Lsh/D¼0.94); c) Lsh¼ 1 281 mm (Lsh/D¼ 2.6). Lsh is
the time-average sheath thickness calculated far away from the
trench, where the sheath was one-dimensional.[46]

Figure 8. Electric field vector plots for the conditions of Figure 7:
a) Lsh¼ 108 mm (Lsh/D¼0.22); b) Lsh¼468 mm (Lsh/D¼0.94);
c) Lsh¼ 1 281 mm (Lsh/D¼ 2.6).[46]
Figure 8 shows the resulting electric field vector under

the conditions of Figure 7. The electric field becomes

significant within the sheath and keeps increasing as the

wall is approached. The field strength outside the sheath is

relatively negligible. Away from the trench, the electric

field is vertical (one-dimensional) and the field strength

depends on the sheath potential and thickness. Near the

trench, the electric field becomes two-dimensional due to

plasma molding, however. The maximum of the electric

field is seen at the corner of the mouth of the trench.

Because ions gain most of their kinetic energy in the

sheath, the ion flux, IEDs, and IADs along the trench

surface contour depend on the deformed electric field. For a
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small sheath thickness (Figure 8a), Lsh/D¼ 0.22), the ion

trajectories are drastically deformed inside the sheath, and

a significant portion of ions strike the sidewall of the

trench with small impact angles (almost perpendicular to
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Figure 9. Residual ion and fast neutral energy distributions at the
exit of a hole of a neutral beam source (top). Ion curve has been
multiplied by 5 for clarity. Residual ion and fast neutral angular
distributions at the hole exit (bottom). Ion curve has been
multiplied by 5 for clarity. After ref.[53]
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the wall). When the sheath thickness is larger than the

width of the trench (Figure 8c), Lsh/D¼ 2.6), plasma

molding is weaker and a smaller portion of the sheath

is deformed by the presence of surface topography. In this

case, ions spend a significant amount of their sheath

transit time in a region of vertical electric field. Due to their

vertical momentum, ions are not affected as strongly by

the horizontal electric field near and inside the trench.

Consequently, ions strike the sidewall at grazing angles.

Figure 9 (top) shows the residual ion and fast neutral

energy distributions downstream of the hole predicted by a

PIC simulation.[53] The hole was 0.154 mm in diameter and

1.078 mm in length (aspect ratio 7:1). The neutral energy

distribution (NED) is shifted to lower energies compared to
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the ion energy distribution (IED) due to energy loss by

collision with the wall. [The energy loss was computed

using Equation (6).] The simulation revealed that higher

energy ions have larger (more grazing) angle of incidence;

this results in less energy shift in the high energy region.

Smaller energy ions generally collide at smaller angles and

loose more energy, explaining the increased energy shift in

the low energy region. Figure 9 (bottom) shows the ion and

fast neutral angular distributions (NAD) downstream of the

hole. The ion angular distribution (IAD) can’t exceed about

8 degrees, the acceptance angle of the hole. The NAD is

‘‘empty’’ at small angles (donut shaped) because fast

neutrals are generated only by reflection of ions striking

the wall. Vertical or nearly vertical (with respect to the

macroscopic gird surface) ions do not strike the wall and

can’t generate fast neutrals (Figure 5, left).

It appears that there is an optimum ‘‘bending’’ of the

plasma-sheath meniscus over a hole that results in best

neutral beam source performance. If the plasma-sheath

meniscus is planar (thick sheath, Figure 5, left), ions

entering the hole are highly directional and pass through

the hole without collision with the sidewall. Thus, the

neutralization efficiency is low, resulting is low neutral

beam flux. On the other hand, if the plasma-sheath

meniscus dips deep inside the hole (Figure 5, middle)

almost all ions strike the sidewall and neutralize, resulting

in higher neutral flux, but worse neutral beam direction-

ality. In this case, since ions strike the sidewall at small

angles (with respect to the normal on the sidewall), ions

loose a larger fraction of their energy, reducing the energy

of the fast neutral beam. Under these conditions, fast

neutrals may also suffer multiple collisions with the

sidewall worsening the situation. Nam et al.[53] found that

‘‘optimum’’ neutral beams are extracted by maximizing

the number of ‘‘good’’ ions entering the grid holes. In

general, ions that neutralized on the top section of the hole

sidewalls were ‘‘bad,’’ in the sense that these ions yielded

divergent neutral beams of relatively low energy. Ions that

neutralized along the bottom (downstream) section of the

hole sidewalls were ‘‘good,’’ in the sense that these ions

yielded neutral beams that were less divergent and

retained more of the energy of the parent ions.

Kim et al.[13,50,54] used a PIC simulation to compute the

characteristics of a neutral beam source. Their system is

shown schematically in Figure 2. The simulation was

divided into two parts: ion gun and reflector plates. The ion

gun had a dual grid (grid thickness 1.2 mm, grid spacing

0.9 mm, hole diameter 4 mm) and the potentials on

the grids were set to achieve an ion energy of 300 V. The

reflector plates were at an angle of 58 with respect to the

ion gun axis. The argon pressure in the ICP source of the ion

gunwas 0.1 mTorr. Figure 10 (top) shows a snapshot of the

ion distribution through the grids of the ion gun, while

Figure 10 (bottom) shows the resulting fast neutrals
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Figure 10. A snapshot of a particle-in-cell simulation of a neutral
beam source of the kind shown in Figure 2. Ion distribution in the
near grid region of the ion source (top). Ion (white) and fast
neutral (green) distributions through and downstream of the
reflector plates (bottom), after ref.[50]

Figure 11. Fast neutral energy distribution (top) and fast neutral
angular distribution (bottom) on the substrate calculated by the
PIC simulation of the source shown in Figure 10, taken from
ref.[13]
through the reflector plates. The energy and angle

distributions on the substrate are shown in Figure 11.

The average energy of the fast neutrals corresponds to

�70% of the parent ion energy. A significant fraction of the

neutrals has low energies. These neutrals originate from

ions that impact the surface at smaller angles (with respect

to the surface normal) and/or neutrals suffering multiple

collisions with the reflector plates. The angular distribu-

tion of the fast neutrals peaks several degrees off axis.

These neutrals can be made nearly perpendicular to the

substrate by tilting the substrate at the appropriate angle.

The flux of fast neutrals at the substrate was only a few

percent of the ion flux produced by the gun. Apparently, a

large fraction of the ions was captured by the grids of the

ion gun or thermalized completely in their transit through

the reflector plates. The authors proposed a three-grid

extraction system to achieve independent control of ion

(hence fast neutral) flux and energy. Detailed studies of the

effect of reflector plate geometry (size, separation, angle)

are yet to be reported.
Neutral Beams with Small Energy Spread

Precise control of the energy distribution of energetic

species (ions or fast neutrals) is becoming progressively

more important as films require etching with monolayer

accuracy.[55] A neutral beam with a relatively tight energy
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spread may be produced by neutralization of a nearly

monoenergetic ion beam. This may be accomplished with

the system shown in Figure 3. The strategy used to obtain a

nearlymonoenergetic ion beamwas described in refs.[55,56]

The RF plasma power was pulsed ON (active glow) and OFF

(afterglow) with a certain frequency and duty ratio. A

positive DC voltage was applied during a predetermined

time window in the afterglow (synchronous boundary

voltage) to the beam acceleration electrode (Figure 3).

During the afterglow, the electric fields disintegrate and

the electron temperature plummetswithin severalms. This

results in a nearly uniform plasma potential of low value.

Upon application of the boundary voltage, the plasma

potential is raised to just above the value of that voltage,

forcing positive ions out of the plasma, through the

grounded extraction/neutralization grid. The ion energy is

therefore set by the boundary voltage. Also, since the ion

temperature (Ti) is a measure of random motion of ions, Ti
affects the divergence of the ion beam. Because Ti scales

with Te, smaller Te reduces the angular spread of the ion

beam extracted in the afterglow.
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Figure 12. Nearly monoenergetic distribution of extracted ions
for different DC bias potentials (30, 50, 70, and 100 V) applied in
the afterglow (RF power off, top).[48] Experimental data from
ref.[56] for the same conditions as in the simulation (bottom,
FWHM¼ full width at half maximum).
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A PIC simulation[48] was used to predict the (residual)

IED emanating from this source (Figure 12, top). Indeed, a

nearly monoenergetic ion beam is obtained with energy

controlled by the applied DC bias. The width of the IED

increases from 1.1 eV at 30 V DC bias to 2.9 eV at 100 V DC

bias. This is due to slight gradients in the plasma potential.

The small tail on the left of the IEDs is due to infrequent

charge exchange collisions of ions with neutrals. The

corresponding experimental data[56] are shown in

Figure 12 (bottom). Very good agreement with the

simulation results is obtained, except that the width of

the experimental IEDs is a bit larger than predicted,
Plasma Process. Polym. 2009, 6, 308–319

� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
probably due to the finite resolution of the gridded ion

energy analyzer used for measurements.

The PIC simulation predicted that plasma molding was

minimal in this case since the sheath thickness was much

larger than the grid hole diameter. Hence ions were

accelerated by a one-dimensional (vertical) field through

most of the sheath. Ions saw a horizontal component of the

field near the hole entrance, but the vertical ion

momentum was too high to divert ions from their path.

Hence, the angular distribution of extracted ions was very

narrow. In fact, as the applied DC bias voltage was

increased, the angular spread decreased as the vertical

velocity component of ions became greater. The half width

at half maximum of the ion angular distribution was only

0.258 at 100 V applied DC bias in the afterglow.

Experimental data[57] showed that the fast NED

produced by neutralization of a nearly monoenergetic

ion beam had a tighter full width at half maximum

(FWHM¼ 14 eV) when compared to the fast NED produced

by neutralization of ions extracted from a continuous

wave plasma, under otherwise similar conditions

(FWHM¼ 40 eV).
Conclusion

Directional, fast (kinetic energy some 10 to several 100 eV)

neutral beams can mitigate charging damage that can

occur during conventional plasma processing, especially

for high aspect ratio nanoscale etching of insulating

materials. Although ion beam sources with large area

(300 mm diameter) uniform coverage have been demon-

strated, large diameter neutral beam sources are yet to be

developed. Modeling and simulation can be an invaluable

tool for the design and optimization of these sources.

Neutral beam source modeling and simulation faces many

of the same issues encountered in conventional plasma

reactors. These include large area uniformity and high flux

of directional reactive species to the substrate. In addition,

neutral beam sources must deal with the issue of ion

extraction and neutralization through a grid or down-

stream of a grid. Modeling of neutral beam sources based

on separate ion extraction and neutralization can benefit

from the literature on ion beam sources.[58] Kinetic

simulations (PIC-MCC and DSMC) are best suited to

ultimately predict the energy and angular distributions

of fast neutrals impinging on the substrate. The physics of

ion scattering off practical (possibly rough and ‘‘contami-

nated’’) surfaces will continue to be ofmain interest in this

respect. Simulations of product distribution in the etching

chamber have not yet been reported. Significant pressure

gradients may exist depending on geometry.[59]
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